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EDITOR'S FOREWORD

Modern biological science is becoming more and more concerned with

mechanism and function. Years ago the biological research worker and the

teacher of biology were content to describe in infinite detail the vast com-

plexities of animal and plant structure. For such study only one technique

was necessary. The beginning student of biology—and the advanced student

as well—was taught only to look, see, draw. As a result many a young in-

quiring mind became bored with the endless detail and the exasperating

terminology of biological science and turned toward other sciences that

offered a greater challenge to thought and imagination. As a matter of fact,

in such sciences as physics and chemistry, the trend both in research and

teaching has been toward inquiry into ultimate mechanism. Impressed with

this general trend, the present-day student of biology is no longer con-

tent with drawing and memorizing details. He wants to know the why and

the wherefore.

Modern teaching in various branches of biology tends more and more

toward such a point of view. Invertebrate zoology is becoming physiological,

genetics is searching for an explanation of the gene, a recent text on cytology

is essentially a cell physiology. In the field of embryology a strange situation

exists. Present-day research is largely theoretical and experimental. Men who

do research in embryology are not happy with the essentially descriptive

textbooks they have had to use in their teaching. Undoubtedly the present

book meets a deep and sincere demand.

Years ago the science of embryology was nothing more than a detailed

account of the infinite succession of stages that intervened between the egg

and the adult. These stages are in themselves interesting, but it is doubtful

whether the mind of a beginning student should be burdened with too many
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of the minutiae. At the present time certain principles are known to be in-

volved in the determination of the pattern of development. It is far more

important for a student to become acquainted with these principles than for

him painfully to cram his head full of a thousand and one names he fears he

must have in order to face an examination successfully. For an intelligent

student, learning should be not a tedious ordeal but an exciting adventure.

And embryology properly taught should appeal to everyone who is interested

in knowing how he came to be as he is.

Textbooks can mean a great deal to the development of a science, and

I am confident that this book will bring new zest to the teaching and learning

of embryology. Written by one of the leading experts in the field, it is never-

theless simple and understandable throughout. I found many of the chapters

thrilling. The embryology of the future will no doubt be strongly influenced

by men who got their first inspiration from Barth's Embryology.

L. V. Heilbrunn.

University of Pennsylvania

March 16, 1949



PREFACE

A number OF teachers of embryology have expressed the desire to see

experimental studies incorporated into the material that is presented to begin-

ning students of the subject. This book is the result of an attempt to bring

together observations and experiments into a unified exposition. In order to

do this within a reasonable compass, the description of development has been

limited to essentials. In the laboratory with the aid of an adequate laboratory

manual the student can discover for himself the detailed anatomy of various

embryos.

Embryology is a dynamic science par excellence. It is the study of a

gradual change from one stage to another. The changes are very slow, but

they are continuous. It does not suffice to stop at any one point to study the

anatomy of the embryo, because these stopping points are arbitrary. Embry-

ology should never be simply a description of the anatomy of the embryo.

Nor can it be merely comparative. The details of comparative and descrip-

tive embryology are of specialized interest and are of use chiefly to the

specialist. The attempt here is to achieve a free-running, continuous treatment

of the principles and theories of development.

The theories are supported by various experiments and various observa-

tions. Another teacher will, no doubt, use many other experiments and

observations to supplement and replace these specific experiments. He will

also want to criticize certain interpretations and point out to the student that

the problems in this field, like those in many other fields, are not finally

settled, and that many theories and hypotheses are only first approximations

to the truth. But in spite of all these criticisms and in spite of experimental

errors, the principles survive, and the emphasis must remain on principles.

In order to keep the continuity of the text unbroken, references to books
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have been placed in an appendix under the heading of Suggested Readings.

My wife and several of my friends have generously helped in the con-

struction of this book. Dr. Lucena Jaeger initiated the writing by recording

my lectures to a class in embryology. Without this help the book would never

have been written. Mr. Stanley Burnshaw of the Dryden Press encouraged

the further development of the first draft into the present form. His skill in

the art of book construction made me decide to go on with the writing.

Professors L. V. Heilbrunn and S. M. Rose read the manuscript and sug-

gested extensive revisions which are now incorporated into the final form.

Mr. David Klein, of the Dryden Press, taught me some valuable principles

of writing.

Professor A. W. Pollister, of Columbia University, generously turned

over to me all his drawings of the embryos of Kana sylvatica. Professor
J.

A.

Moore, of Columbia University, furnished me with some unusually clear pic-

tures of the developing egg of the salamander. The drawings were made by

Mr. Jack Godrich, who showed remarkable patience and care in transposing

my crude classroom sketches into finished illustrations.

Finally, the book owes much to the growing number of embryologists

who have painstakingly investigated the problems of development. The text

draws heavily upon the results of their experiments. Special mention should

be made of one of the sources for the chapter on human embryology. I have

derived much pleasure from reading W. F. Windle's Physiology of the Fetus

and recommend it to others who are interested in the development of func-

tion. This subject is at least as important as the development of structure,

and it deserves attention in elementary textbooks.

The writing of this book is in the nature of an experiment in combining

experimental and descriptive studies. Like any experiment, it is open to

criticism, and I shall welcome suggestions and corrections.

L. G. B.

Columbia University

March 10, 1949



CONTENTS

EMBRYOLOGY: PROBLEMS AND SCOPE 1

The general nature of development, 2

The probems of development, 5

OVULATION: ITS CONTROL BY HORMONES AND LIGHT 13

Origin of the germ cells, 1

3

Growth of the egg in the ovary, 14

Release of eggs, 15

Release of eggs by pituitary gland, 1 7

The effect of light on breeding habits, 1 8

Internal control of pituitary secretion, 20

Human pregnancy tests, 23

THE UNFERTILIZED EGG AND ITS ORGANIZATION FOR
DEVELOPMENT 25

Organization of the sea urchin egg, 27

Experimental study of the sea urchin egg, 29

The labile nature of organization, 32

Twinning and duplication of structures, 36

Theories regarding organization, 39

FERTILIZATION: THE NATURE OF THE STIMULUS FOR
DEVELOPMENT 43

Sperm and egg gamones, 44

Morphological changes at fertilization, 47

Physiological changes at fertilization, 47

Artificial parthenogenesis, 48

A theory of fertilization, 49

Viability of eggs and sperm, 51

General principles, 53

THE EARLY GASTRULA WITH ITS PRESUMPTIVE VALUES 55

Organization in the amphibian egg, 56



x CONTENTS

A mop of the early gastrula, 59

Rearrangement of the presumptive structures during gastrulation, 62

Gastrulation and the formation of the nervous system, 66

6 • GASTRULATION IN RELATION TO THE ORGANIZER 69

The anatomy of an amphibian embryo, 70

The potencies of the ectoderm of an early gastrula, 72

The induction of the primitive nervous system, 76

Comparison of amphibian gastrula and chick primitive streak, 80

7 • THE NEURULA AND THE PROPERTY OF SELF-DIFFERENTIATION 83

Chemical nature of the organizer, 85

Reproduction of primitive nerve cells, 87

Head organizer and trunk organizer, 89

Theories of organization, 90

Self-differentiation of the parts of the neurula, 91

8 • THE EMBRYO: DIFFERENTIATION WITHIN FIELDS 97

The polarity of the limb disk, 97

Modification of polarity, 99

Labile organization within the limb disk, 99

Fields and their properties, 101

Progressive differentiation within a field, 1 04

9 • DEVELOPMENT OF THE FROG EGG 111

Breeding habits and fertilization, 1 1 2

Early cleavages, 1 13

Late cleavage through gastrulation, 1 16

Rearrangements of cells during gastrulation, 120

From early neurula to tail-bud embryo, 1 25

Segregation of the notochord and mesoderm from the endoderm, 126

Formation of the neural tube, 129

The embryo, 1 29

Structure of the embryo at hatching, 132

The larva and metamorphosis, 139

10 • INTERRELATIONSHIPS OF DEVELOPING STRUCTURES 141

Origin and development of the neuroblasts, 142

Regeneration of nerve fibers, 146

Effect of the limb on growth of nerve fibers, 147

Theories of control of nerve outgrowths, 149

Effect of the limb on differentiation of neuroblasts, 1 53

Differentiation within the spinal cord, 1 54

Common innervation of two limbs, 1 56

Relation of differentiation to function, 1 57



CONTENTS xi

11 -THE NERVOUS SYSTEM 159

Neural crests and their derivatives, 159

Transformation of neural tube into spinal cord, 1 62

The brain and its derivatives, 1 64

Sensory elements of the nose, ear, and eye, 167

12 • THE CIRCULATORY SYSTEM 171

The extraembryonic membranes, 172

Formation of blood vessels and the heart, 1 75

The aortic arches, 1 79

Development and regression of the renal portal circulation, 1 80

Hepatic portal system, 1 80

Changes in circulation with hatching, 1 82

13 • THE DIGESTIVE TRACT 185

Differentiation in the foregut region, 1 87

Derivatives of the midgut, 189

The hindgut, 1 90

14 • THE SOMITES, NEPHROTOME, AND LATERAL MESODERM 193

Development of the somites, 1 93

Differentiation of the nephrotome, 194

The lateral mesoderm, 200

15 • THE DEVELOPMENT OF THE CHICK EMBRYO 203

Cleavage, 204

Gastrulation, 206

Development during the first day of incubation, 208

Development during the second day, 21 1

The 48-hour embryo, 215

The 72-hour chick embryo, 222

Subsequent development, 227

16 • REGENERATION 229

Dynamic state in the adult, 229

Regeneration in various species, 231

Polarity in regeneration, 231

Theories of regeneration, 234

Origin of the cells for regeneration, 236

Nature of dedifferentiation, 238

Role of nerves, 239

Stimulus for regeneration, 239

17 • GROWTH AND REDUPLICATION 243

Growth in relation to time, 244

Growth in microorganisms, 244



xii CONTENTS

Factors which modify growth, 246

Growth of embryonic tissues, 247

Limitation of growth, 248

Growth of organs, 248

Cellular growth, 249

Self-duplicating units, 250

Raw materials for growth, 251

Energy sources, 253

Respiration of the embryo, 254

Excretion in embryonic development, 255

18 • HORMONES AND THE GROWTH OF THE MAMMALIAN EMBRYO 257

The ovarian cycle, 259

The uterine cycle, 259

Control of the cycles, 260

Pregnancy, 261

Placental hormones, 262

Vitamin E, 264

19 • MAMMALIAN DEVELOPMENT 265

Early development, 266

Comparison of chick and pig embryos, 270

Human development, 273

Human embryo at three weeks, 274

Development from three to four weeks, 277

Human embryo at six weeks, 279

Onset of muscular contraction, 280

The human embryo at eight weeks, 281

The human fetus at twelve weeks, 283

The development of reflexes, 284

Development from 20 to 38 weeks, 286

Birth, 289

Principles of human development, 293

20 • SEX DIFFERENTIATION 295

SUGGESTED READINGS 307

INDEX 315



EMBRYOLOGY





1 • EMBRYOLOGY: PROBLEMS AND

SCOPE

I hishis book is addressed to all students of biology. No distinction is made

among the premedical student, the college student, and the experimental-

embryology student. Indeed, I think there is only one embryology, and that

is the study of the processes and principles of development.

The premedical student should remember that as a physician he will

always be dealing with the process of development, whether in the embryo or

the adult. The replacement of red blood cells, the formation of spermatozoa,

the healing of wounds are all developmental processes. Cancer, too, is funda-

mentally an embryological problem. Why do certain cells become different

from their neighbors and multiply as such? In the practice of surgery we

must recognize the application of the principles of development. Trans-

plantation of tissues from one embryo to another is one of the most common

of embryological methods. Extirpation of tissues and the repair and healing

of the wound are everyday phenomena in developmental studies. Regenera-

tion and growth of nerve fibers constitute one aspect of the science of

development, and the basic principles of the development of the nerve fiber

have been put to practical application. The discovery and isolation of many

important hormones, such as testosterone, estrone, progesterone, and certain

pituitary hormones, such as the follicle-stimulating hormone were aided by

researches in embryology.
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Students of other biological sciences and practices should realize that

great advances in many fields have depended upon embryological studies.

The cultivation of the virus in the tissues of chick embryos led to discoveries

concerning the inactivation of the virus under certain conditions. Yellow

fever virus attacks the nervous system, but if we culture the virus in non-

nervous tissues the virus changes to a form which is no longer virulent

toward nervous tissues. Animal breeding depends on fertilization studies.

Fish culture and wild-life conservation are concerned with the study of

breeding habits and the physiology of fertilization. Recently the technique

of tissue culture, which arose as an embryological method, has been used for

screening new compounds and new drugs with respect to their action on cell

division and growth. Dividing egg cells are used to study the effects of

radiation, and some eggs are used as single cells for studies of permeability,

viscosity, cell metabolism, and the behavior of chromosomes. The use of

sperm for the study of the chemical characteristics of the nucleoproteins goes

back to the nineteenth century. Spermatozoa are a very good source of an

important enzyme, hyaluronidase, which breaks down a jellylike substance,

mucin. The breakdown of mucin is one step in the process of fertilization.

The general nature of development

Introductory courses in zoology teach the structure of the organism, and

they show something of the complexity of structure. The nervous system, for

example, appears tremendously complex, with large numbers of cells and

many connections between the cells, forming an integrated system. Even ele-

mentary courses show the complexity of the chemical reactions that take place

in the cell during respiration and the synthesis of protoplasm. We are now
faced with the problem of tracing the derivation of this structural and bio-

chemical complexity from a single cell. It is just as well at the beginning not

to underestimate the magnitude of the problem. For example, the human
egg is. about 0.2 mm. in diameter. When we consider that this cell multiplies

itself into a newborn child weighing from 5 to 10 pounds, we get some idea

of the increase in size which must take place. If we calculate the weight of

the egg from its volume, the egg should weigh three one-millionths of a

gram. If we take the weight of the newborn child as 3000 grams, this means

an increase in weight of about one billion times.

Or we can look at it another way. We begin with a single cell and end up
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with a multicellular organism. On the basis of some figures on the number of

cells in the brain, we can estimate that this single cell multiplies itself by

some thousands of billions of times. Both these changes, then, are of a tre-

mendous order of magnitude.

The sperm cell, which is the stimulus for development, is smaller than the

egg. It is about 0.005 mm. in diameter, and weighs about 5 X 10
-9

g- Now
this cell must furnish the chemical compounds for all the hereditary char-

acters contributed by the male, such as the many physical features—color,

shape, size—and more complicated characters, such as abilities of various

sorts as well as many abnormalities, both in mind and physical structure. All

these hereditary factors must be contained in about five one-billionths of a

gram of protoplasm, much of which is water. Disregarding this water, we are

left with only a very small amount of solid material with which to work.

Thus far we have considered the changes in size and number only. Were

it merely a matter of size and number, however, we could visualize how the

adult structure—given enough time and food and efficient catalysts in the

form of enzymes—could be built up by a chemical process. But there is in

addition a tremendous increase in structural complexity which occurs during

the development of the single cell into the fully formed organism. We
cannot measure this change in complexity, but we may illustrate it.

Perhaps one of the most complicated single structures in the adult is the

eye. In the amphibian egg the eye can be traced back to a region which in the

early stages of development shows absolutely no structure whatsoever. The

protoplasm in that region is homogeneous under the most powerful micro-

scopes, and the cells which are derived from this protoplasm look alike, so

far as one can tell. Yet from this region, which is only a fraction of the

protoplasm of the egg, all the parts of the eye are derived. Thus, from what

visibly is no structure at all there develop the very complicated structures of

the retina, the lens, the cornea, and the optic nerve (Fig. 1). The magnitude

of the chemical and physical changes during the process of differentiation of

the eye are at least as striking as the changes in size and number during

development.

Now, the study of the change of such small units as egg cells from a

simple to a complex condition is, naturally, difficult, and the historical survey

of embryology shows this clearly. It was only a little over a hundred years ago

that the human egg was discovered and that the proof that the human indi-

vidual came from a single egg in the follicle of the ovary was accepted. With
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PRESUMPTIVE EYE

CORNEA

LENS

YOUNG EGG EYE REGION
NO VISIBLE STRUCTURES ONE WEEK LATER

Fig. 1. The amphibian egg at the left is in an early stage of development. The

many cells of the region labeled presumptive eye" resemble each other so

closely that no differences can be detected. These same cells one week later have

become rearranged into a well-developed eye. at the right. Some cells have

formed the retina of the eve. others the lens, still others the nerve fibers of the

eye. What caused cells, originally alike to all appearances, to become so differ-

ent in these different structures?

facts as scarce.as they were during the seventeenth, eighteenth, and nineteenth

centuries, it is not surprising that theories of development were rather naive.

Two theories were formulated during the seventeenth century. One theory

contended that development was simply a process of increase in size. That is.

the embryo—the young adult, if you wish—was preformed in all details in

the egg. This theory of preformation states that the embryo is already present

in the single cell, in the egg. All that happens during development is an

increase in the size of the embryo and its parts. Thus, there is no need to

explain any real development, any change in complexity. Development is

purely a growth phenomenon, an increase in size.

Such a point of view, logically extended, resulted in the encasement

theory. This theory extended the preformation theory to previous generations,

reasoning that if an egg contained a small young adult. A. somewhere within

A there was a smaller egg containing a still smaller young adult for the

next generation. The series of young adults within young adults could be

extended back in time to an infinite series. Because of the absurd nature of

this theory other embryologists began to examine eggs and began to see

that there were no young adults in eggs, that even under the most powerful
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microscopes the egg appeared to be a comparatively unorganized structure.

The view that the egg protoplasm is relatively unorganized is called the

epigenetic theory of development and is diametrically opposed to the prefor-

mation theory. The epigenetic theory states that the egg starts as a simple

structure which gradually changes into new structures according to certain

principles. The study of the gradual change in form during development

and of the factors that bring about the series of developmental changes we

call embryology.

The problems of development

The problems of embryology are many. They can be organized according

to the order in which processes take place in development. There is a series

of problems that center about the process of fertilization. At this period we
may ask several questions. First of all, what determines whether a cell

becomes egg or sperm? Next, what is the mechanism of the control and the

timing of the release of the egg from the ovary? When is the egg ready

for fertilization? How is it released from the ovary? Simpler problems, such

as the length of life of the sperm, have both theoretical value for the

embryologist and practical value for the breeder of animals. How long will

an egg live after it is released from the ovary? How long will a sperm live

and retain its fertilizing power after ejaculation ?

Another important series of problems arises in connection with the chem-

ical conditions for fertilization—the acidity or alkalinity of the sperm fluids

and of the vaginal fluids of the female. There is also the study of certain

hormones, called gamones, liberated by the egg and sperm respectively.

Gamones liberated by the egg influence the behavior of the sperm, and those

liberated by the sperm influence the behavior of the egg. Practical problems,

such as the investigation of spermicides—effective killing agents for sperm

—

also belong here.

The unfertilized egg after release from the ovary soon becomes a resting

cell. No visible changes take place until it is fertilized. Then a number of

changes in the nucleus and cytoplasm occur, leading to the first cell division.

In one sense, then, the sperm stimulates the egg cell to divide. What is the

nature of this stimulus ? What conditions does the sperm produce in the egg

which cause the latter to undergo cell division? Or, why does the egg not

divide without the sperm? Can we extract in some way a substance that would
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stimulate cell division in other resting cells? Cells in the adult divide slowly,

if at all. Until it is fertilized the egg is in a condition similar to that of adult

cells. Extraction of sperm substances might be a way of getting a chemical

stimulant for cell division in adult cells. If we could isolate these substances

which stimulate cell division, could they be applied to wounds to increase

the rate of healing? Perhaps they could be used to control the size of the

structures of the body.

Then, on the other hand, what prevents cell division in the unfertilized

egg? This is another important problem—how to stop cell division, or to

control it by a chemical inhibitor when it gets out of hand. If we could find

the conditions for stopping cell division, these conditions could be applied

to the growth of abnormal cells—tumors and cancers. In the early days of

the use of X rays, researchers found that irradiation would prevent the

cleavage of fertilized eggs. Further research has revealed that regeneration

.BRAIN

EGG AT EARLY GASTRULA STAGE

Fig.

EGG CONSTRICTED

2. Left: An amphibian egg in a very early stage of development is

tied through the center with a fine thread. This pinches the developing egg

almost in two. Right: About a week later the ligature has been removed and

the embryo possesses two complete heads joined to a common trunk. How can

two heads develop from a group of cells which would normally produce one?
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of parts of an animal can be prevented by irradiation, although such irradia-

tion has no injurious effect on the animal as a whole. Under normal condi-

tions the amputated limb of a salamander will regenerate the parts which

have been removed, but if the animal is irradiated with X rays this regenera-

tion is blocked.

To continue the survey of the problems, the dividing egg gradually trans-

forms into an embryo with structures such as brain, eye, heart, muscle, liver.

What factors determine which cells of the dividing egg will become eye and

which cells heart? Are all the parts of the adult represented in miniature in

the egg, as the preformation theory held? This situation is certainly not

true within the range of microscopic vision. But perhaps on a chemical basis

there may be some kind of chemical preformation not visible by microscopic

methods. In this event other methods must be used to determine whether the

structures of the adult are preformed in the egg.

For example, it is possible to separate one egg into two halves and observe

each of these halves develop into a complete embryo. This is now a classical

experiment, done many years ago, but it still has great significance in this

connection, because from a single egg two complete individuals may be

obtained. Some eggs are so large that a ligature, or a knot, can be tied

through the middle of them. If this knot is tied rather tightly, the two

halves will begin to develop somewhat independently, resulting in embryos

like those pictured in Figure 2, with two complete heads, two eyes in each

head, and a complete duplication of limbs, gills, heart, and many other struc-

tures. Internally these embryos show all parts of the brain present in duplicate.

If the ligature is tied still more tightly the embryo is cut completely in

two and two complete embryos may be obtained from a single egg. In the

eggs of some forms even the four quarters will produce four complete

embryos (Fig. 3). Conversely, two eggs can be fused together and they will

form a single embryo. Thus, for example, at the two-cell stage two eggs are

fused together (Fig. 4). The dumbbell-shaped structure AB is one egg; CD
is another. If these two dumbbells are put together—with a little pressure—

-

they will fuse to form a four-cell stage. The fusion mass is irregular for a

while, but it soon rounds up, forms a compact mass which develops a single

nervous system, and finally goes on to form an embryo in which the parts

are all single. Here, then, the parts of two eggs put together fuse perfectly

to form a single embryo.

Clearly the various parts of an embryo are not completely fixed in the egg,
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Fk;. 3. A sea urchin egg in the process of fertilization. The fertilized egg

divides once, and two cells result. Each of the two cells divides, and the four

resulting cells are shown, 1, 2, 3, 4. The four-cell stage is then placed in sea

water from which calcium has been removed. The Ca-free sea water dissolves a

protein which holds the four cells together and a mild shaking separates them.

The four cells are separated and continue to develop into sea urchin larvae, which

are called plutei. Each of the four larvae has all the structures of the normal larva

but is only one fourth normal size. Presumably each pluteus would grow and

transform into a normal adult sea urchin. How does the original egg develop

into a single individual when several individuals may be obtained from one egg?
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SINGLE EMBRYO FORMS

FUSION OF TWO EGGS

Fig. 4. Action begins at left of diagram. Two fertilized amphibian eggs,

AB, CD, are placed side by side. Each egg then divides once, forming two two-

cell eggs. One two-cell egg, CD, is rotated through 90° and placed on top of the

other, AB, with the result that ABCD stick together. The fused eggs continue

to develop and form a single embryo. What sort of structure must the eggs AB
and CD possess in order that they may fuse and form only one embryo ?

and, as a matter of fact, the parts of an egg can be interchanged without

any resultant abnormalities in development. For example, in an early

stage of development of the amphibian egg—it is important that it be an

early stage—it is possible to interchange pieces of the egg destined to be-

come skin with pieces destined to become the nervous system. The adult

skin is one type of structure; the adult nervous tissue quite another. But

they can be interchanged in an early stage.

Figure 5 shows two eggs. A piece of the future skin is cut from one egg

and interchanged with a piece of the future brain of the other egg. Later

the part that was originally destined to be skin can be recognized as a part

of the primitive nervous system of the embryo which received it. In its new

position it forms a fairly normal part of the nervous system. And if it comes

from the same species it forms a perfect nervous system. In Figure 5 the

skin which became nervous tissue looks different because it came from a

different species. The use of two different species was intentional in order

to show very clearly the part which was originally transplanted. Thus, cells

normally destined to form skin can become nervous tissue, nerve fibers, and
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Fig. 5. We know which of the cells

in the developing egg give rise to

the brain and which give rise to the

skin or, more properly, the epider-

mis. These two regions are then cut

out and interchanged, as shown by

the arrows connecting the two eggs.

The light-colored egg, which has

had some of its future brain re-

placed by future epidermis, develops

into an embryo with a normal brain.

The dark egg, with future brain in

the region of the future epidermis,

develops into an embryo with a nor-

mal epidermis. Since parts of the

early egg can be interchanged, what

factors are responsible for the de-

velopment of brain and epidermis?

other tissues, and, conversely, cells destined to become the early nervous

system can form skin.

The factors which determine the ultimate fate of cells must almost cer-

tainly be reduced to chemical factors of some sort, and if we had these sub-

stances at our disposal we would be able to control differentiation of groups

of cells. The control of differentiation is extremely important in a number

of processes in the adult, such as the healing of wounds and the replacement

of lost tissue. As a matter of fact, if one lets his imagination go, there

is no reason why he cannot foresee the day when we shall be able to cultivate

large numbers of tissue cells, just as bacteria and yeast are cultivated now.

Then, given the chemical factors, we shall be able to cause these cells to

develop into almost any type of tissue we want. Further, given the proper

specificity relationships—such as in blood groups—we may use them in trans-

plantation for the healing of wounds and injuries. Such a program, of course,

requires a strong flight of the imagination, for what we should like to do

is a far cry from what we can actually do now.

In many animals embryonic processes may occur even in the adult. The

problem of regeneration is essentially a problem of embryology. A planarian

worm with its head cut off will regenerate a new head with nerve ganglia

and all the other structures originally present in the intact head. Salamanders

will regenerate new limbs or tails when they lose either of these structures.

Some animals may be cut into a dozen or more pieces and each piece will
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regenerate the whole animal. What stimulates these cells in adults to develop

into new structures? Why do some animals, notably man, fail to regenerate

structures ? There is no obvious theoretical reason for this loss of regenerative

ability in man. The structures in man are no more complicated than in sala-

manders. The problem of obtaining regeneration in man seems to be a matter

of finding the conditions for regeneration in salamanders and applying these

conditions to man.

Then there are the problems arising during the growth process, growth

being considered as a synthesis of new protoplasm. While development

is going on, growth goes on simultaneously. What regulates growth ? What
are the relative roles of food, age, heredity, etc., in the growth process? Tissue

culture shows that some cells divide indefinitely as long as they are nourished.

Why do cells in the body fail to go on and grow indefinitely? Growth usually

starts out slowly, then proceeds very rapidly, and finally slows down to a

very low rate. Figure 6 shows a hypothetical growth curve. One question

which faces us is whether cells can be rejuvenated after the aging process.

The growth of the mammalian embryo offers some special problems,

since the embryo must derive its raw food materials from the blood of the

mother. The placenta establishes a pathway for the transfer of food from

mother to embryo. The relationship between developing egg and the mother

becomes complicated, and hormones provide and maintain this relationship.

In the adult the development cycle is completed with the formation of

the sperm and egg for the next generation. At this point we ask how sperm

Fig. 6. A graph of growth pat-

terned after the growth of micro-

organisms in test-tube cultures.

When a few cells are added to a

fresh culture medium they show a

latent period

—

i.e., a period during

which little growth takes place.

Then the number of cells increases

rapidly with time (increasing rate).'

Then growth may go along at a con-

stant rate for a while but eventually

it begins to slow down (decreasing

rate) and finally no growth occurs.

Growth curves of higher organisms

may deviate widely from this hypo-

thetical curve.

ZERO RATE
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and egg arise from the cells of the adult. How is sex determined ? What is

the role of the genes in sperm and egg during development ?

These problems, which have been briefly outlined, are being studied

today, and progress is being made. In what follows an attempt will be made
to discuss some of the progress made on some of these problems. From
these discussions we shall attempt to formulate the principles which will

guide us in the consideration of all problems in development.



2 • OVULATION: ITS CONTROL BY

HORMONES AND LIGHT

I hehe following chapters will enlarge on the general outline of the prob-

lems of embryology already presented. We shall begin with a discussion

of the process of the release of eggs from the ovary, ovulation
;
proceed with

a study of the characteristic organization of the egg as it comes from the

adult; and then study the process of fertilization, which stimulates the egg

to development. After this we shall undertake an analysis of the factors

operating during the formation of the various structures in the embryo.

Finally, the problem of growth and the control exercised by genes will con-

clude our discussion. In each case a short description of the process under

consideration will be given, and this will be followed by a step-by-step analysis

of the factors control] ing the process.

Origin of the germ cells

Cells which finally give rise to eggs and sperm are called germ cells.

According to some observations they first appear in the embryo as large,

single, ameboid cells and possess remarkable powers of migration. In the

chick they are said to arise from areas outside the embryo, to enter the embryo

by means of the blood vessels, and finally to leave the blood vessels and enter

13
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the developing ovary or testis. In the frog the germ cells originate in the roof

of the primitive gut.

In mammals the germ cells are believed to originate directly from the

tissues of the developing ovary or testis. As we shall see in our studies on the

origin of other structures, such as the adrenal gland, extensive migration of

cells does occur. It is very difficult, however, to trace cells from one part of

the embryo to another, and thus the very early origin of the germ cells

remains something of a mystery.

It has sometimes been maintained that the number of germ cells of the

adult is limited to those which are formed in the early embryo. This does not

appear to be true, since some studies of the ovary show that new germ cells

continue to form from the tissues of the ovary during each breeding season.

Also, if the ovaries are removed, regeneration may occur from adjacent

tissues. These facts would lead us to conclude that new germ cells arise dur-

ing adult life. As a matter of fact, some embryologists claim that the germ

cells which are seen in very early embryonic development do not form the

eggs and sperm in the adult but rather degenerate completely and new germ

cells arise from the tissues of the ovary or testis. The degeneration of embry-

onic cells before they give rise to functional structures does occur. The

primitive kidney of the chick embryo, for example, is not functional and

degenerates. A permanent functional kidney subsequently develops from

other cells. Likewise the blood vessels of the aortic arches degenerate in the

embryo.

Growth of the egg in the ovary

In vertebrate animals ovulation involves a seasonal or a rhythmic process

in which the egg is liberated from the ovary into the body cavity of the

female. From here on it is transported to the exterior by means of ciliary

movement through channels which we shall consider later. The egg develops

in the ovary from a small oogonium to a large egg, which at the time of

ovulation may be in one or another of the stages of maturation, depend-

ing on the species. This maturation process involves, first of all, a reduction

in the number of chromosomes in the egg. With this reduction in the

number of chromosomes there is a segregation of the genes, with the result

that eggs of different genetic composition are produced within the same

species. In addition, in some species there is a segregation of the sex chromo-
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somes during maturation, resulting in two types of eggs—male-determining

eggs and female-determining eggs. In other species this segregation occurs

in the sperm, resulting in two types of sperm.

At first sight, the most striking thing that occurs during maturation is

the growth in the size of the egg. Most of the primitive germ cells are about

10 fi* (0.01 mm.) in diameter, the size of an average body cell. In the

mammal such cells increase to a size which in some species may reach a

diameter of 200 fx- In the frog the increase is up to a diameter of 2000 ^,

and in the birds the diameter of the egg reaches about 40,000 p. This tre-

mendous increase in size is due largely to the deposition of proteins, fats,

and carbohydrates, which form a food reserve used as an energy source

and as a source of raw materials for the synthesis of protoplasm.

All eggs have some yolk, which in general is similar to that of the

hen's yolk. Yolk is commonly in the form of granules, and these are various

combinations of fat, protein and carbohydrate. The large size of eggs is

due not so much to an increase in the amount of protoplasm as to an increase

in the amount of stored, inert food materials.

Release of eggs

After the egg has secreted all of its yolk and passed through the necessary

phases of maturation it is ready for ovulation. Since the time of ovulation

must bear some relation to the breeding cycle of the animal involved, the

timing and control of ovulation are important problems. There appear to

be, in general, two quite different controls for ovulation. One is an environ-

mental control as a result of which animals ovulate for a brief period once

a year according to the season. The other type of control is an internal con-

trol which establishes some sort of a rhythm so that the animals ovulate

once a day, once every five days, once a month, or once in any given period.

But that period has no relationship to season. There are a few exceptions:

The rabbit ovulates shortly after copulation with the male. In this case

the control is neither environmental nor internal; a particular stimulus, copu-

lation, releases the egg from the ovary.

Let us summarize the process of ovulation in a frog, referring to Figure

7, which shows diagrammatically the female reproductive system of the

ordinary frog. The large ovary, containing some 2000 eggs, is attached by

* A micron (/j.) is one-thousandth of a millimeter.
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Fig. 7. A highly schema-

tized diagram of ovulation

and egg transport in the frog.

Only one side of paired repro-

ductive ducts is shown. The

egg moves from the ovary in-

to the body cavity, where it

comes in contact with cilia.

The cilia move the egg toward

the heart, where the opening

of the oviduct—the ostium

—

is located. Eggs are taken in

by the ostium and propelled

through the oviduct by means

of the cilia which line the

oviduct. A jellylike substance

secreted by the oviduct is de-

posited on the eggs. Eggs ac-

cumulate in the uterus and are

usually expelled in mass by

muscular contractions. Sperm

enter the eggs shortly after

the eggs are expelled. Jelly

swells and development pro-

ceeds.
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a membrane to the body wall. The eggs inside the ovary are composed of

black and white hemispheres, and are almost 2 mm. in diameter. They are

inside of membranes which form a follicle. After they have grown to their

maximum size, the eggs break out of the follicles which contain them and

fall into the general body cavity, which is completely lined with a thin layer

of cells, the peritoneum. The surface of the peritoneum is covered with cilia.

These cilia, by their beating, literally sweep the egg all the way from the

ovary forward to the opening of the oviduct, which is near the heart. Thus

the egg travels some distance through the body cavity before it enters the

ostium, the opening of the oviduct. It then passes down the oviduct, where

the various coats of jelly are deposited on it, and comes to rest in enlarge-

ments of the oviducts called uteri. The individual eggs go through this proc-

ess until about 2000 eggs finally accumulate in the uteri. They are then

liberated in one large batch at the time the male liberates sperm, and ferti-

lization takes place in water. (For a more complete description of mating

in frog see Chapter 9.) After ovulation the small germ cells begin to

grow, and the next year's crop of eggs is formed.

Release of eggs by pituitary gland

What controls this process? If the pituitary gland of the frog is removed,

ovulation does not occur. The cycle is completely stopped; no eggs are

produced or liberated. This is true of many other vertebrates. On the other

hand, if the pituitary gland is reimplanted (put back into the animal) or

if extracts of this gland are injected, ovulation will occur in these hypo-

physectomized animals. Thus, it is clear that the pituitary is necessary for

ovulation. But we still may ask whether it is the primary factor in the process.

To go on with the analysis in the frog, the mature eggs are present

in the ovary in October, but no ovulation takes place until April. These eggs

are ready in October for ovulation, as can be shown by injecting a few whole

pituitary glands or an extract of the glands. Ovulation stimulated by pituitary

injection will occur within a few days after such injection at any time be-

tween October and April. And therefore in normal ovulation something

must be released by the pituitary gland in April which travels to the ovaries

and stimulates release of the egg. This stimulation is not nervous in character.

One can cut the nerves leading to the ovary and inject pituitary glands, and

ovulation will take place in the absence of nerves. If pieces of ovary are
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removed from the body and placed in extracts of the pituitary gland ovula-

tion will occur /';/ vitro. Therefore a substance from the pituitary gland must

come into direct contact with the ovary in order to release the eggs.

These pituitary substances responsible for ovulation—there are two of

them in mammals—are called gonadotropic hormones. They are proteins

secreted by the cells of the pituitary and released into the blood stream.

The pituitary glands when injected into the frog liberate only eggs which

are fully developed; they do not liberate eggs which are not mature. From

all these experiments it would seem that the primary factor in the control

of ovulation is something which stimulates the pituitary to release its gona-

dotropic hormones. This leads us to ask what controls secretion of the

pituitary gland. We do not know the answer in all vertebrates. The mech-

anism is clear in the case of some birds and some mammals.

The effect of light on breeding habits

It is rather generally known that change in climatic conditions results in

variations in the time of ovulation in domestic mammals. Animals trans-

ported across the equator from one hemisphere to the other adjust their

breeding cycle to the new conditions, the reversal of summer and winter.

Therefore some environmental factor is operating to produce this change.

Experimental control of environmental factors shows that variations in

the amount of light are extremely important in controlling the sexual cycle

of both plants and animals. We may take an example drawn from some

experiments on raccoons. These animals normally go into a partial hiber-

nation in November. In February they become active again and mate, and

the litters are born in April. This is the normal sexual cycle. If, however, in

October the animals are illuminated at night, starting with an exposure of

about one hour each night and ending with an exposure of about eight

hours each night, mating will occur in December instead of February, and

the litters will be born in February instead of April. Thus the breeding

season can be hastened by about two months by increasing the ratio of

the amount of light to darkness each day. This periodicity in light which

controls the sexual cycle is termed sexual photoperiodicity.

The general interpretation of this phenomenon, of course, is that animals

that breed in the spring have been exposed from the winter solstice (Decern-
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ber 21 in the northern hemisphere) until the time of their normal breeding

season to increasing amounts of light each day. The days get longer during

this period of the year. The increase in the amount of light over the amount

of darkness each day is the primary factor, then, in controlling the time

of ovulation. If in the fall, when the change is in the other direction

—

that is, when there is more darkness each day and less light—we artificially

increase the illumination and thus imitate the spring conditions, breeding

will take place in the fall.

Let us now continue the analysis of the effect of light and examine the

results of some experiments on birds, which also react to light. These

experiments show that the light has no direct effect on the gonads but acts

by way of the pituitary gland. In the first place, if the pituitary gland is

RATIO OF
LIGHT

HORMONES
IN

BLOOD
STREAM

Fig. 8. Steps in the stimulation of ovulation. The initial stimulus is a vary-

ing ratio of light to darkness. The light entering the eye falls on the retina

and stimulates nerve impulses, which reach the brain by way of the optic nerve. In

the brain the impulses stimulate the pituitary gland to release hormones into

the blood stream. The hormones then travel through the heart and circulation

to the ovary. In the ovary they produce changes leading to a breaking of the

wall of the follicle, and the egg is released into the body cavity or into the

oviduct.
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removed the increased light has no effect on the gonads. Another bit of

evidence indicating that the pituitary is the stimulating factor is that injec-

tions of pituitary will produce the same effect as light. Therefore light must

act by a release of the gonadotropic hormone. Experiments in which animals

are hooded—so that their eyes are in darkness—show that there is no effect

of light unless the light reaches the eye. That is, any absorption of light on

the body surface, or any effect of light through heat, has no effect. It must

reach the eye. The light must, furthermore, give rise to nerve impulses, be-

cause if the optic nerve is cut and the animal is exposed to light, no effect

is obtained.

Thus we have traced the stimulus for ovulation back to a periodicity of

light falling on the retina, where it is converted into nerve impulses which

reach the brain through the optic nerve. In the brain the nerve stimulus

passes to the pituitary gland and stimulates the release of gonadotropic hor-

mones. These travel through the blood stream and when they reach the

ovary they cause the breaking of the wall of the follicle and the release of

the egg (Fig. 8).

It should be pointed out here that this treatment with light is not effec-

tive for all animals, but it has been successfully used in several fur-bearing

animals which have seasonal cycles and in several species of birds. On the

other hand, such animals as the guinea pig, rat, and man have some internal

control which is independent of light and to some extent of other environ-

mental conditions.

Internal control of pituitary secretion

What is the control of ovulation in animals which breed without relation

to the environment? In these forms, too, the pituitary controls ovulation, but

hormone secretion by the pituitary is controlled by a rhythmic factor which

we shall attempt to analyze.

Let us first outline the changes that occur in the ovary (Fig. 9). The egg

matures in a follicle, which increases in size until its wall breaks and the egg

is liberated into the opening of the oviduct. The follicle shrinks after ovula-

tion and becomes filled with cells; these form a solid body, the corpus luteum.

The corpus luteum then increases in size for a while but finally degenerates,

and a new follicle begins to enlarge in some other region of the ovary. This
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Fig. 9. The ovarian cycle in mammals. The egg

develops within the walls of a follicle. The follicle

increases in size and a follicular fluid accumulates.

When the pituitary hormones reach certain concen-

trations the follicle wall breaks and the ovum is lib-

erated. The empty follicle becomes filled with a spe-

cial type of cell and forms a solid body, the corpus

luteum. If fertilization does not ensue, the corpus

luteum degenerates and a small body of scar tissue

marks the site.

DEGENERATION OF
CORPUS LUTEUM

SCAR TISSUE
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new follicle grows in size and another ovulation occurs. If pregnancy does

not intervene this cycle is repeated over and over.

There are two distinct processes in this cycle: (l) a growth of the follicle,

and (2) the formation of the corpus luteum. These two processes are con-

trolled by two hormones liberated from the pituitary gland. One hormone, a

follicle-stimulating hormone (FSH), stimulates the growth of follicles. The

effect of this hormone is shown by the fact that when the pituitary gland of

an animal is removed the follicles in the ovary remain very small. The injection

of the FSH hormone into such hypophysectomized animals stimulates follicu-

lar growth, and numerous large follicles result.

A second hormone from the pituitary is responsible for the formation of

the corpus luteum. When this luteinizing hormone (LH) is injected, it pro-

duces an increase in the number of lutein cells, which form the corpus luteum,

but it has no effect on the follicle growth itself. These two pituitary hormones

are proteins and one of them, LH, has been highly purified. The luteinizing

hormone is also known as an interstitial-cell-stimulating hormone (ICSH).

What controls the secretion of the two pituitary hormones, FSH and

LH (ICSH) ? Since the corpus luteum in some animals inhibits ovulation, a

reasonable explanation at present is the following: Beginning with the secre-

tion of FSH by the pituitary, the next step is the growth of the follicle and

ovulation. LH then stimulates the growth of the corpus luteum, and further

ovulation is inhibited until the corpus luteum decreases in size and its

inhibiting effect is lost. The growth of the next follicle and ovulation can

then proceed.

We may ask what causes the growth of the corpus luteum after ovulation.

A hormone from the follicle, estrone, when injected into some animals causes

an enlargement of the pituitary and also the formation of corpora lutea in

the ovary. Since the formation of a corpus luteum is the result of the action

of LH, it is reasonable to suppose that estrone stimulates the pituitary to

release LH and inhibits the formation of FSH. The whole sequence of events

may be summarized in the diagram on the facing page.

When the supply of estrone decreases owing to its elimination in urine,

the stimulation of the secretion of LH ceases and the corpus luteum degener-

ates so that follicle growth is no longer inhibited, and the cycle begins anew.

It is interesting that during pregnancy, when the corpus luteum persists

because of the presence of an embryo, there is no follicle growth. Estrone

produced by the placenta is said to inhibit both FSH and LH secretion. But
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Pituitary secretion

LH(ICSH)

growth of corpu

luteum

degeneration of

corpus luteum

FSH

growth of follicle-

rupture of follicle

(ovulation)

estrone liberated

into blood stream

this is another story (see Chap. 18). Whatever the exact relationship, there

is certainly a reciprocal relationship between the pituitary and the ovary, each

exerting a control over the other to form a rhythmic cycle.

Human pregnancy tests

These studies on the control of ovulation have resulted in some practical

applications. In the first place, we find that hormones other than those of the

pituitary will stimulate the ovaries and that some of these substances will cause

ovulation. And in particular, during early human pregnancy, a hormone

appears in the urine which, when injected into immature mice, will stimulate

the ovaries of the mice to mature. This gonadotropic hormone has been traced

to the chorion formed by the developing embryo. The injection of urine into

an immature animal thus becomes a test for pregnancy and, in its original

form, is known as the Aschheim-Zondek test. There is a modification of the

test in which rabbits are used; this is called the Friedman test.

Since a reaction to gonadotropic hormones is a general one, other animals

may be used for testing pregnancy. Some biologists have attempted to use

the South African frog, which lays its eggs when exposed to pregnancy urine.

Male frogs also react by releasing sperm. There have also been some tests

devised in which fish are used; indeed any number of animals could be em-

ployed to test for the presence of this pregnancy hormone. Because the human
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menstrual cycle is so variable, and because menstruation may be delayed by

such different factors as worry or change in climate, tests such as these have

been very useful in determining pregnancy during the first month after

fertilization.

In the analysis of causes of ovulation we find that the principal factors

are what we might call release mechanisms. The pituitary contains the hor-

mone, but something like light acting on the retina must release the hormone

from the gland. In the frog the eggs are completely mature in the ovary and

await their release by the application of a hormone in very low concentration.

This illustrates a general principle in development—namely, that each stage

produces something which stimulates or induces the succeeding stage to

appear. Thus during development there is a progressive series of changes,

each change related to the preceding one. The result is a chain of reactions

extending from the release of pituitary hormone to the fully formed adult.

This principle of stimulation or induction will be of importance in our dis-

cussion of fertilization and of the formation of various organs of the body

through contact with stimulating tissues.



3 • THE UNFERTILIZED EGG AND ITS

ORGANIZATION FOR

DEVELOPMENT

wT Tene now proceed to face one of the most difficult problems in embry-

ology—that is, the organization of the unfertilized egg with respect to its

development into the structures of the adult. From a chemical standpoint the

egg after ovulation is not strikingly different from any other cell in various

parts of the body. The physical consistency of the egg cell is not very different

from that of an ordinary droplet of water. Thus we are dealing with a cell

which consists of a cell membrane containing a watery suspension of a

number of granules. There is little in either the chemical or physical make-up

of an egg cell that distinguishes it from other cells. Indeed, the egg is

deceptively simple in appearance compared with a nerve cell. There is

nothing which we can see that foreshadows the complex structure of the

adult. When we begin to examine the parts of the egg with respect to their

abilities to develop into structures, however, we find very striking differences

between the different regions of the egg.

Before beginning with the analysis of our problem we may visualize two

possibilities with respect to the organization of an egg. Either each organ in

25



PLUTEUS

Fig. 10. How the contents of the egg may be traced into the embryo

(pluteus). Upper left diagrams the egg: A = animal pole; V = vegetal pole.

Following down left side are the 2-cell, 4-cell, 8-cell, and 16-cell stages. Top

right shows a section of a blastula with the cells from the vegetal pole entering

the cavity of the blastula. Immediately below is a gastrula with the archenteron.

Finally, we see the pluteus with the pigment band localized in the gut.

26
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the adult is represented in the egg by some special chemical make-up-—and this

is the idea of preformation expressed in modern terminology—or we are

dealing with an egg containing unorganized protoplasm which is gradually

changed into the organized structures of the adult. In other words, this is

the epigenetic viewpoint. The first concept involves a mosaic, or a pattern

of organ-forming substances—special substances which determine each and

every organ. The second concept pictures an unorganized protoplasm which

needs an organizing factor of some sort to convert it into the various struc-

tures of the adult.

Organization of the sea urchin egg

Before considering the further implications of these two possibilities,

let us examine a special case—that of a sea urchin—in which the egg shows

a definite polarity indicated by a band of pigment composed of a large

number of small red granules (Fig. 10). One pole of the egg is termed the

animal pole; the opposite pole of the egg is termed the vegetal pole; and

the line connecting the two is called the animal-vegetal axis. In this egg the

essential parts for our analysis are a thin outer cortex, a fluid, internal

endoplasm, and a band of red pigment granules below the equator of the

egg which we will call the pigment band. The nucleus may be in any position

in this cell.

Figure 10 shows a diagram of the early development of this sea urchin

egg. Now, in the unfertilized egg the pigment band marks a specific region

of the egg so that by watching this band during development we can see

what develops from this region. We can see what structures are derived

from the protoplasm that is marked by the pigment band. And this method

of tracing structures is indicated in the developmental stages in Figure 10.

We begin with a stage where the sea urchin egg is shown with the animal

pole, A, upward, the vegetal pole, V , downward, and this relation is main-

tained all through the diagrams. The pigment band, which we are going to

use as a marker of a specific region in the egg, is just below the equator. If

we follow this band through the cleavage stages we see that the first cleavage

cuts this band in two. That is, it passes through the animal-vegetal axis.

During all the cleavage stages this band keeps its same position relative to

the animal and vegetal poles.

At a later stage, eight cells, we can still see the pigment band, and now
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it is cut off into the four lower cells in the vegetal hemisphere. At still

later stages—in the blastula, for example-—the pigment band is still in the

same relative position, just below the equator of the blastula. The blastula

consists of a single layer of cells arranged to form the wall of a sphere,

which is filled with a liquid. In Figure 10 a thin slice of the blastula is taken

through the pigment band. The diagrams show what happens to the pig-

ment band during gastrulation. In the blastula some of the cells at the

vegetal pole, V , migrate into the interior. The remaining vegetal cells and

the cells containing the pigment band then fold into the interior to form a

pocket termed the arcbenteron, or primitive gut. The process of folding,

resulting in a double-layered gastrula, is an essential part of gastrulation. In

the figure a thin slice of the gastrula shows the external layer of cells, the

ectoderm, and the internal layer bounding the archenteron, the endoderm.

Thus the cells containing the pigment band fold in to form the walls of the

archenteron, the primitive gut, which forms the digestive tract of the pluteus.

This primitive gut is made up of endoderm, and therefore the region of the

egg containing the pigment band is destined in normal development to

become endoderm in the pluteus.

In the same way we can follow the development of the region at the

extreme vegetal pole, V. This region remains in its same relative position

at the vegetal pole all through cleavage (2, 4, 8, 16 cells), and even in the

blastula stage, it still is an unpigmented region below the pigment band. At

the beginning of gastrulation the nonpigmented cells move into the cavity

of the blastula and build up a mass of cells on either side of the forming

archenteron (Fig. 10, gastrula). These cells give rise to mesoderm, which

finally forms the skeleton in the pluteus larva. Thus we can add now that

the vegetal region of the egg forms the mesoderm of the larva. Since the

mesoderm cells are scattered cells, they are termed mesenchyme.

The region above the pigment band—a little more than half the egg-—
can also be followed through directly to the blastula. It forms a mass of cells

in the animal half of the blastula. These cells remain on the outside of the

larva and in the gastrula stage they have spread so that they form the entire

outer layer of the embryo. Therefore their normal destiny is ectoderm. Thus

we have followed one method of determining' the general architecture of the

egg by tracing some marker through normal development. And this method

demonstrates for us a general organization of the sea urchin egg into regions

which give rise to the three germ layers: ectoderm, mesoderm, and endoderm.
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Experimental study of the

sea urchin egg

Another method which we may use brings out additional information.

This involves the use of microdissection, a technique by which the egg is

actually cut up into parts and the development of the separated parts

followed. With the aid of a very fine glass needle we can press down on and

cut through the equator of the egg and thus separate the egg into two

halves, which round up to form two spheres, an animal half and a vegetal

Fig. 11. The development

of animal and vegetal halves

of the sea urchin egg. The

egg is cut in two through

the equator by means of a

glass needle. The animal half

(right) is fertilized and de-

velops into a blastula (dauer-

blastula) but fails to form

endoderm. The vegetal half

(left) after fertilization forms

an incomplete embryo.

ENDODERM

DAUERBLASTULA
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half of the original egg. As Figure 11 shows, each of these halves may be

fertilized. The animal half when fertilized undergoes cleavage and develops

into a permanent blastula. This half reaches the blastula stage and goes no

farther, and thus no endoderm forms. The blastula develops long cilia, swims

about for many days, and then dies. The vegetal half, on the other hand,

undergoes cleavage and forms a partial larva which contains a digestive

tract composed of endoderm, some ectoderm, and a skeleton formed by

mesoderm cells. A loose aggregation of mesoderm cells is called mesenchyme.

The ectoderm becomes ciliated so that the larvae swim, but further develop-

ment is blocked.

Neither of these two types of larvae can survive. Each lacks something.

The greater lack is in the animal half, which develops no further than the

blastula stage. The vegetal half will form a gastrula and a partial larva. The

location of the egg nucleus makes no difference in this type of operation. It

may be in either the animal half or the vegetal half without modifying the

results in any way.

The above experiment bears out the observations on the behavior of the

pigment band during development of the whole egg and again shows that

the animal half forms ectoderm but no mesoderm or endoderm. The vegetal

half forms chiefly mesoderm and endoderm, but it may also form some

ectoderm.

Now we would like to know how this organization with respect to the

three germ layers can be established in the egg itself. What parts of the egg

are responsible for organization ? Some information pertaining to this ques-

tion may be obtained by centrifuging eggs at high speeds. If we take the

unfertilized egg of a certain sea urchin and expose it to a high centrifugal

force we can shift the pigment granules into any region of the cell we wish.

In Figure 12 the pigment is thrown into one side of the egg by the centrifugal

force C,CX . The rest of the egg becomes stratified into the various layers of

protoplasm. The granules, being heavier than the rest of the protoplasm,

move toward the outer end of the centrifuge Cv Toward C, the opposite

end of the centrifuge, the lightest particles in the egg will accumulate; these

are the fat droplets containing lipids. They thus go to the light pole of the

egg whereas the pigment granules go to the heavier pole of the egg. And
in between the lipids and the pigment granules are granules of various sorts

and sizes, taking up about half of the egg. The nucleus comes to lie in the

light half of the egg, along with the lipids, and this leaves a region of very



EXPERIMENTAL STUDY OF THE SEA URCHIN EGG 31

HYALINE PROTOPLASM

Fig. 12. A sea urchin egg after exposure to centrifugal force becomes strati-

fied into layers of granules and clear protoplasm. C, C t gives the direction of

the applied centrifugal force. The embryo which develops from the centrifuged

egg (right) is normal except for pigmentation. The polarity of the egg has

not been altered by centrifugation.

clear protoplasm without any microscopically visible particles in it, called

the hyaline protoplasm.

Thus we have a means of shifting all the microscopically visible con-

stituents of the egg and of moving them away from their original positions.

If any of these constitutents—the fat droplets, the pigment granules, or this

second type of unpigmented granules—are responsible for the organization

of the egg, then a completely distorted larva should result. As a matter of

fact, the strongly centrifuged egg develops into a perfectly normal larva

when fertilized. Figure 12 shows one of these larvae. Other larvae may show

a shift in the position of the pigment. It may all be concentrated at one end

of the larva; or on the side of the larva, so that one side is pigmented and

the other is not. But the larvae are perfectly normal in all essential respects.

More than that, it has been found that if the egg is exposed to very high

centrifugal forces in an ultracentrifuge, the egg becomes torn apart so that

its components are separated as cream is separated from milk, and parts

of the egg almost entirely free of granules are obtained. These parts of the

egg, practically free of any microscopically visible granules, may develop

into perfect larvae. Therefore, none of the microscopically visible com-

ponents of the endoplasm of the egg can have anything to do with its

organization. And thus we must conclude that the organization depends

upon some of the finer structure of protoplasm which is not disturbed by

the centrifuging.
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ECTODERM

CORTEX

ENDOPLASM

ENDODERM

LOCALIZATION

MESENCHYME

CORTEX

Fig. 13. Hypothetical lo-

calization of the factors for

ectoderm, endoderm, and

mesoderm (mesenchyme) in

the cortex of the sea urchin

egg. "Ectoderm" stands for

substances or factors which in

later development are respon-

sible for the formation of the

ectoderm of the embryo. Sim-

ilarly with "endoderm" and

"mesenchyme."

Where in the egg itself—the unfertilized egg-—might this organization

be? It cannot be in the endoplasm, for this region is full of granules and

these granules can be shifted. As we have seen, this endoplasm can be dis-

turbed by the centrifuging process and the egg still develops normally. The

only other possible location of organization is in the outer cortex. This has

a much higher consistency or viscosity; it is a relatively stiff substance. In the

process of centrifuging, then, it would be this thin outer layer which would

remain undisturbed. Therefore it may contain the organization of the egg into

the substances which give rise to the three germ layers (Fig. 13).

Thus we picture the outer layer of the animal hemisphere as containing

the factors for ectoderm. The ectodermal factors extend a little below the

equator, forming a sort of shell. Next there is a thin shell of protoplasm

which contains the factors for the formation of endoderm. And finally at

the vegetal pole itself there is a layer of protoplasm in the cortex which

causes mesoderm to form.

The labile nature of organization

Now, how stable is the organization into the protoplasm of the three

germ layers? We pointed out that if the egg is cut in two through the equator

the two halves can be fertilized and will develop into deficient larvae (Fig.
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Fig. 14. A sea urchin egg

is cut in two through the

animal - vegetal axis, A-V

.

Each half is fertilized and

each half develops into a nor-

mal embryo of half size. PLUTEUS PLUTEUS

11). If, however, we cut the egg through the animal-vegetal axis instead

of through the equator, we again obtain two halves, and again both halves

may be fertilized. But now we find that both halves form complete embryos

(Fig. 14). These embryos are half-sized, but they contain all the structures

in normal proportion and normal position. As many as four embryos can

be obtained from eggs in this way. Each half may be cut again to form

quarters. As long as the cut is made parallel to, or runs through, the animal-

vegetal axis a whole embryo forms from a fragment of the egg. Therefore

we speak of this organization as being somewhat labile or flexible. The egg

is sometimes spoken of as a plastic egg.

Is the egg completely labile? According to our original plan of the
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organization of the egg (Fig. 13), vertical cuts might be predicted to form

a whole embryo because when vertical cuts are made the resultant pieces

include a sample of the mesodermal, the endodermal, and the ectodermal

substances. However, it should be pointed out that the cut pieces contain

only a half part of each of these three regions, and one could hardly expect a

bilaterally symmetrical embryo from half an egg. If the parts of the embryo

DAUERBLASTULA

DAUERBLASTULA

Fig. 15. Chemical control of the formation of endoderm and ectoderm.

Left: Sea urchin egg cut in two through the equator. Animal half fertilized

develops into dauerblastula without endoderm. Animal half treated with lithium

forms embryo with endoderm. Right: Whole egg treated with NaSCN before

fertilization. After fertilization the egg develops into a dauerblastula without

endoderm. What has happened to the egg substances which normally form

endoderm ?
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were fixed in certain positions within the egg, the expected result from half

an egg would be half of an embryo. However, since the argument has validity,

let us proceed to some other experiments which prove that the egg is labile.

For this purpose let us refer to the original experiment of cutting the

egg in two through the equator. We can experiment further with the animal

halves, which contain the factors for ectoderm only. Some of the animal

halves can be raised in normal sea water, while others are raised in lithium

sea water—that is, sea water to which lithium chloride is added. Under these

conditions the animal halves in normal sea water form permanent blastulae,

which do not undergo any differentiation into mesoderm or endoderm.

However, the lithium-treated animal halves will form larvae with a gut,

skeleton, and ectoderm (Fig. 15). Therefore, simply by the addition of

lithium—and other compounds will also bring about this change—the

region of the egg which normally gives rise to ectoderm can be converted

into some endoderm. Ectodermal factors plus lithium may give rise to some

mesoderm and endoderm.

Lithium chloride may, of course, produce many physical and chemical

changes in the protoplasm of the animal half. We know of one change

which does occur in lithium-treated eggs—that is, a decrease in the rate of

oxidation. Therefore it may be that the animal half is respiring at too high

a rate to develop into mesoderm and endoderm, and that the action of

lithium is to cut down this high respiration rate to the rate that is normal

for mesoderm and endoderm.

Conversely, the mesodermal and the endodermal regions may be con-

verted into ectoderm. If we begin with the unfertilized egg and treat it with

potassium sulfocyanide in sea water, the egg when fertilized develops into

the same type and structure that develops from the animal half—a perma-

nent blastula. No mesoderm and no endoderm appear. Therefore potassium

sulfocyanide must have brought about some change in the vegetal hemisphere

so that the material normally destined to form mesoderm and endoderm

became converted into ectoderm. Thus there are both kinds of change:

Li

I
"ectoderm''

<
* "endoderm"

t
KSCN
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This gives a picture of a very labile type of system in which the original

organization of the sea urchin egg can be completely changed by the proper

chemical treatment. The eggs of other species of invertebrates and of

vertebrates exhibit a similar type of organization.

Twinning and duplication of structures

Because of this very labile or flexible type of determination in the early

egg and because the egg is susceptible to these chemical changes in the

environment, we find a number of duplications, or doublings, in embryonic

development. And the explanation must lie in the fact that there is a labile

organization which is affected by some chemical treatment. Identical twins

arise by the splitting of a single egg. It is easy to see how this is possible,

since experimentally when an egg is cut into halves two identical embryos

are obtained. A less extensive duplication results in Siamese twins in

vertebrates, in which the two embryos remain fused at some point. Still less

extensive duplication may result simply in two heads joined to a single

trunk, or two trunks with a single head. Indeed the twinning process may

involve duplication of only a single organ. Animals sometimes develop with

double limbs, or even with triple limbs. Finally, parts of a structure like a

finger may split during development to give two or more fingers.

Although duplications are very interesting, they are certainly not desir-

able from the point of view of the organism possessing them. Therefore

studies on the factors bringing about duplication have been numerous and

have led to a theoretical interpretation of this process.

At the onset it may be stated that in the embryos of some animals doubling

Fig. 16. A double-headed fish embryo

which developed in a normal environment.

It possesses four complete eyes, two brains,

and two mouths and has a common stomach

and tail. Such monsters do not usually sur-

vive as adults, although occasionally one is

found in nature.
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of the head region is not rare even in a normal environment. One of these

double monsters is illustrated in Figure 16. It has two complete heads with

four eyes and a common trunk and tail. In the eggs of other forms, such as

an armadillo, each egg normally and regularly splits in some way to give

four complete embryos, which give rise to four normal adults. Thus this

reduplication process is a normal one as well as an abnormal one.

What factors bring about this splitting in eggs? If certain eggs are

treated with chemicals which retard development for a time, or if they are

simply cooled for a prolonged period and then returned to their normal

environment or their normal temperature, as the case may be, a certain per-

centage of the eggs may show a doubling of the head or the trunk region.

Several other types of treatment, such as radiation with ultraviolet light,

produce similar effects. The eggs must be exposed to the external agent in

a very early stage of development, during which they still exhibit a labile

organization. Thus, it is thought that any agent which drastically slows

development or which stops it for a time will produce duplications, but only,

of course, if the eggs survive such drastic treatment. And the mortality in

these experiments is usually very high. It is evident that, although twinning

and duplications may be produced under laboratory conditions by chemical

treatments, under natural conditions such as development in the uterus the

underlying cause may arise from the genes. Indeed, in humans polydactyly

—

that is, a duplication of one or more fingers—is inherited as a dominant gene.

This theory of twinning, which arose from experiments on whole eggs,

may be extended to explain the duplication of parts of the egg. We may

suppose that the doubling of a limb is caused by some injurious agent acting

on the very early stages of limb development, while this development is

still in the stage of labile organization. Furthermore, since every organ

passes through a phase in development where it shows some labile organ-

ization, we can see the possibility that any organ of the body, if exposed to

a retarding agent at the correct stage of development, might show duplica-

tion. And this appears to be true.

How do these retarding agents act? In general, any chemical compound

does not affect all parts of the egg to the same extent. Some regions are

injured more than others. Thus, if one region is injured severely and the

regions on both sides are only slightly injured, these two sides could go on

to form an embryo. This is a sort of "splitting" induced by chemical treat-
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SEVERE INJURY

B \LESS INJURY

Fig. 17. A theory of duplication in eggs. Left: An injurious agent produces

a severe injury at C (shaded area) but only slight injury at A and at B. Right

:

When the injurious agent is removed, A and B recover faster than C and the

development of a two-headed embryo results.

merit. In Figure 17 region C is assumed to be injured to the greatest extent.

Regions A and B, on the other hand, on both sides of this region, are injured

only slightly. Now if this egg is returned to its normal environment, A and

B, being only slightly injured, will recover and develop, and each may form

a complete embryo—or, if we are speaking of an individual organ, each

may form a complete organ.

Thus, throughout development the determination of structures, like the

determination within the egg, must be a labile one. That is to say, when the

limb arises in the embryo, it must be labile enough so that it can split into

two limbs. And so the twinning effect becomes a rather general phenomenon

in development, beginning with the egg and going on all the way through

to development of the specific structures.

The phenomena of twinning and of duplication of structures lead to

inferences regarding those forms which are not susceptible to experimental

treatment and for which observation is the only means of study. For example,

it is not possible to experiment with the human egg and embryo. However,

since identical and Siamese twins occur naturally in humans, we infer that the

organization of the human egg is similar to that of the sea urchin.
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Theories regarding organization

This generalization brings us back again to a consideration of the theories

of early embryonic development. In general, there are two types of theories.

One is a theory of quantitative differences in the egg, involving differences

in the amount of some substance or substances. The other theory, of qualita-

tive differences in the egg, postulates different chemical compounds as being

responsible for the development of different structures.

A complete and comprehensive theory of development has been based on

the idea that simple quantitative differences in metabolism may account for the

differences in the development of the parts of an egg. This concept is some-

times called a gradient theory. In general terms it states that the parts of the

egg develop according to their graded rates of metabolism. There is a further

corollary that the region of highest metabolism dominates or controls other

regions of the egg, producing unified, orderly development. This is a theory

of purely quantitative differences in the egg as a first cause of differences in

development.

If two parts of an egg, A and B, differ by some quantitative factor, the

part A, which contains the greater quantity, will compete more successfully

for the substances necessary for development and may use up all of some

substance at the expense of B. B will not be able to develop into the same

structure as A, and thus competition may lead to different modes of develop-

ment.

The other theory assumes that the parts of the egg are qualitatively

different—that is to say, they are different in chemical constitution and com-

posed of different substances. The region destined to become endoderm would

contain a chemical substance different from the other regions in the egg.

Substances which are assumed to be present within a part and to cause

that part to develop in a specific way are called morphogenetic substances.

How do these various morphogenetic substances come to be localized in the

egg to form a pattern ? Early embryologists assumed that the substances were

at first mixed in the protoplasm of the egg and then became segregated into

definite regions. This concept throws the burden of the argument upon the

means by which morphogenetic substances segregate from one another into

localized regions of the egg. Various forces, such as electrical currents and

diffusion, have been suggested as the causes for the separation.
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QUALITATIVE DIFFERENCES
QUANTITATIVE DIFFERENCES

Fig. 18. Contrasting theories of the organization of the protoplasm of the

egg. Left: E represents a substance or a factor. The concentrations of E are

represented in graded fashion by the symbols EN > £A -i > EN.2 . . . EQ .

Right: Sec , Sen , and £„, are three different chemical substances responsible for

the formation of ectoderm, endoderm, and mesoderm of the embryo.

These two theories are summarized in the form of a diagram in Figure

18 and may be contrasted something as follows. The quantitative theory

assumes that the same substance or factor, called E, is present throughout

the egg, but at the animal pole, for example, it will be in concentration E„.

In some other region the concentration will drop to E n—\. And at the vegetal

pole E will be present in the lowest concentration, Ea. The differences in

development are thus caused by differences in quantity of E.

The qualitative theory assumes that there are actually different sub-

stances in the parts of the egg. One substance we might call Sectoderm, another,

Sendoderm, and a third, Sme80derm . These three substances transform the parts of

the egg into the ectoderm, endoderm, and mesoderm of the embryo. This

theory is a refinement of the preformation theory. The parts of the embryo

are assumed to be present in the egg in the form of morphogenetic sub-

stances.

The most reasonable compromise between these two theories is that

the parts of the egg may at first be quantitatively different, but that some

time later they become qualitatively different. That is to say, in the course

of development different substances must arise which insure the differentia-

tion of various parts of the egg. One such compromise theory already has

been formulated for the development of the sea urchin egg. It supposes that
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there are different substances in the animal and vegetal halves of the egg.

These substances are responsible for the difference in the way the two halves

develop. But the animal half contains some of the substances of the vegetal

half, and the vegetal half contains some of the substances of the animal half.

Thus two gradients are postulated: one of animal substances and one of

vegetal substances (Fig. 19). When these two gradients balance each other,

normal development ensues. If one is depressed by a chemical treatment

the other gradient takes over. When the egg is treated with potassium

sulfocyanide, for example, the vegetal substances are poisoned and only the

animal substances are left to act in development. As a result, the egg forms a

permanent blastula. On the other hand, if the egg is treated with lithium

chloride the animal substances are inhibited, the ectoderm fails to develop,

and the vegetal substances act to produce endoderm.

As we shall see when we go on to the analysis of later development, a

compromise theory is reasonable. Quantitative differences have been meas-

ured within the developing egg, but there are also qualitatively different

substances present in different regions. The differentiation of the parts of

the embryo would then be determined both by the kind and by the amount

of the substance present.

In any case, whatever the fundamental organization of the egg, a

stimulus is needed to convert this organization into the structures of the

adult. The unfertilized egg dies in a matter of hours unless a sperm pene-

trates it or some other stimulus is applied. After stimulation the chemical

substances in the egg are able to react with each other to produce the typical

changes which occur during development. What is the nature of the stim-

Fig. 19. A two-factor hypothesis of the

organization of the egg. Two factors, A, an

animal factor, and B, a vegetal factor, are

present in the egg. Factor A converts regions

of the egg into ectoderm, B into mesoderm

and endoderm. A is highest at animal pole

and grades off toward vegetal pole, A S)

A 1 . . . A
x

. B is highest at the vegetal pole

and grades off toward the animal pole, B8 ,

B- . . . Bv

GRADIENT OF ANIMAL FACTORS

A

GRADIENT OF VEGETAL FACTORS
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ulating effect of the sperm? Can we imitate this stimulus by substituting

other physical and chemical stimuli ? What are the changes produced in the

egg after the stimulus is applied? What is the first step in development?

These questions will be discussed in the next chapter.



4 • FERTILIZATION: THE NATURE OF

THE STIMULUS FOR DEVELOPMENT

we have seen that the egg at the time of ovulation is organized in a

general way with respect to the three germ layers but that this organization

can be changed by chemical treatment. We also learned in the course of the

discussion (p. 29) that the sperm may start the expression of this organ-

ization by stimulating any part of the egg to develop. Fertilization, then,

exercises an activating effect on the egg. Another and quite different aspect

of fertilization is the addition of the paternal chromosomes. However, as

we saw in some of the experiments just considered, the full complement of

chromosomes is not necessary for early development. Therefore we shall

consider chiefly the activating effect at fertilization, and we shall not go

into any detail on the effect of adding the male chromosomes to the female

chromosomes.

For this activation process the sperm is not entirely necessary. In many

forms, fertilization can be imitated by treating the egg with a wide variety

of agents, such as certain acids, alkalies, ultraviolet light, and a number of

special chemical compounds. The embryos resulting from such activation

are necessarily haploid and have only the maternal chromosomes. This activa-

tion by artificial means is termed artificial parthenogenesis. Since the haploid

embryos are essentially normal, the addition of nuclear materials from the

sperm simply restores the diploid number of chromosomes to the egg. At

43
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the same time fertilization establishes a chromosome balance which deter-

mines the sex of the fertilized egg. Note, however, that other factors, such

as temperature of the developing embryo, food, and the age of the adult, also

determine sex. We shall consider this problem somewhat later.

Sperm and egg gamones

The first question we shall take up is how the sperm and the egg come

together. We will use as a pattern the fertilization reaction in the sea urchin

egg. In this case the egg yields an extract which has very definite effects upon

sperm, and extracts of sperm contain substances which have very definite

effects on eggs. These substances are similar to hormones and, because they

are found in the gametes, they are called gamones. In the egg we find sub-

stances called gynogamones, and in the sperm similar substances are called

androgamones.

In the egg there are at least two gynogamones, called gynogamones I and

II. Number I, when added to a sperm suspension, causes activation of swim-

ming movements of the sperm. Freshly discharged sperm are often relatively

+ CYNOGAMONE E

AGGLUTINATED SPERM

FREE SWIMMING SPERM

JELLY

+ ANDROGAMONE E

JELLY 0ISSOLVE0

NUCLEUS^ EGG

Fig. 20. Some effects of gamones.
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inactive and swim slowly. Small amounts of an extract of eggs will cause

them to swim vigorously. Gynogamone II agglutinates sperm. The sperm

surface becomes very sticky and the sperm will stick together by their heads,

thus forming clumps (Fig. 20). The surface of the sperm is rendered

adhesive, and this property may cause the sperm to adhere to the surface of

the egg.

Extracts from the sperm give at least two androgamones, I and II.

Androgamone I paralyzes sperm movements. This substance is apparently

responsible for the fact that sperm as they are first shed are almost motion-

less. Such a static condition is of great value because the sperm cell is very

small and has no energy reserve in the form of food. If it is swimming

actively it uses up the small amount of energy it has and dies rapidly. If the

swimming of the sperm is prevented, the sperm life is prolonged many times.

Androgamone II dissolves the outer layers of the egg and makes the

surface of the egg accessible to sperm. Most eggs have some kind of outer

coating outside the cell membrane. In the sea urchin egg which we are now

discussing there is a jelly surrounding the egg. If eggs are placed in an

extract containing androgamone II, the jelly completely dissolves (Fig. 20).

Thus androgamone II is sometimes called a lysin because it dissolves the

jelly, and in some sperm it is identified with a hyaluronidase—an enzyme

which breaks down jellies, causing them to liquefy. Mammalian sperm con-

tain hyaluronidase, which plays a role in fertilization. In rabbits, the use of a

low concentration of sperm for artificial insemination results in a failure of

fertilization. If a sperm extract containing hyaluronidase is added to this low

concentration of sperm, fertilization is successful.

The actions of these substances can be linked in such a way as to give a

very plausible explanation of the events leading to fertilization in the sea

urchin egg. The sperm as discharged contain androgamone I, which inhibits

their motility, thereby prolonging their life. When, however, they come

under the influence of gynogamone I from the egg, the sperm are activated

and begin to swim. When the sperm get into the surface of the jelly then

androgamone II, the lysin, dissolves the jelly so that the sperm get to the

surface of the egg itself. When they get to the surface of the egg, gynogamone

II from the egg changes the surface of the sperm, rendering it adhesive so

that the sperm stick to the surface of the egg. In addition, there appears to

be in some eggs a substance which has a directive effect on the swimming

movements of sperm so that sperm are "attracted" to the surface of the egg.



EGG NUCLEUS

FERTILIZATION CONE

SPERM
PARTLY ENGULFED

Fig. 21. The process of fer-

tilization. Top: Many sperm

reach surface of egg; one

sperm starts wave of negativ-

ity which excludes all other

sperm. Center: The egg reacts

to the sperm by forming a

fertilization cone which en-

gulfs the sperm. Bottom: The

sperm head is inside the egg

and the egg has formed a fer-

tilization membrane within

which cleavage and early de-

velopment take place.

TAIL OUTSIDE FERTILIZATION
MEMBRANE

SPERM NUCLEUS EGG NUCLEUS
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Morphological changes at fertilization

Once the sperm reach the surface of the egg a number of visible changes

occur; these lead to the entrance of one sperm and the fusion of a sperm and

an egg nucleus. The first thing that occurs is a negative reaction of the

surface of the egg toward other sperm. There are usually thousands of sperm

for each egg, and the individual sperm is small. As we picture, when it comes

in close contact with the egg at any point (Fig. 21), a reaction travels over

the surface of the egg so that a second sperm is rejected. Only one sperm,

therefore, can, under normal conditions, enter the egg. Under experimental

conditions several sperm may enter and abnormal development results. There

must be a very rapid reaction over the surface of the egg, because with large

numbers of sperm two may reach the surface almost simultaneously. Thus,

we assume a very rapid chain reaction, which starts from the point of attach-

ment of the first sperm and spreads rapidly from this point.

After this negative reaction a cone of protoplasm develops at the point

of contact of a sperm. The egg bulges out, and this extrusion is called the

fertilization cone. The sperm becomes embedded in this cone of protoplasm.

The fertilization cone appears to pull the sperm into the egg. How it does

this is not clear, but shortly after the fertilization cone forms it retracts to

the surface and then the sperm is inside the egg, in the protoplasm itself.

The sperm head, which is almost completely nucleus, then undergoes changes,

and the sperm nucleus and the egg nucleus fuse. The chromosomes appear as

distinct bodies and the first cell division takes place.

Physiological changes at fertilization

But accompanying these visible phenomena which have just been

described, some deep-seated physical and physiological changes occur in the

protoplasm of the egg. At about the time that the negative reaction takes

place—that is, even before the sperm is inside the egg—we can detect

a tremendous increase in the rate of oxygen consumption of the egg. The

increase finally reaches about 500 per cent. Along with the increased intake

of oxygen we can measure an increase in the heat production. Both these

changes indicate that the rate of chemical reactions has been considerably

increased by the stimulation due to the sperm contact. This increase would
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make the egg a greater source of energy, and it may be that the increased

energy is needed for the physical and chemical processes in cell division,

gastrulation, and development in general.

Along with the increased metabolism there is an increase in permeability

of the cell membrane. Substances get into the fertilized egg more easily than

into the unfertilized egg. This increased permeability may be correlated with

the increase in metabolism and may allow for freer exchange of substances

through this cell membrane. Another increase is in the amount of ammonia

excreted, and this is important because it indicates that the purine metabolism

of the egg is stimulated. Purine metabolism is important in the synthesis of

nuclear constituents.

• There are a number of other chemical changes which can be correlated

with fertilization, but let us pass on to a physical change which occurs at

fertilization. This is an increase in the viscosity of the protoplasm. The

protoplasm becomes more solid, more like a gel. And this change appears to

be necessary for cell division.

The above observations cover only some of the tremendous changes

which go on in the metabolism of the egg at the same time that the sperm is

stimulating it to develop. Indeed, the chemical changes at fertilization re-

semble closely those which occur when a muscle is stimulated to contract,

and it is tempting to consider stimulation of muscle and the stimulation of

the egg as very similar problems.

Artificial parthenogenesis

Now although the sperm produces all these rather profound changes

in the condition of the protoplasm of the egg, the same changes can be

brought about by artificial means—by treatment with a number of salt solu-

tions, acids, and other substances. Some of the changes which we have just

outlined above may also occur in artificial parthenogenesis, exactly as they

do when the sperm enters. If the sea urchin egg is put through a mixture of

sodium chloride and sea water for a few minutes and then returned to

normal sea water, the eggs undergo most of these changes, undergo cell

division, and go through the whole process of development.

In the frog it is necessary only to prick the egg with a needle coated

with blood serum. Some of the eggs will develop into mature frogs; others

merely undergo some development and then die. The eggs of many species,
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including the rabbit, may be stimulated to develop by artificial means. Various

agents have been employed. There are some cases—such as in wasps, bees,

and ants—where parthenogenetic development is normal. The partheno-

genetic eggs usually develop into males, the fertilized ones into females.

Whatever the mechanism may be, the experiments on artificial partheno-

genesis bring out the important fact that all the factors necessary for develop-

ment are within the egg, and the sperm contributes no factors for early

embryonic development. This means that we must look to the egg for all the

substances which are active in differentiation.

Since eggs will develop as a result of parthenogenetic treatments, it is

not surprising that cross-fertilization can be brought about between many

animals. The egg, in general, must be considered as a reaction system which

is all ready to operate; it needs only some external stimulus. The stimulus

is not very specific, since we can substitute chemical agents or the sperm of

other species of animals. In cross-fertilization it sometimes happens that the

sperm merely stimulates the egg without the sperm chromosomes' com-

bining with the chromosomes of the egg. In other cases the chromosomes of

the sperm actually combine with those of the egg of a different species, and

this sometimes brings about a new kind of individual. Among vertebrates

cross-fertilization between different species sometimes results in sterility: the

resulting animal is unable to breed.

A theory of fertilization

Since the sperm does not add any specific chemical compound to the egg

for its early development, almost all theories of fertilization invoke a release

mechanism of some sort as an explanation of fertilization. That is, something

from the sperm—or, in the case of artificial parthenogenesis, the chemical

compounds used—releases a substance already present in the egg. The egg,

then, is pictured as having inside it substances in bound, inactive form. The

way this situation is usually pictured is that a substance, A, may be sur-

rounded by a surface coat of another substance, which we might call B (Fig.

22). B forms a shell or barrier around A. If some third compound, C, is

present, A and C cannot react until B is removed in some way.

This release hypothesis often serves as an explanation for various processes

during development and for this reason is introduced at this time. All the
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Fig. 22. Top: Hypothetical diagram of the release of a substance during

fertilization. A is an enzyme which is covered by a surface layer, B. A substance

C, which is a normal substrate for enzyme A is prevented by B from coming

in contact with A. Assume that a substance from the sperm or a parthenogenetic

agent causes layer B to dissolve. Then A and C come together and a chemical

reaction takes place. Bottom: Actual disappearance of granules in the periphery

of the egg at fertilization and also after the action of some parthenogenetic

agents.

materials are assumed to be present for a reaction to occur between A and C,

whatever this reaction may be, but the compounds cannot interact because

of a block at the surface of one of them. Anything that will remove

this block—that is, take off the surface layer, B—will allow A and C
to come together. A reaction can then take place, and development can

proceed.

This kind of hypothesis makes it clear why a wide variety of agents can

stimulate an egg. There is a B substance, a thin layer, around A, and it is

easy to see that acids, bases, strong salts, and a variety of agents might

remove B or change it in some way so that it comes off the surface, freeing A
to react with C.
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All this is purely hypothetical, but in the case of the sea urchin there is

good visible evidence that something like this happens at or near the surface

of the egg. Just within the surface of the unfertilized egg there are a number

of fine granules. As one watches fertilization under the microscope, within

20 seconds after the sperm makes contact with the surface of the egg the

layer of surface granules completely fades (Fig. 22). The granules begin

to swell up and disappear, first at the point of entrance of the sperm, and

then in an ever-widening area beneath the egg surface. This is what can be

seen. Possibly this is what happens: Upon the entrance of the sperm, layer B
swells off the surface of particle A, and this swelling goes on around the

entire surface of the egg. A and C may now react, and development proceeds.

These same granules break down when the egg is stimulated chemically by

some parthenogenetic agents, and therefore there is a close correlation

between stimulation of the egg and the disappearance of these cortical

granules.

Viability of eggs and sperm

The length of life of an egg and the length of its fertilizability are very

variable in different species. The period during which an egg may be

fertilized after it is released from the ovary is difficult to ascertain in

mammals. Even if the exact time of ovulation and the time of copulation

are known, there is still the question of the time necessary for the sperm to

travel through the uterus and into the oviduct. In general, the mammalian

egg remains fertilizable for about 24 hours after ovulation. Some invertebrate

eggs, such as those of the sea urchin, retain the capacity for being fertilized

for about 48 hours. On the other hand, other invertebrate eggs must be

fertilized immediately after their release.

It is relatively easier to determine the viability of sperm. First of all, the

length of life of a sperm is not an index of its fertilizing power. A sperm

may be perfectly active and apparently normal and yet not be able to fertilize

an egg. For example, sea urchin sperm will live for several days, but their

fertilizing power drops off rapidly; it is usually lost in about 12 hours. How-

ever, both the length of life of the sperm and their fertilizing power are

functions of a number of variables which have been fairly accurately worked

out.

One variable is the concentration of the sperm. The sperm must be con-
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centrated in a thick suspension in order to survive for an appreciable length

of time. If diluted with fluids they lose their fertilizing power very rapidly.

Another important factor is the hydrogen-ion concentration of the medium.

If the sperm are made more alkaline than their normal environment, they

become very active, but on the other hand, they do not live as long. This is

a repetition of the fact that if the sperm are very active they use up their

reserve supplies of energy and die early. Recall that the sperm contain a

substance which paralyzes their own activity.

Animal breeders have made a study of fertilization, and artificial insemina-

tion in domestic animals is quite common. If sperm are concentrated in their

own fluids they will remain active for many hours, and various artificial

fluids have been devised to prolong activity. Sperm can be sent airmail across

country quite easily. They can then be injected into the female and fertiliza-

tion will occur. A number of variables have been worked out by the breeders.

The condition of the female and the time of ovulation have to be known, of

course. The age of the sperm is a factor which determines whether or not

fertilization will be normal. The concentration of sperm is extremely im-

portant. If it drops below a critical point no fertilization will occur although

millions of sperm may be present. Some observations indicate that the same

thing is true for human sperm. When the concentration of the sperm drops

below sixty million per milliliter a man is often sterile. It seems that

although there are plenty of sperm and they are active there are not enough

to create the situation necessary for fertilization.

Another factor in artificial fertilization is the temperature at which the

sperm are kept. The sperm of even a warm-blooded animal will survive

longer if the temperature is lowered. Also, as in the sea urchin, the hydrogen-

ion concentration is important, and various fluids have been developed for

addition to the sperm before their injection into the female. The concentra-

tion of carbon dioxide is important. Sperm, by producing carbon dioxide,

anesthetize themselves and reduce their own activity, and this condition pro-

longs their life.

In the actual practice of artificial insemination bull sperm are collected

in an artificial vagina warmed to a little above body temperature. The

artificial vagina is a water-jacketed rubber tube with a collecting bottle at

one end. The volume of semen in a single ejaculate is about 4.5 milliliters,

and the concentration of the sperm about 800 million per milliliter. Such a

sample of semen may then be used to inseminate about 45 cows. This single
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ejaculation does not exhaust the semen in the bull's testes, since ten ejacula-

tions may be collected from a single bull in a two-hour period. There is

some decrease in the volume of the ejaculate after the first few.

After the semen is collected it is cooled gradually to about 40° F. for

storage or shipment. The semen may be diluted and injected into the uterus

of a cow and fertilization effected as long as seven days after its collection.

The dilution of the semen is about 1:10, so that an average ejaculate of 4.5

milliliters would yield 45 milliliters for injection. About one-half to one

milliliter of this diluted semen is sufficient for insemination of one cow. The
economy provided by artificial insemination is obvious. In one season one

ram sired 2500 lambs by this method.

General principles

It should be noted that the observations and experiments on fertilization

lead us to the same general principles that we found in the process of

ovulation and that we shall find again in later embryonic development. We
are usually dealing with systems all ready to begin functioning—systems

which simply need a stimulus of some sort to release substances already

present but blocked in some way. This principle of a release mechanism

holds true in fertilization. We have seen it apply similarly to the case of the

release of pituitary substances, and we shall see it again when we come to

discuss the formation of the primitive nervous system in the vertebrate

embryo.

While one of the functions of fertilization is to stimulate the egg to

develop, it is well to consider the effects of adding a new set of chromosomes

to the egg. We have seen in parthenogenetic development that the egg

chromosomes suffice in many instances to carry the egg to the adult stage.

Thus we may ask why this sort of reproduction is not more common. Most

organisms have evolved some sort of sexual reproduction. Even those species

in which budding predominates exhibit sexual reproduction as well. Actually

the union of two sets of chromosomes from different individuals results in

greater variation in structure and function of the offspring as compared with

the little variation resulting from development with only one set of chromo-

somes. This provides a greater opportunity for the action of evolutionary

factors. If sexual reproduction had not evolved, the organism may not have

survived. Even species in which both male and female reproductive systems
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are present in the same individual often evolve mechanisms whereby they

become self-sterile and thus cross-fertilization takes place. There appears to

be a real advantage to cross-fertilization on a long-term basis. It must be

emphasized, however, that a pure, healthy, non-varying species once estab-

lished suffers nothing from inbreeding or from continued asexual reproduc-

tion on a short-term basis.



5 • THE EARLY GASTRULA WITH

ITS PRESUMPTIVE VALUES

A fter fertilization development takes place in a continuous progres-

sive fashion. There are usually no further stops in development. The concept

of stages in development is very misleading. Stages are convenient for descrip-

tion, but the transition from one stage to the next is so imperceptible that

what one actually sees is a process started in motion and continuously chang-

ing from minute to minute or from hour to hour, as the case may be. The

only sure method of identifying an embryo at any particular phase of its

development is by the time elapsed since fertilization at a specified tempera-

ture and in a specified environment.

Study of the developmental process introduces a number of problems.

For convenience they can be grouped into two types. One is the problem of

differentiation, a process in the course of which cells in the embryo become

different types of cells in the adult. This is true development, a change from

the simple embryo to a more complex system. Simultaneously with this change,

with this differentiation, there is the process of growth, since the embryo

increases tremendously in size. This increase means that a synthesis of new

protoplasm is taking place either at the expense of the stored food reserves

or of food supplied by the mother. Growth, then, involves not only cell

division but also the reduplication of all the elements present in the original

cell, such as the nuclear materials or the various enzymes that function in

55
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respiration. We shall consider this growth problem and the reduplication of

the elements in cells in a later chapter and proceed now with an analysis of

the problem of differentiation. The essential problem involves the way in

which the parts of the egg become different as development proceeds. We
shall first study the egg to discover the first difference which appears. By

cutting the egg into parts we shall find this first difference. Then, knowing

where the first difference is located, we shall experiment further to see how

it acts to produce further differences.

Organization in the amphibian egg

At this point it is convenient to limit the material under discussion to the

amphibian egg. In the last chapter we considered fertilization primarily in

the sea urchin egg. After fertilization it is easier to study the amphibian egg

because of its larger size. One of the first visible changes in an amphibian

egg after fertilization is the appearance on one side of the egg of a region

just below the equator. This is called the gray crescent. It marks the polarity

of the egg just as the pigment band does in the sea urchin egg. The upper

pole in Figure 23, then, is the animal pole, A; the lower pole is the vegetal

pole, V; and the gray crescent is a region just below the equator of the

spherical egg. The significance of the gray crescent to embryonic develop-

ment can be illustrated very clearly by a simple experiment performed after

the first cleavage.

First cleavage in the amphibian egg is variable in its relationship to the

gray crescent. The cleavage plane always passes through the poles, but it

may cut through any part of the gray crescent or miss it completely. Let us

consider two cases. Suppose, for example, that the first cleavage bisects the

gray crescent in the fashion illustrated in Figure 23, and thus each of the first

two blastomeres contains a half of the gray crescent, Under these conditions

if the blastomeres are separated and isolated, each of these blastomeres will

develop into an entire embryo. If, on the other hand, this same operation is

performed on an egg in which the gray crescent is cut off into only one of

the first two blastomeres we find that only the blastomere which contains the

gray crescent forms an entire embryo. The blastomere which lacks the gray

crescent forms a simple mass of cells with no internal differentiation. Thus,

only blastomeres containing some part of the gray crescent will form an

embryo.
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Fig. 23. The significance of the gray crescent as revealed by separating the

cells at the two-cell stage. Left: The gray crescent is shown in top view. When

this egg divides, one half of the gray crescent passes into each of the two

cells. If these cells are separated from each other each cell will form a com-

plete embryo. Right: A side view of the gray crescent and a first cleavage in

which one cell contains all of the crescent, while the other cell lacks any part

of it. If these cells are separated, the one lacking the crescent fails to develop.
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Now it should be pointed out that this variation in the position of the

first cleavage plane normally involves no subsequent differences and the

whole egg with either type of first cleavage develops into a normal embryo.

The above results were obtained only when the egg was operated upon and

separated into two blastomeres.

The experiments show very definitely that all the factors necessary for

the development of a normal embryo are localized in or around the gray

crescent. In fact, from this experiment it is clear that even half the gray

crescent contains all the factors necessary for development.

A map of the early gastrula

How does the gray crescent act to bring about the formation of the

embryo? To answer this question we must first show what happens to the

gray crescent during normal development, and we must determine the rela-

tion of the gray crescent to other parts of the egg. In other words, we first

need a map or a plan of the egg showing the relation of one part to another.

Such a plan may be obtained by staining the egg with vital dyes. Various

regions of the egg are stained, and the vital dyes are traced during develop-

ment in order to determine which structures are derived from the regions

stained. We can start with the gray crescent shortly after fertilization, stain-

ing this region with Nile blue sulfate, and we can then follow the develop-

ment of this egg into the gastrula stage (Fig. 24).

The early gastrula is characterized by the dorsal lip of the blastopore. The

cells at this region leave the surface and migrate internally. This process

results in a sharp line of pigment which may be used as a marker in tracing

the ultimate fate of the cells which were stained blue. When the dorsal lip

of the blastopore appears it is found that this stain is located above the lip

of the blastopore. This shows, then, that the gray crescent of the egg gives

rise to the dorsal lip of the blastopore of the early gastrula. When the

gastrula develops into an embryo the stained gray crescent materials can be

seen in the head endoderm of the primitive gut, or archenteron.

Now we shall continue to follow the parts of the egg into the embryo. In

so doing we shall not concern ourselves about the means by which the various

parts of the egg move to their final positions in the embryo. This subject

will be treated in some detail in Chapter 9. What we propose to do here is

to make a map of the regions of origin of the various structures.
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Fig. 26. Maps of the presumptive values of the regions on the surface of

the early amphibian gastrula. The maps of various species of amphibians are

different, and this diagram merely gives relative positions and sizes of the

presumptive structures. Upper figure: A top view of the early gastrula with the

dorsal lip as a point of orientation. Lower figure: A side view of the same.
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Let us diagram an early gastrula and sketch an embryo with a few of the

main structures, such as the primitive nervous system, the notochord, the

digestive tract, and the heart (Fig. 25). Then by staining regions in the early

gastrula it is possible to find out where these stained areas appear in the

embryo. In the first place, if we stain region a above the dorsal lip with Nile

blue sulfate this region will be found in the anterior end of the gut, and thus

region a forms head endoderm. If we use another dye, a red dye this time,

and stain region b, we find that this dye is present in the notochord of the

embryo. These cells on the surface of the gastrula somehow get into the

interior of the embryo during normal development and split off to form

notochord.

Let us continue this analysis and stain another region, c, of the gastrula

and follow it through development into the embryo. Region c will be located

in the nervous system. Continuing in a counterclockwise fashion, we may

alternate red and blue stains, and region d near the animal pole of the gastrula

will form a large part of the brain. Continuing further, region e will be

found in the head epidermis of the embryo; / in the ventral epidermis; g in

the posterior epidermis; and b and i in the posterior and anterior regions of

the gut, respectively.

In this way all the regions in the gastrula can be mapped out with respect

to their future development. This procedure is called the mapping of the

presumptive values of the parts of the gastrula. The presumptive value of a

part is simply that structure or region which the part becomes in the course

of normal development. The emphasis is on normal development because it

will be shown that under experimental conditions parts can develop differ-

ently from the way they do normally.

Figure 26 presents a gastrula from the side view and a gastrula viewed

from the dorsal lip. In side view we see a sphere in which, first of all, we have

drawn a line approximately bisecting the sphere, giving one hemisphere

which forms ectodermal derivatives, the presumptive neural plate, and the

presumptive epidermis, and another hemisphere which gives rise to meso-

dermal and endodermal derivatives.

Within each of these areas further division has been made so that a line

drawn from near the animal pole to the boundary of the mesoderm delineates

a region which, as we have seen by vital staining, forms the nervous system

and is therefore called presumptive neural plate—presumptive because with

development continuing as normal it is presumed to form neural plate and
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finally the nervous system. The remainder of the ectodermal hemisphere is

presumptive epidermis. This forms the entire outer covering of the embryo,

the epidermal layer of the skin. The cells giving rise to endoderm are out-

lined by a region just above the dorsal lip of the blastopore and including

all the material near the vegetal pole. This region is presumptive endoderm,

which will form the lining of the gut and digestive glands.

Between the presumptive ectodermal structures and the presumptive

endoderm there is an intermediate region in which we distinguish, first of

all, the presumptive notochord. The notochord is derived from a plate of

cells above the dorsal lip, and becomes a long, narrow rod in the embryo.

This was shown to be true by the experiment in which region b was stained

and followed directly into the notochord of the embryo. The remainder of

the gastrula forms mesoderm. The presumptive mesodermal region is further

subdivided into an area which forms the somites and mesoderm which forms

the lateral plate, or lateral mesoderm. The somites are blocks of mesoderm

which develop into the muscles of the back and other structures to be dis-

cussed later.

Thus, in a general way these areas account for all the cells of the gastrula

and give rise to all the parts of the embryo. Such plans are called gastrular

maps of presumptive values. Maps of different species vary in the size and

exact boundaries of presumptive structures, and Figure 26 simply gives gen-

eral relationships.

With these maps as a guide it is possible to look at the living gastrula

(Fig. 27) and know the fate of the cells in later development. The curved

lip of the blastopore serves as a basis of orientation for locating the pre-

sumptive structures. Thus in the early gastrula one is able to transplant parts

having a known fate. A part may also be cut out and cultivated in salt

solutions to see how it will develop when separated from neighboring

parts.

Gastrular maps have been constructed for the fish, frog, salamander,

and chick, and they show a similarity of pattern. In the case of the frog the

presumptive structures of the embryo are located on the external surface of a

sphere. Presumptive structures such as the heart, liver, kidney, and digestive

tract are externally located in the early gastrula stage. In a serlse these struc-

tures are turned "inside out." Presumptive areas on the gastrula have much

different shapes than the actual structure in the embryo. Whereas the pre-

sumptive neural plate is a short, broad plate of cells, the actual neural tube
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Fig. 27. A photograph of the living gastrula of

a salamander. The dark, curved line is the blastopore,

and the region above the line constitutes the dorsal

lip of the blastopore. The light region below the

blastopore is presumptive endoderm, whereas the

region above the blastopore is chiefly notochord. The

cells at the sides of the blastopore will form meso-

dermal structures.

is a long, narrow, hollow tube. It is evident that an extensive migration and

rearrangement of cells of the gastrula must take place in order for them to

assume their final positions in the embryo.

Rearrangement of the presumptive

structures during gastrulation

During the process of gastrulation some of these areas must invaginate,

or fold inward, to form the internal structures. We can best illustrate this

process by showing the position of structures before and after gastrulation.

At this time we shall not attempt a complete description of gastrulation

but shall limit ourselves to the few essentials necessary for an analysis of the

significance of gastrulation. A diagram of the early gastrula (Fig. 28) shows

a large cavity or blastocoele and the beginning of invagination at the dorsal

lip of the blastopore. If we take the dorsal lip of the blastopore as a marker

and number the regions above the dorsal lip from 1 through 5, using letters

A through F for the region below the lip of the blastopore, we can identify

these same regions at the end of gastrulation when the archenteron is

formed and the blastocoele has almost disappeared. It is found that region
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1, just above the lip of the blastopore, is now located internally in an anterior

position, forming, as we have shown by vital staining, the head endoderm.

Regions 2, 3, 4, and 5 stretch backward in a posterior direction. Region A,

just below the dorsal lip, is now covered over and is the most anterior region

of the floor of the archenteron. And regions B, C, D, E, and F stretch

posteriorly.

It is quite obvious that what has happened in a general way is that

regions 1 and A have become located internally as a result of both a folding

process and an overgrowth of cells. The blastocoele has been obliterated, its

cavity becoming smaller and smaller. And as 1 and A become located

internally, 2 and B converge; they become pulled in. Regions 3 and C like-

wise converge and take an internal position. The whole process is one of

bringing the external surfaces into a cavity forming the roof and floor of

the archenteron.

At the same time it might be well to point out the structures which

regions 1 through 5 represent. Region 1 represents head endoderm, as can

be seen from the map. Regions 2 through 5 represent notochord; this means

that the region just above the dorsal lip becomes located anteriorly. That is

to say, 1 is the anterior end of the archenteron in the late gastrula; 5 is the

posterior end in the late gastrula. A through F form the floor of the archen-

teron, A being the most anterior part, F being the most posterior. These

regions which become located internally originally comprised about half the

external surface of the egg. Now the rest of the external surface of the egg

must be stretched to replace these parts which have become internal.

A glance at the map, shows that the region of the presumptive neural

plate must be stretched out into a plate just above the roof of the archenteron

during the process of gastrulation. The remainder, the presumptive epidermis,

must be stretched from the extreme anterior end all the way around to the

posterior end to cover the surface of the embryo. This stretching is actually

accomplished by a rearrangement of the cells in the ectoderm. The ectoderm

is very thick in the early gastrula and may be about six cells in thickness.

At the end of gastrulation the ectoderm is much thinner—perhaps only two

cells thick. In changing from six to two cells in thickness the surface of the

ectoderm would be increased three times.

The mechanics of gastrulation are rather complicated. They involve a

migration of the lips of the blastopore over the yolk (epiboly) and a turning

in of cells over the lips of the blastopore (involution). These processes can
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be understood only by the study of three-dimensional models in the labora-

tory or by watching a film of gastrulation of the living egg. The cellular

movements will be outlined in more detail in Chapter 9.

Gastrulation and the formation of

the nervous system

The real significance of this process of gastrulation is twofold. First of

all, it brings the presumptive organs into their normal position in the embryo.

Internal structures originally are presumptive areas on the external surface

of the spherical blastula and invaginate to assume their proper positions.

The second important aspect of gastrulation is that it is necessary for the

formation of the nervous system. This fact can be demonstrated very simply

by examining embryos in which normal gastrulation fails to take place. In

some amphibian eggs, if the outer protective membranes are removed, the

eggs form exogastrulae instead of normal gastrulae. In an exogastrula the

early gastrula looks fairly normal. But regions 1 through 5 and A through F.

instead of invaginating, evaginate—that is, grow outward—so that the

gastrula becomes converted by this abnormal process into an exogastrula

(Fig. 29). Regions 1 through 5 extend along the dorsal side. Regions A
through F spread out along the ventral region. Thus the mesoderm and

endoderm are not covered with ectoderm. The ectoderm remains isolated

from the rest of the tissues.

The important thing about exogastrulation is that although endodermal

and mesodermal structures develop to a great extent, no nervous structures

form. The notochord, mesodermal somites, gills, and lining of the gut differ-

entiate as illustrated—that is, there is a fairly normal differentiation of the

mesodermal and endodermal derivatives. However, neither the neural plate

nor any of the sensory structures develop from the ectoderm if the regions

1 through 5 fail to invaginate and thus do not make contact with the

ectoderm which normally forms the neural plate. Therefore the development

of all the sensory structures and the nervous system is dependent upon the

normal contact between the roof of the archenteron and the ectoderm. And,

as can be seen from Figure 28, in normal gastrulation the entire region from

1 through 5 normally does invaginate and comes in contact with the pre-

sumptive neural plate. Under these conditions normal development of the

nervous system is obtained.
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UNDIFFERENTIATED
ECTODERM

PRONEPHROS
NOTOCHORD

5

SOMITES

Fig. 29. Results of exogastrulation. Top: Section °

of the early gastrula with the regions above and z_,

below the dorsal lip designated by numbers and § c
letters. Right: The presumptive notochord, somites,

and endoderm fail to move into the interior of the

gastrula, with the result that the ectoderm fails to

form a nervous system.

From all these experiments and observations we may conclude, first of all,

that the region of the gray crescent, which contains the factors for normal

development, becomes the dorsal lip of the blastopore in the early gastrula.

And thus the gray crescent determines where gastrulation will occur. Second,

gastrulation is necessary for the formation of the nervous system. That is

to say, the dorsal lip which is derived from the gray crescent must come in

contact with the ectoderm in order for the nervous system to form.

The foregoing relationship is an example of another principle of embry-

onic development. When two groups of cells are so related that the differen-

tiation of group A is dependent upon group B, then A is said to exhibit

dependent differentiation. If B is able to differentiate without the presence

of A, then B shows independent differentiation. In these terms, the differen-

tiation of the ectoderm of the gastrula is the dependent type, whereas that

of the mesoderm and the endoderm is independent. Development, therefore,

is not a matter of the independent differentiation of the parts of the egg.

There is a great deal of interaction among the parts, and in this interaction

some parts play a very dominant role as compared with others.
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Several questions now arise. How can the roof of the archenteron by

mere contact with the ectoderm influence it to become a nervous system?

Will any ectoderm form a nervous system if stimulated by the roof of the

archenteron? Is the ectoderm completely incapable of forming anything by

itself ? These questions will be considered in the chapter that follows.



6 • GASTRULATION IN RELATION

TO THE ORGANIZER

L et us take stock of our analysis thus far. We have mapped out the fate

of the cells in the early gastrula. We have found that each region has a

definite presumptive value—that is, each region forms a definite structure

in the embryo during normal development. We further saw that during

gastrulation the region above the dorsal lip of the blastopore becomes the

roof of the archenteron, while the region below the dorsal lip forms the

floor of the archenteron. When gastrulation takes place normally, the

nervous system forms above the roof of the archenteron. When gastrulation

is prevented, no nervous system forms. And, therefore, some process during

gastrulation must stimulate the formation of the nervous system. We shall

now look into the nature of this stimulus.

But first consider the gastrular ectoderm, which normally gives rise to

both the nervous system and the epidermis. Is this ectoderm predetermined

to form these structures, or is it labile, so that it may form other structures?

These possibilities can be tested by transplanting the ectoderm to new environ-

ments—environments different from its normal one. This procedure will tell

69
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us what structures may be derived from the ectoderm when it is placed in

new environments. If the ectoderm has the ability to differentiate into a

certain structure in a certain environment, the ectoderm is said to possess

the potency for the formation of that structure. The potencies of any part

may be defined as its abilities to differentiate into various kinds of structures

in various kinds of environments.

The anatomy of an amphibian embryo

In order to make the proposed analysis we must outline the structures

present in an early embryo so that we may recognize them in the results of

our experiments. For this purpose a schematic diagram of a longitudinal

section is given in Figure 30. These same schematic representations of struc-

ture will be used in the analytical part which follows this outline.

The brain and spinal cord show regional differences, and we distinguish

forebrain, midbrain, hindbrain, and spinal cord. The forebrain forms the

optic vesicles, which differentiate into the retina and optic nerve, while the

epidermis forms the lens of the eye. Opposite the forebrain the nasal

placodes develop; these form the sensory epithelium of the nose. Also near

PRONEPHRIC DUCT SPINAL CORD

NOTOCHORD

HINDBRAIN

OTOCYST,

SPLANCHNIC MESODERM
FOREBRAIN

NASAL PLACODE

EPIDERMAL PITUITARY
PHARYNX

Fig. 30. A highly diagrammatic representation of the structures in the early

embryo. The general shape and position of the parts can be recognized in sec-

tions of the embryo. The basic plan of all the adult structures is laid down at

this time.
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the forebrain the epidermal component of the pituitary gland arises and

migrates to fuse with the forebrain.

Opposite the hindbrain is a pear-shaped otocyst, most of which gives

rise to the sensory portions of the organ of balance and hearing. The hind-

brain merges into the spinal cord, which supplies the innervation for the

muscles and skin of the back, the limbs, and. by way of the sympathetic

ganglia, one component of the nerves of the viscera.

Underneath the spinal cord the roof of the archenteron has differentiated

into a notochord, which serves as a nucleus for the later differentiation of the

vertebrae. On either side of the notochord there is a pronephros, consisting

of three pronephric tubules and a pronephric duct. These structures serve as

the excretory organs of the embryo. The pronephric duct empties into the

hind-gut. The gut extends anteriorly from the anus and forms a large cavity

forward, the pharynx. The first indication of the liver is a pocket of the gut

near the heart. The heart differentiates from the mesoderm in the vicinity

of the pharynx and is first present as two heart fields, which fuse to form the

single, tubular heart. The lateral mesoderm forms two layers, the somatic

and splanchnic layers of the mesoderm, with a cavity, the coelom. The bulk

of the yolk of the egg remains as a large mass which is gradually used up

during the development of the embryo.

A diagram of a cross section of the embryo shows additional structures

(Fig. 31). On the dorsal side a section cuts through the spinal cord and

Fig. 31. Cross section of

an embryo. In such a section

the structures can be identified

by their shape, size, and rela-

tive positions.

SPINAL CORD

NEPHROTOME

NEURAL CREST

PRONEPHRIC
DUCT

SOMATIC
MESODERM

SPLANCHNIC
MESODERM
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through the neural crests which give rise to the spinal ganglia. Underneath

the spinal cord are the notochord and dorsal aorta. Flanking the spinal cord

are the paired somites, which differentiate into muscle of the back, cartilage

of the vertebrae, and connective tissue of the skin. Below the somites the

mesoderm forms undifferentiated kidney tissue or nephrotome. The mes-

onephros, or permanent kidney, differentiates from the nephrotome in later

development. The rest of the mesoderm forms the somatic and splanchnic

layers which enclose the coelom. The somatic layer of the mesoderm develops

in part into the limbs. The splanchnic layer gives rise chiefly to the lining of

the body cavity, and to mesenteries which support the viscera.

The potencies of the ectoderm of an

early gastrula

The outline given above completes the necessary survey of structures, and

we now proceed with our analysis of potencies. We shall begin by choosing

a very definite region, such as the presumptive eye region. Figure 32 shows

the way in which the tests are carried out and the results obtained. As

previously noted, approximately half of the early gastrula is ectoderm. One

spherical sector of it is destined to become neural plate, and this sector is

called presumptive neural plate. The remainder is called presumptive epi-

dermis. The dorsal lip of the blastopore will serve to mark the hemisphere

which gives rise to endoderm and mesoderm.

The part we choose to test is a region very close to the animal pole of

the blastula. We may test the presumptive value of this region by staining

it with Nile blue sulfate and following the development of the stained

region into the later embryo. The stained region will appear in the eye, and

therefore its presumptive value is eye. During normal development the cells

in this region form the optic cup and optic stalk. In order to test the potencies

of the presumptive eye region—that is, its abilities to differentiate into other

types of tissue—we shall transplant it into various positions in older embryos.

The embryo receiving the transplant is one in which structures such as the

eye and the brain, the heart, the gills, and pronephros are already forming.

Thus the transplanted cells will be exposed to the action of differentiating

structures. We cut out three presumptive eye regions with glass needles and
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transplant them into an older embryo in three different positions (Fig. 32).

In the first experiment the presumptive eye is placed in the head region

(1) of the older embryo. In another experiment it is transplanted in the

region of the gills (2). And to provide a third environment, it is put in the

flank region (3). In these three regions this presumptive eye will come in

contact with foreign tissues. In region 1 it will come in contact with the

brain; in region 2, with the gills and forelimb; and in region 3, with the

pronephros, notochord, and somites.

In each case the transplanted tissue fuses with the tissues of the host,

develops, and forms an outgrowth from the side of the embryo. If, at some

later stage, after some development has taken place, we cut through these

outgrowths and make histological sections through them, we are able to

identify the structures which have formed from the transplanted tissue.

Figure 32 shows such cross sections through regions 1, 2, and 3. A section

through region 1 passes through the brain and eye region of the host. How-

ever, in addition to the host's brain and eye we find in the transplanted tissue

another eye, a nasal placode, and a secondary brain. The structures are found

to be covered by epidermis which came from the transplant.

It must be emphasized that all of these structures developed from the

presumptive eye tissue which was transplanted. The tissues of the host are

not affected by the transplantation and develop in a normal fashion.

This result means that the presumptive eye of the gastrula—the part we

started with—has, under the influence of the head region of the host,

developed not only into eye but also into brain, nasal placode, and epidermis.

In addition to its normal ability to form an eye, therefore, it has at least

three other potencies for development. Let us make a list of the potencies as

we find them. Eye is the presumptive value. Brain, epidermis, and nasal

placode are additional potencies.

Sections through the gill region (2) reveal additional potencies. A
section through the gill region shows the structures that are present in the

transplant; these are a primitive internal ear, or otocyst, a neural tube,

cartilage, and gills. A forelimb, which is partly composed of host tissue

and partly of donor tissue, is also obtained.

Presumptive eye in the gill region, then, can form all the structures

characteristic of that region, and we may now add to the list of potencies of

the presumptive eye tissue otocyst, gills, forelimb, and cartilage. An inter-
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UNDIFFERENTIATED
ECTODERM
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Fig. 32. A test for the potencies of the presumptive eye of the early gastrula,

with some of the results. A region of the early gastrula, at lower left, is stained

and found to develop into the eye, lower right. The presumptive eye is cut

out and transplanted to region 1, region 2, and region 3, of an older embryo.

In region 1 the presumptive eye develops into epidermis, brain, nasal placode,

and eye (upper left). Presumptive eye placed in region 2 forms otocyst, gills,

brain, and cartilage (upper right). Finally, in region 3, somites, notochord,

pronephnc duct, and spinal cord develop out of tissue which normally forms

eye (right center). If the presumptive eye is placed in saline solution it forms
a ball of undifferentiated ectoderm.
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esting point should be noted here: the forelimb is composed largely of

mesoderm, but presumptive eye is ectoderm, and thus an ectodermal struc-

ture has been converted into mesoderm. Also, cartilage is a typical mesodermal

derivative, and yet eye ectoderm can form cartilage. Therefore the germ

layers are not irreversibly determined in early development.

In the flank region (3) a cross section through the tissues of the trans-

plant shows, in addition to the normal somites, neural tube, pronephric duct,

and notochord of the host, an almost exact duplicate of these structures in

the transplant (Fig. 32). The latter forms a secondary neural tube accom-

panied by a secondary notochord, a large block of mesoderm resembling

a somite, and a cross section of a tube which proves to be the pronephric

duct. Thus the presumptive eye tissue when placed in the environment of

the flank structures develops into flank structures. And now we may add to

our list of potencies notochord, spinal cord, somites, and pronephros.

Finally, if this presumptive eye tissue is explanted to a fourth environ-

ment, a salt solution—if it is simply cut out and allowed to develop in a salt

solution—it forms no recognizable structures whatsoever (Fig. 32). In a

salt solution the isolated presumptive eye becomes an irregular mass of cells

and finally dies. Thus it has no capacity of its own to develop into any one

structure, for if it is put into a salt solution away from the influences of the

rest of the embryo it forms nothing. In its normal position the presumptive

eye does form eye, but in new positions it can form anything; indeed a

thorough analysis of the transplantations of the eye ectoderm of the early

gastrula shows that it can form almost any structure in the body.

The same analysis may be repeated with any region in the ectodermal

hemisphere of the early gastrula. The presumptive epidermis, if tested in

the same way, gives the same results as the presumptive eye. Therefore the

ectoderm of the early gastrula is truly undifferentiated tissue. It can be

molded or induced to form almost any structure in the body.

It is important to recognize, however, that this undifferentiated state is

true for the ectoderm of the early gastrula only. The ectoderm has many

potencies at that time. At some later time—in the neurula stage (Fig. 33),

for example—the same eye tissue has only one potency. That is, it will form

only eye. Between the beginning of gastrulation and the neurula stage, there-

fore, some process has reduced the several potencies of the early gastrula to

a single potency in the neurula.
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Fig. 33. A living salamander neurula

just after the primitive nervous system, the

neural plate, has formed. The neural plate is

folding to form a neural tube, and the large,

broad brain region can be distinguished from

the narrow spinal-cord region.

The demonstration of a single potency is very simple and is shown in

Figure 34. The same host is used as in the previous experiment, but in this

instance the donor gastrula was allowed to develop into a neurula with a

well-formed neural plate. Part of the anterior neural plate is cut out and

transplanted into the flank region of an older embryo. Under these condi-

tions this piece of tissue develops and forms a perfect eye in the flank region

—and nothing more. No somites or notochord develop as in the previous

experiment, in which the presumptive eye of the gastrula was transplanted.

Between the stage of the early gastrula and the stage at which the neural

plate is present this piece of tissue has become restricted in its potencies

and can form eye, and eye only. The rest of the nervous system behaves in

a similar fashion, with the result that any part of the brain of the neurula

will form only brain when transplanted. It is apparent, therefore, that

during gastrulation the entire nervous system becomes limited in its potencies

and can no longer develop into other structures.

The induction of the primitive

nervous system

With this analysis of the potencies of the ectoderm as a background we
can go on to ask what it is that selects, out of all the possible modes of

development of the presumptive neural plate, the potency for nervous sys-
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Fig. 34. The presumptive eye at the neurula stage forms only an eye when

transplanted. The presumptive eye is cut out of the neural plate of a neurula

and is transplanted to position 3 in an older embryo. It develops into an eye,

whereas in Figure 32 the presumptive eye of the early gastrula formed noto-

chord, somites, pronephros, and spinal cord.

tern only. What influences or stimulates the potency for eye and represses all

the other potencies we have found ?

Inasmuch as the development of the nervous system depends upon the

process of gastrulation, and since in normal gastrulation it is the dorsal lip

of the blastopore which comes in contact with the ectoderm, we look to

this dorsal lip as the possible stimulus for the formation of the nervous

system. If we suspect the dorsal lip of bringing about this transformation

of the ectoderm, then placing the dorsal lip in contact with any part of the

ectoderm of the early gastrula ought to influence that ectoderm to form

nervous tissue.

This sort of experiment is shown in Figure 35. The region which normally

comes in contact with the early nervous system is the region above the dorsal

lip which we have numbered 1 through 5 in a previous analysis of gastrula-

tion. This region gives rise to notochord and mesoderm. For this reason it

is called presumptive chordamesoderm.

Regions 1 and 2 of the chordamesoderm are cut out and transplanted

into another early gastrula in the region of the presumptive epidermis.

These transplants are made by cutting out a square of tissue with a glass

needle and placing the tissue in the blastocoele of the host gastrula. The

transplant heals into position in contact with the presumptive epidermis.



Fig. 35. The formation of a secondary head after transplantation of regions

1 and 2 in the early gastrula. Top: Regions 1 and 2 are transplanted into

another gastrula in such a way as to bring them into contact with the presump-

tive epidermis. The second gastrula forms a primary neural plate and a secondary

neural plate. The final result (bo/low) is an embryo with two heads. It is

important to note that the secondary embryo contains only a very small amount

of tissue contributed by the transplant. Most of the tissue comes from the host.
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This procedure results in a gastrula with two presumptive chordamesodermal

regions—a normal one over above the normal dorsal lip of the blastopore,

and a second one which has been transplanted.

The host then develops into a neurula in which in addition to the normal

neural plate we find a secondary neural plate in the flank region. This

secondary neural plate is said to be induced in the presumptive epidermis

by the contact with the chordamesoderm which has been transplanted. The

inductive relationship shows up a little better if we allow this neurula to

develop into an embryo; we then find that out of the side of this embryo

there develops a second head, which contains brain, eye, and many other

structures (Fig. 36). The notochord of this secondary embryo is composed

in part of the regions 1 and 2, which were originally transplanted. Thus 1

and 2 have differentiated into notochord and in so doing they have induced

the presumptive epidermis to develop first into a secondary nervous system

and finally into a secondary embryo. The original transplant forms only a

small part of the tissues of the secondary embryo.

Other regions around the dorsal lip will induce secondary embryos. The

region possessing this inducing power includes most of the material which

normally invaginates to form the roof of the archenteron. Because of its

property of organizing the ectoderm into nervous system, the region above

the dorsal lip is called the organizer of the amphibian egg.

The concept of an organizer has two sides to it. In the first place, we must

consider the nature of the unorganized ectoderm, which needs some stimulus

in order to develop into a nervous system. Is it completely passive or does it

Fig. 36. A salamander embryo with a secondary head induced by trans-

plantation of a dorsal lip. (Courtesy of Professor John A. Moore)



80 EMBRYOLOGY

possess some organization itself? In addition, the concept implies an organ-

izing tissue which possesses some organization itself and also the ability to

organize other tissues into nervous structures. Another way of expressing the

relationship is to say that the region around the dorsal lip is dominant over

the rest of the egg or exerts a control over its development.

Comparison of amphibian gastrula

and chick primitive streak

Having outlined the principles of early embryonic development in the

amphibian egg, let us see how they apply to the hen's egg. The presumptive

values of the early chick gastrula, called a blastoderm, have been mapped in

much the same manner as those of the amphibian egg. In the chick it is the

primitive streak, a thickening in the blastoderm (Fig. 37), which serves as a

marker of polarity. The anterior end of the primitive streak, for reasons

which we shall consider in Chapter 15, is homologous with the dorsal lip of

the blastopore of the amphibian gastrula. That is, the presumptive notochord

and mesoderm are located around the anterior end of the primitive streak,

just as they are found above and to the sides of the dorsal lip of the

amphibian blastopore.

The primitive streak is not only homologous with the lips of the blastopore

but it can also be shown to have the same organizer properties. These prop-

erties can be demonstrated by some simple transplantations (Fig. 38). If the

NOTOCHORD
MESODERM

AMPHIBIAN GASTRULA CHICK PRIMITIVE STREAK

Fig. 37. Comparison between the amphibian gastrula and the chick blasto-

derm. Arrows show the position of and direction of migration of the notochord

and mesoderm. On the basis of homology, we should expect the organizer in

the chick blastoderm to be located at the anterior end of the primitive streak.
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Fig. 38. The organizer in the blastoderm of birds. Upper figure shows duck

blastoderm. The anterior end of the primitive streak is cut out and transplanted

into the presumptive epidermis of the chick blastoderm. Lower figure shows two

neural tubes of chick ectoderm, one induced by chick notochord, the other in-

duced by the transplanted duck notochord.
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anterior end of the primitive streak of a duck embryo is transplanted into the

presumptive epidermis of a chick embryo, it is found that the duck tissue

will self-differentiate into duck notochord. In doing so it induces the chick

epidermis to form a chick neural tube. The experiment shows that the

anterior end of the primitive streak functions as an organizer for the develop-

ment of the nervous system in birds and therefore not only is homologous

with but has the same function as the amphibian dorsal lip of the blastopore.

The actual process of stimulation of a neural plate by an organizer in

these cases is called embryonic induction. Embryonic induction may be defined

in its broadest aspect as the process by which one group of cells stimulates a

second group of cells to differentiate. This principle is repeated again and

again during the development of the egg. Earlier chapters have shown how

the pituitary induces ovulation and how the sperm induces early develop-

ment. And now the formation of the first structure, the neural plate, the

primitive nervous system, is induced by the cells of the dorsal lip of the

blastopore.

The concept of the organizer brings up a number of questions. Is the

organizer a single factor and, if so, how can it stimulate the many structures

of the nervous system? Or is it composed of a large number of separate

inducing agents, each of which stimulates a single structure? Is the organizer

a hormone, is it a chemical compound? Can it be extracted? Can we induce

the development of the nervous system by a simple chemical stimulus as we

induced fertilization by chemical agents? These are some of the questions

that we shall consider in the next chapter.



7 • THE NEURULA AND

SELF-DIFFERENTIATION

p>efore attempting to answer the many questions concerning the organ-

izer, let us recall the main arguments leading up to the concept of the organ-

izer. The early gastrula presumptive epidermis and presumptive neural plate

are able to form a large variety of structures, and they thus show little or no

determination. After gastrulation, however, the presumptive neural plate will

form only nervous system; it will not form other structures. We can say,

therefore, that the nervous system has become determined during gastrulation.

We have traced the stimulus for this determination to the chordamesoderm

adjacent to the lip of the blastopore. This region invaginates to form the

roof of the archenteron. As a result of this invagination, the roof of the

archenteron comes into direct contact with the presumptive neural plate, and

this contact stimulates the formation of the structurally denned neural plate.

The process of stimulation is called embryonic induction. The region of the

structure which stimulates is called the organizer. And since the organizer

acts by contact, the stimulus is presumably chemical in nature. That is, there

must be some interchange of substances between the organizer and the pre-

sumptive neural plate. Or perhaps the roof of the archenteron liberates some

substance which diffuses into the presumptive neural plate, thereby stimu-

lating it to develop into a nervous system.
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Fig. 39. Chemical compounds induce neural tubes. The chemicals are dis-

persed in egg albumen and the mixture is placed in the blastocoel of an early

gastrula. At the end of gastrulation the implanted mixture is found in contact

with the ventral epidermis. Later a cross section of an embryo reveals an induced

neural tube.
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Chemical nature of the organizer

What do we know about the chemical nature of this stimulus? Investi-

gators have found that a number of tissues from the adult, such as liver or

kidney or pancreas, will stimulate the ectoderm to become a neural tube.

Thus other tissues imitate to some extent at least the action of the organizer.

These adult tissues do not have to be alive in order to induce a neural tube.

In fact, many of them induce larger and better formed neural tubes after

they are killed or fixed. Something present in tissues in general is able to

stimulate the neural plate to differentiate. This widespread occurrence of

inducing substances encouraged embryologists to test a number of relatively

pure chemical compounds. And it was soon found that a variety of chemical

compounds, such as the fatty acids, sterols, protein extracts—especially

nucleoproteins—and some synthetic carcinogenic agents—agents producing

tumors or cancers—when applied to the ectoderm of the early gastrula would

cause this ectoderm to form a neural tube.

Figure 39 shows a longitudinal section of an early gastrula. Chemical

compounds are tested for organizer activity by introduction into the blasto-

coele of the early gastrula. If the chemicals are suspended in some substance

such as agar or egg albumen, which form solids, and the mixtures are intro-

duced into the blastocoele, the chemical implants will come in contact with

the presumptive epidermis. During gastrulation and subsequent development

the substances will come to lie in the ventral body region. And in this region

there will be an outgrowth containing a well-defined neural tube. This

neural tube develops from ectoderm which has been in contact with the

chemical implant. One of the best chemical inductors is the tobacco mosaic

virus, which is a pure nucleoprotein.

These chemical stimulants do not imitate the organizer action completely.

They do not convert the ectoderm into a secondary embryo, as does the

organizer action which we outlined in the preceding chapter. Pure chemical

compounds simply induce neural tubes. Some investigators have therefore

assumed that, in addition to a primary chemical stimulus, the organizer region

may contain other compounds, which are sometimes called modulators. In

other words, the organizer is thought to contain two kinds of substances: an

inductor substance for the neural tube and, in addition, a second factor which

changes this neural tube into the specific parts of the nervous system—brain,

spinal cord, etc.
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Since many compounds stimulate the ectoderm of the early gastrula to

form a neural tube, we may well assume a release mechanism for the explana-

tion of this induction. In seeking for a theory of fertilization we assumed that

the necessary chemical substances for development were present in the egg

but were masked or blocked in some way and were released by sperm or by

chemical agents. In the present ca§e, too, we think that the ectoderm con-

tains a substance which, when released by the chemical stimuli, will bring

about reactions leading to the formation of the primitive nerve cells and

finally the neural tube. We may picture an ectoderm cell in the early gastrula

as containing compounds which in some way are masked or blocked from

reacting (Fig. 40). Then either an artificial chemical stimulus or the natural

living organizer from the roof of the archenteron diffuses into this cell,

liberates the previously inactive compound, and thus starts a chain of reactions

which convert the cell into the typical elongated primitive nerve cell.

Once this liberation or activation takes place the ectoderm cell becomes
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irreversibly changed into a nerve cell. And when this embryonic nerve cell

divides—and this is important—it gives rise to two cells of the same type.

We must assume, therefore, that the liberated substance reproduces itself

between cell divisions (Fig. 40) . That is, once a substance is liberated within

the ectoderm cell and the substance causes it to differentiate into an embryonic

nerve cell, the substance responsible for the differentiation must reproduce

itself inside the cell between cell divisions. We shall return to this aspect of

differentiation later.

The fact that some carcinogenic agents stimulate ectoderm to form a

neural tube suggests a similarity between the differentiation of cells in the

embryo and the formation of cancer cells in the adult. In both cases new

types of cells arise by chemical stimulus. If the skin of a rabbit is painted with

carcinogenic agents, tumors will form. If the ectoderm of the early gastrula

is treated with some of the same agents, a neural tube will form. Since

embryonic cells have many potencies, it is not surprising that carcinogenic

stimuli will cause them to differentiate into new types of cells. But adult cells

have usually been thought to have lost this ability to change. However, if we

consider the origin of tumors and cancers as simply a change from a normal

cell to a new type of cell, then adult cells must still have some potencies which

are usually not expressed.

Reproduction of primitive nerve cells

The problem of the differentiation of any cell into a new type of cell

carries with it a second problem. The new type of cell must reproduce itself

after the initial change has occurred. That is, after the stimulus has been

applied and removed, the cell must go on reproducing its own kind. The

changes which have been brought about during differentiation must be

inherited in some way. How can this be visualized ? It does not seem likely

that there has been a change in the nucleus or the nuclear genes of the cell,

since the genetic make-ups of different types of cells in the body are regarded

as identical. The nuclear genes in the cells from the nervous system are

regarded as identical with those in muscle. Therefore some inherited change

in the cytoplasm must account for the reproduction of muscle and nerve cells.

Recent studies have conclusively established cytoplasmic inheritance as a

fact. Certain elements in the cytoplasm can reproduce themselves in the same

manner as genes in the nucleus. The exact mechanism of this cytoplasmic
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Fig. 41. The separation of the organizer into head and trunk organizers. The upper
figure illustrates a neural plate stage in which the anterior neural plate (left) has been
cut and the underlying roof of the archenteron has been exposed. This region of the

archenteron roof is then cut out and transferred to the blastocoel of an early gastrula.

The embryo (lower left) which develops from this gastrula possesses an induced head.
In the upper figure, the posterior neural plate (right) was cut out and the underlying
roof of the archenteron transplanted to the blastocoel of an early gastrula; an induced
secondary trunk projects from the side of the embryo (lower right).
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inheritance is not known, but it is thought that the nucleoproteins in the

cytoplasm are responsible for this kind of inheritance. Such a suggestion is

reasonable, since nucleoproteins in the nucleus appear to be associated with

nuclear inheritance. It is only logical to assume that cytoplasmic nucleo-

proteins are associated with cytoplasmic inheritance.

Head organizer and trunk organizer

Let us return to a question regarding the organizer itself. Is the organizer

divisible in the sense of having various distinguishable parts ? Does the organ-

izer show any regional differences within itself, or is it a homogeneous

region? A rather simple experiment shows that the organizer is not homo-

geneous. In the early neurula stage, when the neural plate has just formed,

the organizer is the roof of the archenteron. If we cut through the neural

plate in the head region, we expose the roof of the archenteron in the head

region, as shown in Figure 41. If we perform a similar operation in the trunk

region we expose the organizer underneath the trunk. Now we can test the

organizer ability of these two regions by placing them in contact with the

ectoderm of an early gastrula. We simply transfer the pieces of the roof of

the archenteron to an early gastrula in both cases and then follow the develop-

ment of these two gastrulae.

Here are the results. The gastrula receiving the head end of the roof of

the archenteron forms a larva in which a second head develops from the

ectoderm of the ventral body region. This secondary head, like the normal

head of the host to which the organizer has been transplanted, will contain

a brain, eye, and nasal structures. The more posterior region of the organizer

has quite a different effect on the ectoderm. In this case from the ventral

region of the host we obtain a secondary trunk and tail. Internally, this

induced structure has the characteristic morphology of the trunk and tail.

Thus, we may call the anterior roof of the archenteron a head organizer and

the posterior roof of the archenteron a trunk organizer.

The situation may be clarified somewhat by noting the relation of the

head and trunk organizers to the roof of the archenteron at the end of

gastrulation. At this time invagination of the chordamesoderm has taken

place. In Figure 42 the areas originally above the dorsal lip are numbered 1

through 5 and they now form the roof of the archenteron. Regions 1 and 2

are relatively anterior and are in the head region; regions 3, 4, and 5 are



90 EMBRYOLOGY

ORGANIZER = * N INDUCTORS ORGANIZER GRADED CONCENTRATION OF

Fig. 42. Schematic representations of two theories regarding the nature of

the organizer. Left: A number of different chemical substances are assumed

to be responsible for the induction of different parts of the brain and spinal

cord. lFB , a hypothetical substance, acts on the ectoderm and converts it into

forebrain ; IHB converts it into hindbrain ; Isc converts it into spinal cord. The

organizer would then be the summation (2N) of all the individual inductors

(/ substances).

Right: One substance or factor, O, is assumed to be responsible for the

induction of the nervous system. The various parts of the nervous system form

in response to various concentrations of this substance or factor. C t
is a concen-

tration of O which induces forebrain; C% induces hindbrain; C3 induces spinal

cord.

more posterior. The neural plate is induced above regions 1 through 5. The

head organizer corresponds to about region 2, and the trunk organizer to

region 4. Thus in normal development it would be logical to conclude that

there is a difference between region 2, which induces ectoderm to develop

into head structures, and region 4, which brings about the formation of

trunk structures.

Theories of organization

The origin and nature of these differences between the parts of the organ-

izer are very difficult to seize upon. The same two kinds of explanation out-

lined earlier for the organization of the sea urchin egg may be applied to the

nature of the organizer. There may be qualitative differences within the

roof of the archenteron, or there may be quantitative differences between

the head and trunk regions of the organizer.
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Some embryologists suggest that there are special substances, inductors,

which may be called / substances; these are believed to be present in the

roof of the archenteron and they are thought to be responsible for the stimu-

lation of each part of the nervous system. There would thus be a compound

1PB for the stimulation of the forebrain; 1HB for the hindbrain; and Iac for

the spinal cord (Fig. 42). The theory would demand a host of these com-

pounds, each inducing a particular region of the nervous system.

Other embryologists believe that there is no justification for assuming

this complex system of inductors, that the same effect could be produced if

only one compound, O, is assumed. This compound may be present in different

concentrations, such that in the head region the concentration would be G;
a little farther back, Ci\ and so on through a wide range of different concen-

trations of a single substance (Fig. 42). Adherents of this theory point out

that in the early stages of differentiation of the nervous system there are no

visible differences in the primitive neural tube, so that the striking differences

which appear later in development arise from a neural tube which shows

only quantitative differences. They say that these quantitative differences in

the early nervous system could be brought about by quantitative differences in

the inductor in the roof of the archenteron.

There is no way at present of deciding which of these two theories is

more nearly correct, for we do not have the necessary facts. We do not know

the chemical nature of the substance in the organizer and until we do we

cannot test the effect of graded concentrations of it in order to determine

whether different concentrations produce different effects.

Self-differentiation of the parts of

the neurula

Let us continue with our analysis of development. After the organizer

has induced the neural plate, how do the different structures of the body

arise? In general, we have already had indications that individual structures

are not determined in the early gastrula stage. Eye, ear, and nasal placode

will not differentiate if taken from the early gastrula and transplanted to

some other region. However, at the stage when the neural tube has formed,

the neurula stage (Fig. 43), almost every major structure is determined and

localized—even though there are no visible signs of the structure. This deter-
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Fig. 43. A neurula at a stage where most

of the major structures will self-differentiate

from their fields when these are transplanted

to a second neurula. The fields used in the

experiments described in the text are those

of the nasal placode, otocyst, heart, and

limb. As can be seen, there are no visible

signs of the various fields. Their presence

can be demonstrated only by cutting out

regions with known presumptive values.

mination in the neurula stage may be demonstrated by some experiments on

the amphibian neurula.

When a piece of tissue is tested for determination, it is usually trans-

planted to the flank region of another embryo. In the flank region the tissue

is exposed only to the action of the yolk, which is rather inert. Thus the trans-

planted tissue develops independently of other structures and there is little

possibility of induction by the nervous system or the roof of the archenteron.

The purpose of such a method is to see what the tissue in question can do

when all outside influences are removed. Any differentiation obtained by this

technique is caused by factors within the transplanted tissue itself. For this

reason the test is called a test for self-differentiation and the result tells us

whether or not a given tissue is determined. Thus, in the neurula stage a disk

of tissue containing both the ectoderm and the mesoderm may be removed

from about the middle of the embryo, and if this tissue is transplanted to the

flank region of another embryo, it will develop into a perfect forelimb (Fig.

44). Further, if nerve connections are established, the forelimb will function

perfectly.

The differentiation of this disk of ectoderm and mesoderm is perfect, and

the muscles, bones, cartilage, and skin of the forelimb differentiate in spite

of the fact that there are no visible differences between the cells of this limb

region and some adjacent region. This disk of tissue is unquestionably deter-

mined to form a forelimb no matter where it is placed. It can be transplanted

to the top of the head, to the back, or anywhere else and it will always form

a forelimb.

In the same way a certain piece of ectoderm may be removed from the

head region of the neurula and tested in the same way as the limb region. It

develops into a perfect nasal placode (Fig. 45). Another region a little more
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Fig. 44. Self-differentiation of structures in the neurula. The transplanta-

tion of the presumptive limb (limb field) is illustrated, together with its com-

plete self-differentiation in the flank region. The approximate location of the

presumptive ear, olfactory organ, and heart are shown in the neurula. When
transplanted to another embryo these regions give rise to the structures shown

in Figure 45. The various presumptive structures are called fields at the neurula

stage, and the nature of these fields is discussed in Chapter 8. The time at

which presumptive structures will self-differentiate when transplanted varies from

one structure to another. In general, mesodermal structures such as the limb

will self-differentiate earlier than ectodermal structures such as the eye, ear, and

brain.
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Fig. 45. Self-differentiation of structures in

foreign environments. Above: An otocyst which

differentiated from the transplanted presumptive

otocyst of a neurula. Upper right: A nasal pla-

code which differentiated from the transplanted

presumptive nasal placode of a neurula. Right:

A functional heart derived from mesoderm

taken from the heart region of a neurula.

posterior in the ectoderm will form the otic vesicle and will continue to

differentiate in the flank region. From the ventral region of the neurula a

fragment consisting of mesoderm together with a little ectoderm will, upon

removal to a salt solution, round up to form a sphere. Inside this sphere a

perfect heart will develop, and this heart will be functional in the sense that

rhythmic contractions will take place (Fig. 45). One could go on and map

out the whole neurula in this way and thus demonstrate that each major struc-

ture—it should be emphasized that these are major structures, such as the

heart, limb, ear—is determined at this stage of development. Figure AG illus-

trates how complete is the differentiation of the eye after the presumptive

eye has been transplanted to the body of another embryo. This property of

an organ to differentiate according to its presumptive value when transplanted

is called self-differentiation. After a presumptive structure has been deter-

mined by the process of embryonic induction, it will self-differentiate even

though it is transplanted to a foreign environment, where it may be exposed

to other inductors.
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The question arises as regards the time at which presumptive structures

acquire the property of self-differentiation. Do all structures suddenly become

determined at the neurula stage? Numerous transplantation experiments

have shown that different structures acquire the property of self-differentia-

tion at different times during development. Furthermore, this property is

not gained suddenly. A presumptive structure first self-differentiates by giv-

ing rise to an incomplete or abnormal structure. Then with time self-

differentiation results in more and more normal structure.

We should, of course, like to know something of the nature of this self-

differentiation. Are all the parts of a structure such as the limb, for example,

determined within the area which is transplanted? Are all the muscles, bones,

and parts of the limb preformed in some chemical way? Any preformation

would have to be chemical in nature because there are no visible differences

within the limb disk that is transplanted. No visible differences serve to dis-

tinguish between the part forming the digits from that forming the radius,

the ulna, the humerus, and so on. And here we must face the same problem

that concerned us in our discussion of the organization of the sea urchin egg.

Fig. 46. A section through the

pronephros of a frog embryo, show-

ing an eye which developed from

a transplant from a neurula. Note

that the presumptive eye forms a

pigment layer, a retinal layer, a lens,

and a transparent cornea.
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We are asking the same question: Are the parts all determined in detail ? We
have the same problem of an apparently homogeneous system developing

into a very complex structure. In the sea urchin egg we were dealing with an

apparently homogeneous egg developing into a complicated larva. In the

self-differentiation of any organ—the limb, for example—we again meet

this same problem of a mass of homogeneous-appearing cells developing

into a complicated structure, a highly organized structure.

In the next chapter we shall consider experiments which illustrate the kind

of organization which the individual structures—limb, ear, etc.—possess in

the neurula stage.
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WV Vehe have now reached a point in our analysis of the developing egg

where the major structures of the embryo are determined and will self-

differentiate when they are transplanted to a foreign environment. Does this

mean that developmental processes are over and that all the details of the

structure and function of the adult are now determined ? Is a structure such as

the limb blocked out in detailed mosaic at this early stage? Recall that we

asked the same questions regarding the organization of the egg at the begin-

ning of development. In the case of the egg two possibilities presented them-

selves. Either the structures of the adult were preformed in the egg or there

was some type of labile organization. And in the sea urchin egg experimenta-

tion demonstrated a labile organization which could be modified by chemical

treatment.

The polarity of the limb disk

What is the situation with regard to the organization within the major

structures of the body, such as limb, eye, heart, ear, and others? For an

answer we resort to the same types of procedure that we used with the egg.

97
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In the egg the first thing noted was a polarity, involving a difference between

the animal and vegetal poles. In the case of the amphibian limb we also find

a polarity. And this is demonstrated by the following type of experiment

(Fig. 47).

In a young embryo the limb bud can be localized by its relationship to the

mesodermal somites, and when a certain area of the lateral mesoderm about

three somites in diameter is transplanted it will differentiate into a perfect

limb. We can indicate the polarity of the limb disk by the letters A and P,

for anterior and posterior regions, and follow the limb polarity in transplants.

In normal development the limb grows out from the disk in a posterior direc-

tion and the digits take on shape. Notice that the long digit is ventral and

there are three small digits on the dorsal side. Thus we find an anterior-

NORMAL ORIENTATION

LIMB DISK TURNED 180°

OBSERVED RESULT
EXPECTED RESULT IF

POLARITY DETERMINED

Fig. 47. The polarity of the limb disk. Upper figure shows an amphibian

embryo, the approximate size and location of the limb disk, and the direction

of outgrowth of the limb, A for anterior, P for posterior. Lower left: The
observed result when the limb disk is cut out and rotated through 180°. Lower
tight: The expected results if the polarity were completely fixed.
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posterior polarity (AP) marked by the direction of the outgrowth of the limb,

and a dorsal-ventral polarity recognizable by the position of the long digit.

Are these polarities fixed ?

Modification of polarity

To test this possibility we can rotate the limb disk through 180° so that

the posterior part of the limb bud is now anteriorly located, and the anterior

part is posteriorly located. After this rotation of the limb bud the limb grows

out in an anterior direction. The limb points anteriorly instead of posteriorly.

That is, the anterior-posterior polarity is determined in the limb disk. But

the dorsal-ventral polarity is not determined, because this limb disk is rotated

through 180°, and if all the parts in that limb were fixed, the expected result

would be that the limb would grow out as in Figure 47 with the large digit

dorsal. This can easily be demonstrated by rotating the formed limb through

180°; then it will be noted that the large digit is dorsally located. But the

actual result of rotation of the limb disk shows that the large digit is ventral.

It must therefore have changed its position. The large digit should have been

dorsal, were it just a matter of rotating a determined, fixed structure. Thus,

from this simple experiment it becomes clear that the anterior-posterior

polarity is determined; the dorsal-ventral polarity is not. There is obviously

a certain amount of labile organization in this limb region. Cells which

normally would have differentiated into the tissues of the large digit have

changed their course of development and have formed the small digit.

Labile organization within the limb disk

Let us see just how labile the limb region is. If we apply the usual test for

self-differentiation—that is, if we cut out a part of the limb region and trans-

plant it into the flank region of another embryo—a perfect forelimb will

differentiate (Fig. 48). If nervous connections are made between the spinal

cord and this limb, it will function. The significant thing about the experi-

ment is this: The donor from which this limb was removed will also develop

a perfect, functional forelimb. This forelimb differentiates from cells lining

the wound left after the transplant was made. These cells close in from all

sides and the wound heals; and from this tissue a perfect forelimb develops.

Thus two forelimbs are obtained from a single forelimb region: one derived
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WOUND HEALS

TRANSPLANTED
ANOTHER LIMB FORMS LIMB DISK
FROM TRANSPLANT

Fig. 48. Two limbs from a sin-

gle limb region. A disk of tissue

is removed from one embryo and

transplanted to another. One limb

develops from the transplanted limb

disk and a second limb forms from

tissue which fills in the wound.

by transplant to another embryo and another from the wound in the host.

This experiment shows that two—and other experiments show that even

three—forelimbs can be obtained from one presumptive forelimb. Still other

experiments demonstrate that two forelimb disks may fuse together and may

mesh perfectly to form one single limb. To obtain this result the polarities of

the two limb disks must coincide.

The above experiments show a rather striking similarity to the experi-

ments carried out on the unfertilized egg. It will be remembered that we

could get two embryos from one egg by cutting it in two. We also obtained

a single embryo by fusing two eggs together. The same relationships hold

for the limb disk. Thus the limb region can be considered to be the germ for

the limb, just as the egg can be considered to be the germ for the entire

individual (Fig. 49). The same type of labile organization is present in both

these developing systems. In the sea urchin egg (Chap. 3) the skeleton, the

gut, and the ciliated ectoderm are not determined in any detail. It is obvious

in the case of the limb disk that the digits, the radius, ulna, humerus, and

the muscles associated with them are not determined in any detail. The cells
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Fig. 49. Comparison of the limb

disk with the sea urchin egg. The
sea urchin egg is the germ for the

pluteus larva; the limb disk is the

germ for the limb. Both have a

polarity as regards the structure

which they form. In both cases the

polarity may be altered by experi-

mental procedures. A = animal

pole; V = vegetal pole. In the limb

disk, d = dorsal ; v = ventral
; p =

posterior, and a = anterior.

LIMB DISK

SEA URCHIN EGG

PLUTEUS LARVA

may be rearranged and they will still form a perfect limb. Because the limb

region is so labile it is called a limb field at this stage of its differentiation.

One of the characteristics of an organ field is the property of forming two

or more entire organs from a single field.

Fields and their properties

The limb field is not an isolated case of an organ field. Other structures

in the neurula behave in the same way—the heart, for example. In the

neurula stage the mesoderm that will give rise to the heart is ventrally located

and is in two parts (Fig. 50). The single heart in vertebrates regularly forms

from the fusion of two masses of mesoderm. Although these two masses of

mesoderm normally fuse to form a single tubular heart, each one may by

itself form a perfect, functional heart. The blood from the veins then goes

through two separate hearts instead of a single one. This result may be

achieved merely by inserting a barrier between the two masses of heart

mesoderm so they cannot fuse. Each one of these mesodermal regions con-

stitutes a heart field. If each one of these fields is cut into halves, two hearts

are obtained from each half. As many as four hearts may develop from the

mesoderm which would normally form a single embryonic heart.

The neurula, then, is composed of a number of these organ fields (Fig.
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Fig. 50. Two hearts in a single embryo. The left figure shows the two

blocks of heart mesoderm which normally fuse to form a single heart. If a

barrier is placed between the two halves of the heart mesoderm, they fail to

fuse and each half develops into a heart, as in the right figure.

44). There is a limb field in the mesoderm; a lens field in the ectoderm; an

ear field, also in the ectoderm; a field for the olfactory placode, again in the

ectoderm; a heart field in the mesoderm; a hind-limb field in the mesoderm.

All of these fields that have been examined show a labile type of organiza-

tion which can be modified by experimental treatment.

The nature of a field is very difficult to understand, but it does have

certain quantitative characteristics which have been demonstrated particularly

well in the case of the ear field. The ear arises as an ectodermal vesicle called

the otocyst. The potencies of the ectoderm around the ear region may be

explored by transplanting small pieces of the region to the ear region of

another embryo. Usually these pieces of ectoderm will form a typical pear-

shaped otocyst. Careful exploration of the whole region around the normal

site of the ear indicates that a greater number of normal ear vesicles is obtained

if transplants are made from or near the normal ear region. On the other

hand, if transplants are made from areas farther and farther away from the

normal ear region, fewer vesicles are obtained and these vesicles are more

and more abnormal in structure. The field thus appears to vary in potency

in a quantitative way, so that in the center of the field perfect ear vesicles

are obtained in about 100 percent of the cases, whereas farther out from this
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center the frequency of perfect ear vesicles which may be obtained will be

perhaps 80 or 90 percent. And at the very periphery of the field the incidence

would drop to zero.

A field is larger than the structure which forms within it. Fields of

different structures actually overlap, so that tissue which normally forms a

lens can also form a nasal placode. Since a large field exists for each of these

various structures, certain factors must select from that large field the actual

structure itself. The question is, given a field such as the lens field, why is it

that the lens normally forms in its specific location with respect to the optic

vesicle?

Let us first examine normal eye development in amphibians (Fig. 51) . In

the formation of the eye the brain forms, first of all, an outgrowth, which is

called the optic vesicle. This optic vesicle comes in close contact with the

overlying ectoderm, at this time called the epidermis. Where the optic vesicle

touches the epidermis a thickening appears, and this thickening develops

into the lens of the eye. In other words, at a somewhat later stage, when the

optic vesicle has differentiated into the retinal layer and the pigmented layer

of the optic cup, this thickening, the lens, lies in the opening of the optic

cup. The overlying ectoderm with some mesoderm then becomes converted

into the transparent cornea. Here is a contact relationship by which one

structure, the optic vesicle, is related to another structure, the lens. And this

contact relationship proves to be another case of embryonic induction. Just

as the contact of the roof of the archenteron with the ectoderm converts the

latter into a neural plate, so the optic vesicle causes the epidermis to form a

lens.

Proof of such a lens induction comes from a simple type of operation in

which the lens epidermis of an embryo is removed from the optic vesicle

region (Fig. 51). The surrounding epidermis moves in from the sides and,

coming in contact with the optic vesicle, forms a lens. The epidermis in the

head region is induced to form a lens by the stimulus of the optic vesicle, and

thus the optic vesicle determines the exact position of lens formation in the

lens field. The induction of the lens by the optic vesicle is one of the oldest

and clearest examples of embryonic induction. In some species of amphibians

the lens fails to develop if the optic vesicle is removed. Thus the lens is

dependent upon the optic vesicle. In most species tested the optic vesicle, if

transplanted beneath the flank epidermis of a gastrula, will induce a normal

lens from this foreign epidermis.
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LAYER
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PRESUMPTIVE LENS REMOVED LENS FORMS

Fig. 51. The formation of the lens within the lens field. Top: The optic

vesicle grows out from the brain. The epidermis in this region constitutes a

large lens field. The lens develops at the point where the optic vesicle touches

the epidermis. Bottom: A large strip of epidermis including the presumptive

lens is removed. The lens still develops from the surrounding epidermis which

moves in to close the wound.

Progressive differentiation within a field

The characteristics of a field change as development goes on and as the

parts of a structure become determined in more and more detail. To illustrate

this point it is expedient to shift the discussion to the chick embryo because in

the chick embryo the isolated parts of an organ can be cultivated and will

differentiate. When the mesoderm of the hind-limb begins to proliferate and
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PROXIMAL LIMB WINDOW IN SHELL

105

DISTAL PROXIMAL

Fig. 52. Self-differentiation of the separated proximal and distal parts of

the limb. Upper left: The hindlimb cut off from the embryo and cut into proxi-

mal and distal fragments. Upper right: Hole made in shell and fragments of

limb placed near blood vessels. Lower left: Differentiation of tibia, fibula, and

phalanges from distal fragment. Lower right: Differentiation of femur from
proximal fragment.

forms an actual outgrowth from the side of the chick embryo it is possible to

cut the limb into two fragments—one proximal and one distal. Each of the

two pieces can then be cultivated by transplanting it to the chorioallantoic

membrane of an older chick embryo (Fig. 52). This is done by cutting a

window through the shell of the egg to expose the chorioallantoic membrane

with its large blood vessels. The region of the membrane near the blood

vessels has been found to be an almost perfect site for the cultivation of

tissue. All that is necessary is to drop the tissue near these blood vessels; it

will adhere to the membrane, be nourished by the blood, and continue to

differentiate.
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The results of the experiment just outlined are as follows: The proximal

region forms an elongated mass of tissue and within this mass of tissue

will be found a structure—a bone which appears to be an almost perfect

femur. The rest of the tissue develops into muscle around this femur. The

distal half of the limb bud forms a mass of tissue shaped into the general

structure of the distal parts of the nind-limb and containing a tibia, a very

slender fibula, the fused tarsals and metatarsals, and the phalanges forming

the digits. In the original transplants of proximal and distal halves there are,

needless to say, no indications whatsoever of any of these structures. The

transplant consists merely of masses of undifferentiated mesoderm which

have grown out from the original limb disk. But at this limb bud stage a vast

amount of detail will differentiate from the parts of the limb bud.

As development of the limb proceeds, more and more detail is deter-

mined in the limb. In a later stage, for example, the limb grows out and the

first digit appears as a separate outgrowth from the rest of the digits. If the

tip of the limb is cut off without including the first digit, this distal portion

will develop into a foot which lacks the first digit. The phalanges of the

second, third, fourth, and fifth digits will develop, but the first will be lack-

ing. Therefore a minor structure such as the first digit is now determined and

the rest of the tissue is not able to form one.

Once again there is an obvious similarity between this phenomenon of

progressive determination of parts of an organ and the changes that occur in

the whole egg. Before gastrulation we found, by a variety of demonstrations,

that the parts of the egg were not determined. After gastrulation the major

parts are determined and cannot be interchanged. In an early stage of the

limb disk the parts of the limb are not determined. But in a somewhat later

stage the structures within the limb bud become determined in some detail.

The presumptive femur will self-differentiate.

Emphasis has been placed on the determination of the limb in the later

stages of its development. We cannot, however, think of this determination

as being final or irreversible, because even when the limb has completely

differentiated in full detail in the adult, parts of the limb may still regenerate

new structures. This problem will be considered later. All that needs to be

pointed out now is that the fully formed structure may still have some extra

potencies left in it and that in some animals at least these potencies can be

expressed by the regeneration of lost parts when the limb is injured or cut

and parts are removed.
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Since determination is not final, some embryologists rightly object to the

use of this term. What has actually been demonstrated in the foregoing

experiments is a progressive change in the degree of self-differentiation of

structure with time. That this increase is necessarily accompanied by an

irreversible determination of the fate of a cell must not be assumed. There are

at least four ways of considering the changes which occur in the developing

egg with respect to time. The whole series of steps occurring during the

phase of development which we have just considered may be summarized in

tabular form. Let us indicate three different stages in time: h, h, and h—
t\ being the earliest of these stages and /•? the latest. Now consider what

happens with regard to what we call determination in the embryo. At a very

early stage, h, we can find little or no determination". It is very difficult to

speak of any determination in the early cleavage stages, since the egg is so

labile. However, there comes a stage at h when we can speak of the deter-

mination of organ fields, because fragments of each one of these fields placed

in a foreign environment totally apart from the rest of the embryo may

develop into perfect organs. As we have just pointed out, however, within

the organ field there is still little or no determination. The determination of

parts within the field takes place at some later stage, at tz. At this stage we

can demonstrate the determination of parts of the field. This way of looking

at development emphasizes a progressive determination of structure in the

embryo with time.

Progressive Stages in Development

Time Determination Differentiation Potencies Self-differentiation

tj little or none none unlimited little or none

t2 organ fields chemical few major organs

t3 within the field structural one( ?) parts of organ

We can also look at development in another way if we talk about the

degree of differentiation. In the early stage, h, we must classify the egg as

relatively undifferentiated. There is certainly no visible structural differentia-

tion in the early stages, and probably very little chemical differentiation. At

t-2, however, there is some sort of differentiation. The various fields which

exist at this time must be different from each other because they obviously

give such different results on transplantation. However, there is as yet no

structural differentiation in these fields. One cannot see differences, and there-

fore the differentiation that is assumed to exist is sometimes called a chemo-
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Fig. 53. An amphibian embryo

in a stage of transition from the

neurula to the functional larva.

Some structures still show the char-

acteristics of fields, while others are

differentiated in more detail. The

head (right) is better developed

than the rest of the body. Internally

the eye and brain are undergoing

structural differentiation.

differentiation—that is, we assume that chemical differences exist between

the various fields. One field is chemically different from another, although

it is not visibly different. This is an invisible type of differentiation. Finally at

fa, when the fields actually begin to exhibit structure, we may speak of struc-

tural differentiation, which simply means a visible differentiation of the parts.

There is still another way of looking at development. We may consider

it in terms of the potencies of tissues. It will be recalled that potencies are

simply abilities of the tissues to differentiate in various directions. Certainly

in the early egg there are many potencies. We have outlined them earlier:

When we get to the time fa, at which fields are present, the potencies become

more restricted and fewer in number. And when we come to the stage of

structural differentiation, we have reached the stage of having only single

potencies. Thus we find a progressive restriction in what the tissues can do.

Again a note of warning must be sounded. We pass beyond the experimental

facts when we maintain that the parts of the fully developed embryo possess

single potencies. Indeed the facts from studies on regeneration speak against

this rigid restriction of potencies. Cells in the adult may still possess latent

ability to differentiate into a new type of cell.

Although the process of development has just been presented in three

steps, bear in mind what was said earlier about stages. Steps and stages are

purely arbitrary, and development is gradual and continuous. There is no

sharp time at which all structures become determined in all their character-

istics. The embryo in Figure 53 is in the process of transition from the

neurula, in which fields are determined, to the larva (Fig. 54), in which the

parts are determined within the fields. Thus in the embryo in Figure 53 the

eye already shows some structural differentiation, while the limb is merely



PROGRESSIVE DIFFERENTIATION WITHIN A FIELD 109

Fig. 54. Development has reached the functional stage. The larva swims,

reacts to stimuli, possesses a circulation, takes in oxygen through the gills and

the skin, and begins to feed. Most of the parts show some structural differentia-

tion. The fields have given way to structures which exhibit self-differentiation

of their parts. Potencies are restricted and there is usually no replacement when

a developing structure is removed.

represented by a field in the mesoderm. As will be seen in the next chapter,

some structures differentiate early in development whereas others appear

late in the process. In general, head structures develop earlier than those of

the remainder of the body. Note in Figure 54 the well-developed head and

forelimb but the absence of a hind-limb.

Let us summarize these principles and attempt to see how they apply

as we follow the egg through the cleavage stages, through gastrulation and

the formation of the nervous system, and finally to the formation of ,the

individual structures in the embryo.

First of all there is the principle of labile organization. This is an or-

ganization which may be changed by various kinds of experimental treat-

ment. In our study of the conversion of this labile organization into the actual

structures of the embryo, the principle of embryonic induction was revealed.

Some part of the egg contains factors which induce the remainder to differ-

entiate into various organ fields. Here the field concept arises. An entire

field will self-differentiate, but the parts of a field are not able to do so.

Thus the field exhibits a labile organization similar to that of an egg. Finally

the parts of the field become determined by embryonic induction.

The over-all picture is one of a series of progressive changes so related

that each step in differentiation causes further differentiation until the process

is completed. This is something like a chain reaction, in which each reaction

sets off another. Therefore, in seeking the causes underlying the development

of any structure the student should examine carefully the preceding stages of

development for clues.

In conclusion, it may be said that we have derived from the egg many of
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the major structures of the adult. The foregoing analysis, however, has not

given us a complete picture of the development of any one organism. We
have used sea urchin, frog, salamander, and chick embryo indiscriminately in

order to bring to light the principles of development. At this time we propose

to describe the development of the frog egg in order to present a unified

picture in one species. With the principles clearly understood, the progressive

changes in development may be better understood.



9 • DEVELOPMENT OF THE

FROG EGG

we have just carried an analysis of early embryonic development to

the point where most of the organs are determined. During the course of the

analysis we have drawn upon experiments and observations from many

sources, and the reader does not as yet have a clear picture of the orderly

progressive changes in any one form. Largely because of its accessibility the

frog egg has been extensively studied, and the stages from fertilization

through larval development have been well described. The fact that pituitary

injections cause ovulation makes possible the artificial insemination of the egg

and the continuous observation of the changes in form with time.

The rate of these changes with respect to time is directly proportional to

absolute temperature. The frog egg has no means of regulating its tempera-

ture, and thus the speed of its development depends upon the temperature

of the environment. For example, the egg reaches any given stage almost

three times faster at 20° C. than at 10° C. The increase in development rate

is a case of the general phenomenon of the increase in the rate of chemical

reactions with increase in temperature.

Although temperature may be used to control the rate of development,

there are limits to the temperature range which the frog egg will withstand.

The eggs of the species described here (Rana sylvatica) will develop from

in
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3° C. to 24° C. Above and 'below these temperatures development is

abnormal.

Other environmental factors change the course of development. The frog

egg must be raised in a weak salt solution. Strong salt solution, such as

Ringer's solution, always causes early death of the eggs. Thus, although

Ringer's solution is a suitable medium for the tissues of the adult frog, it

is toxic to the developing egg.

An external supply of food and various salts is not necessary for develop-

ment until some time after the larva hatches from the egg membranes and

jelly. The yolk of the unfertilized egg contains all the substances necessary

to supply the developing egg well beyond the hatching stage.

The volume of water in which the egg develops is important. The egg

uses oxygen continuously and excretes carbon dioxide, ammonia, and urea.

If the eggs are crowded together in a small volume of water they die as a

result of a combined lack of oxygen and accumulation of waste products.

Breeding habits and fertilization

In nature the eggs of Rana sylvatica are laid in masses containing about

2000 eggs each and appear quite crowded. However, the temperature of the

environment at the season when ovulation takes place is relatively low, and

therefore the rate of utilization of oxygen and the rates of excretion of

carbon dioxide, ammonia, and urea are also relatively low. Thus development

is possible even under crowded conditions. If eggs from a natural pond are

observed carefully it is seen that some of them are retarded in development

and some die. This normal mortality is not necessary in the laboratory,

however, since the eggs may be given more space for development and

the mortality consequently greatly reduced. The large number of eggs laid by

each female is necessary, since large numbers die before reaching maturity.

Other species of frogs have different breeding habits. Some frogs lay their

eggs in thin, flat sheets and thus crowding is somewhat reduced. Some toads

lay their eggs in a long chain in single file, and some salamanders deposit

eggs one by one, wrapping each egg with the leaves of a water plant. It is

interesting that in this latter case only a few eggs are produced by each adult

salamander. The chances of survival of the egg are so favorable, owing in

part to the breeding habits of the adult, that large numbers of eggs are

unnecessary.
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In the New York area Rana sylvatica breeds in March. After the ice has

melted in small woodland ponds and there have been a few days of warm,

rainy weather, the males and females come out of hibernation and migrate

to the edge of the pond. They tend to congregate at a certain region within

the pond, and year after year the descendants return to the same place. The

males are somewhat smaller than the females. The male mounts the female

and his forelimbs clasp the upper part of the abdomen very firmly. Clasping

pairs may remain in this relationship for many hours.

The female deposits her eggs in the water in a single mass which is held

together by a jelly. The sperm are shed by the male, and fertilization takes

place within a matter of minutes. Shortly after fertilization a membrane

swells off the surface of the egg and the egg then floats freely within the jelly.

Because the vegetal (white) hemisphere is heavier than the animal (black)

hemisphere, the eggs rotate within the jelly until the animal pole is upper-

most. If the mass of fertilized eggs is turned upside down, each egg will

rotate back to its original position. The orientation of the egg with respect

to gravity appears to be important, because in some species of frogs develop-

ment becomes abnormal if the egg is upside down for a definite period of

time during first cleavage. Double monsters are produced by inverting eggs

at the time when a cleavage occurs.

Early cleavages

Cleavage and subsequent development to the early larval stage proceed

within the jelly and membrane. The jelly swells to many times its original

volume by taking up water. Swelling separates the eggs from one another,

and thus a more favorable environment is provided for each egg within the

mass. Finally at hatching the membrane and some of the jelly is attacked by

an enzyme secreted by the embryo, and the membrane breaks. The embryo

emerges from the jelly and soon after begins to swim. The description that

follows is for the most part limited to the egg of Rana sylvatica. For the

purpose of illustrating certain details, however, a photograph of the egg

of a salamander, Ambystoma opacum, has been included.

Figure 55 shows the changes from fertilization (stage number l) to the

16-cell stage (number 6) . The jelly and membrane are omitted. This period

takes about five hours at 18° C. At fertilization the sperm enters the animal

hemisphere and about one hour later the gray crescent becomes visible on the
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ANIMAL HEMISPHERE

VEGETAL HEMISPHERE

GRAY CRESCENT

/f\
FIRST CLEAVAGE
2 CELLS

SECOND CLEAVAGE
4 CELLS

THIRD CLEAVAGE
CELLS

FOURTH CLEAVAGE IN

PROGRESS

2 TO 16 CELLS

Fig. 55. The developing egg of Rana

sylvatica from the unfertilized egg to the

fourth cleavage. The fourth cleavage is com-

plete in the animal cells but not in the vegetal

cells. The animal pole is uppermost in all

drawings, and each drawing is identified by

stage number (st. no.) and the time in hours

at 18° C. elapsed from fertilization. Size

does not increase significantly during these

early stages. The black animal hemisphere is

represented by heavy stippling, the light-

colored yolk region is very lightly stippled.

At stage 2, one hour after fertilization, the

gray crescent is shown as an intermediate re-

gion between the animal and vegetal hemi-

sphere at the left. (From Pollister and

Moore, Anatomical Record (1937), 68,

489.)

opposite side of the egg. At about 2.5 hours after fertilization the first cleav-

age is completed and the plane of this cleavage passes through the animal-

vegetal axis. A few hours after fertilization a furrow or groove appears on

the upper surface of the egg,. The furrow cuts across the animal pole of the

egg and becomes deeper and deeper. At the same time the furrow extends

from the animal pole along a meridian of the egg until it is completed at the
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Fig. 56. A salamander egg, showing the first cleavage furrow. The egg at the

left is viewed from the animal hemisphere. The white spot on the surface of the

egg is very near to the animal pole. The vegetal hemisphere is not visible. At the

right the two-cell stage is shown in the same relative position. The furrow passes

exactly through the animal pole. (Courtesy of Professor John A. Moore, Co-

lumbia University.)

vegetal pole. This cleavage furrow, by constricting the egg, finally meets in

the center, and two complete cells of equal size result. The two cells do not

separate, but remain in close contact. Figure 56 shows the uncleaved egg of

the salamander, together with a two-cell stage.

The first cleavage is technically described as (l) holoblastic—i.e., there

is complete division of the egg, as opposed to partial division, or meroblastic

cleavage; (2) equal—i.e., the resulting cells are of equal size, as contrasted

with unequal cleavage, in which one cell is larger than the other; (3)

meridional—i.e., the cleavage furrow forms along a meridian of the egg, as

opposed to horizontal cleavage, where the furrow forms along the equator or

a parallel of the egg.

The second cleavage occurs about one half hour after the first cleavage,

and the first two blastomeres divide simultaneously. The second cleavage

furrow forms at right angles to the first and also passes through the animal

pole. Thus the second cleavage may be described as holoblastic, equal, and

meridional. Looking down upon the animal pole, we note that the first and

second cleavage furrows form a cross (Fig. 57). The point at which the

furrows intersect is the animal pole. Figure 55 shows a side view of the

four-cell stage of the frog egg.
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Fig. 57. A four-cell and an eight-cell salamander egg. Left: The intersection

of the first and second cleavage furrows at the animal pole. Compare with Figure

55, which shows the four-cell stage with both the animal and vegetal hemispheres

in view. Right: An eight-cell stage with four small cells on top and four large

cells underneath. (Courtesy Professor ]ohn A. Moore, Columbia University.)

The third cleavage gives rise to eight cells and is horizontal—that is, it

follows a line parallel to the equator. After this cleavage the egg is composed

of four animal cells and four vegetal cells, with the vegetal cells distinctly

larger (Fig. 55). The third cleavage is, therefore, holoblastic, unequal, and

horizontal. An eight-cell salamander egg showing the four relatively small

cells in the animal hemisphere is shown in Figure 57. These four cells are in

direct contact with four larger cells in the vegetal hemisphere.

The fourth cleavage of the frog egg passes through the animal-vegetal

axis and follows the meridians of the egg. The result is a cluster of eight

relatively small cells in the animal hemisphere and eight relatively large cells

in the vegetal hemisphere. In Figure 55, stage 6, the fourth cleavage passed

through the animal cells but is only part way through the vegetal cells.

Late cleavage through gastrulation

The next series of changes (Fig. 58) takes us from the 6th hour to the

28th hour of development. From 6 through 16 hours cleavage continues and

the cells at the animal pole become very small; at 12 and 16 hours, therefore,

the individual cells are no longer shown. The vegetal cells are relatively

larger and are easily seen at 16 hours. Photographs of salamander eggs at
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Fig. 58. Stages of development of Rana
sylvattca from 6 to 28 hours. The period is

characterized by a tremendous increase in

number of cells and a rearrangement of cells

comprising the phenomenon of gastrulation.

Between stages 7 and 8 the cells become so

small that it is no longer possible to repre-

sent all the individual cells at this magnifica-

tion. The cells at the vegetal pole are many
times larger than those at the animal pole

and thus are pictured in the drawings of

stages 8 and 9. By stage 10, even these vege-

tal cells are too small to be illustrated, and

they are represented by light stippling in

stages 10, 11, and 12. At stage 10 a dark

line of pigment appears on one side of the

egg. This is the first sign of gastrulation. It

means that some cells have changed shape

and are migrating internally. An overgrowth

of the white yolk by the pigment cells ac-

companies the internal migration. The over-

growth results in a sharp line between pig-

mented and white cells which marks the

blastoporal lip. First there is simply a dorsal

lip of the blastopore (stage 10) ; then lat-

eral lips form (stage 11); and finally the

ventral lip completes a circular blastopore,

which is plugged with yolk cells (stage 12).

By this means the yolk cells are completely

covered by the pigmented cells. (From Pollis-

ter and Moore, Anatomical Record (1937),

68, 489.)

stage 7 and 8 (Fig. 59) show the size differences among cells at stage 7 and

the great increase in number of cells at stage 8.

During the later stages of cleavage an internal cavity, the blastocoel,

forms. It is located mainly in the animal hemisphere (Fig. 62). About 19

hours after fertilization the dorsal lip of the blastopore appears as a dark

line just below the equator of the egg (stage 10, Figs. 58 and 60) . Cells begin

to migrate internally and the archenteron develops. The archenteron is very

small at first but with the continued migration of cells into the interior and

the overgrowth of cells over the vegetal hemisphere the archenteron increases



Fig. 59. Late cleavage and very early blastula stage of the salamander egg,

polar view. Left: In late cleavage note that the more central cells near the animal

pole are smaller than the outer cells at the equator. Right: In the early blastula

the cells are smaller than in late cleavage, but there are many more cells.

Fig. 60. Two early stages of gastrulation in the salamander egg. Left: The

very beginnings of gastrulation. Some cells begin to migrate internally, and this re-

sults in the dark line just above center. The cells above this dark line constitute

the dorsal lip of the blastopore. The early gastrula is viewed from the vegetal pole.

Right: An early gastrula with a crescent-shaped dorsal lip. Cells are leaving the

surface by moving over the dorsal lip into the interior, where they form the walls

of the archenteron. (Courtesy Professor John A. Moore, Columbia University.)
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Fig. 61. Salamander gastrulae corresponding to stages 11 and 12, Figure 58.

Left: An almost perfect semicircular lip of the blastopore, stage 11. A diffuse

dark line completes a circle. The upper half of the circle is a rather sharp line.

Cells above and to the sides of this line are moving toward the line and disap-

pearing into the interior to form the roof and sides of the archenteron. Although

the blastopore is continuous, we nevertheless distinguish a dorsal lip from two

lateral lips. Obviously there is no sharp demarcation between dorsal and lateral

lips. The lower half of the circle is not yet a part of the blastopore, but the rela-

tively dark region foreshadows the ventral lip of the blastopore. The mass of

cells inside the circle is presumptive endoderm. Right: A circular blastopore with

its lips engulfing practically all the presumptive endoderm. The white area inside

the circle is formed of yolk cells and is therefore termed a yolk plug. This plug

fits tightly into the blastopore. (Courtesy Professor John A. Moore, Columbia

University.)

in size at 24 and 28 hours. On each side of the dorsal lip more and more cells

become involved in the process of gastrulation, and the blastoporal lip

extends laterally, forming a semicircle (Fig. 58, stage 11; see also Fig. 61).

The lateral lips extend farther ventrally and meet to form the ventral lip of

the blastopore (stage 12, Fig. 58 and 61). This blastopore communicates with

the archenteron but the lips fit tightly over the yolk, and thus an actual open-

ing of the archenteron to the exterior is not present at this time. The yolk

forms a plug which fits tightly in the blastopore. As the archenteron becomes

larger, the blastocoel becomes smaller and finally is completely obliterated.

During development from 6 to 28 hours there has been little change in

shape, and the gastrula is almost spherical. There has been some increase in
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Fig. 62. A section through the blastocoel of a very early amphibian gastrula

(stage 10). Certain groups of cells are lettered B through G for purposes of

identification. The movements of these cells during gastrulation are indicated by

arrows. Thus, B moves toward C, D migrates to E, and F approaches G. Regions

above the dorsal lip of the blastopore, D, are numbered 1 through 4. Region 1

is shown as having already turned under the dorsal lip. V marks the vegetal pole.

A marks animal pole.

size due to the formation of the blastocoel and archenteron, and this size

increase has not been shown in Figure 58. Development up to this time is

chiefly a matter of cell division and cell migration. There is as yet no visible

differentiation of structures, although experiments tell us that some chemical

determination has occurred by the end of gastrulation.

Rearrangements of cells

during gastrulation

Let us now examine the internal changes during gastrulation. In Figure 62

we start with a longitudinal section of a very early gastrula, stage 10. A large

blastocoel is present and the beginning of gastrulation is shown by a small
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Fig. 63. A continuation of the processes initiated in Figure 62. Region 1,

formerly on the surface of the early gastrula, is now located internally and forms

the roof of the archenteron. B is relatively closer to C. The lip of the blastopore,

now composed of region 2, is encroaching upon V . D is migrating toward E,

while F approaches G.

indentation, D, the dorsal lip of the blastopore. The rearrangements of cells

are shown by arrows. Briefly, region B moves to region C; region D travels to

E; and region F to G. The remaining three diagrams show these movements

in steps. In Figure 63, stage 11, the original dorsal lip of the blastopore,

region 1, is now located at the anterior end of the primitive digestive cavity

or archenteron. Regions 2, 3, and 4 will follow region 1 into the roof of the

archenteron. This turning in brings B closer to C. While these movements are

taking place the lip of the blastopore closes over the surface of the yolk,

approaching and finally overgrowing V . Thus V becomes internally located

in the floor of the archenteron. The blastocoel becomes smaller, and F

approximates G, while D migrates toward E. During this phase of gastrula-

tion the presumptive neural plate becomes stretched and thinner. Compare

the distance between A and B in Figure 62 with the distance between those
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Al_lHEAD REGION

PRESUMPTIVE
EURAL PLATE

PRESUMPTIVE
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Fig. 64. A more advanced stage in gastrulation. The archenteron is larger,

the blastocoel smaller. V is now overgrown by the lip of the blastopore. Regions

1, 2, and 3 have migrated internally to form the roof of the archenteron, while

region 4 is still external. Near region C a ventral lip of the blastopore has de-

veloped.

two points in Figure 63. The stretching and resulting thinning continue as

gastrulation proceeds (Fig. 64).

In Figure 64 the turning in at the lip of the blastopore continues, and

regions 1, 2, and 3 now form the roof of the archenteron and V is completely

covered. B is closer to C; D closer to E; and F closer to G. By this time the lip

of the blastopore has extended around the sides and a ventral lip forms,

showing some in-turning of cells.

Finally, in Figure 65, stage 12, the process is complete. B and C are adja-

cent. Region 4 is internal. D and E are together, and F and G come together.

These cellular movements result in a large archenteron, and the blastocoele

is obliterated. The ectoderm has been stretched to cover the entire surface of

the gastrula. The former animal pole, A, now becomes the anterior end of

the gastrula; the vegetal pole is located in the floor of the archenteron.
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PRESUMPTIVE
EPIDERMI

PRESUMPTIVE
EURAL PLATE

PRESUMPTIVE
NOTOCHORD

Fig. 65. The end of gastrulation. The archenteron is large and the blastocoel

very small. The yolk cells are covered by the overgrowth of the ectoderm, except

for a small region, the yolk plug.

The rearrangements of all the cell areas during gastrulation are somewhat

difficult to follow and therefore in Figure 66 a detail of the form changes

in the presumptive notochord is shown. On the surface of the early gastrula

the presumptive notochord spreads out in the shape of wings with its narrow-

est border near the blastoporal lip. Arrows serve to indicate the direction of

movement. As gastrulation proceeds, part of the presumptive notochord

moves over the lip of the blastopore. In so doing it becomes compressed into

a long, narrow strip of tissue. Later this strip separates from adjacent tissues

and becomes a long, narrow rod of cells between the neural tube and the

primitive digestive system. As the notochord migrates over the dorsal lip it

comes in contact with the presumptive neural plate and induces the latter to

differentiate into the neural plate.

Gastrulation also modifies the shape of the presumptive neural plate. It

begins as a sector of a hollow sphere. The cells in the angles of this sector
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Fig. 66. Changes in the shape of the presumptive notochord and the pre-

sumptive neural plate during gastrulation. Top left : The presumptive notochord

on the surface of the early gastrula. Arrows show direction of movement of

cells. Center left: The presumptive notochord has migrated to and over the lip

of the blastopore. The dotted line shows that portion of the notochord which

has invaginated and formed a part of the roof of the archenteron. Arrows indi-

cate direction of movement. Loiver left: Almost all of the presumptive notochord

has turned under the lip of the blastopore. It is now in the shape of a long,

narrow strip comprising a part of the roof of the archenteron. Top right: Ap-

proximate shape of the presumptive neural plate of an early gastrula. Arrows

show direction of cell migrations. Center right: The presumptive neural plate has

become compressed laterally and stretched along its anteroposterior axis. Lower

right: The final shape of the actual neural plate.
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move toward the midline, as indicated by the arrows in Figure 66. The

boundary of the sector nearest the dorsal lip moves toward the blastopore

during gastrulation. As a result of the combined movements of cells the

presumptive neural plate becomes rearranged into an elongated structure

somewhat wider at one end. The wider portion of the neural plate becomes

brain, while the long, narrow region forms the spinal cord. During this re-

arrangement the area of the neural plate increases considerably at the expense

of a decrease in its thickness.

The various rearrangements of groups of cells during gastrulation have

sometimes been described by a general term, invagination. Strictly speaking,

however, invagination is a folding process and gastrulation in the amphibian

egg involves more than folding. The formation of the floor of the archenteron

by an inward folding of the yolk cells (Fig. 64) is a process of invagination.

The roof of the archenteron forms by a combination of two processes. First,

there is a migration of cells to the lip of the blastopore, where they turn

under the lip to form the roof (regions 1 through 4 in Figs. 62 through 65).

The turning-under process is called involution. Second, the blastoporal lips

migrate over the surface of the vegetal hemisphere, bringing B closer and

closer to C. This migration over a surface is termed epiboly. Gastrulation,

therefore, is a process in which some invagination, some involution, and some

epiboly are involved. No one term adequately describes the entire process.

From early neurula to

tail-bud embryo

The series from 36 hours to 58 hours (Fig. 67) is characterized by the

appearance of the neural plate and its transformation into a neural tube and

primitive brain. Stage 13 shows the neural plate faintly outlined as a thicken-

ing of the ectoderm. By stage 14 the edges of the plate have become elevated

into neural ridges, while the middle of the plate is relatively depressed. The

folding process continues, and in stage 15 the neural folds have contacted

each other and begin to fuse, forming a tube. In stage 16 the folding is

complete and a long, narrow neural tube widening anteriorly into the brain

has developed. By stage 17 the line of fusion of the neural ridges has almost

disappeared. The formation of the neural tube from the neural plate in the

salamander is illustrated in Figure 68.
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Fig. 67. From early neural plate to tail

bud in Rana sylvatica. The most striking

changes in a study of the external appear-

ances occur in the neural plate. The flat plate

of stage 13 curls in stage 14, and the edges

of the plate meet (stage 15) to form a closed

tube (stage 16). The epidermis fuses over

the neural tube (stage 17). (From Pollister

and Moore, Anatomical Record (1937), 68,

489.)

Segregation of the notochord and

mesoderm from the endoderm

While the neural plate is converted into a neural tube, the lateral meso-

derm and notochord become segregated from the endoderm. The formation

of the lateral mesoderm can best be illustrated in cross sections of the late

gastrula and early neurula. Let us first, however, examine the relationship of



Fig. 68. The neural plate and the neural tube of salamander neurulae. Left:

The open neural plate with the neural ridges clearly formed. This is a head-on

view looking directly at the future brain. Right: The neural plate has folded

in such a way as to bring the neural ridges together in the midline of the embryo.

This is an oblique view, with the future brain at lower right and future spinal

cord fading into the upper left. The neural ridges are fusing in the center, but

the brain cavity and the cavity of the posterior neural tube are still open. (Cour-

tesy Professor John A. Moore, Columbia University.)

Fig. 69. A surface view of an early gas-

trula showing the location of the presumptive

notochord, N: the presumptive mesoderm,

M, Afj ; and the presumptive endoderm, E,

EF) Ev

Fig. 70. A cross section through the pre-

sumptive mesoderm and presumptive noto-

chord after gastrulation. Note the beginning

of the separation of the mesoderm M, M t ,

from the endoderm E, Ex . A marks the

archenteron.
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Fig. 71. Two diagrams showing

the progressive migration of the

mesoderm and endoderm during

neurulation. Above: Neurula with

open neural plate and early neural

ridges, C, Ct . Below the neural plate

are the notochord, N, and the lateral

mesoderm, M, Mv M and M 1 are

migrating ventrally. The endoderm,

E, E
x

extends dorsally. Right: A
later neurula in which the neural

ridges approximate each other. The
notochord becomes segregated from

the mesoderm. E and £
x
have met

and fused, thus completing the'roof

of the gut G. A is the archenteron.

C C|

the presumptive notochord, N, and the presumptive lateral mesoderm, M, M
x ,

to the presumptive endoderm E, Elt Ef , as shown on the external surface of

an early gastrula (Fig. 69). The cells comprising these regions must take an

internal position during gastrulation. (Figure 70) is a cross section showing

the regions after gastrulation has taken place. An archenteron has formed

with N as roof and Ef as floor. The left and right walls of the archenteron
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are composed of ME and M^E^ respectively. At the end of gastrulation the

lateral mesoderm, M and Mlf separates from the endoderm, E and E
x , and

begins to migrate ventrally, as shown by the arrows. E and E
x
migrate dor-

sally, and thus the two groups of cells move in opposite directions.

The migration of endoderm continues, as in Figure 71, left, and is com-

pleted in Figure 71, right, where the roof of the archenteron is composed

entirely of endoderm. The migration of the lateral mesoderm is indicated by

arrows leading from M and Mx . The two masses of lateral mesoderm finally

join in the midventral line and split to form the splanchnic (inner) and

somatic (outer) layer of mesoderm. The subsequent fate of the mesoderm

will be discussed in Chapter 14.

Formation of the neural tube

While the above processes are taking place, the primitive nervous system

begins to differentiate from the ectodermal layer of cells. First a plate of cells

above the roof of the archenteron forms the neural plate (Fig. 71). The

edges of the plate form the neural ridges, C, C± . The neural plate folds in

such a way as to form a neural tube with the neural ridges coming together

and fusing in the midline of the embryo. Figure 68 shows the neural plate

and the neural tube of a salamander.

More details concerning the development of the nervous system will be

considered in Chapter 11. At this time we shall simply point out the spatial

relationship between the ectoderm, which forms the neural plate, and the

notochord and mesoderm, which come from the region around the dorsal

lip of the blastopore in the very early gastrula. The mesoderm and notochord

are in firm contact with the future neural plate during gastrulation.

The embryo

After the closure of the neural folds, the formation of the mesoderm,

and the early differentiation of the notochord, the neurula becomes elongated

and the head begins to form. These form changes are illustrated for the frog

by Figure 67, stage 17, and for the salamander by photographs of a neurula

and early embryo, Figure 72. At about stage 17 the neurula becomes an

embryo, although there are no hard-and-fast lines between these two stages

of development. The early embryo is characterized by an increase in recog-



Fig. 72. A late neurula and an early embryo of the salamander. Left: The

neural tube is almost completely formed and a large elevation marks the brain

region. The neural tube runs from right to left in the photograph. Rjgbt: An
elongate embryo with the head at extreme right. This is a view of the right side

of the embryo. The convex upper surface is the dorsal side. The tail outgrowth

has not yet appeared. (Courtesy Professor John A. Moore, Columbia University.)

PRONEPHRIC
SWELLING

GILL PLATE

NASAL PIT

PRONEPHRIC SWELLING

GILL PLATE

GILL PLATE

NASAL PIT

SUCKERS

Fig. 73. Three stages in the development of the embryo of Kana sylvatica.

Note the progressive development of the head region and the appearance of the

nasal pits, the eye, the gill plate, and the mucous glands (suckers) . The embryo

changes in shape, becoming longer and more slender. The tail begins as a bud,

which elongates progressively. (Courtesy Professor Arthur W. Pollister, Colum-

bia University.)
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Fig. 74. Two salamander embryos photographed in side view with the head
at the right. Left: The embryo is still within the egg membrane and moves very

slowly by means of the cilia of the epidermis. The dorsal surface is still convex,

the head is bent ventrally, and the tail bud is very small. Right: The embryo is

longer and has straightened up so that the back is becoming flattened. It will

contract its muscles when stimulated. The gill region is divided into three parts,

each of which is a forerunner of an external gill. The head is lifted up from the

abdomen and a nasal pit is visible. Unlike the frog, this embryo has not yet

hatched from the egg membrane. (Courtesy Professor John A. Moore, Columbia
University.)

PRONEPHRIC
SWELLING

I
GILL

*4

v

GILL

NASAL PIT

SUCKERS

Fig. 75. A side view and a head view of a Rana sylvatica embryo at the time

of hatching (stage 20). (Courtesy Professor Arthur W'. Pollister, Columbia Uni-

versity.)

nizable structures, such as a head as distinct from the body and the beginnings

of tail formation. The dorsal surface of the embryo also takes on shape,

owing to the formation of the neural tube and the mesodermal somites.

After stage 17 the embryo gradually elongates; the head becomes de-



132 EMBRYOLOGY

marcated from the body, and the eye, nose, suckers, gill plate, pronephric

swelling, and somites are discernible by external inspection. Figure 73 shows

three stages of development—almost stage 18, stage 18, and a very late stage

18. Notice the increase in length of the tail bud, the increasing differentiation

of the head region, and the changes in the form of the gill plate. The ecto-

derm is covered with cilia (not shown) at this time, and the embryo moves

inside the jelly. At about stage 18 the embryo is able to contract its muscles

when stimulated. During these stages of development the embryo is still

within the jelly and membrane, which swell and take up water from the

surroundings. The embryo thus develops in a small droplet of water encased

in a protective membrane.

These changes may be seen by comparing two stages in the development

of the salamander embryo (Fig. 74). In the older embryo note the increase

in over-all length, the better developed head. The posterior markings, which

are caused by the somites, and the increased length of the tail are also shown.

Structure of the embryo at hatching

To continue with our survey of the development of the frog embryo we

shall consider stage 20, which is shown in Figure 75. The tail has increased

in length and the head is more prominent. The gills begin to grow out from

the gill plate and show branching. Blood corpuscles circulate through the

gills at this time. The heart began to beat at stage 19. The head view shows

the prominent suckers, which secrete a mucus used to attach the embryo to

waterplants after hatching. At about this time the embryo emerges from the

jelly, which has been previously softened and dissolved by a hatching enzyme.

The mouth has begun to form by an invagination, the stomodeum. Reflex

movements continue to develop, and at hatching the embryo is able to swim.

Let us now study the internal structure of the frog embryo at the time

of hatching, stage 20. We shall examine the structures found in cross sections

of the embryo and shall begin with the most anterior sections and work

posteriorly. In discussing each structure we shall first outline its origin, then

describe the condition of the structure at stage 20, and finally discuss its

subsequent fate and function.

In the first section (Fig. 76) the large, thick-walled forebrain (prosen-

cephalon) is most conspicuous. The forebrain arises from the most anterior

region of the neural plate and gives rise in subsequent development to (l)
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EPIDERMIS

MESENCHYME
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PROSENCEPHALON

OLFACTORY PLACODE OLFACTORY PIT

Fig. 76. A diagram of a cross section through the olfactory pits.

the paired cerebral hemispheres; (2) the epiphysis, which becomes the

pineal body and functions in the adult as a gland of internal secretion, con-

trolling to some extent the development of the gonads; (3) the infundib-

ulum, a structure which forms the posterior lobe of the pituitary gland and

produces hormones which affect the contraction of muscles of the blood

vessels and uterus and control kidney function.

Two thick-walled placodes invaginate and form the olfactory pits. These

pits will enlarge and communicate with the pharynx, while the thick walls

contain the neuroblasts that differentiate into the nerve fibers of the olfactory

nerve.

The next section (Fig. 77) is taken from the eye region, and the large

thick-walled midbrain (mesencephalon) is the most prominent structure.

In the adult the ventral walls of the midbrain contain the nerve tracts

connecting the cerebrum with the posterior regions of the nervous system.

The dorsal wall differentiates into the optic lobes, which receive connections

from the optic nerves.

The eye is located between the forebrain and midbrain. It originates as an

outgrowth of the forebrain, the optic vesicle, which becomes a cup-shaped,

two-layered structure, the optic cup. The thick layer on the inside of the cup

is the retinal layer, containing the neuroblasts giving rise to the optic nerve.
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MESENCEPHALON
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ANTERIOR CAROINAL VEIN

OPTIC CUP

PIGMENT LAYER

DORSAL AORTIC ROOT

HYPOPHYSIS

STOMOOEUM MUCOUS GLAND

Fig. 77. A diagram of a cross section through the eyes of the embryo at about

stage 20. This section is just behind the optic stalk, and thus the attachment of

the eye with the brain is not shown. The spaces between the structures are filled

with loose mesenchyme.

The thin outer layer deposits black pigment in a later stage. The optic cup

remains attached to the forebrain by the optic stalk, which forms the sub-

stratum for the growth of the optic nerve. The lens forms as a thickening of

the inner layer of epidermis and has a small cavity. The lens cells form lens

fibers, which become transparent. The epidermis over the eye also becomes

transparent and differentiates into part of the cornea.

Underneath the forebrain and midbrain is the hypophysis. This group of

cells arose from a thickening of the head epidermis. The cells become de-

tached from the epidermis, and the hypophysis migrates between the pharynx

and the forebrain to unite with the infundibulum to form the pituitary body.
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Thus the hypophysis of the embryo forms only the anterior lobe of the adult

pituitary. Its function is extensive, and several hormones—including a growth-

promoting hormone and two gonadotropic hormones—have been isolated

and purified.

On each side of the hypophysis are two blood vessels called the dorsal

aortic roots. These vessels run forward as the internal carotid arteries and

fuse posteriorly to form the dorsal aorta. In the early embryo the dorsal

aortic roots connect with the ventral aortic roots by means of the aortic

arches (see Fig. 78).

Ventral to the hypophysis lies the pharynx, lined with endoderm. From

the floor of the pharynx an outgrowth (oral evagination) is directed toward

an ingrowth of the epidermis (stomodeum) . These two pockets fuse, and an

opening forms the mouth. The oral suckers are purely embryonic and larval

structures; they degenerate soon after the larva begins to feed.

ANTERIOR CARDINAL VEIN

DORSAL AORTA

EFFERENT ARTERY

RHOMBENCEPHALON

ENDOLYMPHATIC DUCT

NERVE GANGLION

AORTIC ARC

AFFERENT ARTERY

VENTRAL AORTA

PERICARDIUM
HEART

Fig. 78. The structures present in a cross section through the otocysts. The

heart and blood vessels are shown in schematic form, since actual sections do not

show how the blood circulates from the heart through the external gills.
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Figure 78 shows a cross section which passes through the ear and heart

and is schematic as regards the heart and blood vessels. The hindbrain has

very thick lateral walls, while the roof is very thin. The chief derivatives of

the hindbrain are the cerebellum, the medulla oblongata, and some of the

cranial nerves. On each side of the hindbrain a pear-shaped vesicle, the

otocyst, has developed from the epidermis. The otocyst begins as a thickening

of the epidermis (the auditory placode) which develops a pit, and the pit

finally becomes a closed cavity. The hollow otocyst separates from the

epidermis and floats in a mass of mesenchyme cells. A dorsal outgrowth of

the otocyst forms the endolymphatic duct. The walls of the otocyst differen-

tiate into the semicircular canals, which function as an organ of balance,

and also into the lagena, which is the organ of hearing. The auditory, or

eighth cranial, nerve originates from a mass of cells derived in part from

the neural crest and in part from the auditory placode.

The pharynx is large in diameter at this level of the embryo. Just anterior

to this section the thyroid originates from the floor of the pharynx. Between

the pharynx and the ectoderm is a mass of mesenchyme through which the

aortic arches extend. Circulation begins about this time. In Figure 78 the

heart is shown diagrammatically, with the ventral aorta branching and giving

rise to the aortic arches, which extend dorsally around the pharynx and join

the roots of the dorsal aorta. Little blood flows through the aortic arch

directly, since a secondary loop develops through the external gill filaments

and most of the blood flows through these loops, where it takes up oxygen

and gives off carbon dioxide. The course of the circulation, beginning with

the heart, is as follows: through the afferent branchial artery to the vascular

loops in the gills, thence through the efferent branchial artery to the root of

the dorsal aorta. At this point part of the blood flows forward and is collected

and returned to the heart by the anterior cardinal veins. The remainder of

the blood flows posteriorly through the dorsal aorta into the developing

viscera. From the viscera the blood is returned to the heart through the

posterior cardinal vein. A more detailed treatment of the development of

the circulatory system will be found in Chapter 12.

Figure 79 represents a section cut through the pronephros, which begins

to function at about the time of hatching. The pronephros arises as a series

of outgrowths from the nephrotome in the second, third, and fourth seg-

ments. One end of each outgrowth turns posteriorly and fuses with the next

to form a pronephric duct, which then grows backward to join with the
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NEURAL CREST

DERMATOME

MYOTOME

SCLEROTOME

POSTERIOR
CARDINAL
VEIN

GLOMUS

SPLANCHNIC LAYER
OF MESODERM

SOMATIC LAYER
OF MESODERMCOELOM

Fig. 79. A section through the somites and pronephros. The pronephros and

its relation to the blood system is highly diagrammatic. An actual cross section of

an embryo does not show all these relationships. Several cross sections must be

studied in order to reconstruct the essential parts of the excretory system.

cloaca. The other end of the outgrowth opens into the coelom (nephrocoel)

by means of a nephrostome, which develops cilia. The cilia sweep excretions

from the coelomic cavity into the nephrostome and through the tubule into

the pronephric duct. The tubule becomes long and convoluted. In Figure 79

the structures are shown in diagrammatic form in order to emphasize func-

tional relationships.
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Opposite the nephrostome the dorsal aorta sends arterioles into a pocket

of the splanchnic mesoderm to form a vascular body, the glomus (glomeru-

lus). Vessels leaving the glomus enter a branch of the posterior cardinal

vein. The posterior cardinal vein breaks up into smaller vessels as it passes

around the pronephric tubules. A system such as that diagrammed in Figure

79 would allow excretory products from the blood to pass from the dorsal

aorta to the glomus, thence into the coelom to be drawn into the nephrostome

by ciliary action, and thus through the convoluted pronephric tubule. Possibly

at this point certain substances are taken back into the blood stream by the

postcardinal vein. In any case the excretions are collected by the pronephric

duct and conveyed to the cloaca and out through the cloacal aperture. Later

the pronephros degenerates and its function is replaced by the mesonephros,

which is the permanent kidney in the adult. Further development of the ver-

tebrate kidney is treated in Chapter 14, which deals with the mesonephros

and metanephros of the chick.

In the same section (Fig. 79) the spinal cord and neural crest, which give

rise to the spinal ganglia of the limb nerves, are present. The somites begin

their differentiation into dermatome, myotome, and sclerotome, and the

myotome begins to form muscles, which are able to contract at hatching

(stage 20). The sclerotome migrates around the spinal cord and notochord

and later forms vertebrae. The dermatome forms the inner layers of the skin

(dermis).

By this time the ventrolateral growths of the mesoderm, last shown in

Figure 71, have met at the midventral line and have fused. Thus the coelom

is continuous, and two distinct layers are seen;—the somatic layer of mesoderm

(sometimes called somatopleure in the amphibian embryo but not usually so

designated in the chick embryo) and the splanchnic layer (similarly called

splanchnopleure). The gut is beginning to differentiate from the yolk mass,

and in more anterior sections a pocket representing the primordium of the

liver is present ventrally.

At this stage (20) the frog embryo presents an organization which is

typical of vertebrate embryos, and we do not propose to follow internal

changes any farther in this species. The complicated internal changes are best

studied by following the development of the various systems in the body,

and for this study we shall use the chick embryo, which has been studied very

thoroughly. However, at this point it is interesting to complete the story of

frog development by considering some of the major changes that take place

between stage 20 and the formation of the young adult.
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The larva and metamorphosis

By stage 22 (Fig. 80) the embryo has attained a length of 10 mm. and

is now termed a larva. The tail is broad and transparent. The gills have

grown out and branched. The eyes are well developed, with the cornea

transparent and the lens visible. The nasal pits are deep and the openings

constricted. A ventral view shows the suckers, which serve to attach the

embryo to water plants. These suckers are really mucous glands, which

secrete a sticky substance. The mouth parts are beginning to take on form,

and horny teeth develop.

In the last stage of this series (23, Fig. 81) the larva takes on the general

"tadpole" appearance. The tail is very long in comparison with the body and

is very active in swimming movements. The suckers are being resorbed, and

the larva begins to feed actively. The mouth and some horny larval teeth

have formed. A fold of skin, the operculum, begins to creep backward over

the external gills. Eventually this fold will completely cover the gills and

will form a chamber which has one opening on the surface of the larva,

the spiracle, and which communicates with the pharynx. Water taken in by

the mouth then passes over the internal gills and out through the spiracle.

The ventral epidermis becomes transparent at about this time, and the in-

ternal organs may be observed directly.

EYE

NASAL OPENING

GILL

MOUTH

NASAL OPENING

Fig. 80. Dorsal, lateral, ventral, and frontal views of a stage-22 Rana sylvatica

larva. (Courtesy Professor Arthur W. Pollister, Columbia University.)
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MOUTH

OPERCULUM

Fig. 81. Lateral and ventral views of a stage- 2 3 Rana sylratica tadpole.

(Courtesy Professor Arthur W'. Pollister, Columbia University.)

The larva takes in food, grows for a period of a few months, and then

undergoes metamorphosis into a frog. This process is under the control of

the thyroid gland and involves a resorption of the tail by the body, the

emergence of the forelimbs from the gill chamber, changes in the form of

the head, loss of gills, and numerous other form changes. It is interesting

that the discovery of the function of the thyroid gland came about by feeding

various glands, including the thyroid, to tadpoles. Those eating thyroid

metamorphosed long before their normal time, and miniature frogs resulted.

The precocious metamorphosis of frog tadpoles may be obtained by adding

thyroxin to the water. Doses as small as 1 part thyroxin to 1,000,000 parts

water are effective in speeding up metamorphosis.

In the course of this brief presentation of frog development many new

problems arise for analysis. For about the time of hatching the embryo

becomes a functioning organism. The muscles contract, the heart beats, and

the larva responds to stimuli. How do the structures which have formed

according to the principles outlined in the early chapters coordinate to per-

form certain functions? With the next chapter we shall begin a study of the

problem of the interaction and integration of structural units to form

functioning systems.



10 • INTERRELATIONSHIPS OF

DEVELOPING STRUCTURES

Ihushus far we have derived from the single egg an embryo composed of a

number of determined areas or fields which represent the individual struc-

tures and we have shown how these fields finally differentiate into formed

structures. The developing structures, however, are not isolated from each

other. A structure such as the limb needs nerves and blood vessels which

must come into it from other regions of the embryo. The question before us

now is how various tissues interact to produce a functional structure.

Origin and development

of the neuroblasts

We shall use the relationship of the developing nervous system to the

developing limb as the chief example. The problem can be summarized by

outlining the relationship of the primitive nerve cells—the neuroblasts—of

the early embryo to developing structures such as the limb.

The source of neuroblasts in the developing embryo is, first of all, the

neural tube (Fig. 82). The neural tube contains large, rounded neuroblasts,

which will form the actual nerve cells and nerve fibers. Neuroblasts are also

found in the neural crests and the cranial ganglia. Some of the neuroblasts

from the neural crests migrate ventrally and form a depot of the neuroblasts

which give rise to the sympathetic ganglia. Thus we have another source of
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Fig. 82. The relationship of the

developing limb to the neuroblasts

which form the limb nerves. The
neuroblasts are shown as small,

rounded cells in the neural tube and

in the neural crest. A broken line

indicates migration of neuroblasts

from the neural crest to the region

where the sympathetic ganglia will

form. The arrows connecting the

neural crest with the spinal cord

show the path of the developing

nerves. Similarly the arrows from

the neural crest to the limb indicate

the pathway of the limb nerves.

What directs or induces the nerves

to take these paths ?

log oo%\

SYMPATHETIC NEUROBLASTS

neuroblasts, secondarily derived from the neural crests. Finally, there are

some neuroblasts which originate in the epidermis of the head region itself.

These neuroblasts give rise to the olfactory nerve, which has its origin

outside of the brain and then grows back into it.

Consider now the developing limb which receives nerves from the neural

tube and neural crests (Fig. 82). The developing limb is essentially a very

rapidly growing bud of mesoderm which differentiates into the muscles and

bone of the limb. The problem is to determine the factors which bring about

the growth of nerves between the neural crests and the limb, between the

neural crest and the spinal cord, and between the ventral region of the spinal

cord and the limb. This nervous circuit, comprising the simplest type of

reflex arc, must be completed if the limb is to function.

We shall begin by determining, first of all, how a nerve fiber develops.

In the human adult, nerve fibers may be as much as two or three feet long

—

a tremendous length for a single cell. How do we derive these long fibers

from neuroblasts only a fraction of a millimeter in diameter? This problem

was solved by isolating neuroblasts and watching their development under

the microscope. If we isolate a small piece of the neural tube from a young

embryo in which the nerves have not yet developed, and transplant it to a

blood clot and seal the preparation off in a moist chamber, then we can follow

the development of the neuroblasts (Fig. 83). The first thing that happens

is that the isolated mass of tissue begins to spread out; the cells migrate and

form a very thin layer of cells, so that we can watch each individual cell.

Migration is usually the first activity observed in tissue cultures.
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BLOOD CLOT

MOIST CHAMBER

BRAIN

Fig. 83. The origin of the nerve

fiber from a single neuroblast. At

the upper left an operation on a

young frog embryo is diagramed.

The heavy black region represents a

small section of the neural tube. In

the upper right, the section of the

neural tube is shown within a blood

clot, which fixes the tissue to a glass

cover slip. The cover slip is sealed

over a depression in a glass slide so

that the preparation remains sterile

and moist. At the lower left a mag-

nified view of the preparation shows

the migration of cells. The behavior

of one of these cells is diagramed

in the lower right. An amoeboid

outgrowth moves through the blood

clot and comes in contact with an

obstacle. The outgrowth turns and

follows this obstacle. When it leaves

the obstacle it follows a devious

path and may branch to form two
cones of growth.

NEUROBLAST 0B3TACLE

CONE OF GROWTH
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Fig. 84. The optic stalk directs the growth of the

nerve fibers from the optic cup to the brain. Neuro-

blasts that give rise to the optic nerve are in the

inner layer of the optic cup. The cone of growth

of a neuroblast migrates along the inner surface of

the optic cup to an opening, the choroid fissure,

thence along and within the optic stalk back to the

brain.

CHOROID FISSURE

Soon after the cells have migrated from the main mass, the large, rounded

neuroblasts can be distinguished in the tissue culture. After a few days these

neuroblasts begin to show outgrowths from one side of the cell. The out-

growths are amoeboid in nature and trail off into very fine filaments of

protoplasm. If we follow one cell, we find that within a few days the ameboid

outgrowth has advanced a millimeter or two. It remains connected with the

main body of the cell by a thin strand of protoplasm which becomes the nerve

fiber. The amoeboid outgrowth is called the cone of growth, and it migrates

along the bottom of the cover slip or any other solid object just as an amoeba

would.

The migration process continues until the nerve fiber has been spun out

into a very long, thin fiber. Such a fiber may show branching and may have

two cones of growth. Commonly it follows a very devious pathway through

the tissue-culture medium. Thus the outgrowth is not directed along any

specific path. It can change its direction. For example, if this outgrowth meets

an obstacle—and in tissue culture in a blood clot the solid fibrin would form

an obstacle—the cone of growth will be deflected from its random path and

crawl along the piece of fibrin. In general, the cone of growth tends to follow

solid objects as it progresses. The tendency to move along solid objects is

termed stereotropism.

This property of the outgrowing nerve fiber is expressed in the develop-

ment of the optic nerve (Fig. 84). When the optic cup is being formed, it

remains attached to the optic stalk, which connects it with the brain. The optic

stalk is not the optic nerve; it is merely a connection between the cup and the

brain. The optic nerve is formed by a group of fibers which have their origin

in cells in the inner layer of the optic cup. These fibers grow back along the

optic stalk into the brain. Each neuroblast sends out its own fiber and uses

the optic stalk as a solid substrate, literally crawling back into the brain.
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Thus the optic nerve is formed. The optic stalk undergoes changes and

constitutes merely a supporting medium for these nerve fibers.

Regeneration of nerve fibers

The fact that a growing nerve fiber tends to follow solid objects is impor-

tant in nerve regeneration. When a nerve is cleanly cut, the part which is

severed from the cell body undergoes degeneration. The part which is con-

nected with the cell body regenerates. In this process the regenerating nerve

fiber tends to follow its former pathway in the degenerating section of the

nerve. This is illustrated in Figure 85, A and B.

If a section of the nerve is removed by injury instead of merely being

severed, however, there is a gap between the regenerating nerve fibers and

the old pathways in the degenerated section. Since we know from tissue-

culture studies that the nerve fiber follows a random path in the absence of

any formed structures, it is not surprising that regeneration in these cases

does not lead to a normal nerve (Fig. 85, C) . If we could devise some means

of bridging this gap between the two cut ends of the nerve, we could get

the nerve fibers to grow out in parallel fashion and the regenerated nerve

would have the structure of the original one. One means of bringing about

this situation is to transplant into the gap a piece of frozen, dried nerve

(Fig. 85, D). A nerve is frozen at very low temperatures and dried in a very

high vacuum. This treatment results in a preservation of much of its original

structure, and thus the frozen and dried nerve fibers are parallel to one

another. If these nerve fibers are then placed between the two cut ends of the

nerve, the living nerve fibers will tend to follow the parallel paths of the

dead fibers and thus bridge the gap. The dead fibers are absorbed by the

adjacent tissues.

Another way of providing these parallel pathways is to exert tension on

blood plasma (Fig. 85, E) . If we fill a tube with blood plasma, place the two

cut ends of the nerve within this tube, and exert some tension on the clot,

the particles in the clot will become oriented in parallel fashion. As with

the frozen, dried nerve, the living fibers will enter these parallel pathways

and grow across to the other cut section of the nerve. By these means the

chaotic growth of nerve fibers is avoided and more normal regeneration and

more normal function is attained. Tubulation, or the joining of the two ends

of a nerve by a tube, is practiced with some success in surgery.
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Effect of the limb on

growth of nerve fibers

The optic nerve, which has a preformed pathway between the retina and

the brain, has no difficulty in finding its way, and needs no direction to reach

its normal destination. But how are we to explain the development of the

sensory and motor nerves supplying the muscles of the back and the limbs ?

NORMAL limb AND NERVES

TRANSPLANT LIMB POSTERIORLY

10 9 8 7 6

NORMAL NERVES OlRECTEO TO TRANSPLANT

Fig. 86. The directional effect of the limb upon the third, fourth, and fifth

spinal nerves. Top: Nerves 3, 4, and 5 normally grow toward the forelimb.

Center: The forelimb is transplanted in a slightly posterior position. Bottom:

Nerves 3, 4, and 5 turn posteriorly and innervate the displaced limb.
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Here, as can be seen from the Figure 82, there is no visible pathway between

the neural tube and the neural crest and the mesoderm of the limb. A mass of

mesenchyme and some somites intervene, but there is nothing that would

direct the nerve to the limb.

There are only two possibilities: either the nerve shoots out from the

spinal cord in a predirected fashion so that it will hit the limb, or the limb in

some way directs the outgrowth of the nerve fiber. One may choose between

those two possibilities by considering the results of transplanting the limb

to a new position. In the amphibian larva the forelimb is supplied by the

third, fourth, and fifth spinal nerves. The location of the spinal nerves along

the dorsal side of the embryo is shown in Figure 86. When the limb develops,

nerves from the third, fourth, and fifth segments of the spinal cord and

spinal ganglia supply it. Now suppose in an early stage of development,

before the nerves have had a chance to grow out, we cut out the early limb

disk and place it in a new position opposite the sixth, seventh, and eighth

spinal segments. Then we can ask whether the third, fourth, and fifth nerves

will still innervate this limb or whether it will now be innervated by nerves

six, seven, and eight, which are closer to the limb. The fact is that when, by

early transplantation, the limb is moved posteriorly into a new position, the

third, fourth, and fifth nerves will still turn back, deviate from their normal

pathway, and innervate the displaced limb. Therefore, the limb in some way

directs the cone of growth of the outgrowing nerve fiber. This phenomenon

has been called an attraction of the nerve fiber by the developing limb.

What is the nature of this attraction? In the first place, will the limb in

any position always attract these particular nerves? The answer to this

question is clear. There is a limit to the distance over which this attraction

is effective. If the limb is placed in a position more posterior than in the first

operation—if it is put too far away from its normal site—then it will attract

the sixth, seventh, and eighth nerves to itself (Fig. 87) . There is a limit, then,

to the distance over which the limb will attract the normal limb nerves.

The next question we should like to ask is whether this attraction is a

very specific one, originating in the limb only, or whether it is an attraction

which may result from any growing organ. The experiment which throws

light on this question is one in which we take out the forelimb and move it

back as we did before and at the same time substitute in its place the olfactory

placode. Then we find that the third, fourth, and fifth nerves grow out to

the olfactory placode as if it were a limb. In other words, they are attracted

by this foreign structure. But they do not penetrate the olfactory placode,
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TRANSPLANTED NORMAL SITE
LIMB BUD OF LIMB BUD

NORMAL LIMB NERVES

2

6,7,8 NERVES SUPPLY TRANSPLANTED LIMB

Fig. 87. The transplanted forelimb fails to direct the third, fourth, and fifth

nerves toward itself if it is placed too far away from the origin of these nerves.

In the position indicated the limb becomes innervated by the sixth, seventh, and

eighth spinal nerves.

and when they reach it they turn back and enter the limb. Therefore, there

seems to be a general stimulus, a general attraction, exercised by growing

organs for nerves. It does not seem to make any difference whether this

general attraction is exercised by the limb or by the nasal placode. The nerve

fibers of the limb do not, however, penetrate a foreign object. Thus there is

a specificity which determines the penetration of nerve fibers into a tissue,

and this is independent of the attractive forces.

Theories of control of

nerve outgrowths

What could be the nature of this general attraction exercised by all

growing structures? Three theories or three interpretations have been sug-

gested. There may be a chemical attraction exercised by the limb over these

growing nerves. Another suggestion is that the directive force is an electrical

force. Finally, there may be a mechanical direction of the nerve fiber.
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FlG. 88. Schematic representation of

three theories of the directive influence of

the limb bud upon the limb nerves. A: In

the limb a substance, S, diffuses through

the intervening tissues toward the neural

crest. A neuroblast differentiates and its

cone of growth encounters the substance.

5". at a low concentration, C„.
(>>

. The mi-

grating cone is affected by 5" in such a way

that it always turns toward the highest

concentration of S. In this way the cone

migrates to C„, the highest concentration

of S. B: The limb is assumed to set up

electrical differences in potential between

itself and the neural tube. The cone of

growth migrates along the lines of flow

of the electric current. C: The growing

limb exerts an influence on the long, nar-

row particles in the medium between it-

self and the neural crest. The migrating

cone of growth follows the oriented parti-

cles as it would in tissue culture.

In the case of the chemical theory, some substance from the limb is

pictured as diffusing from the limb back toward the spinal cord (Fig. 88, A).

Since this substance originates at the limb, the concentration, C. would be

highest at the limb, C,„ and the farther away from the limb, the lower would

be the concentration. Finally, near the spinal cord it is very weak, C„q. The

chemical theory supposes that as the nerve fiber originates, the cone of

growth starts out at random. Its direction of growth, however, is soon
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determined so that it always points toward the region of increasing concen-

tration of the chemical substance from the limb. This phenomenon is called

chemotaxis, and it is a general biological phenomenon in which there is an

orientation of cells in relation to chemical agents.

The electrical hypothesis depends on the principle of galvanotaxis, or the

orientation of cells in an electric current, and proceeds from the idea that a

growing structure is usually negative to the rest of the organism (Fig. 88, B)

.

Thus if one electrode is placed on the growing limb and another electrode

on the back, a current would be expected to flow through a galvanometer

from the back to the limb. Accordingly, it is assumed, then, that externally

a current flows from the positive region of the back to the negative region of

the limb and that there is an internal return, as in a battery. The nerve fiber

in coming out of the spinal cord might possibly grow along the lines of flow

of an electric current. And, indeed, it is found that an electric current will

orient certain cells and cause them to migrate either to the positive or nega-

tive pole.

The mechanical theory states that channels are set up between the limb

and the spinal cord in the following way. The colloidal particles in the body

fluids of the embryo are oriented with their long axes parallel (Fig. 88 C).

And the cone of growth, in emerging from the neuroblast in the cord or the

ganglia, gets caught between these oriented particles and is mechanically

directed to the limb. The evidence for this theory comes from some tissue-

culture experiments in which the outgrowth of nerve fibers in an unorganized

medium is compared with outgrowth in a medium in which the particles

are oriented. Nerve fibers grow out in all directions from an explant in the

unorganized or unoriented medium (Fig. 89, A). If the particles in the

medium are oriented in the direction of the arrow (Fig. 89, B) the nerve

fibers grow in a parallel fashion from this explant. The orientation of the

particles in the medium is brought about by stretching the coagulating clot

as it changes from a fluid to a gel. If it is stretched at that time, the long,

narrow particles forming in the clot tend to orient with their long axes

parallel. Finally, if two cultures of neuroblasts are placed on the same slide,

it is found that the growth of these cultures orients the medium in between

them so that when the nerve fibers begin to grow out they grow in parallel

fashion toward each other (Fig. 89, C) . The assumption is that the growing

limb bud in the embryo produces a tension or stretching in the medium

between the limb and the spinal cord and in this way orients the long, narrow

colloidal particles in parallel lines. The process would be somewhat as
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ORIENTCO BY STRETCHING

Fig. 89. Orientation of long,

narrow particles, and the results of

such orientation on the growth of

nerve fibers. A: A culture of neuro-

blasts in an unoriented medium.

Nerve fibers grow out in all direc-

tions. B: The medium is oriented by

stretching, and the nerve fibers then

grow parallel to each other. C: Two
cultures orient the intervening me-

dium and nerve fibers grow in paral-

lel fashion.

ORIENTED BY GROWTH OF TISSUES

follows: the particles are oriented at random to begin with, but with stretch-

ing each one begins to turn and they become oriented in parallel fashion, as

in Figure 89, C.

An understanding of these theories is of the utmost importance, since

the directed movements of cells during embryonic development is very wide-

spread. Here are but a few examples: the growth of blood vessels to an organ

and the branching and growth of vessels within an organ; the growth of

the mesonephric duct to join the cloaca; the union of the epidermal half of

the pituitary gland with the nervous half; the migration of some cells of the

neural crests to form the sympathetic ganglia while other cells migrate to the

feather germ and deposit pigment; the union of the ectodermal half of the

adrenal gland with the mesodermal half; the growth of the ureter from the

mesonephric duct. There is indeed an impressive array of processes in which

cell migration occurs. This migration must be directed by one or more of

the three factors which we have considered.

At present there is no good way of determining which of these three

theories is correct. There are arguments for and against each of them. This

statement may seem anticlimactical, but the student must realize the diffi-

culties of research in embryology and he must be prepared for such gaps in

our theory.



EFFECT OF THE LIMB ON DIFFERENTIATION OF NEUROBLASTS 153

Effect of the limb on differentiation

of neuroblasts

Leaving for a moment the nature of the factors which determine the

outgrowth of nerves, let us see what effect the limb has upon the differentia-

tion of the nerves after they make contact with it. We know from observation

that the limb nerves are larger than the other spinal nerves. And the spinal

ganglia of the limb nerves are larger than the other spinal ganglia. We may

ask whether this enlargement is inherent in the nervous system itself or

whether it is caused by the fact that these nerves make contact with the limb.

The simplest way to distinguish between these two possibilities is to

remove the limb on one side and leave it intact on the other. If the increase

in the size of the nerves is due to the presence of the limb, one side should

show large nerves and the other side small nerves. Thus, in the chick embryo,

we may remove the limb bud on one side and leave it intact on the other, and

then examine the embryo at some later time.

The results of such an experiment are shown in Figure 90. The spinal

cord in early development shows a differentiation into a motor region, and

the outgrowths of the neuroblasts from this region go through the spinal

ganglia and innervate the limb. The spinal ganglia contain the cell bodies for

the sensory nerves, and the reflex arc is completed through the spinal cord.

On the operated side, where the limb has been removed, the motor region of

the cord is smaller and the spinal ganglia are smaller. When the limb is

absent we find a 35-percent reduction in the number of senory cells in the

spinal ganglia and a 30- to 60-percent reduction in the number of motor

neurons originating in the spinal cord. There is some influence from the

limb, therefore, which stimulates the differentiation of sensory cells in the

sensory ganglia and of motor cells in the motor region of the cord.

The stimulation by one structure of cell differentiation in another struc-

ture is called embryonic induction. In the case just considered we find that the

limb induces the differentiation of the cells in the nervous system. Remove

the limb and some of these cells fail to differentiate. But why do any differen-

tiate? Some will differentiate because the limb nerves, after the limb is

removed, will innervate muscles of the back. Thus the nerves are present

even if they do not go to the limb muscles. Indeed there is a quantitative

relation between the amount of muscle innervated and the number of nerve

cells which differentiate.
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SPINAL CORD

LIMB BUD
REMOVED

NEURAL CRESTS

LIMB BUD

SMALLER SPINAL
GANGLION

SPINAL GANGLION

LIMB NERVE

Fig. 90. The influence of the limb on the differentiation of sensory cells in

the spinal ganglion and of motor cells in the motor region of the spinal cord.

Top: A left limb bud has been removed from a chick embryo before the

neuroblasts have begun to differentiate. Bottom: The spinal cord on the left side

has fewer motor cells. The spinal ganglion on the operated side contains fewer

sensory cells. In the absence of the limb many neuroblasts which normally

would have differentiated into neurons have failed to do so. How is the influence

from the limb transmitted to the spinal ganglion and spinal cord ?

The conclusions regarding the control of the differentiation of the motor

region of the spinal cord and sensory spinal ganglia were confirmed by the

results of transplanting a limb to a new position. In such an experiment the

transplanted limb comes to lie opposite new nerves and is innervated by a

new set of nerves. As a result these nerves undergo an increase in the number

of fibers, so that they approximate the normal number in the limb region.

Differentiation within the spinal cord

If the limb controls in some way the outgrowth of the nerve and also to

some extent the differentiation of the parts of the spinal cord opposite it, we
still have the problem of the differentiation of the various segments of the
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e 7 e s 53

NORMAL FUNCTION FROM 0,7,8

Fig. 91. The substitution of spinal segments 6, 7, and 8 for segments 3, 4,

and 5. The presumptive forelimb is not disturbed. When the limb develops

it attracts nerves from the transplanted segments, 6, 7, and 8, and shows perfect

function. Therefore the spinal segments 6, 7, and 8 of an early embryo have

been induced by the new surroundings to develop into segments 3, 4, and 5.

spinal cord itself—because these various segments of the spinal cord differ

to some extent. It has already been shown that the amphibian limb if trans-

planted too far posteriorly will attract foreign nerves—the sixth, seventh,

and eighth nerves. These nerves increase in size when they make contact with

the limb. However, the limb will not function properly with these foreign

nerves. There is something different about segments 6, 7, and 8 as compared

with segments 3, 4, and 5, for 3, 4, and 5 will give perfect function of the

limb, no matter where the limb is placed. Thus there must be regional dif-

ferences along the length of the spinal cord.

How is this differentiation brought about? The principles of early em-

bryonic development which we have followed up to this point apply here.

There is a labile organization of the spinal cord of the embryo. It is organized

so that segments 3, 4, and 5 supply the limb; segments 6, 7, and 8 supply the

muscles posterior to the limb. However, the organization is labile, because

these two regions can be interchanged in early development and can be

substituted one for the other. This substitution has been effected by the

following type of operation. Figure 91 shows a spinal cord from segments 1

through 8. Segments 3, 4, and 5 were removed, and from another embryo
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segments 6, 7, and 8 were put in place of 3, 4, and 5. Segments 6, 7, and 8

under these conditions innervate the forelimb. But now the function of the

forelimb, even though it is innervated by foreign nerves, is complete. There-

fore 6, 7 and 8 are able to substitute for 3, 4, and 5. This result means that

6, 7, and 8 are plastic; they are labile enough to be changed by being placed

in this new position. And we assume, then, that there is some kind of induc-

tion, that chemical factors in the surroundings change 6, 7, and 8 into 3, 4,

and 5. There is still some question regarding the localization of these factors

in the surrounding tissues.

Common innervation of two limbs

The principle of labile organization holds true for the third, fourth, and

fifth nerves with respect to their limb function. This is perhaps best illustrated

by the transplantation of an extra limb bud to a site very close to the normal

limb bud. Under these conditions two limbs develop (Fig. 92). The normal

TRANSPLANTED LIMB DISK HOST LIMB DISK

5TM NERVE SUPPLIES BOTH LIMBS

Fig. 92. Two limbs having a common innervation by the fifth spinal nerve.

A presumptive limb is transplanted close to the normal limb region. Two
limbs develop in close proximity. Each limb receives nerve fibers from the

fifth nerve. The result is that both limbs respond to stimulation at the same

time. This is homologous function.
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limb attracts the third, fourth, and fifth nerves. The transplanted limb some-

times attracts. the sixth, seventh, and eighth nerves, but in addition it may

receive a branch of the fifth nerve. We have already pointed out that a limb

supplied by the sixth, seventh, and eighth nerves does not function properly.

In this case, however, with only a branch of the fifth nerve entering the

transplanted limb, function is perfect. Further experiments show that any one

of the third, fourth, and fifth nerves is sufficient to give perfect function to a

forelimb. Thus any difference in the organization of these three nerves must

be labile or subject to change by experimental procedure.

When two limbs are each innervated by the fifth nerve, as in Figure 92,

they show a very striking phenomenon. When the normal limb contracts, the

transplanted limb contracts simultaneously. If a muscle in one of the two

limbs is stimulated, the same muscle in the other limb will contract simulta-

neously. This phenomenon has been called homologous junction. It indicates

that a muscle responds to a specific kind of stimulus regardless of the nerve

which is supplying the muscle.

Relation of differentiation to function

Let us now consider the relation of function to the morphological and

physiological development of the nervous system. As an animal develops, its

muscular responses form a pattern which becomes more and more complex

as the nervous system develops. For example, in the amphibian the first

contractions occur on one side of an animal, bending it into a C shape

(Fig. 93). With further development contractions occur on both sides simul-

taneously, giving an S-shaped configuration to the animal. A number of

contractions following this S-shaped pattern results in the normal swimming

movements in the amphibian larva. Does the animal have to learn this pattern,

or does normal development of the nervous system occur independently of

the function ?

Experiments in which animals have been anesthetized during this so-called

Fig. 93. First reflexes in am-

phibian larva. C-shaped larva result

from contraction of muscles on

right side. Then muscles contract on

left side. Finally, some muscles con-

tract on both sides, imparting an S

shape to the larva. C -shaped S-SHAPED
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learning period give us a very clear answer. Young frog embryos exposed to

a solution of chloretone before any muscular movements set in will remain

quiescent for several days, during which time they develop perfectly normally.

If we now return them to their normal environment the anesthetic washes

out and within a few minutes they are swimming vigorously. It is clear,

therefore, that all the connections and all the pathways necessary for the

reflex movements for swimming have been laid down in the complete absence

of any function.

As a matter of fact, structures such as the limb will develop perfectly

without any nerves, and therefore with no function. The best example,

perhaps, is the case of a transplant of an embryonic limb bud of the chick

embryo into the body cavity. Here it is well nourished and the muscles and

bones of the limb develop perfectly in spite of the fact that no spinal nerves

ever enter the limb. In embryonic development, therefore, the morphological

changes in both the nervous system and the limb take place without reference

to function. The same situation is not true in the adult, however. It is a

commonly known fact that in the adult muscles without nerves will degen-

erate. It is not quite so common a fact that the development of a limb by

regeneration in a young salamander larva must be accompanied by the

regeneration of the nerve. In a larva which normally regenerates a limb

after amputation, this regeneration can be completely inhibited if the limb

nerves are cut. Under these conditions, instead of regeneration, complete

degeneration of the limb takes place.

These experiments on the development of the nervous system show that

the principles of early development apply to the later stages as well. Both the

spinal cord and the spinal nerves show a labile organization. Early embryonic

induction is illustrated by the effect of the limb on the differentiation of the

motor region of the spinal cord and on the differentiation of cells in the

spinal ganglia. In addition, the modification of any one of the third, fourth,

and fifth nerves to take the place of all three must be considered as a case of

embryonic induction. The muscles of the limb induce changes in the nerves.

We have found, in addition, a new principle of directed movements of

cell outgrowths. This phenomenon was not considered earlier, although

during gastrulation there is an extensive migration of cells, just as in the

development of nerves there is a migration of nerve fibers. The mechanism

of directed cell movements is not clear, and the theories are not completely

convincing.
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w.ith some understanding of the principles involved in the develop-

ment of the nervous system, we may now go on to a study of the individual

parts of this system in the chick embryo. We have seen that the nervous system

originates during gastrulation and the formation of the primitive streak. At

this time the notochord induces the neural plate to differentiate from the rest

of the ectoderm. The plate then folds to form the neural tube (Fig. 94, A
and B) , and this folding is caused by a contraction of the upper surface of the

plate, since isolated portions of the plate will also form neural tubes. As the

edges of the neural folds fuse, two strips of tissue bud off from either side

and form the neural crests (Fig. 94, C) . The neural crests are versatile tissues,

since they form not only the neuroblasts of the spinal ganglia but also the

sympathetic ganglia, the sheath cells which are associated with the deposition

of myelin sheaths upon nerve fibers, the cortex of the adrenal gland, the

pigment cells of the feathers, and some mesenchyme.

Neural crests and their derivatives

The performance of these varied tasks by the neural-crest cells necessi-

tates considerable migration. This is illustrated in Figure 94, C, by broken

lines and arrows. Some crest cells migrate to the region of the dorsal aorta

159
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V,NEURAL FOLDS

NOTOCHORD
NEURAL PLATE

CENTRAL CANAL

•NEURAL CREST

B

Fig. 94. The formation and de-

velopment of the neural tube. In A
the future spinal cord and spinal

ganglia are simply a plate of elon-

gated cells. This plate folds to form

a tube, as in B. When the folds fuse

a strip of tissue is pinched off on

either side and this tissue is called

the neural crest. In C the neural tube

is shown with a central canal, while

the neural-crest cells migrate to form

the sympathetic ganglia and also the

deeper lying visceral ganglia. Some

of the crest cells migrate still fur-

ther and form the cortex of the

adrenal gland. Other crest cells mi-

grate into the feather germ and de-

posit pigment. Still others migrate

along the nerve fiber and deposit the

myelin sheath. Finally, some of the

crest cells send out cones of growth

and thus become the sensory nerves

from the spinal ganglia (D). The

neuroblasts in the neural crest send

out one outgrowth which migrates

into the spinal cord dorsal root and

another that migrates out into the

surrounding tissues to form a sen-

sory nerve fiber.

The neuroblasts within the cord

(D) send outgrowths through the

ventral root to muscles and also out-

growths which come in close prox-

imity to the endings of the sensory

nerves. Other neuroblasts within the cord differentiate into neurons which connect one

side of the cord with the other, thus forming a commissure.

VISCERAL GANGLION

NEURAL CREST

SYMPATHETIC
GANGLIA

CORTEX OF ADRENAL

DORSAL ROOT
SPINAL GANGLION

SHEATH CELLS

COMMISSURE

SYMPATHETIC GANGLION

and form the deep-lying ganglia of the viscera. Other cells migrate to the

region of the Wolffian duct, where they fuse with mesoderm cells to form

the adrenal gland. Still other cells migrate to a region near the spinal cord

and develop into the sympathetic ganglia.

Another group of neural-crest cells migrates to the limb and enters the

feather germs of the skin. This migration has been demonstrated clearly by

grafting the neural crests from a species X, which is colored, to the embryo

of a species Y, which is white. Some of the feathers of Y will then be colored.



NEURAL CRESTS AND THEIR DERIVATIVES 161

owing to the migration of the pigment cells of the grafted neural crests of X.

The neural crests also furnish the cells which appear to lay down the myelin

sheaths over the surfaces of the nerve fibers. These sheath cells have been

traced to the neural-crest region by removing the neural crests and observing

that the nerve fibers lacked sheath cells. Finally, the bulk of the neural-crest

cells differentiate into the sensory nerve fibers. The cell bodies of the nerves

remain in the spinal ganglia, while the fibers grow into the skin, establishing

sensory endings there. The number of these cells which will differentiate

into sensory neurons is dependent upon the amount of skin in the periphery.

Fibers from the spinal ganglia also grow into the spinal cord, forming

the dorsal roots of the spinal ganglia. The ventral roots of the spinal ganglia

are formed by fibers from cells in the ventral region of the "spinal cord

(Fig. 94, D). These cells form motor fibers which connect with the muscle

end plates in the limb muscles and the muscles of the back. Thus a stimulus,

such as a touch of the skin, will reach the spinal cord through the sensory

fibers via the spinal ganglia and the dorsal root. In the spinal cord the motor

region is stimulated, impulses go out through the ventral root to the muscles,

and contraction results.

The development of pathways within the cord through differentiation of

neuroblasts leads to the development of a coordinated muscular response.

The gradual increase in complexity of the nerve-muscle pattern has been

worked out by experiments in the amphibian embryo. Suggested readings on

this subject will be found on page 312.

Transformation of neural tube

into spinal cord

The neural tube itself arises as a thick-walled tube, showing no internal

differentiation. Soon, however, we see two major divisions—an ependymal

layer of cells lining the central canal and an outer layer of neuroblasts on

either side (Fig. 95) . The cell bodies of the neuroblasts form the gray matter

of the spinal cord, while the nerve fibers and their myelin sheaths make up

the white matter. Some nerve fibers cross from one side of the cord to the

other. Such a collection of fibers is called a commissure.

Further differentiation within the cord is characterized by a sharper

separation of these primary divisions (Fig. 95). The ependymal layer be-
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comes more and more restricted and finally is nothing more than a lining of

the central canal. The differentiating nerve cells become concentrated around

the central region of the cord, forming the gray matter, while the white

matter remains near the surface. Within the gray matter various regions begin

to differentiate. The most clearly marked is the motor region, which has sharp

boundaries. The number of cells that differentiate into motor neurons in this

motor region is dependent on the amount of muscle present in the surround-

ings. In grafting experiments in which muscle is added to or taken away from

a specific region, the number of cells in the motor region of the spinal cord

increases or decreases accordingly.

CENTRAL CANAL

O
O

EPENDYMAL
q\ LAYER
O

mJ0-J-NEUROBLAST
'0

LWHITE MATTER
ANTERIOR COMMISSURE

EPENDYMAL
LAYER

CENTRAL CANAL

WHITE MATTER

MOTOR AREA

DORSAL HORN

GRAY MATTER

EPENDYMAL
LAYER

CENTRAL
CANAL

WHITE MATTER

ENTRAL HORN

Fig. 95. Differentiation within

the spinal cord. Top: An early

stage, with a large central canal

lined by an ependymal layer. Neuro-

blasts are concentrated in an outer

layer, while the white matter is at

the periphery of the cord. The re-

gion of crossing of nerve fibers is

termed the anterior commissure.

Colter : The central canal and epen-

dymal layer are relatively smaller,

and a large area of nerve cells sur-

rounds the ependymal layer. The
motor region of the cord becomes

sharply delimited. Bottom: General

structure of the fully differentiated

nerve cord. The ventral horn cor-

responds to the motor area previ-

ously described.
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Finally, the differentiation of the gray matter results in dorsal and ventral

horns. These contain the cell bodies for the nerve fibers which form the white

matter of the spinal cord. The central canal becomes very small in diameter

but it never disappears and it persists throughout adult life. It contains the

cerebrospinal fluid.

While differentiation is going on within the spinal cord, the adjacent

mesenchyme migrates over the surface of both the notochord and the spinal

cord and soon envelops these structures with a supporting tissue. This

mesenchyme first forms cartilage, which is finally replaced by bone of the

vertebrae.

The over-all picture of the relationships between the various elements of

the nervous system is shown in Figure 96. The spinal ganglia connect with

GANGLION

SPINAL GANGLION

SECONDARY
SYMPATHETIC
GANGLION

PRIMARY
SYMPATHETIC
GANGLION

Fig. 96. The relationships of the nerve cord, the spinal ganglia, the sympa-

thetic ganglia, and the viscera. The viscera receive two separate sets of nerves.

One set arises in the spinal cord and, by way of the sympathetic ganglia and

the deeper ganglia, supply the viscera. Another set arises in a cranial ganglion

and runs through the vagus nerve to the viscera. Thus a dual control of the

viscera is achieved by a dual innervation.
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the secondary sympathetic ganglia, which, in turn, connect with the deeper

lying primary sympathetic ganglia supplying the viscera. Also supplying the

viscera are the nerve fibers which wander in from the vagus nerve. Thus,

the internal organs—such as the heart, for example—have a dual innervation.

This dual innervation serves to control the rate and the strength of the heart

beat. Stimulation of the vagus nerve slows the heart beat, while stimulation

of the sympathetic accelerates it. This balanced type of control characteristic

of the adult nervous system has its origin in the development of two separate

sets of nerve fibers in the embryo.

The brain and its derivatives

The development of the brain from the anterior neural plate is the most

complicated process in development. When we consider that billions of cells

differentiate, forming nerve fibers which run in regular pathways, forming

connections with other fibers, we can understand why the factors operating

during the development of the higher nervous system are by no means com-

pletely understood. The basic principles, however, are likely to be very similar

to those governing the differentiation of the spinal nerves and the spinal

cord—namely, the directional migration of nerve fibers and the embryonic

induction of the differentiation of nerve cells into their specific types. The

brain, like all other organs, is dependent to some extent on the development

of adjacent organs.

The early brain after closure of the medullary folds shows division into

three. general regions—the forebrain, or prosencephalon; the midbrain, or

mesencephalon; and the hindbrain, or the rhombencephalon. The rhomben-

cephalon merges with the spinal cord. When the walls of the brain begin to

show local differentiation, five primary divisions of the adult brain can be

roughly delineated. The differentiations of the walls of the brain involve

outgrowths, thickenings, and in some places a thinning of the wall. Con-

strictions of the wall also serve to delimit boundaries. These differentiations

are shown in Figure 97.

The first section of the brain, the telencephalon, is bounded by a constric-

tion, the velum transversum, and a pit, the optic recess. From the walls of the

telencephalon the two cerebral hemispheres develop and connect with each

other by means of a commissure which forms in the torus transversus. The

cavity of the telencephalon becomes divided into the first and second ven-
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Fig. 97. The five primary divisions of the brain and some of their derivatives.

tricks. The nerve fibers from the neuroblasts in the olfactory epithelium

grow back into the telencephalon and form the olfactory nerve.

The diencephalon is bounded by a line running from the tuberculum

posterius to the epiphysis. The ventral wall forms the optic chiasma, where

the optic nerves cross as they enter the brain. The developing eye remains

attached to the diencephalon by means of the optic stalk. Nerve fibers origi-

nating from the neuroblasts in the retina grow back along this stalk and enter

the brain. The stalk becomes converted into supporting tissues for the nerves.

The ventral wall of the diencephalon forms an evagination which be-

comes the nervous component of the pituitary body and is called the

infundibulum. The infundibulum fuses with an outgrowth of the ectoderm

of the oral cavity. This ectodermal outgrowth is often called the hypophysis,

but actually it is only one of the two components of the adult hypophysis.

These two components of the adult pituitary body have vastly different

functions. The ectodermal element, which forms the anterior lobe of the

pituitary, secretes several hormones, such as the gonadotropic and growth
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hormones. The nervous portion, or posterior lobe, secretes hormones which

control blood pressure and the contraction of the smooth muscle of the

uterine wall. This dual embryonic origin results in a gland with dual

function. Similarly, the adrenal gland has a dual embryonic origin and it too

has a dual function. Thus studies of the development of structures often clarify

their function in the adult.

The epiphysis arises as an evagination of the dorsal wall and becomes the

pineal gland in the adult. The exact function of this gland is not clear. Some

endocrinologists believe that it may have some possible function during sex

differentiation.

There are still the lateral walls and cavity of the diencephalon to be

considered. The lateral walls of the diencephalon form the thalamus, which

establishes connections with the cerebral hemispheres. The cavity of the

diencephalon becomes the third ventricle of the brain.

The mesencephalon, or midbrain, is sometimes considered as a third

division of the forebrain. It gives rise to the optic lobes, in which some of the

fibers of the optic nerve connect with other neurons. The cavity of the

mesencephalon becomes constricted to a narrow canal connecting the third

and fourth ventricles of the brain.

The metencephalon forms the cerebellum from its dorsal wall. The func-

tion of this structure is the control of postural reflexes. The floor of the

metencephalon carries fiber tracts.

The myelencephalon forms the medulla, which contains fiber tracts

running into the spinal cord. It also develops brain centers which consist of

cell bodies which regulate respiration and circulation. The cavity of the

myelencephalon forms the fourth ventricle, which is continuous with the

central canal of the spinal cord.

In some places the roof of the brain becomes very thin, and such an area

develops into a choroid plexus. A choroid plexus grows into the cavity of

the brain, acquires a good blood supply, and functions to supply the brain

with nutriments.

The cranial nerves, like the spinal nerves, originate from two sources.

The motor neurons grow out from the brain and supply muscles or glands as

effectors. The sensory nerve fibers originate from the ganglia or, as in the

case of the olfactory and optic nerves, from neuroblasts within the sense organ

itself. A detailed description of the structure and function of these nerves

may be found in textbooks on comparative anatomy or vertebrate anatomy.
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Sensory elements of the nose/

ear, and eye

The nasal apparatus begins development as a thickening of the ectoderm.

This thickening, the nasal placode, is induced by adjacent structures, since

transplantations of the head organizer show that nasal placodes may develop

from ectoderm of the body region. The nasal placode invaginates to form

the nasal pit (Fig. 98), and the cells lining this pit contain the neuroblasts

which send fibers into the telencephalon to form the first cranial nerve, the

olfactory nerve. This nerve stimulates the further differentiation of the region

of the telencephalon into which it enters.

The origin of the ear is similar to that of the nasal organ. Opposite the

hindbrain the ectoderm forms two pits which enlarge and separate from the

epidermis as two vesicles—the otic vesicles or otocysts (Fig. 99). These

structures are stimulated to form by inductive influences arising both from

the hindbrain and the surrounding mesoderm. The otic vesicles become pear

shaped as a result of the outgrowth of the endolymphatic duct. From part of

the walls of the ear vesicle the three semicircular canals develop, constituting

the organ of balance. The ventral wall of the otocyst differentiates into the

ductus cochlearis, in which the sensory elements of the ear are formed. The

nerves of the ear arise from a ganglion which sends nerves to both the semi-

circular canals and the cochlear duct during their differentiation. Fibers also

grow back to the hindbrain to form the eighth cranial nerve.

The eyes appear very early as outgrowths of the forebrain called optic

vesicles (Fig. 100). They grow out laterally until they touch the head

ectoderm. Where the optic vesicles come in contact with the head ectoderm

they stimulate lens formation. The vesicles remain attached to the forebrain

by means of the optic stalks. The most distal face of the optic vesicle becomes

indented and thus a cup-shaped structure with double walls—the optic cup

—

is formed. During this process the ventral region near the optic stalk fails to

complete the rim of the cup, and as a result a slitlike choroid fissure is left.

This choroid fissure serves as an outlet for the optic nerve, and through it

mesenchyme and blood vessels enter the optic cup. The lens fits into the cup

itself and the overlying ectoderm with some mesenchyme becomes converted

into the transparent cornea.
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Fig. 98. The origin and early development of

the olfactory organ. A thickening of the epidermis

forms the olfactory placode. The placode invagi-

nates and an olfactory pit is formed. Some of the

cells of the olfactory epithelium become nerve cells,

and their fibers form the olfactory nerve (first

cranial nerve).

ENDOLYMPHATIC DUCT

VIII GANGLION

GANGLION
HIND BRAIN

Fig. 99. The origin and early develop-

ment of the internal ear. Left: The auditory

placodes form otic pits. The placode develops

in conjunction with the eighth cranial gan-

glion. Above: The otic vesicle becomes pear

shaped with the appearance of an outgrowth

which forms the endolymphatic duct. Later

nerve fibers connect the internal ear with the

hindbrain.
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Fig. 100. The origin and

early development of the eyes.

Top: The optic vesicles grow

out laterally from the fore-

brain. The connection between

the optic vesicle and the brain

is the optic stalk. Center: The

left eye cup shows a thick

nervous layer and a thin pig-

ment layer. The lens and cor-

nea are differentiating. The

right eye shows choroid fis-

sure and nerve cell sending

out nerve fiber through optic

stalk. Bottom: Relationship

between the nerve cells and

the photoreceptor cells within

the retina. The photoreceptors

are behind the nerve cells,

and light passes through the

latter before it strikes the re-

ceptors.
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The optic cup itself has two layers: a thick inner layer, the nervous or

sensory portion of the retina; and a thin outer layer, the pigmented layer of

the retina. Within the nervous layer the rods and cones develop from cells

farthest from the cavity of the optic cup. The neuroblasts nearest the cavity

of the optic cup differentiate into neurons which send fibers along the inner

surface of the cup to the optic stalk. The fibers grow through the optic stalk

into the brain, and the cells of the optic stalk become converted into support-

ing tissue. Thus it is seen that light coming into the optic cup first falls not

upon the sensory cells but on the nerve fibers. The light passes through these

nerve fibers and the cell bodies of the nerves before reaching the light-

sensitive rods and cones. The so-called inverted structure of the retina in the

adult is thus caused by the fact that the neuroblasts differentiate from the

inner layer of the cells lining the optic cup.
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n Chapter 10 we saw how the nervous system develops in relation to the

structures that it supplies. It would seem that the circulatory system must

develop in a similar fashion, since each organ requires blood vessels running

to and from it, just as a limb has sensory and motor nerves carrying impulses

to and from it. As a matter of fact, if we watch blood vessels growing in vitro

in tissue culture, we see the ends of vessels pushing their way through the

mass of cells, retracting, and starting out in other directions. The general

impression is that of random growth similar to the growth of nerve fibers

in an unoriented medium.

In the embryo organs may "attract" blood vessels. This may be shown

by transplanting organs into various foreign regions of the embryo. The

transplanted organ always becomes supplied with blood vessels, and these

vessels may be very different from those which provide the normal supply

to the organ in the normal position. Thus, there is a great deal of flexibility

in the development of the circulatory system, and for this reason it is not

surprising to find many anomalies in the adult. Blood vessels may take an

abnormal path to an organ. Sometimes a vessel which normally degenerates

persists in the adult.
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The extraembryonic membranes

In this chapter and in the two following we shall draw heavily upon

studies on the chick embryo. To understand adequately the development of

the circulatory system it is necessary to know the origin and function of

certain extraembryonic membranes. These membranes are lacking in the

frog embryo and thus have not yet been considered.

During the development of the chick embryo four sacs are formed: (l)

An amniotic sac surrounds the embryo, protects it from mechanical shock,

and provides an aqueous environment for the developing embryo. (2) A
chorion forms the outermost layer of cells surrounding the rest of the embryo

and embryonic membranes. (3) A yolk sac, which is filled with the yolk of

the egg, functions as a digestive organ for the embryo. The cells of the yolk

sac secrete digestive enzymes which break down the yolk, and the diffusible

products of digestion pass into blood vessels and are carried into the growing

embryo. (4) An allanZoic sac is connected with the hind-gut and has two very

important functions. The cavity of the allantois receives the excretory prod-

ucts of embryonic development. Urea and uric acid accumulate in it until

hatching; then the connection of the allantois with the embryo is broken

and the dried up membranes, together with the excretory products, are left

in the shell. The second important function is respiration. The blood vessels

in the allantois come in close contact with the egg shell, and oxygen diffuses

into them from the environment. Similarly carbon dioxide leaves the blood

of the allantois and diffuses into the atmosphere.

These four sacs or membranes are called extraembryonic membranes be-

cause they contribute little, if anything, to the structure of the embryo.

However, they form an intimate part of the developing embryo, since they

supply the embryo with food, mechanical protection, and oxygen and remove

from it urea, uric acid, and carbon dioxide.

The amnion, chorion, yolk sac, and allantois all are composite structures,

in the sense that they involve two germ layers. The amnion is composed of a

layer of ectoderm plus mesoderm; the chorion is also a double layer of

ectoderm and mesoderm; the yolk sac is lined with endoderm and covered

with mesoderm; and the allantois is similarly constructed.

The formation of the amnion begins rather early (Fig. 101). At the head

region of the embryo a fold of combined ectoderm and mesoderm begins to
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Fig. 101. The head fold of the amnion and the circulation of the blood at

about 38 hours of incubation time. A crest of combined ectoderm and mesoderm

rises over the head region and subsequently moves over the dorsal surface of the

embryo. The fold is the head fold of the amnion.

The circulation of the blood is indicated by arrows. In the area vasculosa the

vitelline arteries branch into finer and finer vessels which unite to form the

vitelline veins. Food from the yolk enters the circulation in the area vasculosa.

move back over the surface of the embryo. This comprises the head fold of

the amnion. Somewhat later a similar fold appears posterior to the embryo

—

the tail fold of the amnion (Fig. 102). These folds approximate each other

and finally fuse. While the head fold and tail fold are developing, lateral

folds of the amnion appear (Fig. 103). These extend both above and below

the embryo, with the result that the embryo is completely enveloped in a sac,

the amnion. The chorion, which is the outermost layer of the folds, becomes

detached from the amnion except for one very localized region. The com-

bined layers of mesoderm and ectoderm are sometimes designated as

somatopleure. The mesoderm of the amnion forms muscle cells which con-

tract rhythmically, and thus the embryo is rocked back and forth within the

fluid of the amniotic cavity.

Details of the development of the yolk sac will be given in Chapter 13.

At this time it is necessary only to understand that the endoderm, accom-

panied by mesoderm containing blood vessels, spreads over the yolk of the

egg and finally encloses it in a yolk sac. This yolk sac communicates with

the embryo by way of the yolk stalk (Fig. 103) . Vitelline arteries carry blood

to the yolk sac and vitelline veins drain it (Fig. 102).

For the present the allantois will be considered as an endodermal out-
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FOLDS OF AMNION

YOLK SAC

Fig. 102. The folds of the amnion, the allantois, and the circulation in an

early chick embryo.

The amnion: The head fold advances posteriorly and a tail fold forms. It

grows forward and finally meets the head fold. The folds are drawn as a single

line but are actually a fused layer of ectoderm and mesoderm.

The allantois: A saclike structure lined with endoderm and covered with

mesoderm. The umbilical veins and arteries develop in the mesoderm of the

allantois.

The circulation: Note three distinct parts: an embryonic circulation with its

dorsal aorta and cardinal veins ; a yolk-sac circulation with a flow of blood from

the vitelline arteries into the vitelline veins; the allantoic circulation from um-

bilical arteries to umbilical veins.

growth of the hindgut. The allantois is covered with mesoderm which carries

blood vessels—the umbilical arteries and veins (Fig. 102). During later

development the allantois grows in between the chorion and the yolk sac

and becomes highly vascular. Oxygen reaches the blood in the allantois after

passing through a porous shell, shell membranes, the chorion, and the walls

of the blood vessels in the allantois. The fused membrane of the allantois and

chorion is called the chorioallantoic membrane. It is an excellent site for the

growth and differentiation of isolated parts of the embryo. The isolated limb

bud of the chick embryo has been transplanted to the chorioallantoic

membrane to test its ability to self-differentiate.

During the formation of both the yolk sac and the allantois the splanchnic

layer of the lateral mesoderm remains in close contact with the endoderm,

and for this reason the two layers are called the splanchnopleure.
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SOMATIC MESODERM

CHORION
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AMNIOTIC CAVITY
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Fig. 103. The lateral folds of the amnion and the closure of the gut. The

ectoderm and somatic mesoderm form lateral folds. They meet and fuse over the

top of the embryo and thus enclose an amniotic cavity. The outer double layer

is the chorion ; the inner is the amnion. The amnion extends ventrally, and the

gut is constricted into a tube which communicates with the yolk sac through the

yolk stalk. A double layer of somatic mesoderm and ectoderm is called somato-

pleure. A double layer of endoderm and splanchnic mesoderm is known as

splanchnopleure.

Formation of blood vessels

and the heart

A most dramatic event in development is the process of heart formation.

By a simple, direct fusion of two tubes a functional heart is formed in an

interval of some twelve hours of development. At the same time, the anterior

end of the primitive digestive tract is laid down.

As the early blastoderm spreads over the surface of the yolk, blood islands
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differentiate in the splanchnic mesoderm. These masses of mesoderm cells

form both blood and the lining of the blood vessels. The innermost cells of

the blood islands differentiate into blood cells, while an outer layer forms

a sac. Many of these sacs fuse and by growth and elongation are converted

into blood vessels. This process results in a complicated network of vessels in

an area surrounding the embryo—the area vasculosa. Within the embryo two

NEURAL TUBE

NOTOCHORD

SOMATIC MESODERM

SPLANCHNIC MESODERM

DORSAL MESODERM

ECTODERMA
ENDOCARDIAL VESICLES

^T

FOREGUT

Fig. 104. The formation of the heart by fusion of the two rudiments. Top:

The two rudiments of the endocardium are thin-walled vessels, endocardial vesi-

cles. Two thickenings in the splanchnic mesoderm form the future heart muscle.

Center: The endocardial vesicles have come together, thereby pinching through

the endoderm. The epimyocardium envelops the endocardium by closing over its

upper and lower surface. Bottom: The epimyocardium forms an envelope around

the endocardium and is continuous with the somatic mesoderm dorsally. Thus the

heart is suspended by a dorsal mesocardium. The endocardium joins with the

vitelline veins,
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tubes develop and fuse to form the lining of the heart—the endocardium—as

illustrated in Figure 104. The muscular coat of the heart differentiates from

the splanchnic mesoderm, which fuses around the endocardium. This heart

begins to twitch after about 29 hours of incubation, even before the blood

vessels have formed a complete circulatory pathway. The heart continues to

beat, and at 38 hours circulation is established and the blood follows the

pathway indicated in Figures 101 and 105. At this early period the heart

does not have any nervous supply, and the rhythmic pulsations are controlled

entirely within the heart itself. Even if the heart is removed from the embryo

and cultivated in vitro it continues to contract rhythmically. Tissues from the

embryonic heart are very viable and can be grown in tissue culture.

This primitive circulatory system undergoes drastic changes during de-

velopment. The changes, in general, follow the course of the changes which

occurred in the evolution of the species to which the embryo belongs. Thus,

in the early chick embryo we find a two-chambered heart, aortic arches, and

a cardinal venous system, all of which are reminiscent of the circulatory

system in fishes. Figures 102 and 106 show this striking resemblance. The

Fig. 105. The structure of

the circulatory system just

after the blood begins to flow

in a complete circuit. The

vitelline veins have joined up

with the endocardium of the

heart. Aortic arches connect

the heart with the dorsal

aorta. The vitelline arteries

join the dorsal aorta. A very

complicated network of blood

vessels, which develops in the

area vasculosa, connects the

vitelline arteries with the vi-

telline veins. The flow of

blood is shown by arrows.
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resemblance, however, is one of general pattern only and does not carry

through into the finer details of structure. Furthermore, the embryonic

circulatory system changes from day to day as new structures develop and old

structures break up. During the development of the chick embryo, for exam-

ple, three types of excretory structures develop. First there is a pronephros

similar to that outlined for the frog embryo but nonfunctional. Next a

mesonephros develops, and this is the type of kidney found in the adult frog.

Finally the permanent kidney develops, and this is called a metanephros.

With the formation of the mesonephros the cardinal circulation is altered

to a renal portal circulation which resembles the renal portal circulation in

the adult frog. Finally, this renal portal circulation breaks down while the

mesonephros is degenerating and a new circulation is established with the

developing metanephros. We shall discuss the changes in the development

of the circulatory system in isolated regions and not attempt to follow all

changes simultaneously.

EXTERNAL CAROTID

* / AORTIC ARCHES

INTERNAL CAROTID

ANTERIOR
CARDINAL
VEIN

POSTERIOR
CARDINAL-
VEIN

ALLANTOIS

UMBILICAL VEINS

TAIL REGION

FlG. 106. Circulation in the

early chick embryo. A ventral view

with the left side of the cardinal

system omitted. Blood flows from

a two-chambered heart through a

short ventral aorta into four pairs

of aortic arches, then up into col-

lecting arteries which join to form

a dorsal aorta. The forward exten-

sions of the arteries in the head re-

gion represent the carotid arteries,

which develop from the ventral and

dorsal remnants of the aortic arches.
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The aortic arches

The aortic arches become modified with development, and these changes

are outlined below in tabular form. Stages in the development of the chick

embryo are designated either by time in hours from the beginning of incuba-

tion or by the number of mesodermal somites present. The somites form as

discrete, paired structures, and the first pair appears at about 20 hours. The

number of pairs of somites increases from 1 at 20 hours to 41 at 96 hours.

In references to the number of pairs of somites the word "pairs" is usually

dropped and thus a 10-somite embryo means 10 pairs, not 5 pairs.

The Aortic Arches

Ultimate fate in

later development

break down at 72 hr. ; form the exter-

nal carotid arteries

break down at 96 hr. ; form the exter-

nal carotid arteries

break down at 7 days; form the inter-

nal carotid arteries

right side forms main systemic artery;

left side breaks down

transitory; break down at 5 days

form the pulmonary arteries; remain

attached to systemic arteries until hatch-

ing

In the table an arch is said to break down and form other arteries. Actu-

ally the vessel constricts and the blood stops flowing through the arch. The

vessel then parts at the constriction and the two ends are free to grow into

adjacent tissues and become new arteries. Thus, for example, when the first

and second aortic arches become severed from the dorsal aorta their ventral

portions remain connected with the ventral aorta and grow forward as the

external carotid artery. (See Figures 102 and 106.)

Although the aortic arches can be of no respiratory value to the embryo,

we see that they are changed into important arteries in the adult. Of particu-

lar interest is the survival of the right aortic arch as the main artery of the

heart. In mammals the right aortic arch breaks down and it is the left arch

which persists.

Number
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Development and regression of the

renal portal circulation

Changes in the blood system are correlated with changes in the structure

of other organs, such as the kidney (Figs. 102 and 106) . During the develop-

ment of the pronephros the blood from the body of the embryo is drained

by the anterior and posterior cardinal veins and a jugular vein. The posterior

cardinal empties directly into the heart by means of the common cardinal.

During the development of the mesonephros, however, some very striking

changes occur in this simple system.

First of all, a subcardinal vein develops parallel to the posterior cardinal

vein and enters it (Fig. 107). Second, a new vessel develops between the

ductus venosus in the liver and the anterior end of the subcardinal. This new

vessel, when completed, opens up a new channel to the heart via the liver.

With this new channel open, the former circulation through the posterior

cardinal vein is shut off and blood is forced through vessels in the meso-

nephros. This means that blood from the posterior parts of the embryo flows

through the posterior cardinal vein, through the mesonephros into the

subcardinal and through the new vein, the inferior vena cava, through the

liver and into the heart. This type of circulation is a renal portal circulation,

in which the mesonephros carries the blood. This renal portal circulation is

found in the adult frog but is not the system of the adult chick.

The renal portal circulation is gradually replaced by the renal veins,

which drain the metanephros. The metanephros develops as the mesonephros

breaks down. With this breakdown a new connection is made between the old

posterior cardinal vein and the inferior vena cava (Fig. 108) with the result

that blood coming from posterior parts flows directly to the heart and is not

carried by the kidney. Branches of the inferior vena cava supply the legs,

tail, and internal organs, and the system takes on the aspect of the adult

circulatory system.

Hepatic portal system

Changes in the circulatory system accompany the development of the

liver (Fig. 109). During early development the blood coming into the



Fig. 107. The change from the

simple, direct cardinal circulation to

the indirect, renal portal circulation.

The circulation of the blood is

traced by arrows from the posterior

body region, lower left, through

the posterior cardinal vein into the

common cardinal and thence to the

heart. A new vein, the subcardinal,

joins the posterior cardinal at B.

This new vein then connects with

the ductus venosus in the liver by

means of vessel A. When the cir-

culation is blocked at C and at B,

blood flows from the posterior car-

dinal vein through the mesoneph-

ros, D, and thence by means of A
through the liver and into the heart.

PORTAL VEIN

'MESONEPHROS

POSTERIOR CARDINAL

Fig. 108. The change from the

indirect renal portal circulation to

the adult type. The mesonephros de-

generates and the renal portal cir-

culation ceases. New connections at

G carry the blood directly into the

branches of the inferior vena cava.
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embryo from the yolk sac by means of the vitelline veins drains directly

into the ductus venosus. With development of the liver around the ductus

venosus, the union between the vitelline vein and the ductus venosus becomes

more and more constricted and other branches form within the tissue of

the liver. Finally the blood from the vitelline vein empties directly into

the spaces in the liver and is picked up by the hepatic veins. This type of

circulation is termed a hepatic portal circulation. The tissues of the liver

actually transport the blood. The enzymes of liver cells catalyze many im-

portant changes in the composition of incoming foods—deamination, glucose

regulation, detoxification. The substances in the blood come in direct con-

tact with the liver cells and the enzymes are able to function.

Changes in circulation with hatching

A number of changes occur at the time of hatching. During the later

part of incubation the chick possesses a four-chambered heart, but the

two auricles and the two ventricles communicate with each other through

openings (Fig. 110). These foramina permit mixing of bloods from the

two sides of the heart. As Figure 110 indicates, oxygen-containing blood

from the allantois mixes with carbon-dioxide-laden blood from the embryo.

The mixture passes into the right auricle. From the right auricle the mixed

HEART

Fig. 109. The development of a

hepatic portal system. In the early

embryo blood from the yolk sac,

lower right, flows directly through

/ into the ductus venosus and to the

heart. With the differentiation of

the liver the connection / gradually

becomes closed and the blood is

shunted into the spaces in the liver.

It is then picked up by the hepatic

veins at K.
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bloods pass to both the right ventricle and the left auricle. When relaxation

of the ventricle occurs, the blood passes into both right and left ventricles.

From the left ventricle the blood is forced into the fourth aortic arch, which

joins the dorsal aorta. Branches supply the head region. The blood from

the right ventricle passes out through the sixth aortic arch and most of it

RIGHT SIDE LEFT SIDE

R. LUNG

°2 <*J
ALLANTOIS

ALLANTdS
0, AND CO.

C02 C02 AND 2

EMBRYO EMBRYO

Fig. 110. The path of the blood through the heart of a chick embryo. Only

the main systemic circulation and the pulmonary circulation are shown. Circula-

tion to and from the head region is omitted. On the right side the main systemic

artery, 4, connects the left ventricle, L.V., with the dorsal aorta. As the systemic

artery curves posteriorly it receives the ductus arteriosus from the pulmonary

artery, 6. As long as the ductus arteriosus is open blood flows from the right

ventricle, R.V., into the dorsal aorta and does not to any appreciable extent flow

through the lungs.
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is short-circuited from the lungs into the dorsal aortae by the ductus arterio-

sus. As a result, almost all the blood from the right ventricle of the heart

finally flows into the dorsal aorta and is then diverted to the allantois and

the embryo. The blood going to the allantois is oxygenated there, while

that circulating through the embryo loses its oxygen to the developing

tissues.

Shortly after hatching, a number of important changes take place. Cir-

culation through the yolk sac and the allantois stops. The ductus arteriosus

and the openings between the two auricles close. The septum between the

two ventricles is completed and blood begins to flow through the lungs.

With these changes carbon-dioxide-laden blood from the embryo passes

directly through the right side of the heart, through the pulmonary arteries,

and through the lungs into the left side of the heart. Thus, the adult cir-

culation is established.

Frequently the opening between the right and left auricles of the human

heart fails to close or closes incompletely. If the opening is too large and a

considerable mixing of arterial and venous blood occurs, the blood in the

arteries becomes reddish-blue, and the baby looks blue and may not survive,

owing to lack of oxygen. If the opening between the two halves of the heart

is small, there is no injurious effect.

In looking for the factors which control the changes in the circulatory

system, we see certain correlative changes in kidney and blood vessels. Which

of these changes is primary? Do the changes in circulation cause the changes

in the kidney system or vice versa? Since the parts of the kidney will develop

in tissue culture without a circulatory system, it seems clear that the kidney

controls in some way the changes in the circulatory system. The differentiation

of the circulatory system and the outgrowths of blood vessels may conform

to the same principles which we outlined for the differentiation of the

nervous system and the outgrowth of nerve fibers.

Once blood vessels make contact with an organ, the pathways within the

organ are determined by the structure of the organ itself. A foreign blood

vessel forms the same branches within an organ as does the normal blood

vessel. This principle of structural determination of pathways within an organ

applies also to nerve fibers. A foreign nerve entering a limb breaks up into

the same branches to the muscles as does a normal nerve.
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I hehe entire digestive system of the chick embryo arises initially as a flat

sheet of endoderm, as shown in Figure 111. The final closed tube results

from an anterior and a posterior fold plus a folding in of the sides of the

original sheet. These folds result in the formation of, first, a pocket, the

foregut; next, the formation of a hindgut; thirdly, the lateral folds, which

bring the sides of the endodermal sheet together. In this manner a complete

digestive cavity is formed within the embryo. It remains open to the yolk

at the region of the midgut. At hatching the yolk-sac endoderrh is withdrawn

into the body of the chick. The relation of the formation of the gut to the

formation of the amnion was shown in Chapter 12. Special reference to

Figures 101, 103, and 104 will prove helpful.

It must be emphasized at the start that in speaking of the differentiation

of such structures as tongue, lungs, intestine, etc., from endoderm we are

referring merely to the epithelial lining and the epithelial glands of these

structures. The complete organs are formed not only by endoderm but also

by connective tissue and blood vessels derived from mesoderm, and by

muscular coats which are derived from mesoderm. In addition, they are

innervated by nerves coming from ectoderm. Functionally speaking, however,

the endoderm is the most important component of the digestive system, since
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POSTERIOR
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ALLANTOIS

Fig. 111. The formation of the

embryo digestive tract, the yolk sac,

and the allantois. Top: The endo-

derm first arises as a flat sheet of

cells. Center: The endoderm grows

over the surface of the yolk. In the

embryonic area an anterior fold of

the endoderm forms the foregut,

while a posterior fold forms a hind-

gut. The midgut communicates di-

rectly with the yolk. Bottom: With

lateral folding as described in Fig-

ure 103, the opening into the mid-

gut becomes constricted and the

endoderm of the embryo remains

connected with the endoderm of the

yolk sac through the body stalk.

EGG
MEMBRANE
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the endoderm gives rise to the cells which secrete the digestive enzymes, as

well as those which secrete certain hormones.

While the various folds are closing off the embryonic digestive system

from the yolk sac, differentiation of the individual structures such as lungs,

liver, and pancreas proceeds. We shall discuss the formation of some struc-

tures which are not a part of the digestive system but arise in close association

with it, as, for example, the thyroid and thymus glands.

Differentiation in the foregut region

Referring to the diagram of the foregut (Fig. 112), we see that the

ectoderm fuses with the endoderm of the anterior ventral region of the

foregut and forms an oral plate. This plate becomes perforated and the oral

cavity and mouth differentiate. A little farther back the tongue arises as two

growths from the floor of the pharynx. These two growths fuse and form

the lining and glands of the tongue, while the muscle comes from the nearby

mesoderm. Between the two primordia of the tongue a pocket develops.

This appears first as a single outgrowth but later it splits into two lobes.

ESOPHAGUS

GLOTTIS
TRACHEA

EPITHELIAL
BODIES / 2 OUTGROWTHS OF TONGUE

PAIRED THYROIDS

Fig. 112. Derivatives of the foregut and some associated structures. The
visceral pouches, lettered a through e, are endodermal outgrowths of the foregut.

The mesodermal arches are solid black and labeled 1 through 5. Some of the

derivatives of the visceral pouches and visceral arches are shown in the figure.

Others are described in the text. The thyroid, the lining of tongue and lungs,

and the trachea come from the endoderm. The hypophysis is ectodermal in origin

and bears no relation to the development of the foregut.
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These two lobes differentiate into the thyroid glands, which lose their con-

nection with the pharynx and become glands of internal secretion.

Above the tongue primordia and the thyroid outgrowth five evaginations

from the side walls of the foregut form endodermal or visceral pouches.

These outgrowths split the mesoderm into visceral arches and make contact

with the ectoderm. Some of the pouches fuse with the ectoderm and openings

form between the pharynx and the exterior. These openings are called visceral

clefts. All these formations are transitory, and the pouches and arches become

converted into structures of the head region by processes of migration, fusion,

and differentiation.

The first mesodermal arch forms the basis of the cartilage of the lower

jaw and is therefore known as the mandibular arch. The first visceral pouch

gives rise to some parts of the middle ear and to the Eustachian tube, which

remains connected with the pharynx. The second visceral arch of mesoderm

forms the cartilage supporting the tongue—the hyoid cartilage. From the

upper parts of the third and fourth endodermal pouches the thymus gland

differentiates, while some small glands called epithelial bodies come from

the ventral parts of these pouches. Thus, from these outgrowths of the

pharynx only the first pouch retains its connection as the Eustachian tube and

it functions as a pressure equalizer for the cavity of the middle ear.

Another outgrowth from the floor of the pharynx forms the lungs and

trachea. The early primordium of these structures is a trough of endoderm

which splits off from the floor of the pharynx, retaining only its anterior

connection. This anterior opening forms the glottis. The free end of the tube

splits into two tubes which differentiate into the paired lungs and which

communicate with the glottis by means of the trachea. Farther back, the

foregut narrows to form the esophagus.

Concerning the factors which govern the differentiation of the derivatives

of the foregut, we can do little but speculate. As a result of our previous

studies on the determination of structures in the neurula stage we cannot

accept the theory that all these structures are predetermined to form in the

precise region in which they occur. There must be inducing factors, therefore,

in the surrounding tissues. The surrounding tissues are mesoderm and heart.

Perhaps the heart stimulates the endoderm to form the lungs.

The heart forms very early and is suspended from the floor of the foregut

by a mesentery. What is more reasonable than to suppose that various regions

of the heart stimulate the various regions of the endoderm above to differen-

tiate in a particular fashion? Recall that the roof of the archenteron stimu-
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lates the various regions of the nervous system in the overlying ectoderm.

May we not suppose that the primitive heart stimulates the various regions

in the overlying endoderm? Only experiment can answer such a question,

but the contact relationship between the heart and the endoderm suggests

strongly an induction relationship.

Derivatives of the midgut

There is some experimental support for this suggestion in the case of

the development of the liver. Figure 113 shows the liver arising as two

forward-directed outgrowths of the endoderm even before the midgut closes

up. These tonguelike diverticulae crawl along the ductus venosus and break

up into a profusely branched system encircling this vein. And, as we have

seen from a study of circulation in a later embryo, the blood from the vitelline

veins finally flows through the spaces in the liver and is collected by the

hepatic veins of the ductus venosus. The fact that the endoderm grows along

the veins and around the ductus venosus strongly suggests that these vessels

stimulate the first formation and later growth of the liver.

More direct evidence comes from experiments in which parts of the

primitive streak embryo are cultured on the chorioallantoic membrane. Here

.GALL BLADDER

POSTERIOR LIVER

ANTERIOR LIVER

Fig. 113. The formation of the liver and pancreas. The midgut remains open

to the yolk, and its ventral wall curves ventrally below the heart. Thus the two

liver outgrowths in the figure are at first dorsal and ventral. They are termed

anterior and posterior because when the midgut begins to close these liver out-

growths assume an anterior and posterior position. The gall bladder appears as a

secondary outgrowth of the posterior liver. The pancreas originates as three out-

growths of the midgut—one dorsal and two ventral,
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they differentiate and grow. The results show that the liver rarely, if ever,

differentiates unless a heart also differentiates. The two structures are there-

fore closely correlated. Since a heart may develop in the absence of a liver,

however, it is reasonable to suppose that the heart induces the liver rather

than that the liver induces the heart. A certain caution must be exercised in

this interpretation, since it is possible that these two structures, heart and

liver, are so close together spatially that in the early stages we are not able

to separate their rudiments by dissection.

Whatever the causal factor, the more ventral outgrowth of the liver very

soon forms a secondary branch, which becomes the gallbladder. This bladder

communicates with all parts of the liver by means of very fine tubules and

retains its connection with the duodenum. It acts as a storage reservoir for

bile and discharges this secretion through the bile duct into the duodenum.

During later development mesoderm cells migrate into the liver tissue and

form support for the lobes, which grow tremendously in the adult.

The pancreas also has a multiple origin. Three endodermal outgrowths

—

one dorsal and two ventral—fuse to form a single pancreas, which remains

connected to the duodenum by three small pancreatic ducts. The factors

stimulating the development of this very vital organ are completely unknown.

The midgut, as can be seen from Figure 113, remains open to the yolk

during the early development of the liver and pancreas. With time, the

opening of the midgut into the yolk becomes constricted, and at hatching the

much reduced yolk sac is withdrawn into the body of the chick.

The hindgut

In the posterior region of the early embryo the hindgut forms as a pocket

of endoderm by a folding process. The posterior part of the hindgut differ-

entiates into the cloaca, which receives the mesonephric duct of the early

embryo (Fig. 114). The ureter of the older embryo is also connected with

the cloaca. Urea and uric acid from the mesonephros and metanephros,

therefore, are discharged into the cloaca. A ventral outgrowth of the endo-

derm forms the allantois, which provides a storage for these excretory

products. This very important structure has two functions. The cavity lined

with endoderm serves to keep the toxic waste products, urea and uric acid,

isolated from the embryo. The mesoderm which covers the surface of the

allantois carries the umbilical (allantoic) veins and arteries. These take

carbon dioxide from the embryo and carry oxygen back to the embryo. The



THE HINDGUT 191

MESONEPHRIC DUCT
CLOACA I _ RECTUM

X—POSTERIOR INTESTINAL PORTAL

INTESTINAL CAECUM

Fig. 114. The hindgut and its derivatives. The hindgut communicates with

the yolk through the posterior intestinal portal. The cloaca receives the meso-

nephric duct. From the floor of the hindgut a rapidly growing sac develops into

the endodermal component of the allantois. A small intestinal caecum forms

from a ventral outgrowth of the hindgut.

allantois grows around the inner surface of the shell and thus its blood

capillaries come in direct contact with the air which diffuses through the

porous shell and shell membranes.

Although we know much less about the principles governing the develop-

ment of the digestive system, as compared with the nervous system, a few

facts are clear. First, the early differentiation of the endoderm is independent

of the nervous system. In the amphibian egg the endoderm shows a high

degree of differentiation in exogastrulae, in which no nervous system forms.

Second, the normal asymmetry of the stomach and intestines is dependent

upon the roof of the archenteron in the frog neurula. If a combined section

of the roof of the archenteron and neural plate is cut out and rotated 180°,

the resultant tadpole shows reversed asymmetry, or situs inversus—that is,

the position of the stomach is reversed, and the heart is on the opposite side

of the body (Fig. 115). Third, the formation of an endodermal tube is

dependent upon mesoderm cells. When either lung or intestinal epithelium

is grown in tissue culture, the cells spread out in a flat plate. There is no

morphological difference between lung and intestinal cells. If a culture of

connective tissue cells is now added to these cultures, the epithelial cells

form tubes which take on the characteristics of lung or intestine respectively.

Other epithelial tissues behave in a similar fashion. It is clear that some

mesoderm is necessary for the formation of characteristic tubules.
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Fig. 115. Situs inversus in frog

tadpole. Left: Normal curvature of

heart and stomach of a tadpole.

Right: A section of the neural plate

plus the roof of the archenteron is

reversed in an early frog neurula.

Result: a reversal of the curvature of

the heart and stomach.

Whereas the endoderm depends upon the mesoderm for some of its

structural characters, the splanchnic mesoderm in turn is induced by the

endoderm in the amphibian embryo. If the endoderm is removed in the early

neurula, the splanchnic mesoderm forms the same structures as the somatic

mesoderm. As a result, both splanchnic and somatic mesoderm develop

limbs. When the splanchnic layer is in contact with endoderm it forms

peritoneum and not limb. Since the splanchnic layer is normally in direct

contact with the endoderm and since the endoderm is necessary for its normal

differentiation, this relationship is another case of embryonic induction.

These few facts make it very likely that the principles operating during

differentiation of the digestive system are very similar to those which have

been outlined for other parts of the embryo. Newer studies on the differentia-

tion of the endoderm are now in progress in several countries.
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AND LATERAL MESODERM

I hehe mesoderm is not as definitive a layer of tissue as the ectoderm and

the endoderm. The cells are more apt to migrate and to form loose aggregates

of single cells called mesenchyme. This mesenchyme spreads around other

structures and forms supporting tissue, connective tissue, cartilage, bone, and

in some cases muscle.

The mesenchyme in early stages shows a very labile organization. Trans-

planted organs may stimulate it to form cartilaginous capsules. The ear

vesicle transplanted posteriorly induces foreign mesenchyme to form a

capsule of cartilage. More spectacular is the behavior of the mesenchyme in

the trunk region: in the amphibian this may be stimulated to form a limb

by the implantation of celluloid particles. The general picture is that of each

organ molding the mesenchyme into the general form of the organ. Bone

and cartilage are both very susceptible to pressure and tension.

Development of the somites

Let us first outline the general form of the mesoderm in the chick embryo

and then trace the development of the main divisions of this primary meso-

derm. The mesoderm of the early chick embryo (Fig. 116) shows three main

masses of cells: the somites, the nephrotome, and the lateral mesoderm. We
193
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shall first follow the fate of a somite. Shortly after its formation some of the

cells of the somite begin to migrate in the direction of the notochord and

neural tube. These cells form a mass of mesenchyme which is called

sclerotome. The sclerotome finally completely surrounds the notochord and

neural tube and differentiates into the vertebrae, as shown in Figure 116.

Another portion of the somite forms a discrete layer of cells and is termed

the dermatome. It gives rise to the mesodermal portion of the skin, the

corium. The cells of the dermatome form migratory mesenchyme cells which

cover the inner surface of the epidermis. The core of the feather and the

connective tissue layer of the skin develop from this mesenchyme.

The remainder of the somite forms the myotome, a layer of cells which

develops into muscle. Not all the muscle of the body comes from the

myotome, since, as we have already seen, the muscle of the heart differentiates

from the cells of the splanchnic mesoderm. The limb muscles develop from

mesenchyme which has its origin in the somatic layer of the mesoderm.

Smooth muscle of the digestive tract comes from splanchnic mesoderm, and

finally, in the head region, the musculature is formed by the head mesen-

chyme. Thus the myotome of the somite differentiates mainly into the

voluntary muscles of the back.

Differentiation of the nephrotome

The second of the primary divisions of the body mesoderm is the

nephrotome, or the intermediate mesoderm. This tissue undergoes a compli-

cated series of changes leading, first, to a pronephros, which is nonfunctional;

next, a mesonephros, which functions for several days; and finally, a meta-

nephros, which persists as the permanent kidney of the adult. The resem-

blance of the pronephros of the very early chick embryo to the pronephric

kidney in lower fishes is very striking, even though the chick pronephros is

solid and thus nonfunctional.

As Figure 117 shows, the pronephric tubules develop from the nephro-

tome between the 5th and the 16th somites, and a solid pronephric duct

forms in this region. The pronephric duct grows posteriorly and becomes the

hollow mesonephric duct leading into the cloaca. The pronephros is a transi-

tory structure, and the anterior end begins to break up soon after its forma-

tion. It is very difficult to see why the pronephros should form at all. Perhaps

it is something like the notochord, which simply serves as a structure around
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Fig. 116. Top: A cross section of an early chick embryo, showing the three

main divisions of the mesoderm—the somite, the nephrotome, and the lateral

mesoderm. Center: A later stage in development. The somite shows a segregation

into three groups of cells. A loose aggregation cf cells, the sclerotome, migrates

around the nerve tube and notochord. The remainder of the somite splits into

two layers. The outer layer is dermatome; the inner layer is myotome. In the

nephrotome a mesonephric duct has formed and the remainder remains undif-

ferentiated in posterior regions. Bottom: A still later stage, showing the sclero-

tome differentiated into cartilage around the notochord and spinal cord and

assuming the form of a vertebra. The myotome has differentiated into the muscles

of the back and the dermatome into the corium, or the mesodermal component

of the skin.
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which the vertebrae form. In a similar manner the main contribution of the

pronephros to the embryo is the establishment of the mesonephric, or

Wolffian, duct.

The Wolffian duct receives the mesonephric tubules, which end in the

renal capsules (Figs. 117 and 118). As Figure 117 shows, the nephrotome

first forms mesonephric vesicles. These vesicles then elongate and take on an

S shape. One end of the S indents to form the renal capsule, while the

opposite end connects with the mesonephric duct. This looks like a clear case

of an attraction between the duct and the tubules. The cup-shaped renal

capsule is soon filled with blood capillaries which form a glomerulus. The

glomerulus connects with the dorsal aorta. The efferent blood vessels coming

out of the glomerulus spread over the surface of the tubules (Fig. 118) and

unite with the veins draining the mesonephros. The renal portal circulation

is established by connections between the posterior cardinal and the sub-

cardinal vein, which forms a part of the inferior vena cava. The details of

these circulatory changes have already been considered.

The general mechanism of excretion, on the basis of information from

other animals, is a filtration of substances through the renal capsule, followed

by a partial recovery of substances by absorption into the walls of the tubule.

The remaining excretory products, such as urea, then pass from the tubule

into the Wolffian duct, down to the cloaca, and finally into the cavity of the

allantois. The mesonephros functions throughout most of the period of

incubation, but it is gradually replaced by the developing metanephros, which

differentiates from the nephrotome of more posterior regions, opposite

somites 30 to 33 (Fig. 117) . A new excretory duct, the ureter, develops from

an outgrowth of the Wolffian duct just where it enters the cloaca. This

ureter grows forward and sends out short outgrowths in the direction of the

nephrotome. The nephrotome at the same time forms metanephric vesicles

which become converted into renal capsules and tubules. These structures

form by the same process as dp the mesonephric renal capsules and tubules.

Connections of the tubules with the outgrowths from the ureter complete the

pathway for the excretions.

Although the metanephros is similar in structure to the mesonephros, its

circulation is quite different. The blood after passing through the glomeruli

is picked up by the renal veins which flow into the inferior vena cava. There

is no renal portal circulation through the metanephros. The functioning of



Fig. 117. The development of

the pronephros, mesonephros, and

metanephros. Left: The mesodermal

somites from 5 to 35. From 5 to 16,

the pronephros consists of solid

tubules and a solid duct. From 20 to

2 5 is an active region of differ-

entiation of the mesonephros. Since

the individual parts of the meso-

nephros begin to form in anterior

regions first, the fully formed renal

capsule is shown opposite somite 21.

Opposite somite 26 a mesonephro-

genic vesicle is shown which formed

from the nephrotome. At the level

of somite 25 the mesonephric vesi-

cle has changed to an S-shaped tube.

At somite 23 the mesonephric tu-

bule begins to develop a renal cap-

sule. At somite 21 the capsule is

completely formed and blood vessels

connecting with dorsal aorta have

formed within it. The network of

capillaries in the renal capsule is

called a glomerulus. The opposite

end of the mesonephric tubule con-

nects with the mesonephric duct

and the excretory products follow

the path indicated by arrows to the

allantois. Development of a renal

capsule of the metanephros is shown

from somites 33 to 30. Note that a

new excretory duct develops which

begins as an outgrowth of the meso-

nephric duct and runs forward.

This is the ureter. The metanephric

tubule connects with the ureter.
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Fig. 118. A schematic representation of a functional unit of the mesonephros.

The circulation ,within the mesonephros is not as simple as shown. Blood from

the posterior cardinal vein flows through ill-defined sinuses between the tubules

and is collected by a subcardinal vein.

the metanephros begins in late development and continues in the adult. It

excretes chiefly uric acid, a substance which is relatively insoluble and thus

can be stored without taking up large amounts of water. Since the embryo

develops within a sealed cavity, the shell, it is absolutely necessary that its

excretions be in a concentrated form. The properties of uric acid are much

more suitable for this purpose than those of urea, which takes up large

amounts of water. Thus in the embryo of the bird the process of excretion

becomes adapted to an existence which requires a minimum of volume of

excretory products. It is interesting to point out that this same adaptation is

very useful to the adult bird, for it reduces the weight for flying.

The uric acid of the embryo accumulates in the cavity of the allantois

during development. After hatching, the dried up allantois and the excretions

are left within the shell.

Parts of the degenerating mesonephros are utilized by the developing

reproductive system in the male. Some of the tissue of the mesonephros

becomes converted into the epididymis, while the Wolffian duct forms the

vas deferens, which carries the sperm from the testis to the cloaca. In the
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female the Wolffian duct shrivels up and disappears. As we shall see later

on, these changes in the mesonephros may be modified by the injection of

sex hormones.

The over-all picture of these three successive kidney systems shows a

recapitulation of the evolutionary history of the kidney in vertebrates from

the lower fishes up through birds and mammals. It is not clear why this same

succession of three different types of kidneys should occur in the embryo.

Why does the metanephros not develop directly? The pronephros and

mesonephros contribute nothing to the final kidney system except for a small

part of the Wolffian duct which gives rise to the ureter. The formation of

temporary structures is very puzzling, and until further analysis of develop-

ment is carried out we can give no good reasons. The factors for the break-

down of the mesonephros reside within this structure itself, for if it is

transplanted to a foreign environment it still undergoes disintegration. Thus,

the mesonephros is not only determined to develop within the embryo but in

addition it has a factor within itself which determines its own breakdown.

Some mutant genes cause the structure to break down. In one strain of mice,

for example, the tail becomes much smaller after forming in the embryo.

Since the adrenal gland develops in close connection with the kidney, we

shall consider its formation at this time. Like the adult pituitary, the adult

adrenal is composed of two different kinds of tissue. The cortex of the

adrenal originates from the intermediate mesoderm near the metanephros.

This cortical portion of the gland secretes hormones which regulate the

function of the kidney and so control the composition of the blood. In man,

injury of the cortex is associated with Addison's disease. The symptoms are

muscular weakness, low blood pressure, and a pigmentation of the skin. On
the other hand, the medulla of the adrenal gland arises from neural crest

cells which migrate internally to form the sympathetic ganglia. Some of these

cells join with the mesodermal component to form the complete adrenal

gland. The medulla secretes adrenaline, which has an action similar to that

of the sympathetic nerves in that both cause constriction of abdominal blood

vessels. This is an extremely interesting situation in which two groups of

cells—the sympathetic nerve cells and the cells in the medulla of the adrenal

—have a common embryonic origin and, although one group differentiates

into nerve cells while the other group forms a gland, both types of cells

perform a similar function in the adult.
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The lateral mesoderm

We have yet to consider the third component of the primary mesoderm.

The lateral mesoderm forms two distinct layers of cells: an outer layer of

somatic mesoderm and an inner layer of splanchnic mesoderm. The space

between these layers is the body cavity, or coelom. These two layers differ

greatly in the structures which they form during development. In general,

the somatic layer forms muscle, such as that of the limbs, and some mesen-

chyme of the inner layer of the skin. The splanchnic layer, on the other

hand, forms smooth muscle and connective tissue of the viscera. The

mesenteries supporting the viscera also arises from splanchnic mesoderm

and serve as pathways for blood vessels and nerves. Both layers contribute

to the formation of the peritoneum.

These two layers are stimulated to differentiate by contact with the

endoderm and the ectoderm. For example, if the endoderm of an amphibian

neurula is removed, the splanchnic layer of mesoderm develops just as the

somatic layer does and it forms limbs. Thus, the endoderm induces the

differentiation of the splanchnic mesoderm. As a matter of fact, the splanch-

nic and somatic layers may be interchanged in early development and a

normal embryo will still result. This experiment tells us that there is no

determination in these layers in early development and that their differentia-

tion depends on contacts with the surrounding tissues.

Once determined, the derivatives of the splanchnic mesoderm are many.

In the chick embryo we have already seen that the blood islands, comprising

both blood and lining of blood vessels, originate in this layer. During the

formation of the heart the lateral mesoderm closes in on the blood vessels

and differentiates into the muscle of the heart. Much later in development

the spleen forms from the splanchnic mesoderm.

As the differentiation of the digestive tract and its derivatives proceeds,

the splanchnic mesoderm becomes involved in the formation of the smooth

muscle and connective tissue of the digestive tube. The mesenteries which

support the viscera and which conduct nerves and blood vessels to the organs

also differentiate from this layer.

As development continues, the splanchnic mesoderm becomes converted

into peritoneal epithelium and from this layer the germinal epithelium arises.

The germinal epithelium differentiates into the bulk of the ovary and also
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probably forms the germ cells in the sexually mature adult. The details of

this differentiation will be discussed later, and at this point we will simply

indicate that the germinal epithelium is probably induced by the Wolffian

duct and the notochord. In fact, transplantations of either of these latter

structures will cause a secondary germinal epithelium to develop from the

peritoneum of the amphibian embryo.

The lateral mesoderm in the chick embryo extends into the extraembry-

onic areas, where the splanchnic layer becomes attached to the endoderm and

the somatic layer to the ectoderm. These double layers are sometimes termed

splanchnopleure and somatopleure, respectively. Thus, during the foldings

and growths involved in the formation of the extraembryonic structures, such

as the amnion and chorion, the mesoderm and ectoderm behave as a single

layer. Similarly, the mesoderm and endoderm remain attached to each other

while the allantois and yolk sac develop. Figure 103 illustrates the formation

of the amnion and the yolk sac.

The importance of the mesodermal layer in the allantois and the yolk sac

lies in the fact that the blood vessels develop and grow in mesoderm. Thus

the vitelline vessels and the allantoic vessels, both of which are concerned

with the nutrition and respiration of the embryo, reside in the splanchnic

layer of the mesoderm.

On the other hand, the somatic layer which covers the amnion forms

muscles which contract rhythmically to keep the amniotic fluid swirling

around the developing embryo. The amnion forms a firm cover, offering

mechanical protection to the embryo.

Both the amnion and the allantois are purely extraembryonic structures

and are discarded at hatching. These structures thus represent adaptations to

the environment of the developing chick embryo. As we shall see in later

chapters, the functions of respiration, nutrition, excretion, and mechanical

protection are carried on by the extraembryonic membranes derived from the

somatopleure and splanchnopleure.

General considerations

In the past few chapters we have considered the development of the

nervous, circulatory, and digestive systems and some of the derivatives of

the mesoderm. Although there are still large gaps in our knowledge of the

causes underlying the development of many structures, it seems clear that
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the principles formulated for the early embryonic development of the egg

apply to the later development of systems in the embryo. Labile organization

of parts followed by embryonic induction appear to provide a reasonable

interpretation of the development of individual structures.

At this time it is well to pause to consider what has been accomplished

thus far and what has been omitted. We have gained an insight into the

embryological processes by which the several systems of the body develop.

We have as yet to consider the development of the reproductive system, and

we shall do so in the last chapter because we want to relate its differentiation

to the determination of sex, the maturation of the germ cells, and the begin-

ning of a new individual from a fertilized egg. And thus we shall have

completed the cycle from fertilized egg through adult to fertilized egg.

Omitting, therefore, for the time being the discussion of the differentia-

tion of the gonads and having completed the treatment of the individual

systems, we now go on to a study of the embryo as a whole, using the chick

as material.



15 • THE DEVELOPMENT OF THE

CHICK EMBRYO

Wy v ithithout doubt our knowledge regarding the details of structure and

function of the parts of the developing chick embryo is more extensive than

for any other species. And yet even in the chick the information about

cleavage and gastrulation leaves much to be desired. In part this situation

arises from the fact that these processes take place in the oviduct of the hen

before the egg is laid. Eggs from the oviduct are relatively inaccessible, and

the large numbers of them required for experimental studies are difficult to

obtain. The ovarian egg of the hen is large by virtue of the deposition of

enough yolk to sustain development for about three weeks at 103° F. The

yolk is composed of discrete particles, and a chemical analysis reveals a

phosphorus-containing protein, a globulin-like protein, and a protein to

which a carbohydrate is attached. Fats are well represented in the form of

lecithin, sterols, and neutral fats. Vitamins A, Bj, B2 , niacin, D, and E are

present in yolk. The combined albumen and yolk contains the following

chemical elements: sodium, potassium, calcium, magnesium, iron, phos-

phorus, chlorine, iodine, bromine, sulphur, nitrogen, carbon, hydrogen,

oxygen, copper, barium, aluminum, manganese, strontium, titanium, vana-

dium, silicon, selenium, molybdenum, ruthenium, and boron. Other elements
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may be present if they are included in the diet of the hen during the period

when yolk is formed.

Upon ovulation the large egg is fertilized as soon as it enters the oviduct.

Cleavage and part of gastrulation occur in the oviduct, which provides a

suitable temperature (about 103° F.) for development. The developing egg

remains in the body of the hen for about 20 hours and is then laid. If the egg

cools to room temperature (about 80° F.), development ceases and the

gastrula eventually dies. If the temperature is maintained at about 103° F.,

development continues. While in the body of the hen the egg receives coat-

ings of egg albumen secreted by the walls of the oviduct, shell membranes,

and a porous calcium carbonate shell from the shell gland. Thus, of the egg

that is laid only the "yolk" represents the ovarian egg. The viscous, watery

albumen serves to suspend the egg within the shell membranes and maintains

an aqueous environment for the developing egg. The shell gives mechanical

support and, being porous, allows gases to pass to and from the embryo. Let

us return now to the egg in the oviduct just after ovulation.

Cleavage

Since the protoplasm of the hen's egg is localized in the form of a small

disk, the blastodisk, at one pole of the large egg, and since cell divisions do

not extend through the entire egg, the early cleavages merely break up the

blastodisk into a large number of cells. The yolk remains intact and non-

cellular. Such cleavage is called incomplete, or meroblastic, cleavage. The egg

is a telolecithal egg, i.e., yolk concentrated at one pole, protoplasm concen-

trated at the other. Thus cleavage of the egg results in a flat sheet of cells, a

blastoderm, which floats on top of the yolk (Fig. 119). A cavity, the blasto-

coel, develops under the blastoderm. The roof of the blastocoel is composed

of cells, whereas the floor is noncellular yolk. The marginal periblast at the

edge of the blastoderm contains nuclei which divide and form new cells, so

that the edges of the blastoderm spread over the surface of the yolk as

indicated by the arrows in Figure 119. During subsequent events, which will

be described, the blastoderm increases in size by the addition of cells at its

periphery. The marginal periblast soon forms a zone consisting of cells

which migrate over the surface of the yolk, and this is termed the zone of

overgrowth. Overgrowth continues long after the embryo has formed and

ceases only when the entire yolk mass has been incorporated into a sac.
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Fig. 119. The early blastoderm of the hen's egg. Top: A section through the

blastoderm, showing many cells which form the roof of a small cavity, the

blastocoel. The floor of the blastocoel is non-cellular yolk. The wide circle repre-

sents the yolk within the vitelline membrane. During development the blastoderm

spreads over the surface of the yolk in the direction of the arrows. Center: A
surface view of the blastoderm. Bounding the cellular portion of the blastoderm

is a ring of protoplasm. This is the periblast, a ring of non-cellular protoplasm
containing nuclei. As this protoplasm is incorporated into cells the area of the

blastoderm increases.
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Gastrulation

Gastrulation involves (1) a migration of cells into the blastocoel to form

a part of the endoderm (Fig. 120) ; (2) a concentration of cells along the

midline of the blastoderm to form a primitive streak (Fig. 121); (3) a mi-

gration of cells from the sides of the primitive streak to form the mesoderm

of the embryo (Fig. 122) ; and (4) the formation of a head process at the

anterior end of the primitive streak with the subsequent differentiation of

the notochord from this process (Fig. 121).

The migration of endoderm cells into the blastocoel appears to be equiva-

lent to the involution of some of the endoderm at the dorsal lip of the early

amphibian gastrula. Indeed, until about 1937, descriptions of gastrulation

in the chick blastoderm pictured a transitory dorsal lip. At present, however,

embryologists agree that an actual opening, a blastopore, is not present and

that the presumptive endoderm cells migrate from the surface of the blasto-

derm into the cavity of the blastocoel and there arrange themselves into a

layer of endoderm, as illustrated in Figure 120.

The formation of the primitive streak in the midline may be compared

with the formation of the lateral lips of the blastopore in the amphibian

gastrula (see Fig. 37). Both the primitive streak and the lateral lips develop

as a result of migration of cells toward the midline of the gastrula. This

migration' is illustrated in Figure 122, which shows by means of arrows the

movement of cells from the surface layer into the thick primitive streak and

from the primitive streak out into the lateral mesoderm. There may possibly

also be some movement of cells from the primitive streak into the endoderm.

Thus the primitive streak may represent a mass of relatively undifferentiated

cells which are able to differentiate into mesoderm, endoderm, or notochord.

It is also possible, however, that the mesoderm, endoderm, and notochord cells

are already differentiated in the primitive streak and sort themselves out into

the proper layers by mutual attraction of like cells and repulsion of unlike

ones. Cells in general show a certain specificity with regard to their union

with other cells. The specificity may be in some property of the surface of

the cell.

If we assume that a specificity for adhesion of like cells exists in the cells

of the primitive streak, it follows that the endoderm cells will unite only with

endoderm cells already formed and that mesoderm cells will not enter the
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POSTERIOR

Fig. 120. A simplified version of early gastrulation in the chick. Near the

posterior border of the blastoderm, cells migrate into the blastocoel and a layer

of cells spreads in an anterior and lateral direction. The result is a sheet of

endoderm underneath the blastoderm.

PRESUMPTIVE HEAD PROCESS
NEURAL PLATE (NOTOCHORO) hensen's NOOE PRIMITIVE STREAK

iRCHENTERON

ECTODERM

MESODERM

ENDODERM

'
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Fig. 121. The primitive streak in longitudinal section. It is continuous with

the endoderm below. The anterior end of the streak is Hensen's node. From

this an outgrowth, the head process, develops into the notochord. Above the

notochord is the presumptive neural plate. Posteriorly the primitive streak joins

the ectoderm, mesoderm, and endoderm. Compare with Figure 122, which

shows a cross section of a primitive streak.

MIGRATION
or CELLS

PRIMITIVE GROOVE

PRIMITIVE STREAK

PRESUMPTIVE NOTOCHORD

Fig. 122. The primitive streak in cross section. The migration of cells is

shown by arrows. Cells from the surface layer migrate toward and into the

primitive, streak. From it cells migrate further into the mesoderm and possibly

into the endoderm. The dotted circle represents cells which give rise to notochord.
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endoderm. Similarly, the notochord cells will remain separate from either the

mesoderm or the endoderm.

To continue with our comparison of gastrulation in chick and amphibian,

the head process, which differentiates into notochord, extends forward from

the anterior end of the primitive streak (Fig. 121) . In the amphibian gastrula

the notochord turns in at the dorsal lip of the blastopore and extends

anteriorly. If we consider the anterior end of the primitive streak as homolo-

gous with the dorsal lip of the blastopore, we may say that the notochord

forms in the same way in both chick and amphibian.

Finally, the proliferation of the mesoderm from the sides of the primitive

streak (Fig. 122) resembles the migration of the mesoderm over the lateral

lips of the amphibian blastopore and its subsequent spreading between the

ectoderm and endoderm.

Development during the first day

of incubation

The age of chick embryos is designated in terms of hours of incubation

and in terms of number of somites, as discussed in Chapter 12. During the

first 24 hours of incubation five pairs of somites form.

Inspection of a stained preparation of the primitive-streak blastoderm

(Fig. 123) shows an over-all division into an area opaca, which is in contact

with underlying yolk, and an area pellucida, in which the cells are separated

from the yolk and appear more translucent. The primitive streak appears

as a denser region in the long axis of the ovoid area pellucida. The mid-

region of the primitive streak appears lighter, owing to a groove—the

primitive groove—which runs along the length of the streak. The posterior

end of the streak is closer to the area opaca than the anterior end. At the

anterior end a dark mass of cells forms the primitive knot (Hensen's node),

and these cells will give rise to the notochord. Surrounding the anterior end

of the streak lie the ectoderm cells which will form the forebrain and eye.

The ectoderm on each side of the streak for about half its length will differ-

entiate into midbrain, hindbrain, and spinal cord. Much of the mesoderm

has proliferated from the sides of the primitive streak and forms a layer

between the ectoderm and the endoderm, as in Figure 122.

In the area opaca the mesoderm cells have aggregated into small clumps,
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Fig. 123. A blastoderm of about

16 hours removed from the yolk

and stained. Various regions may

be distinguished by their abilities to

transmit light. The primitive streak

lies along the long axis of a clear

elliptical area. The clear area is the

area pellucida. Bounding the area

pellucida is the darker area opaca,

in which the blood islands are de-

veloping. At the anterior end of the

primitive streak Hensen's node ap-

pears as a somewhat denser spot.

The streak appears lighter along its

midline. A groove or depression

—

the primitive groove—runs along

the midline. The future head struc-

tures of the embryo are located in

front of and around the anterior

end of the streak. (Courtesy Mr.

Lester A. Barter, Sloan-Kettering

Institute.)

the blood islands from whence come erythrocytes and some blood vessels.

Although no definite, permanent structure is yet visible, many of the

structures of the later embryo, such as heart and kidney, will self-differen-

tiate if the proper cells are transplanted at this time. In this respect the late

primitive-streak stage is similar to the late gastrula or early neurula of the

amphibian.

From the time of the primitive streak to 24 hours the first definitive

structures become visible (Fig. 124, embryo about 3-3 mm. in length). The

primitive nervous system, which first arose as a flat plate, has now folded to

form the neural folds and neural groove. The neural folds have not come

together in the anterior and posterior levels but do approximate each other

in the middle regions. Under the head region the ectoderm and endoderm

are folded posteriorly to give a pocket (Fig. 101). This fold is termed the

head fold, and concomitantly with its formation the endoderm is folded back

upon itself to form a pocket which is the cavity of the foregut. The opening

into the foregut is the intestinal portal (Fig. 124). Figure 125 shows a cross
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Fig. 124. An embryo at about 25 hours of incubation with about 7 pairs of

somites. Beginning with the anterior neuropore, note the enlarged forebrain

with suggestions of the optic vesicles; the intestinal portal, which opens into

the foregut; and the open neural tube with its neural folds and the paired meso-

dermal somites. Between the neural folds the deeper lying notochord is visible.

Posterior the primitive streak is seen. The embryo is surrounded by an area

pellucida and farther out by the area vasculosa. In it the dark spots are blood

islands in the process of conversion into blood vessels. These vessels will con-

nect with the veins and arteries which are forming within the embryo. (Courtesy

Mr. Lester A. Barter, Sloan-Kettering Institute.)

section through the brain and foregut. Seven pairs of somites have formed

in the mesoderm, and the notochord forms a rod running from the head

region to the primitive streak. The streak still retains the general structure of

the 16-hour primitive streak previously described.

The area pellucida has elongated considerably, and many blood islands

are visible in the area opaca, forming a network which may be termed the
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FOREGUT

Fig. 125. A cross section through the level of the forebrain of a 25-hour

embryo reveals the heavily stained brain wall, the neural folds in apposition, and

the cavity of the brain. Surrounding the brain is loose mesenchyme.

ECTODERM

SOMATIC MESODERM

SPLANCHNIC MESODERM

ENDODERM
AMNIOCARDIAC VESICLE

SOMATOPLEURE

SPLANCHNOPLEURE

NOTOCHORD
EPIMYOCARDIUM

Fig. 126. A section through the intestinal portal. The two large vesicles in

the mesoderm are the amniocardiac vesicles. Note the thick-walled epimyocar-

dium, which will form a part of the muscular layer of the heart. The epi-

myocardial layers move toward the midline and pinch together the endoderm,

thereby closing the gut cavity. See also Figure 104.

SOMITE
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area vasculosa, since it gives rise to the profusely branched blood vessels.

Within the next 12 hours the blood vessels of the area vasculosa will join

with others formed in the embryo and a complete circulation will be

established.

Figures 125 through 128 show typical sections through the region of the

forebrain, through the intestinal portal, through a pair of somites and through

the primitive streak.

Development during the second day

Figure 129 shows a stained preparation of an embryo with 14 somites and

corresponds to about 34 hours of incubation. The length of the embryo is

about 4.5 millimeters. By this time the neural tube is closed throughout most

of its length and the anterior region has formed three clearly defined divi-

sions—prosencephalon, with optic vesicles; mesencephalon; and rhomben-

cephalon. The auditory pits are present opposite the latter. The heart has

formed, and the two vitelline veins, which have fused with the endocardial

rudiments, are prominent. The heart contracts at this time, but the blood has

not yet begun to circulate, since all the connections are not completed. The

heart beat is at first irregular but soon becomes steady. In a few hours the

blood will begin to circulate. Posteriorly the primitive streak is still visible.

Figures 130 to 133 are cross sections through four regions of a 33-hour

chick embryo. At the level of the optic vesicles the head is thrust forward

over the ectoderm and the space between it and the head is called the sub-

cephalic pocket. The anterior tip of the foregut shows in this section. Under

the head there is as yet no mesoderm between the ectoderm and the endoderm.

Lateral to the head, however, layers of splanchnic and somatic mesoderm

can be seen enclosing a large coelom, the extraembryonic coelom. The

somatopleure on each side of the head will fold over the dorsal surface of

the head to form a chorion and an amnion. The splanchnopleure will form

the yolk sac.

The foregut widens posteriorly (Fig. 131), and the roots of the dorsal

and ventral aorta form in the mesenchyme of the head region. The section

is at the level of the mesencephalon. More posteriorly at the heart level

(Fig. 132) the epimyocardium is shown compressing the floor of the foregut

into a V shape. At this point the mesoderm fuses to form the dorsal

mesocardium, which anchors the heart to the dorsal wall of the coelom. A
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Fig. 129. An embryo of 14 pairs of somites about 34 hours of incubation

age and about 4.5 mm. in length. The nervous system has formed three primary

divisions of the brain: prosencephalon, mesencephalon, and rhombencephalon.

Paired optic vesicles grow out laterally from the prosencephalon. The foregut

is outlined by two folds on either side of brain. The heart is well formed and

beating. Paired vitelline veins can be seen entering heart. The anterior intestinal

portal is located above the union of the two vitelline veins. The neural tube is

closed throughout most of its length. The primitive streak is much reduced in

size. The area vasculosa has invaded the area pellucida, and blood vessels are

uniting (about two-thirds of the way down from the head) to form the vitelline

arteries. (Courtesy Mr. Lester A. Barrer, Sloan-Kettering Institute.)

PROSENCEPHALON

SUBCEPHALIC POCKET

OPTIC VESICLE

SOMATOPLEURE

EXTRAEMBRYONIC COELOM

SPLANCHNOPLEURE

Fig. 130. The optic vesicles of a 33-hour chick embryo and the structures at

their level. The vesicles are lateral extensions of the prosencephalon.
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DORSAL AORTA

MESENCHYME

VENTRAL AORTA

Fig. 131. A section through the mesencephalon of a 33-hour chick embryo.

The foregut is a V-shaped cavity, and its ventral border is in contact with the

head epidermis. Above the foregut are the dorsal aortae and below, the ventral

aortae. The future aortic arches will connect these vessels.

DORSAL AORTA

DORSAL MESOCARDIUM

EPIMYOCARDIUM ENDOCARDIUM

Fig. 132. The heart region of a 33-hour chick embryo. The thick-walled

epimyocardium has closed in around the very thin-walled endocardium. Dorsally

the heart remains attached by the dorsal mesocardium. Ventrally it becomes freed

of the splanchnic mesoderm.

SOMATIC LAYER OF
MESODERM

SPLANCHNIC
LAYER OF MESODERM

DORSAL AORTA

NEURAL TUBE

INTERMEDIATE MESODERM

SOMATOPLEURE

SPLANCHNOPLEURE

COELOM

NOTOCHORD

Fig. 133. A section through a pair of somites. The somites are connected

with the lateral mesoderm by a strip of intermediate mesoderm. This latter forms

the pronephros, mesonephros, and metanephros. The lateral mesoderm of the

embryo proper is thick-walled and encloses the embryonic coelom. Farther out

the mesoderm becomes thin and forms part of the extraembryonic membranes.
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similar fusion occurs ventrally, but this connection breaks and the heart is

freed from the ventral wall of the coelom.

In the most posterior section through somites (Fig. 133) the gut cavity is

absent and the endoderm is simply a thin, flat sheet of cells over the surface

of the yolk. As was explained in Chapter 13, this part of the gut, the midgut,

becomes a cavity during the folding of the amnion. The mesoderm at this

time shows a division into the somite, the intermediate mesoderm, and the

lateral mesoderm. The last mentioned is in two layers and encloses the

coelom. The somatic and splanchnic layers of the mesoderm of the embryo

proper are thick, well-defined layers separate from the ectoderm and endo-

derm. Farther out in the extraembryonic area the somatic layer is closely

applied to the ectoderm, while the splanchnic layer fuses with the endoderm.

The 48-hour embryo

By 48 hours (Fig. 134) the embryo possesses 27 pairs of somites and is

7 mm. long. The heart beat and circulation of the blood are well established.

The body has twisted so that the left side of the head and neck region is next

to the yolk. The right side is uppermost. The ventral side of the posterior

body region remains in contact with the yolk. Thus, in this and later stages

the head region is viewed from the right side, while the body is seen in

dorsal view. The forebrain is brought into close proximity to the heart by a

bend of the head and neck. A thin, double layer of somatopleure covers the

anterior half of the embryo. The innermost layer of somatopleure is the

amnion, and the outer layer is the chorion.

The boundaries between the embryo proper and the extraembryonic

membranes are sharply marked off. The head fold of the amnion together

with the lateral folds has progressed to about the twentieth somite. At the

posterior end a tail fold develops, which forms a boundary between the

posterior parts of the embryo and the extraembryonic area. This leaves a

region between the tail fold and about the twentieth somite where the

embryonic and extraembryonic areas merge.

Large vitelline arteries extend from the embryo into the vascular area,

where they branch profusely in the mesoderm of the yolk-sac membrane.

Blood from this membrane is collected by the vitelline veins and returned

to the heart. The complete circulation within an early chick embryo is shown

in Figures 101 and 102.
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METENCEPHALON

MYELENCEPHALON

OTIC VESICLE

BULBUS ARTERIOSUS

SINUS VENOSUS

FOLD OF AMNION

NEURAL TUBE

MESENCEPHALON

DIENCEPHALON

TELENCEPHALON

ATRIUM

VITELLINE ARTERY

PRIMITIVE STREAK

Fig. 134. The 48-hour chick embryo with some of its vascular area. In the

head region the five divisions of the brain have acquired definite boundaries

(Fig. 97). The spiral formation of the heart places the atrium anterior, the

ventricle posterior. A sinus venosus forms the first section of the heart to receive

blood from the vitelline veins. The bulbus arteriosus conducts blood to the

ventral aorta. The otocyst and one clear branchial groove may be seen in the

pharyngeal region dorsal to the heart. Continuing posteriorly, the fold of the

amnion has reached somite 20. A tail fold develops just posterior to the remains

of the primitive streak. (Courtesy Mr. Lester A. Barrer, Sloan-Kettering

Institute.)

Within the embryo itself considerable development has occurred between

33 and 48 hours of incubation. The three divisions of the brain have in-

creased to five—the telencephalon, diencephalon, mesencephalon, meten-

cephalon, and myelencephalon. The boundaries of these divisions and their

derivatives were discussed in Chapter 11. The optic vesicles have induced

the lens of the eye and have themselves been converted into optic cups. The
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sensory portion of the ear, which was simply a placode of cells at 33 hours,

has now become an ovoid cyst or otic vesicle. There is as yet no clear indica-

tion of the nasal placode, although ectodermal thickenings will be found in

cross sections.

The tubular heart has bent in such a way that the atrium is anteriorly

located while the ventricle is posterior. The blood thus follows a spiral path

through the heart, beginning at the sinus venosus and passing through the

atrium, the ventricle, and the bulbus arteriosus and into the ventral aorta.

Between the heart and the otocyst the branchial grooves may be seen.

There are three pairs present at this time. Three pairs of aortic arches connect

the ventral and dorsal aorta. Internally the thyroid gland and the liver appear

as small outgrowths of the gut.

A comparison of the head with the posterior trunk region shows the

latter to be relatively undifferentiated. The eye and ear begin to differentiate

before all the somites have formed in the posterior region. Similarly a well-

developed foregut is present while the hindgut is just beginning to form. The

head fold of the amnion extends over the head and trunk region while the

tail fold is getting under way. The earlier development of anterior structures

is a common occurrence. The anterior parts of the pro-, meso-, and meta-

nephros develop first.

The primitive streak is represented by a dense aggregation of cells just

in front of the tail fold. The remainder of the structure of the 48-hour

embryo can best be described in sections.

As can be seen from Figure 134, the first transverse sections beginning at

the anterior end will pass through the mesencephalon. Next, the meten-

cephalon, mesencephalon, and diencephalon will be included in a single

section. Such a cross section is shown in Figure 135. The microscope gives a

reversed image, and right and left sides of the section are reversed. In addi-

tion to the divisions of the brain, note the mesenchyme around the brain and a

thin layer of epidermis enclosing the brain and mesenchyme. The amnion

completely surrounds the head section and is in close contact with the splanch-

nopleure at the bottom and the chorion at the top. The splanchnopleure

contains large blood vessels.

The pituitary gland develops from the union of an epidermal pouch

called Rathke's pouch with the infundibulum of the diencephalon (Fig. 136)

.

The cavity of the pouch is continuous with the stomodeum. Rathke's pouch

differentiates into the anterior lobe of the pituitary gland, whereas the
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MESENCEPHALON

Fig. 135. A section through the anterior end of a 48-hour chick embryo.

The diencephalon, mesencephalon, and metencephalon are transversed. The thin

wall at the extreme right of brain may be the roof of the mylencephalon. In the

section, right is dorsal ; left is ventral ; top is left side ; and bottom is right side

of head. The chorion, amnion, and splanchnopleure are shown.

RATHKE'S POUCH

DIENCEPHALON

AORTIC ARCH

PHARYNX

DORSAL AORTA

ANTERIOR CARDINAL VEIN

MYELENCEPHALON

VISCERAL POUCH

VISCERAL GROOVE

Fig. 136. The hypophysis, aortic arch, and visceral pouch of a 48-hour

chick embryo.

STOMODEUM
LENS VESICLE

OPTIC CUP

DIENCEPHALON

AORTIC ARCH

VISCERAL ARCH

FIRST SOMITE

ANTERIOR CARDINAL VEIN

DORSAL AORTA

Fig. 1 37. Optic cup and lens vesicle of a 48-hour chick embryo.
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infundibulum forms the posterior lobe. The section shows two divisions of

the brain—the diencephalon and the myelencephalon.

In the region of the pharynx the first visceral pouches extend laterally

and meet the first visceral groove. A section of the mesenchyme is cut off

to form a visceral arch, and the artery running through this mesenchyme is

the first aortic arch. Just above the pharynx the two large vessels with some
blood cells in them are the dorsal aortae. On either side of the hindbrain are

the anterior cardinal veins.

The lens of the eye is a derivative of the head epidermis. Shortly after

the optic vesicles make contact with the epidermis, a thickening appears. This

invaginates (Fig. 137) and finally separates from the surface layer of

epidermis. The resulting hollow body is the lens vesicle.

The section shows many other interesting features. The floor of the

diencephalon evaginates and touches the epidermis, which is somewhat

invaginated. This is where Rathke's pouch opens into the stomodeum. From
the walls of the pharynx the first and second visceral pouches have grown
out to make contact with the ectoderm and two pairs of aortic arches and

visceral arches are formed. One of the aortic arches is very close to a dorsal

aorta, and in an adjacent section the two join. Anterior cardinal veins are

present. The edge of the first somite shows one side of the hindbrain.

A section of the 48-hour embryo taken just posterior to the lens reveals

another epidermal structure, the otocyst (Fig. 138). Its development is very

similar to that of the lens. Lateral to the myelencephalon two thickenings of

the epidermis appear. They fold to form invaginating vesicles which later

separate from the adjacent epidermis. The vesicles are called otocysts, or otic

vesicles. One of the otic vesicles is touching the epidermis, and a few

sections anterior to that shown in Figure 138 the cavity of the otocyst is open

to the exterior. The section also includes part of the optic cup and shows the

DIENCEPHALON

MYELENCEPHALON

Fig. 1 38. Otocyst and optic stalk of a 48-hour chick embryo.
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continuous cavity from the diencephalon through the optic stalk and into the

optic cup. Most of the other structures are in about the same relationship

as in Figure 137.

In a still more posterior section the very beginnings of the olfactory

placodes may be seen opposite the telencephalon (Fig. 139). Like the lens

of the eye and the otocyst, they form as thickenings of the epidermis and

invaginate. They do not, however, separate from the adjacent epidermis.

The circulatory system in this region consists of the bulbus arteriosus,

with its thick-walled epimyocardmm and its thin-walled endothelium. A
short ventral aorta communicates (in other sections) with the third aortic

arches and these in turn run up through the visceral arches to join the dorsal

aortae. The cardinal veins are more ventral and lateral compared to their

position in previously described sections. From the floor of the pharynx a

clear, V-shaped thyroid evagination is seen. Mesodermal somites are present

opposite the myelencephalon.

The section shown in Figure 140 passes through the developing liver

buds. These are outgrowths of the wall of the gut at the region where the

vitelline veins join before entering the sinus venosus of the heart. The liver

EPIMYOCARDIUM

OLFACTORY PLACODE

TELENCEPHALON

ENDOCARDIUM

ANTERIOR CARDINAL VEIN

DORSAL AORTA

THYROID

Fig. 139. The olfactory placodes, bulbus arteriosus, and thyroid evaginat

of a 48-hour chick embryo.

ion

FOREGUT

EMBRYONIC COELOM

VENTRICLE —

—

VITELLINE VEIN

Fig. 140. The vitelline vein and the liver of a 48-hour chick embryo.
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buds extend forward along and between the vitelline veins. The foregut at

this level is surrounded by a thick layer of splanchnic mesoderm which,

together with a thinner layer of somatic mesoderm, encloses a true embryonic

coelom. Above the gut the two dorsal aortae have fused in the midline. The

posterior cardinal veins run in the mesenchyme on each side of the embryonic

coelom. Ventral to the two vitelline veins is a section through the ventricle

of the heart.

Posterior to the liver buds the gut opens out into the yolk, as shown in

Figure 141. More posteriorly the endoderm becomes a thin sheet of cells

closely applied to the overlying mesoderm (Fig. 142). Differentiation of the

somites, nephrotome, and lateral mesoderm is clearly seen. The sclerotome

is spreading toward the notochord, and a clear plate of dermatome is seen.

The myotome, which is not very well defined, is between the dermatome and

the sclerotome. The nephrotome has formed mesonephric ducts and some

tubules. The lateral mesoderm encloses an embryonic coelom and an extra-

embryonic coelom. At this level of the body paired dorsal aortae are present.

In Figure 143, branches of the dorsal aortae pass out into the splanchnopleure

over the yolk as the vitelline arteries.
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DORSAL AORTA

Fig. 143. The vitelline arteries.

ECTODERM

Fig. 144. The tail bud and the formation of the hindgut.

The last figure (Fig. 144) shows the tail bud and the formation of the

hindgut. A posterior fold and lateral folds close off the endoderm into a

pocket. The tail bud represents the last vestiges of the primitive streak and

is a mass of undifferentiated cells. The mesoderm, endoderm, and ectoderm

fuse within the tail bud.

The 72-hour chick embryo

From 48 to 72 hours development is characterized by a progressive dif-

ferentiation of the structures present at 48 hours. Some new structures also

appear, and the number of somites increases to 36 pairs. The embryo is larger

but because of its curvature the over-all length is still about 7 mm. It weighs

about 3 mg. The vascular area continues to spread in an ever widening circle

over the surface of the yolk. The amnion completely covers the embryo, and

a small allantois has grown out of the hindgut. As in the 48-hour chick

embryo the head and neck lie on their right sides and the trunk is seen from

a dorsal view (Fig. 145).

The most anterior region of the brain, the telencephalon, is close to the

ventricle of the heart. Paired cerebral hemispheres begin to differentiate

from the telencephalon. The next division of the brain is the diencephalon,

with the prominent eyes on either side. As we continue around the curve of
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MYELENCEPHALON
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VITELLINE VEIN

VITELLINE ARTERY

Fig. 145. The chick embryo with about 36 pairs of somites, about 72 hours

of incubation. In addition to the labeled structures, note the branchial clefts

between the otic vesicle and the heart. (Courtesy Mr. Lester A. Barter, Sloan-

Kettering Institute.)

the brain, the mesencephalon appears as a large vesicle, and a shallow con-

striction separates it from the diencephalon. A deep constriction marks the

boundary between the mesencephalon and metencephalon. Between the

metencephalon and the last division of the brain, the myelencephalon, no very

sharp boundary exists. Opposite the myelencephalon, the otic vesicle is seen

as a hollow, pear-shaped structure. Just below the otic vesicle are the

branchial clefts.
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Fig. 146. Section through the otocyst and mesencephalon. Such a section, as

can be seen from Figure 145, also cuts through the metencephalon and myelen-

cephalon. An interesting segmental structure of the brain is revealed in the walls

of the myelencephalon. Regular constrictions mark off segments of the brain.

These are called neuromeres. Near the otocysts are the primordia of the seventh

and eighth cranial nerves. Two dense masses of tissue on either side of the

myelencephalon contain the neuroblasts for the formation of the fifth cranial

nerve, the trigeminal. The eighth cranial nerve is the acoustic nerve ; the seventh

is the facial nerve.

VISCERAL POUCH

RATHKE'S POUCH

PHARYNX

VISCERAL GROOVE

3RD AORTIC ARCH
DORSAL AORTA

ANTERIOR CARDINAL VEIN

ANTERIOR
CARDINAL VEIN

DIENCEPHALON

ORAL CAVITY THYROID SAC

Figs. 147 and 148. Sections through the hypophysis and the thyroid. This

is just about the level where the Rathke's pouch is connected with the oral cavity

(Fig. 148). The first, second, and third aortic arches are present and the con-

nections of the third pair with the dorsal aorta are shown. The two brain sec-

tions are the myelencephalon and the mesencephalon. In Figure 148 Rathke's

pouch opens into the oral cavity. The section of the brain adjacent to the pouch

is the infundibulum of the diencephalon. The thyroid develops as an evagina-

tion of the floor of the pharynx and at this stage is a sac still connected with

the pharynx. Later it breaks off and forms a solid thyroid gland. In both figures

note the dorsal aorta, the anterior cardinal veins, and the numerous small vessels

in the head region. These small vessels are the branches of the carotid arteries.
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Fig. 149. Two sections through the lens vesicle, optic cup, and laryngo-

tracheal groove. The lens vesicle has separated from the ectoderm and lies within

the optic cup. Two layers are distinguishable in the optic cup: (1) a thick

sensory layer, which will give rise to the photoreceptors and which contains the

neuroblasts for the optic nerve; (2) a pigment layer, which will deposit the

black pigment of the eye. From the floor of the pharynx a deep groove develops.

This is the laryngotracheal groove, which will form the endodermal lining of

lungs and trachea. The sections pass through the bulbus arteriosus and through

the atrium of the heart. Note the anterior cardinal veins approaching the atrium.
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Fig. 151. The liver. As we have seen in Chapters 12 and 13, the liver forms

in close relationship to the ductus venosus. This vessel forms by the fusion of

the vitelline veins just posterior to the sinus venosus. Endodermal outgrowths

form around the ductus venosus, which is surrounded by mesenchyme and sup-

ported by a dorsal mesentery. The liver finally completely envelops the ductus

venosus. Later the vitelline veins lose their connection with this vessel and

blood flows through the liver and is picked up by the hepatic veins. This is the

hepatic portal circulation. In this section the posterior cardinal veins may be

seen on either side of the dorsal aorta. A smaller vessel, the allantoic vein, may
also be present. At this level the ventricle of the heart is included.

POSTERIOR CARDINAL VEIN

VITELLINE VEIN

Fig. 152. The limb buds. Just posterior to the heart the somatic mesoderm

thickens considerably to form the mesenchyme of the wing buds. The midgut at

this point is still open to the yolk and the endoderm is relatively undifferentiated.

The section passes through the vitelline veins, which bring blood from the

vascular area over the yolk to the ductus venosus and thence to the heart. A
dorsal aorta and two posterior cardinal veins are present. The posterior cardinal

veins are close to the developing mesonephros. The relation of the veins to the

mesonephros was discussed in Chapters 12 and 14.

MESONEPHROS

VITELLINE ARTERY

DORSAL AORTA

Fig. 153. The somites and mesonephros. The somites continue their dif-

ferentiation into a compact layer of dermatome, a less conspicuous layer of

myotome, and a diffuse mass of sclerotome. The nephrotome has developed into

a mesonephric duct and mesonephric tubules. The duct is lateral to the tubules.
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POSTERIOR LIMB BUD

EMBRYONIC COELOM

Fig. 154. The hindgut and allantois. The hindgut has enlarged since 48
hours, and a large ventral outgrowth is present. This is the allantois, which,

together with mesoderm, grows out to the inner surface of the chorion. The
large swellings of mesoderm on either side are the posterior limb buds. The
two small cavities on either side of the hindgut are the embryonic coelom.

A number of new structures develop in the trunk. Just posterior to the

heart are the paired wing buds. These are dense aggregations of mesenchyme

which develop underneath the epidermis. More posteriorly a similar pair of

lateral swellings indicate the hindlimb buds. At 72 hours' incubation time,

the limb buds, if transplanted to the chorioallantoic membrane, undergo

self-differentiation.

The tail fold described for the 48-hour chick results in the formation of

a hindgut. From it a ventral outgrowth develops into the allantois. A tail

develops and curves ventrally. Figures 146 to 154 show further details of

structure in the 72-hour chick.

Subsequent development

Further development from 72 hours to hatching is mainly a matter of

increased differentiation within the structures of the embryo. Chapters 11, 12,

13, and 14 have dealt with much of this later differentiation in the chick. In

Chapter 19 we shall discuss the form changes and the development of func-

tion in the human embryo. This will complete our descriptive study which

began with early development of the frog egg (Chapter 9), continued with

somewhat later development in the chick (this chapter), and concludes with

the final phases of development in the human.

Thus far we have discussed the organization of the egg, the formation of

fields in the early embryo, the differentiation within fields in the later embryo,

and the interrelationships between developing structures in very late stages

of development. We have seen that labile organization gives way to more

rigid organization, that cells become more restricted in their potencies and
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that there is a progressive determination of structure. As a result the parts

of the older embryo self-differentiate in some detail when they are trans-

planted. They are not able to form new or different structures. The progres-

sive restriction of the potencies of cells if continued into the adult stage

would result in an individual in which each cell was restricted to a certain

definite structure and a certain function. No cell could then replace another

type of cell. Such a rigid determination of cells does not appear to be the

case since studies on regeneration on the adult show that cells which are

removed are replaced by other cells. In the next chapter we shall discuss the

principles of the process of regeneration.



16 • REGENERATION

n the course of the last few chapters we have seen that the general ideas

and principles of early embryonic development apply also to the later

development of the various organ systems. Now we should like to ask

whether these principles still operate in the adult organism. In other words,

is an adult organism a fixed structure, incapable of change, or does it still

show some of the labile organization so characteristic of the tgg ?

Dynamic state in the adult

In the first place, the adult is deceptively stable; many changes take place

within the adult; many cells are destroyed and new ones take their places;

many growth processes occur which compensate for the loss of cells. The

magnitude of these growth processes is usually not appreciated. For example,

new red blood corpuscles develop in the human adult at the rate of about

80,000,000 per second. This high rate of growth is necessary to replace red

blood corpuscles which are destroyed. Various types of cells must also be

replaced, as for example, sperm cells. A single ejaculate of about 3 cc. of

semen contains about 300,000,000 sperm cells, and these must be replaced

by cell division of the spermatocytes. We could go on to list other types of

cells which need replacements, such as the skin cells and the cells in the
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lining of the uterus. Adding all these cell divisions together, we see that the

adult body is producing vast numbers of cells every day.

Even on a chemical basis the adult organism is a very labile sort of

system. If animals are fed an element which is labeled in some way—such as

radioactive phosphorus in the form of phosphate—you find that the inorganic

phosphate very rapidly becomes incorporated into all the complex organic

phosphates in all parts of the animal. There must be an equilibrium between

practically all the chemical compounds in the adult, with the result that

complex chemical compounds are broken down and resynthesized in a

dynamic equilibrium. This concept should not be startling, as it is only an

extension of the ordinary equilibrium concept of inorganic chemistry.

Since the organism must be considered as being in a state of dynamic-

equilibrium, it is not surprising to find extensive developmental processes

occurring in the adult organism. Some animals in the adult stage still retain

much of the labile organization of the early embryo, and these animals are

able to form two adults from a single adult. If a planarian worm is cut into

two parts, each part will develop into a whole planarian, just as an egg is

able to form two complete embryos. Other animals are able to re-form a part

which is removed, just as the embryo is able to replace parts which have

been cut away from it.
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Fig. 155. Regeneration in a

planarian worm. Left: The head and

tail are removed and the body cut

into five pieces of equal length.

Center: Each piece begins to re-

generate and forms a small but com-

plete worm. Each worm grows to

adult size. Note that each of the

five pieces retains the same polarity

it had in the whole worm. Why is

it that at any level an anterior cut

surface A forms a head, whereas

the posterior cut surface P develops

into a tail ?
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Regeneration in various species

There is a great deal of variation in the lability of the adults of different

species. A form that shows the greatest degree of lability is the planarian

rlatworm. This complex organism can be split like an egg into various parts,

and each part will differentiate in a series of steps and regenerate a com-

plete organism (Fig. 155). Other organisms, such as the salamander, show

a more restricted ability to regenerate but nevertheless will regenerate parts

of the limbs or entire limbs. Thus, if the forelimb of a salamander is am-

putated at any level up to the shoulder, the remaining stump will grow out

and replace the lost part. And the replacement may include everything from

the upper limb region down to the digits. Figure 156 compares regenerative

ability in hydroids, salamanders, and frogs.

There are other form:., such as the frog, in which this regenerative ability

does not normally show itself. If the limb of the frog is amputated at any

level the skin simply heals over the wound but no replacement of the lost

structure takes place. Formerly biologists considered that such a difference in

the ability to regenerate was correlated with the fact that animals become

more specialized. We shall see in the course of our studies, however, that this

is not an entirely reasonable interpretation of the facts.

Polarity in regeneration

In trying to analyze the principles operating in regeneration, we may

utilize the same methods that were used in the analysis of embryonic develop-

ment. First of all, we can show that parts of an organism have a distinct

polarity. As an example for part of the analysis we shall use a hydroid which

is similar to Hydra in having a base for attachment, a long body, and a set of

tentacles which take in food. If we cut such a hydroid into two parts and

follow the development of each of these two parts, we find that one end will

form the tentacles (T, Fig. 157) and the other end will simply form a basis

of attachment or a base (B, Fig. 157). This experiment establishes the fact

that there is a distinct polarity in the hydroid body. The upper end of each

piece forms tentacles; the lower end, a base. This polarity is similar to the

animal-vegetal polarity in the sea urchin egg and the anterior-posterior polar-

ity in the amphibian limb. And, like the polarity in embryonic systems, the
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Fig. 156. Variations in the regenerative capacities of three different organ-

isms. Left: Total regeneration in hydroids. Every part will regenerate into a

whole individual. Center: Limited regeneration in salamanders. A limb is ampu-

tated and, after healing, a blastema forms which differentiates into the missing

part. Right: The frog limb stump heals but no blastema forms and no regenera-

tion occurs. What is the difference between the frog limb and the salamander

limb that the former does not regenerate while the latter does ?
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Fig. 158. Regeneration and polarity

in coelenterates. Left: A section of a stem

is shown with the upper end, T l5 giving

rise to tentacles and the lower end, B 1;

forming a base. Right: A similar stem is

ligatured in the middle and as a result

tentacles develop at B
x

as well as T1 .

Recall the effect of a ligature of the

amphibian egg, Chapter 1.

tion of a part of the body into two parts by means of a constricting ligature.

This is exactly the same experimental procedure that was used on the early

amphibian egg. When a piece of the hydroid is tied with a ligature, both T

and B form tentacles (Fig. 158). Thus two individuals are obtained from

one mass of tissue. This result is similar to splitting an egg and obtaining two

embryos, or splitting a limb bud and getting two limbs from it.

Theories of regeneration

Now we go on to inquire about the nature of this labile organization.

What is responsible for it? We asked the same question regarding the or-
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Fig. 159. Two theories of re-

generation as applied to hydroids.

Top: A "T" substance is assumed

to be present in the upper part of

the hydroid and a "B" substance in

the lower part. The "T" substance

causes tentacles to form; the
rrB"

substance causes base to develop.

When a cut is made through the

middle of the hydroid, the cells on

either side of the cut must, accord-

ing to the above assumption, have

the same amount of "T" and "B"
substances. However, the cells on

one side develop into base, while

the cells on the other side develop

into tentacles. Bottom: A substance

is assumed to be present through-

out the hydroid but varies in con-

centration—5"„ near tentacles, SnA
in middle, and Sn _2 near base. After

the hydroid is cut into two parts the

tentacles develop at the end where

S is present in highest concentra-

tion. It is not the absolute concen-

tration of S which is important but

rather the relative value in any one

piece of the hydroid.
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ganization in the egg. Again we consider two possibilities. We may assume

that there are different chemical substances responsible for the formation of

the tentacles and the formation of the base. Suppose we call these substances

T and B, respectively. The two substances then would have to be in the

original body from which we isolate parts (Fig. 159); substance T would

have to be at the top and substance B at the lower end. At this point we run

into a difficulty in our attempt to apply the concept of different substances to

regeneration phenomena. Because at the middle region of the body, where

we make the cut, B would have to be present on one side of the cut and T on

the other side in order to get the tentacles at the top of one piece (2) and a

base at the bottom of the other piece ( 1
) . Now this situation is obviously not

possible, because the cells, which on the basis of the theory should have con-
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tained chemical substances T and B, come from exactly the same region.

Therefore they have the same chemical composition. All we have done is to

cut through the body, and presumably the chemical constituents on both

sides of the cut are similar. The structures derived at the two sides of the

cut surface are different. If we make the cut at any other level we still get

the same result. Therefore the qualitative interpretation of labile organization

(Chap. 3) does not work out very well as applied to these particular tissues,

and we turn our attention to the quantitative interpretation.

The quantitative theory simply assumes that a substance is present in high

concentration in the end which forms the tentacles, and that the concentration

decreases in such a way that it is lowest at the base (Fig. 159). Then when

the body is cut into two parts, in each of the parts the following relationship

obtains: a substance, S, is present in greater concentration at the end which

forms the tentacles. If we make the cut through the level S,M , each side of

this cut will have that concentration, Sn.\. However, the concentration of 5

in the upper end of piece number 1 (S„) is higher than S„a and the tentacles

develop at this upper end while the base develops at Sn_i . In piece number 2

the concentration of the upper end is S„a , which is higher than Sn_2 , the con-

centration at the lower end, and therefore in piece number 2 the tentacles

develop at Sn.i, the base at Sn.2. In both cases the tentacles form at the region

of highest concentration of S.

The quantitative theory seems to be more reasonable than the qualitative

theory. As we have already noted, the difficulty in assuming that different

substances are present at the same region of the body makes the qualitative

theory improbable.

Origin of the cells for regeneration

The process of regeneration gives rise to some new problems in develop-

ment. One of them concerns the origin of the cells which give rise to the

regenerating structure. We might visualize either that the new structure

comes from the old cells by migration or cell division or that there may be

reserve cells, embryonic in nature, which are undifferentiated and which give

rise to the new structure.

During the regeneration of such a structure as the amphibian limb we

can follow the behavior of some of the cells. When a limb is severed several

types of tissue are involved in the cut. First there is the epidermis; then the
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COMPLETED REGENERATION

Fig. 160. Schematic representation of the cellular changes after cutting the

limb of a larval salamander. Top: A clean cut traverses epidermis, dermis, con-

nective tissue, muscle, and bone (nerves and blood vessels not shown). Next

lower: A blastema forms. The exact origin is not known. We have represented

the blastema as forming from the dedifferentiated cells of the various tissues of

the limb plus cells which migrate in from the epidermis. Third figure: What-

ever the exact origin of the blastema, the process of dedifferentiation is soon

checked and then cells of the blastema begin to re- differentiate into muscle, bone,

etc. Bottom: Regeneration completed. The blastema has differentiated into the

missing part.
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dermal layer, the dermis; deeper within the limb is a layer of connective

tissue; and within this is muscle and finally bone (Fig. 160). After the

amputation, the surface of the wound heals by a migration of the epidermis

over the cut surface. And then one sees a dedifferentiation of structures take

place in the course of which cells break off from the muscle and from the

bone. These cells lose their typical structure and are said to dedifferentiate.

Cells from the connective tissue and from the dermis join the dedifferentiated

muscle and bone cells. These cells, together with some cells from the epi-

dermis, finally form a large, compact mass at the site of amputation. At the

cut end of the limb a large mass of new cells accumulates. These have arisen

by migration of the cells from the dedifferentiating structures. These cells

form a dense, white mass of tissue called the blastema, which is composed of

undifferentiated cells.

When this blastema reaches a certain size the dedifferentiation of the

bone and muscle stops, and the blastema begins to differentiate and replace

the part of the limb which was removed. Specifically, if the forearm is cut off

the blastema differentiates directly into the bone and cartilage and skin of

the forearm. This experiment gives no indication of any so-called reserve of

cells. The cells of the blastema, as far as one can tell, come from the tissues

of the limb itself.

Nature of dedifferentiation

There is still a very difficult problem which is not solved by these observa-

tions. Is there any true dedifferentiation of muscle and bone cells? Do these

cells return to an embryonic condition? And if they do, can they then dif-

ferentiate into any type of cell? More specifically, when a muscle cell de-

differentiates can it then differentiate into a bone cell in the new tissue ? Such

a change of cell type from muscle to bone would be a rather drastic change

and would indicate that the process of development is reversible. There is

no conclusive evidence for this kind of true dedifferentiation. Most of the

evidence is probably against such a radical dedifferentiation, because the

growth of various adult tissues in tissue culture has shown that different cell

types retain their individuality for years. They do not, in general, change

from one type of cell to another. However, because of the dynamic state of

the constituents of the body, we must not close our minds to the possibility

of true dedifferentiation. If cellular constituents are in a chemical equilibrium
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with one another, it is possible that the equilibrium may be shifted by chem-

ical treatments. Thus the chemical constituents of a muscle cell may possibly

be rearranged to produce a bone cell.

Role of nerves

Another problem in this field—a rather special problem in the case of

the regeneration of the limb—is the relationship of the nervous system to

regeneration. In our studies on amphibian development we pointed out

earlier that the third, fourth, and fifth spinal nerves supply the forelimb. If

these nerves are cut in the shoulder region of a larval salamander and the

limb is then amputated, no regeneration will take place (Fig. 161). Under

these conditions when the nerve supply is lacking the limb undergoes progres-

sive dedifferentiation and is completely resorbed, so that all of it is taken into

the body. The limb, in other words, completely degenerates after amputation

if the nerves are absent. Now the nerves of the intact limb may be cut and the

limb will not degenerate, but if the nerves are cut and the limb is then am-

putated, the stump will degenerate.

The general interpretation is as follows: when a limb is amputated the

process of dedifferentiation is set in motion and bone and muscle break down.

If the nerves are present, these dedifferentiated muscle and bone cells form

a blastema. When the blastema is present, it checks or stops this dedifferentia-

tion. When the nerves are cut, however, no blastema forms; only dedifferen-

tiation occurs, and it continues unchecked. If a blastema is allowed to form,

the dedifferentiation of the limb stops. Then the nerves may be cut and

regeneration proceeds without nerves. Thus the blastema apparently exerts

a controlling influence on the dedifferentiation of the limb.

These experiments show that in the young salamander the development

of the limb—that is to say, regeneration of the limb—is dependent upon the

nervous system. And this was not the case in the embryo. The limb developed

perfectly well in the embryo without the nervous system.

Stimulus for regeneration

Now, finally, we ask: Why does regeneration occur in some forms and

not in others? Why do we find limbs regenerating in salamanders and not

in other vertebrates ? There is no theoretical reason for the lack of regenera-
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Fig. 161. The influence of nerves on limb regeneration. Left: A larval sala-

mander with both forelimbs amputated through the radius and ulna. The nerves

to the left forelimb stump are intact, whereas those of the right forelimb stump

have been cut as indicated. Right: Some weeks later the left forelimb has

regenerated, whereas the right forelimb has regressed. The nerves to the right

forelimb must be cut repeatedly or they themselves will regenerate and enter the

stump. If they do so then the stump regenerates instead of regressing. The precise

effect of the nerves in promoting regeneration is still unknown.

tion in other forms. Moreover, if we apply the principles of early develop-

ment, it is possible to stimulate regeneration in forms which never normally

regenerate. And this is important, because it gives us a control over regenera-

tion.

In the discussion of early development it was shown that for each step in

development a stimulus of some sort is necessary. For the initiation of de-
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velopment the normal stimulus is usually a sperm, but we may substitute a

whole variety of chemical agents. The development of the primitive nervous

system also requires a stimulus for differentiation, and this is provided by the

roof of the archenteron. Here again, a variety of chemical agents could be

substituted for the roof of the archenteron. In an experiment based on this

idea of stimulation, regeneration was obtained in the limb of the frog, in

which normally regeneration never occurs. The frog limb after amputation

normally heals without the formation of a blastema and without any re-

generation. If the cut surface is stimulated by treatment with saline solu-

tions, however, the limb then forms a blastema and this blastema will begin

to differentiate into the missing part. A number of other treatments have

been applied to the frog limb with the result that the limb can regenerate

perfectly well, provided an additional stimulus is applied. The normal stimu-

lus of simply cutting through the tissue, as in the amputation of the limb, is

not sufficient. Probably in the amputated stump of a frog limb regeneration is

blocked in some way. Such a block is not present in .a salamander limb, which

normally does regenerate after amputation.

We have some idea of the nature of this block. In a salamander limb, if

a clean cut is made regeneration always follows. If, however, the skin is

pulled over the cut surface, no regeneration occurs. In other words, if the

wound is covered with skin immediately after the amputation is made, re-

generation is blocked. Normally in an animal like the frog both the epi-

dermal and dermal layers of the skin close over the wound rapidly during

healing. The function of the treatment with salt solution seems to be simply

to prevent the dermal layer from migrating over the wound, and under these

conditions regeneration will occur. The treatment may also stimulate the

epidermal layer. At any rate, when both layers of the skin cover the wound

no regeneration occurs. When only the epidermal layer migrates over the cut

surface regeneration takes place.

Thus it appears that the ability of organisms to regenerate is not lost as

such, but there may be conditions of healing which create a block to the

proliferation and growth of cells. If this block can be removed by chemical

treatment, regeneration may be expected in those forms which normally do

not regenerate. This interpretation is more reasonable than the assumption

that animals lose the powers of regeneration, and it encourages experimenta-

tion with mammalian limbs.

This brings us to the end of a task which we set out to do in the early part
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of this book—that of working out the basic facts and principles governing

the process of differentiation. We pointed out that there is another set of

problems which accompany differentiation—the problems of growth. The

embryo is constantly increasing in size during differentiation, converting raw

materials into new protoplasm. These two processes of growth and differenti-

ation are very intimately connected, as we shall soon see. We have chosen to

separate them for purposes of clarity of analysis. With the next chapter we

shall begin a study of the problems of growth in the embryo.



17 • GROWTH AND

REDUPLICATION

u.p to this time we have been concerned at some length with the prob-

lem of differentiation. We have seen how cells change from an undifferen-

tiated state to a very highly differentiated state. And now we ask how the cells

required for this process of differentiation are obtained.

The egg starts as one cell with a single nucleus, and from this single cell

thousands of billions of cells are derived through the process of growth and

cell division. During the process of growth all parts of the cell undergo dupli-

cation with the result that when the cell divides the two daughter cells resem-

ble the parent. In order for all parts of the cell to duplicate, chemical com-

pounds must be synthesized from raw materials. Nucleic acid and genes must

be duplicated in the nucleus, and in the cytoplasm a whole host of enzymes

dealing with respiration and general metabolism must be built up prior to

division. In addition, during growth and cell division there must be a dupli-

cation of those compounds which arise during the process of differentiation.

For we have seen that once a structure or a group of differentiated cells is

induced we can remove this group of cells from the inducing agent and have

them self-differentiate. During this self-differentiation, cell division results

in more cells, each of which differentiates in the absence of the original in-

ductor. After the inductor has acted, therefore, the cells become self-dupli-

cating and reproduce their own kind. There must be chemical substances re-
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sponsible for this self-duplication, and these substances must be synthesized

during growth.

Growth in relation to time

We shall begin the analysis by first considering the over-all growth

process in an organism. The generalized pattern of growth of an organism

with respect to time follows an S-shaped curve. The weight, or size, or any

mass unit is plotted against any time unit—hours, minutes, or whatever the

case may be. The organism starts with a definite size, increases very slowly

for a while, and then begins to grow very rapidly (Fig. 6). For a period the

increase may be at a rather constant rate and the slope of the curve does not

change. But soon certain factors cause a slowing up of growth, a falling off

of the increase in size with time. And finally no further increase in size of the

organism takes place. When this stage is reached an equilibrium is established

between dying cells, which would tend to reduce the weight of the organism,

and new cells resulting from division, which would tend to increase the

weight. Thus, in an adult with a stable weight cellular growth continues in

many organs of the body, but because of loss or death of cells, no over-all

growth results. This gradual decrease in over-all growth is one aspect of an

aging process.

Since the actual growth curves of some organisms show considerable

deviation from the S shape, we shall attempt to outline some of the factors

influencing growth.

Growth in microorganisms

To analyze the over-all growth curve a little further, we shall discuss some

studies on such microorganisms as protozoa and yeast, in which we are able

to count the number of cells at given intervals and follow growth in this

manner. Let us consider, first of all, the growth of microorganisms in a

limited volume of nutrient medium. A culture flask of medium is seeded with

a few protozoa or yeast and the number of individuals is measured as time

progresses. The individual cells begin to divide rather slowly at first; later

they reach a very constant rate of division with the number of individuals

doubling at regular intervals (Fig. 162). This phase of growth is termed the

logarithmic phase, and in the curves plotted the logarithm of the number of
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Fig. 162. Growth curves of microorganisms in a limited volume of culture

medium. Note that the logarithm of the total number of cells at any one time

has been plotted against the age of the culture. In this sort of plot a straight

line means that each microorganism is growing and dividing at a constant rate.

Another way of expressing this phase of growth is to say that the number of

cells doubles at regular time intervals. Upper left: A few microorganisms are

put into a fresh culture flask. They may show a short latent period but soon a

plot of the logarithm of the cell number against time gives a straight line. After

this period of constant growth (logarithmic growth) the cell divisions fall off

rapidly and a steady state is attained where the number of individuals in the

culture does not increase. Upper right: Some of the animals from the culture in

the stationary state are placed in a fresh culture medium (subculture). These

animals do not begin to divide immediately but show a short latent period. They
then exhibit the same kind of growth as was originally obtained. Bottom: The
logarithmic phase of growth can be extended by increasing the concentration of

the food in the medium, C x , C2 , C3 , and C4 . There is a limit, however, to the

effect of increased concentration of food.
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cells is represented along the ordinate and time along the abscissa. A straight

line thus means that the number of animals is doubling at regular time in-

tervals. After a period during which the rate of cell division remains constant,

the rate declines and finally the number of individuals in the culture does not

undergo any further increase.

If some of the organisms which have stopped dividing are removed from

this culture medium and placed in a fresh culture medium, they go through

this same cycle. Growth starts out very slowly, then begins to reach a constant

rate, and falls off again (Fig. 162). Thus the growth of protozoa and yeast,

goes through a specific cycle of slow growth, rapid growth, decreasing

growth, and, finally, a stationary state. This is a type of cellular growth

which is not complicated by differentiation of cells into various cell types as

occurs during the growth of an embryo.

Factors which modify growth

A number of factors influence the extent to which growth will take place

in a culture medium. If the concentration of food in the culture medium is

increased, the period of time during which the animals divide is prolonged.

Thus the straight-line portion of the curve will continue for a longer period,

but after a time it will level off again (Fig. 162) . The increase in population

is due to an increased concentration of food. If the concentration of food is

increased a second time, the curve will rise to a greater extent but again it will

level off. Thus one limiting factor is food. But in a limited volume it is not

possible to continue to force growth merely by increasing the food. Even with

increased concentration of food the animals will still stop dividing. Another

factor is aeration. Shaking the culture medium or bubbling oxygen through

it increases the logarithmic phase of growth and a larger population of cells

results. A culture in a flask which is not aerated will reach its maximum popu-

lation level sooner than one which is aerated. Even an aerated culture with

the highest possible food concentration, however, will still reach a maximum

population, and growth will cease. This limitation of growth always takes

place in a limited volume.

If the volume is unlimited, as it is to some extent when organisms are

grown in a long tube, a different result is obtained. Visualize a long tube

partly filled with a nutrient medium; such a tube may be inoculated at one

end with a microorganism such as a mold. Under these conditions the mold
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continues to grow at a very constant rate. It continues

to advance in the tube without any slowing up at all.

In a situation where the volume of the nutrient me-

dium is relatively unlimited, growth is also relatively

unlimited. So far as one can tell, the mold would

grow indefinitely at a constant rate as long as fresh

medium were available. Of course, this continual

growth applies only to the advancing front of the

mold. The rest of the mold soon stops growing.

Thus there appears to be no real, intrinsic aging

process in some kinds of cells. Aging occurs only

when the external medium is limited in volume.

When it is continually renewed the cells divide in-

definitely.

SUBCULTURE

STABILE
SIZE

MAXIMUM
GROWTH

SUBCULTURC

Growth of embryonic tissues

We find a similar situation in the growth of tis-

sues from the embryo when tissues are grown in a

culture medium. If we use a limited volume of tissue-

culture medium and place in it a piece of tissue such

as the heart, we find that this tissue begins to grow

at first rapidly and then slows down. Finally growth

stops. Now nothing has happened to these cells, be-

cause if a group of cells is taken out of this tissue

culture and placed in a new, fresh medium, the cells

will go through the same cycle (Fig. 163) . And, as in

the case of the protozoa and yeast, this process can be

carried on indefinitely. As long as the medium is re-

newed, these cells continue to divide and grow. In

this way cells in tissue culture will grow for years

after the organism from which they originated dies.

Thus aging on a cellular level appears to be a

rather complex process, involving the population

density of cells, the concentration of the nutrients

(including oxygen), and the accumulation of waste

products. Growth, in general, continues at a fairly

STABILE
SIZE

MAXIMUM
GROWTH

ORIGINAL CULTURE

Fig. 163. Growth in

cultures and subcultures

of tissues. Bottom to

top: Original small

piece of tissue grows to

a maximum size and

then stops. A small

piece of this culture is

removed to fresh me-

dium and growth is re-

newed. Subculture of

embryonic tissue can

probably be carried on

indefinitely.
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constant rate until a critical number of cells is reached, beyond which the

cells cannot divide unless these three variables are changed. Actually some

growth still occurs at this critical size, because some cells are dying and

being replaced, but the over-all growth has stopped.

Limitation of growth

The factor of differentiation also limits cell division and growth. Highly

differentiated cells, such as nerve cells, do not undergo cell division. It might

be pointed out that nerve cells can still grow, because when the nerve fiber

is cut it will regenerate. This means that growth is taking place. Substances

are being synthesized to form the new nerve fiber, but the nerve cell itself will

not divide.

Growth in the embryo is subject to an aging process. Tissues removed

from embryos of different ages and cultured in a nutrient medium show dif-

ferent rates of growth. The older the embryo, the slower the growth rate of

its tissues in tissue cultures. Adult tissue grows very slowly. Some adult

tissues, like nerve tissue, will not grow at all in tissue culture. However,

cancers and tumors grow very rapidly both in the adult or in tissue culture.

The critical size limit of an animal is subject to variations within any

species of animal. There are genetic strains in almost every species which

change this critical size, so that there may be varieties which are very small

—

dwarfs—and other varieties which are very large—giants. These variations

are in number of cells, not size of cells.

Growth of organs

Now let us break down this over-all growth of the embryo into the

growth of individual parts. The over-all growth of the embryo is the summa-

tion of the growth of each organ. Organs grow at different rates. These organ

growth rates are subject to modification. If an organ is transplanted from one

embryo to another, its rate of growth may be altered. The growth rate is ap-

parently influenced by the nutrient medium. If an organ is transplanted into

an embryo where the concentration of nutrients is higher, the growth rate

may be higher.

The growth of individual organs is due to an increase in the number of

cells. Since animal cells do not vary much in size, growth in an organ gen-
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erally means an increase in cell number. Growth in size of cells without cell

division may be obtained by specifically inhibiting the process of cell division

without interfering with growth. This situation results with some of the

mustard gas derivatives, which prevent the cell from dividing but do not in-

terfere with the synthesis of protoplasm. As a result, the cell becomes very

large without ever dividing.

Cellular growth

Growth within the cell is the basic problem that underlies growth of the

organism as a whole. In cellular growth it is not the division of the cell, or

the separation of the chromosomes, or even the division of the various parts

of the cell that is important. All this division is merely the end result of the

more important process of reduplication of the chemical constituents of the

cell. Before attacking this problem it is necessary to point out one essential

concept. This is represented in chart form.

If each growth reaction
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continued growth in the cells it is essential that D, the enzyme, be synthesized.

In order that D be synthesized it must be assumed that D is formed from the

union of two other substances, which we shall call E and F. But to get D syn-

thesized from E and F another enzyme, G, is needed. Such a process of reason-

ing is hopeless, for it involves the assumption of an infinite series. At each

synthesis another enzyme is needed.

Self-duplicating units

It is quite clear, therefore, that reduplication of cellular constituents

necessitates some self-duplicating units. These self-duplicating units must

participate in the following type of reaction : Two substances, A and B, form

C, and this reaction is catalyzed or conditioned by C itself. Substance C thus

becomes a self-duplicating unit which increases in amount as long as A and

B are supplied. Chemically speaking, this is an autocatalytic reaction, in which

one of the products of the reaction actually catalyzes the reaction. Some sort

of autocatalysis is a necessary concept in the growth of an organism. It can-

not be avoided. Any attempt to do so leads to the necessity of assuming an

infinite series of syntheses.

When we begin to look for the smallest self-duplicating unit, we find,

first of all, the bacterium. But a bacterium is, like a cell, a complex mixture of

enzymes, and so we must search for smaller self-duplicating units. The

nearest approach to a self-duplicating unit at a molecular level is the virus.

The virus cannot reproduce itself apart from living cells. The virus cannot

provide its own energy source for self-duplication. We cannot culture a virus

in vitro. But in a living cell, with the oxidations of the living cell providing

the energy for synthesis, self-duplication of the virus occurs.

What is a virus ? In general, viruses are nucleoproteins. And thus we have

the situation that a nucleoprotein placed in a cell will duplicate itself at the

expense of the energy of the cell. Normal cells have no virus infections, but

they have an abundance of normal-cell nucleoproteins. And if a virus can

self-duplicate itself in the protoplasm, it is only reasonable to assume that the

normal nucleoproteins of the cell can also do so. Theoretically there is no

reason why we may not assume that other proteins act like nucleoproteins and

reduplicate themselves in the cell.

In some such manner we may also consider the reduplication of the spe-

cial chemical compounds necessary for differentiation. We may consider them

as large molecules able to build themselves up at the expense of cell oxida-
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tions. In this respect they would resemble the virus nucleoproteins because

once a cell is infected with the virus, the virus reproduces itself and each

cell which divides contains the virus. The virus spreads. In the same way, an

embryonic cell is "infected" with a substance causing differentiation. This

"infection" is a result of treating the cell with an inducing agent. Once "in-

fected," the cell divides and the substance causing differentiation is self-du-

plicated in the cytoplasm. Just as there are many types of viruses producing

different effects on cells, so we may assume many types of differentiation

substances producing the various types of cells in the embryo.

Raw materials for growth

There are still two important problems. In the course of growth and re-

duplication, the embryo needs substrates; it needs raw materials for syntheses.

That is one factor. We have also pointed out that these self-duplicating units

require a source of energy. In addition to the self-duplicating reaction the cell

must produce the energy requirement by means of oxidations. Otherwise

synthetic reactions would go in the reverse direction, and the self-duplicating

compounds would break down.

The raw materials for the synthesis of the chemical constituents of proto-

plasm are to be found in the yolk, which is laid down in the egg during its

growth period in the ovary. The frog egg contains large yolk platelets com-

posed chiefly of protein. The platelets break down during development, and

the proteins are hydrolyzed and provide the raw materials for the synthesis

of the proteins of the new cells. It is during the process of differentiation of

an organ that the yolk platelets in its cells breakdown.

The mechanism of yolk distribution to the cells of the frog embryo is

simple. Cell division simply cuts off some of the yolk in each of the cells of

the embryo. The chick egg is so large and there is so much yolk that the

yolk is not incorporated into the cells of the embryo and remains a non-

cellular mass. Thus in the development of the chick embryo the transport

of the raw materials from the yolk to the growing cells in the embryo forms a

special problem. The transport is brought about by the yolk sac and blood

system of the chick embryo. Let us examine this system briefly.

During early development the blastodisk of the chick embryo takes up its

raw materials from the immediate surroundings. As long as the embryo is

small, the yolk underneath the blastodisk and at the edge of the blastodisk
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BLASTODERM

OVERGROWTH

Fig. 164. The relation of the grow-

ing chick embryo to its source of nutri-

ments. During very early development

the blastoderm is in direct contact with

the yolk and the products of digestion

diffuse into the cells. With a larger mass

of cells, as in the embryo, blood vessels

develop which convey the digested prod-

ucts to the embryo. Finally in the later

stages of development the yolk is en-

closed in a sac composed of endoderm
and mesoderm. The endoderm digests the

yolk and the blood vessels transport sub-

stances to the growing chick.

ARTERIES

can be used by the growing cells (Fig. 164). As the embryo gets larger, how-

ever, the endoderm incorporates this yolk into a sac—the yolk sac. The blood

vessels—the vitelline veins and arteries—then serve to transport the materials

from the yolk to the embryo. The circulation carries substances to the growing

parts of the chick embryo, where they are utilized for the synthesis of new

proteins. The yolk sac, therefore, is the embryonic digestive system. In the

yolk-sac membrane the enzymes break up the yolk into diffusible products,

which go through the blood vessels to the heart and thence to the rest of the

embryo. The yolk thus provides the raw materials for growth—proteins, fats,

and to some extent, carbohydrates. The composition of the yolk is discussed

in Chapter 15.
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Energy sources

What is the energy source for the synthesis of raw materials into proto-

plasm ? What substances are oxidized to carbon dioxide and water to provide

the energy for the synthesis of the large molecules in a growing cell ? In the

amphibian egg the amount of carbohydrate in the egg begins to decrease

sharply at about the time of gastrulation (Fig. 165). This carbohydrate

breakdown may furnish the energy for early development, just as carbohy-

drate breakdown in a muscle furnishes the energy for muscular contraction.

As a matter of fact, the same types of enzymes which play a part in the break-

down of carbohydrates in muscle are also present in the frog egg.

Now the energy derived from the breakdown of carbohydrates may be

used for several purposes. It is needed, first of all, for the synthesis of the

protoplasm in the egg. Energy may also be necessary for the cell movements

which take place during gastrulation. It is probably also used in the process of

differentiation, because that process involves the formation of new com-

pounds, presumably proteins. And finally, energy is also necessary for the

maintenance of the embryo in a living condition. An embryo, like an adult,

is constantly expending energy to keep its cells in the living condition.

Carbohydrate breakdown is not the only source of energy. At about the

time of hatching in the amphibian egg the lipids begin to be oxidized. If we

analyze for the amount of fat in the egg we find that it stays fairly constant

until just before hatching and then begins to be used up (Fig. 165)

.

CASTRULATIO

TIME FROM FERTILIZATION TIME FROM FERTILIZATION

Fig. 165. The utilization of carbohydrate and fat during early development

of the frog egg. Carbohydrate metabolism begins about the time when gastrula-

tion occurs. Fat metabolism starts later, at some time just before hatching, Stage

20, Figure 75.
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Respiration of the embryo

As more fat and carbohydrate become oxidized, the amount of oxygen

which is taken up by the embryo increases. This increase is very rapid as de-

velopment proceeds. If we plot the rate of oxygen consumption at different

times during development we obtain a curve which rises very sharply, as

illustrated in Figure 166. As time goes on, the rate of oxygen consumption

increases rapidly, following a logarithmic curve. Similarly, the rate of carbon

dioxide production increases; the tissues must get rid of carbon dioxide.

Oxygen gets into cells by diffusion, and the amount of oxygen taken up is

limited by the extent of the cell surface exposed to the gas. As the embryo in-

creases in volume it is evident that some mechanism must be provided for

increasing the amount of surface exposed to oxygen. Likewise, the carbon

dioxide must leave the embryo by means of diffusion. In the frog an increased

surface results from the development of fingerlike external gill filaments

Fig. 166. The rate at which

oxygen is consumed by the develop-

ing frog egg increases sharply with

time. As growth and differentiation

proceed, more and more oxidation

of the stored foods takes place.

This oxidation makes available the

energy for development.

TIME FROM FERTILIZATION
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which bring the circulating blood into contact with the oxygen dissolved in

water. In addition, the frog embryo takes in dissolved oxygen through the

skin, and the thin tail fins serve as additional surfaces for gaseous exchanges.

In the chick embryo the increased surface necessary for respiratory exchange is

provided by the development of the embryonic membranes. These were de-

scribed in Chapter 12. The allantois and the yolk sac in particular provide an

increased amount of surface which is important in the oxygen intake and in

carbon dioxide elimination of the embryo. During later development the

allantois grows in size and fills in the space between the yolk sac and the

shell. All the respiration of the embryo takes place by means of the allantois

(Fig. 167).

Excretion in embryonic development

In the metabolism of proteins, urea and uric acid are formed and must be

eliminated. The chick embryo has no way of getting rid of these excretions

until the time of hatching. They must be stored within the shell. For a while,

in the early period of development, the chick embryo excretes urea. Urea is a

rather soluble substance and must be diluted by a large volume of water or it

SHELL ALLANTOIS

Fig. 167. The allantois and its relation to the shell.
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is toxic to the tissues of the embryo. In later development the excretory

product is uric acid, which is very insoluble. Very little water is necessary to

store uric acid. These compounds are eliminated through the kidney system

of the embryo and are stored in the cavity of the allantois. In the cavity itself,

then, at the end of development relatively large amounts of uric acid in the

form of a solid are left in the shell after the chick hatches.

So much for growth in the amphibian and chick embryos. In both these

forms the egg stores enough yolk to carry the embryo to a stage of hatching.

But the mammalian egg is very small and contains little or no yolk. How
does the growing mammalian embryo obtain its oxygen and food, and how

does it excrete carbon dioxide and nitrogenous wastes ?



18 • HORMONES AND

THE GROWTH OF THE

MAMMALIAN EMBRYO

G.rowth of the mammalian embryo follows the same general pattern

which we outlined for the frog and chick embryos. What is unique in mam-

malian development is the method of obtaining oxygen and substrates and

excreting carbon dioxide and nitrogenous wastes. The egg is so small and

contains so little in the way of food reserves that it must receive food from

the parent blood stream very early in development. This is achieved through

the development of embryonic tissues which unite with the tissue of the

uterus to form a composite organ, the placenta. In the human, embryonic

blood vessels grow into the placenta, where they are bathed with maternal

blood, so that the blood of the embryo is in equilibrium with that of the

mother. Chemical compounds diffuse between embryo and uterus and the

exchange is regulated by the permeability of the cell membranes. There are

three membranes separating the maternal blood from that of the embryo

(Fig. 168).

The formation of the placenta and the growth of the embryo in the uterus

result from an interaction of the embryo, the pituitary, the ovary, and the

placenta. First of all the egg becomes implanted within the wall of the

uterus. The egg is liberated at such a time that it reaches the uterine wall

when the tissues are receptive to its implantation. After implantation the

rhythmic changes of growth and degeneration of the uterine wall must be
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Fig. 168. The placental barrier

in the human. The surface of the

villus is bathed by maternal blood.

Materials passing from maternal

blood to fetal blood go through the

chorion, which is composed of two

layers of cells, and the endothelium

of the fetal blood capillaries. Three

membranes thus separate the two

blood streams.

THE PLACENTAL BARRIER

prevented in order that the embryo may remain attached to the uterine wall

during development. At the same time the rhythmic changes in the ovary

must be stopped so that no ovulation occurs while the egg is developing.

Finally, at birth the mammary glands must be ready to secrete milk.

These rhythmic processes are controlled through the production of hor-

mones by the pituitary, the ovary, and the placenta. We shall begin by out-

lining the rhythmic changes which occur in the ovary. The discussion which

follows deals mainly with the human, although most of the experiments are

carried out on other mammals.

The ovarian cycle

The ovarian egg develops in a follicle which increases in size and the egg

remains attached to the inner wall of the follicle (Fig. 169) . When ovulation

takes place the wall of the follicle breaks, the follicle collapses, and the egg is

liberated, together with a layer of cells. The blood vessels break, and a blood

clot fills the cavity of the follicle. Then this follicle begins to be filled with

cells, forming a solid body, the corpus luteum. This corpus luteum persists for

some time and then degenerates into scar tissue. A new follicle completes its

growth cycle, and this cycle repeats itself until fertilization takes place (see

Chap. 2).

There are two important parts to this cycle. One is the growth of the

follicle; the other is the growth of the corpus luteum. The changes in the

ovary are paralleled by changes in the walls of the uterus. The diagram of the

uterus in Figure 169, shows the opening of the oviducts into the uterus and

the walls of the vagina. The uterine wall is rather thick and undergoes

periodic changes, which are correlated with the ovarian cycle.
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The uterine cycle

We can divide these changes into two major processes. The first is a

growth of the glandular portion of the uterine wall during the period just

preceding ovulation. The wall undergoes some thickening, and the walls of

the vagina shed a layer of epithelial cells. In man this is the preovulatory

period. In lower mammals the female becomes receptive to the male toward

the end of this period and the condition is termed estrus. Ovulation occurs at

the end of the preovulatory period in man and at estrus in lower mammals.

Following ovulation is a second period during which the uterine wall thickens

as a result of secretion and some growth of the glands. This is known as a

postovulatory period and also as the progestational stage of the uterus. If the

egg is not fertilized the uterine wall breaks down and menstruation results.

The cycle of preovulatory growth, postovulatory growth and secretion, and

menstruation constitutes the menstrual cycle in the human. In lower mam-
mals a similar cycle of growth and regression of the uterine wall is termed

the estrous cycle. We may use the general term uterine cycle to include both

the menstrual and estrous cycles.

Control of the cycles

The over-all control of the ovarian and the uterine cycles is quite clear,

since, if the pituitary body is removed, both cycles stop. Under these condi-

tions no ovulation takes place; no growth of the uterine wall is observed.

The pituitary does not act directly on the uterine cycle, for if the pituitary is

left intact but the ovaries are removed, the uterine cycle will stop. The

sequence of events, then, is, first, the pituitary controls the changes in the

ovary and, second, the changes in the ovary control those in the uterus.

How is this control brought about? Extracts of the anterior lobe of the

pituitary gland yield two hormones, which can be separated by chemical

means and which differ in their effects on the ovary. One of these hormones

(FSH, follicle-stimulating hormone) acts on the growth of the follicle (Fig.

169, 1). If the pituitary of an animal is removed, the follicles in the ovary all

remain small. If then FSH is injected into the animal, a tremendous growth

of the follicles results. However, no corpora lutea are formed. There is

simply a growth of the follicles.

A second extract, with different chemical properties, controls the growth
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of the corpus luteum (Fig. 169, 3) . If this hormone called LH (or ICSH), is

injected, the follicles become filled with lutein cells but do not grow. The

two hormones secreted by the pituitary, then, act on follicle growth and on

growth of the corpus luteum. These hormones are proteins, and LH has been

purified (see Chap. 2).

Once the control of the pituitary over the ovarian cycle is understood, the

next question is how this cycle causes the change from preovulatory condition

to postovulatory condition to menstruation in the uterus. The ovary secretes

several hormones. At this point we shall consider two of them. One extract of

the ovary yields a substance which, when injected into ovariotomized animals,

produces estrus (Fig. 169, 2). If the ovary is taken out of an animal the

estrus cycle stops. If the ovarian hormone, estrone, is then injected into the

animal the uterine wall thickens, the vaginal epithelium is shed as in normal

estrus, and the female becomes receptive to the male. Estrone is produced by

the follicle of the ovary.

A second ovarian extract, made from the corpus luteum and injected after

estrone has acted, produces the postovulatory condition (Fig. 169, 4). This

is characterized by a thickening of the wall of the uterus due to increase in the

secretory activity of the glands. The hormone is called progesterone. The

corpus luteum produces both progesterone and estrone. Thus we have the

general picture of two hormones from the pituitary controlling the ovarian

cycle and two hormones from the ovarian cycle controlling the uterine cycle.

Pregnancy

This mechanism runs smoothly and rhythmically until fertilization occurs

(Fig. 169, 5). After the human egg is fertilized in the oviduct, it reaches the

uterine wall during the postovulatory period and at this time the wall is very

thick. The developing egg becomes, first of all, embedded in the uterine wall

and later forms a placenta in collaboration with uterine tissues. The embryo

is attached to this placenta and the uterine wall, as shown in Figure 169. The

first thing which happens after fertilization is that something from the early

developing embryo causes the corpus luteum to increase in size and to persist

during pregnancy. The substance responsible is a gonadotropic hormone

secreted by the chorion of the developing egg (Fig. 169, 7). The corpus

luteum becomes enlarged instead of degenerating into scar tissue as it does

when pregnancy does not occur. On the right side of Figure 169 the corpus

luteum resulting from pregnancy is shown. Thus the embryo secretes sub-
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Fig. 169. A composite diagram of the relation between the pituitary, the

ovaries, the uterus, and the placenta. (1) action of FSH hormone; (2) action of

estrone on uterine wall; (3) effect of LH on formation of corpus luteum;

(4) progesterone and estrone from corpus luteum act on uterine wall; (5) fer-

tilization of ovum; (6) corpus luteum is necessary for implantation; (7) embryo

maintains corpus luteum; (8) corpus luteum is necessary for attachment of

placenta to wall of uterus; (9) relaxin relaxes pelvic ligaments.

stances which cause the growth and maintenance of the corpus luteum and a

supply of progesterone and estrone for the uterine wall is insured.

A number of changes follow the persistence of the corpus luteum. The

corpus luteum inhibits further ovulation. The inhibition of ovulation can be

shown to be due to the presence of the corpus luteum, because in some ani-

mals, such as the cow, the corpus luteum may be removed and ovulation will

follow in about 48 hours. Presumably this inhibition must involve the inhibi-

tion of the secretion of hormone by the pituitary. The corpus luteum hor-

mones exercise an inhibition over the pituitary, preventing its secretion of

FSH. The substance responsible is probably estrone. Estrone is produced by
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the corpus luteum and later an estrogenic substance is also secreted by the

placenta. Thus ovulation is inhibited until after birth.

The corpus luteum during early pregnancy has a number of functions.

First of all, the progesterone from the corpus luteum sensitizes the uterine

wall for implantation of the developing egg (Fig. 169, 6). If progesterone

is injected into some animals, the uterine wall becomes very sensitive, so that

if it is merely touched or scratched, growths will occur. A second property of

progesterone is the inhibition of the contractions of the uterus. The uterine

wall remains relatively quiet during most of pregnancy, and it may be the

function of progesterone to inhibit muscular contractions. In this respect

progesterone is antagonistic to estrone, since the latter stimulates uterine con-

traction. The corpus luteum is also necessary for the early development of

the embryo after it has become implanted (Fig. 169, 8). Removal of the

corpus luteum during early human pregnancy results in death and abortion

of the embryo. This effect is a direct consequence of the removal of pro-

gesterone and estrone, which build up the uterine wall and keep it built up

during early pregnancy.

In addition to progesterone and estrone, the corpus luteum of sheep

secretes a third hormone, which acts on the pelvic ligaments (Fig. 169, 9).

These ligaments relax and allow for a larger pelvic cavity for the developing

embryo. If this hormone, called relaxin, is injected into males it also produces

a relaxation of the pelvic ligaments.

Although the corpus luteum is necessary for both the implantation of the

blastocyst and the early development of the human embryo, it is not necessary

during the later period of pregnancy. The corpus luteum—indeed, the whole

ovary—can be removed after the first three to four months of pregnancy, and

the embryo will go to term. There must, therefore, be some other source of

the ovarian hormones, progesterone and estrone. And this second source is

found in the placenta itself.

Placental hormones

The placenta secretes progesterone. It also secretes some estronelike sub-

stance, an estrogen. Since the placenta contains progesterone and an estrogen,

during later pregnancy the placenta itself takes over the function of the

corpus luteum and the ovary. In a similar way the placenta appears to take

over the function of the pituitary itself. If the pituitary gland is removed in

very early human pregnancy, no implantation occurs. The egg does not be-
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come implanted in the walls of the uterus. If after the egg is implanted in the

walls of the uterus the pituitary is removed, the fetus is resorbed. During the

later period of pregnancy, however, the pituitary may be removed with no

deleterious effects. Thus it would seem that the placenta can take over to a

great extent the hormone control during late pregnancy. As a matter of fact,

the secretions of the pituitary—LH and FSH—stop at about the second

month of human pregnancy, and do not begin again until after birth. During

this time the placenta secretes a gonadotropic hormone which maintains the

corpus luteum. Thus the embryo and placenta become almost completely in-

dependent of the maternal hormones and form a self-differentiating unit.

In summary (see Fig. 169), the pituitary secretes FSH, which stimulates

follicle growth (1). Follicle growth results in the production of estrone (2),

which brings about preovulatory changes in the uterine wall. Ovulation then

occurs. Then LH from the pituitary stimulates growth of corpus luteum (3)

and this results in the formation of progesterone and some estrone. These

hormones produce the postovulatory changes in the uterus (4). If the egg is

fertilized (5) it becomes embedded in the uterine wall as a result of the

supply of progesterone and estrone (6) from the corpus luteum. The de-

veloping egg in turn secretes a gonadotropin (7), which maintains the

corpus luteum. In later pregnancy the progesterone and estrone from the

corpus luteum are necessary for the attachment of the placenta (8). There

may possibly be a relaxin (9), which relaxes the pelvic ligaments. In late

pregnancy neither the corpus luteum nor the pituitary is necessary and the

placenta itself secretes progesterone, an estrogen, and a gonadotropic hor-

mone.

This picture of hormone control is not a complete one. It is very difficult

to get a complete picture. An attempt has been made here to combine infor-

mation obtained from experiments upon various types of animals, but the

observations from different animals are not always consistent. The outlines

of the true picture seem clear enough, however, and we have tried to stay

within these general outlines. The specific relations of the various hormones

in different mammals vary tremendously. For example, progesterone inhibits

the contractions of the uterine wall and estrone stimulates these contractions.

It might be expected then, that by injection of large amounts of estrone con-

tractions would be initiated in the uterine wall, and these contractions would

produce abortion. This situation is true in some animals; in mice injections of

estrone lead to abortion. However, it is not true in humans and in some other

forms. Thus there is a great deal of variation in the response to these hor-
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mones. Great caution should be exercised therefore, in extrapolating results

from animals to humans.

Vitamin E

In addition to the hormones a vitamin is necessary in the early embryonic

development of mammals. In the absence of vitamin E, ovulation and im-

plantation of the blastocyst in the walls of the uterus may be normal but the

embryo is resorbed in early stages of development. This resorption is pre-

sumably caused by a failure in the circulatory system of the embryo, leading

to death. In the egg of the chick, lack of vitamin E results in a breakdown of

the blood system at about the fourth day of incubation and the embryo dies.

In humans lack of vitamin E may possibly be associated with habitual abor-

tion, in which the early fetus dies and is cast out of the uterus. On the other

hand, a low progesterone content may also produce the same effect. Therefore

a combination of vitamin E from wheat germ oil and progesterone is some-

times injected into women who experience difficulty in carrying a fetus.

It is rather interesting that vitamin E is also necessary for reproduction

in the males of some mammals. Lack of vitamin E results, first, in a loss of

fertilizing power of the sperm. With continued lack of vitamin E, sperm

are no longer produced in the testis. This vitamin acts rather specifically on

sperm production, since neither the accessory glands nor the hormone pro-

duction in the male are altered.

In retrospect, we see that in following this special case of the mammal

we have been carried very far from the basic problems of growth. All the

hormones we have considered plus vitamin E have nothing to do with the

differentiation or true development processes in the mammalian embryo.

They are merely concerned with establishing a relationship between the de-

veloping embryo and the uterine wall such that substances may diffuse to

and from the mother and the embryo. As we shall see in the next chapter,

the actual mechanics of development and the principles governing differ-

entiation in the mammal are very similar to those which we have found in

the frog and chick studies. The introduction of the placenta as a transfer

mechanism between parent and offspring is, however, accompanied by the

development of an elaborate hormone control. The general result of such

a mechanism is a greater frequency in survival of the offspring.
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Ihushus far we have considered the theoretical aspects of development, using

experiments from various sources as a guide to the principles that operate

during growth and differentiation. In the study of the growth process we
found that the mammalian embryo possesses a rather unique mechanism for

getting its food. It is only natural, therefore, that we should ask: Does mam-

malian development differ basically from that of other animals? Does the

human egg follow the same pattern of development as the amphibian and

chick eggs ? Is human development governed by the same principles as those

which control the development of animals generally? We shall use the

human egg as an example of mammalian development, with some references

to other mammals.

The egg contains very little yolk, and its early cleavage is similar to that

of the sea urchin egg (Fig. 170). The processes of gastrulation and meso-

derm formation, however, are similar to those of a large, yolky egg such as

those of reptiles and birds. A small egg with little or no yolk is therefore

an evolutionary consequence of the fact that in most mammals a placenta

replaces yolk as a source of nutrition. As a matter of fact, two of the lower

mammals—the duckbill and the spiny anteater—do have large yolky eggs

which develop without a placenta. When the placenta develops, yolk is no

longer necessary, but the egg of higher mammals still behaves as though a



266 EMBRYOLOGY

EGG

MEMBRANE CYTOPLASM G
INNER CELL MASS

BLASTOCYST

Fig. 170. The egg, first cleav-

age, and the probable structure of

the blastocyst in human develop-

ment. Above: The egg after ovula-

tion is surrounded by a layer of

cells, the corona radiata, and by a

transparent noncellular layer, the

zona pellucida. The egg has some

yolk granules in the cytoplasm.

Upper right: A two-cell stage of a

human egg after artificial fertiliza- trophoblast

tion. Right: Blastocyst of the monkey. The large cavity is sometimes called a

blastocoel but probably the term blastocyst cavity is more accurate. The embryo,

amnion, and yolk sac develop from the inner cell mass while the embryonic

portion of the placenta arises from the trophoblast.

large amount of yolk were present. A yolk sac forms, but it is nonfunctional.

Moreover, a primitive streak develops, just as in the hen's egg.

Early development

Although in the earlier stages cleavage in the mammalian egg resembles

that of the sea urchin egg, the blastula formed is quite different. During

cleavage of the monkey egg a group of cells destined to become the embryo

is partially segregated from the rest of the cells, forming the inner cell mass

(Fig. 170) . The remaining cells form a large blastula-like cyst. In the human,

the walls of this cyst grow into the uterine wall to form part of the placenta.

Thus there is an early segregation between the embryonic tissues and the

extraembryonic tissues. Not all the cells of the inner cell mass develop into

the embryo. The amnion and the extraembryonic mesoderm also develop

from this mass.



EARLY DEVELOPMENT

Fig. 171. Formation of the am-

nion and the endoderm from the

inner cell mass in humans (dia-

gramed from a l^^-day embryo).

A slitlike cavity appears in the inner

cell mass and enlarges to form the

amniotic cavity. A layer of cells

interpreted as endoderm separates

from the lower surface of the inner

cell mass.

TROPHOBLAST

One of the striking differences in development between birds and mam-
mals is the very early formation of the amnion in the latter. The chick em-

bryo is in a very advanced stage of development before the amnion is com-

pleted. In the mammal, on the other hand, the amnion forms before the

primitive streak appears. In the human, the cells of the inner cell mass re-

arrange themselves to form a cavity which enlarges, becoming the amniotic

cavity. Thus there is no folding of layers of cells as in the chick embryo.

With the formation of the amnion a group of cells becomes segregated from

the opposite side of the inner cell mass, and these cells become the endoderm

lining of the yolk sac (Fig. 171). Here again there seems to be a direct re-

arrangement and migration of cells to form a sac. While the amnion and the

yolk sac are forming, other cells from the inner cell mass migrate around

these two structures, forming mesoderm. This mesoderm extends in all direc-

tions to cover the walls of the blastocyst completely. These processes result

in a blastocyst in which the future embryo is suspended by mesoderm from

the wall of the cyst. The top of the future embryo is covered by the amnion;

the bottom is bounded by the yolk sac (Fig. 172).

While these changes are going on inside the blastocyst the walls become

converted into the trophoblast. Part of the trophoblast invades the uterine

mucosa, forming a spongy layer which becomes part of the placenta. The

maternal blood flows through this spongy layer of tissue, the syntrophoblast

(Fig. 172). The rest of the trophoblast remains as a discrete layer and is

coated with mesoderm. These combined two layers form the chorion, which

sends out fingerlike projections into the syntrophoblast to form the chorionic
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ENDODERM

Fig. 172. Formation of the yolk sac, growth of the mesoderm, and differen-

tiation of the trophoblast into the syntrophoblast and the chorion.

MUSCLE LAYER

O O O O O o- BLOOD VESSELS

CAVIT* or UTERUS

Fig. 173. Primitive-streak stage of human embryo, together with the extra-

embryonic membranes and the uterine wall.
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PaQ^\
CHORIONIC VILLUS

Fig. 174. Primitive-streak stage in human development. The primitive streak

is shown in longitudinal section, and the head process extends forward under

the presumptive neural plate. The amnion encloses an amniotic cavity above the

blastoderm. Below it a flat sheet of endoderm is continuous with the yolk sac

and a small posterior diverticulum is the allantois. Mesoderm surrounds the yolk

sac and the amnion and extends around the inner surface of the chorion. The
early embryo, amnion, and yolk sac are thus suspended by a stalk of mesoderm,

the body stalk. The outermost extraembryonic membranes have differentiated

into a spongy layer, the syntrophoblast, and a compact layer, the chorion. The
latter becomes convoluted and together with the mesoderm forms chorionic

villi. Blood vessels from the embryo invade the mesoderm within the chorionic

villi, and blood sinuses filled with maternal blood develop in the synthrophoblast.
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villi. Embryonic blood vessels develop in the chorionic villi and are supplied

by the umbilical arteries and drained by the umbilical veins. The allantois,

which probably directs these blood vessels to the chorionic villi, develops as

an outgrowth of the posterior region of the endoderm of the yolk sac (Fig.

173). The endoderm itself becomes constricted into two parts by the forma-

tion of the umbilical cord, and the endoderm of the embryo proper remains

connected with the yolk sac by a thin strand of endoderm running through

the umbilical cord.

The development of the embryo involves the formation of a primitive

streak which is very similar to that of the chick embryo. At the anterior end

of the primitive streak a head process forms, and above this head process the

neural plate develops (Fig. 174). This plate folds to form the primitive

neural tube.

Comparison of chick and pig embryos

Later development of a mammalian embryo follows closely the pattern

of the development of the chick embryo. Since pig embryos are readily avail-

able in large numbers, they form admirable material for a study of the de-

velopment of organ systems. Figure 175 shows a 10-mm. pig embryo with its

membranes removed and the body wall dissected to reveal internal structures.

This is somewhat more advanced than a 72-hour chick embryo. The 10-mm.

pig has well-developed limb buds by this time. The head and neck form a

curvature which brings the telencephalon close to the heart, as in the chick

embryo. A prominent tail is present, and the heart, liver, and mesonephros

can be seen. The development of the neural tube of the pig embryo is similar

to that of the chick, as shown in Figure 176. A similar section of the human

embryo is also shown for comparison. Note the differentiation of the motor

region within the spinal cord. The limb probably directs the nerve fibers in

mammals just as it does in the frog and the chick. There is no evidence of a

preformed pathway. Furthermore, observations on limbless individuals show

that the spinal ganglia and motor region of the cord are reduced in size and

thus confirm the idea that the limb controls differentiation of the motor

neurons in the spinal cord.

The mammalian brain develops through the same stages as the chick

brain, as shown in Figure 177. The telencephalon, diencephalon, mesenceph-

alon, metencephalon, and myelencephalon are clearly marked out. Note



Fig. 175. Pig embryo 10-mm.

long. Note the well-developed

head, which contains the five pri-

mary divisions of the brain (Fig.

177). In the neck region visceral

grooves may be seen. The limb buds

and tail bud are well developed.

The body wall has been cut away

to reveal the heart, the liver, and

the large mesonephros.

SPINAL GANGLION

MOTOR REGION

MESONEPHROS

MOTOR REGION

SPINAL GANGLION

FlG. 176. Spinal cord and spinal ganglia of pig and human embryos.

STOMACH
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P
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EMBRYOLOGY

OTOCYST

MESONEPHROS

Fig. 178. The olfactory

pits and their relation to the

cerebral hemispheres of the

telencephalon.
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The human egg is liberated into the opening of the oviduct about 14 days

after the beginning of the last period of menstruation. Fertilization takes

place in the upper part of the oviduct, and a period of cleavage ensues for

about three days. At about 6 days after fertilization the blastocyst has pre-

sumably formed and a large cavity (the blastocoel?) becomes filled with a

fluid. There is probably an aggregation of cells at one pole of the blastocyst,

known as the inner cell mass (Fig. 170). At this time the blastocyst floats

freely within the uterine cavity. At about iy2 days the blastocyst has become

implanted in the wall of the uterus. The amniotic cavity appears, and the

endoderm begins to segregate from the inner cell mass, as in Figure 171. In

the next few days the yolk sac forms and becomes encased in mesoderm. At

14 to 16 days a primitive streak develops (Fig. 173) . During the l4-to-2 1-day

period the neural plate forms and folds into a tube, the heart develops, and

the digestive tract shows some differentiation. At this point we shall proceed

to a more detailed discussion of the structure and function of the human

embryo.

Human embryo at three weeks

The embryo shown in Figure 184 is about three weeks old, has ten

somites, and is about 2 mm. long. By this time the neural tube has closed

throughout most of its length. It remains open anteriorly and posteriorly.

There is relatively little differentiation within the brain region, although the

three primary divisions are roughly delineated. A thickening of the ectoderm

opposite the rhombencephalon is the otic disk, or auditory placode, which

will form the internal ear.

In the anterior brain the optic primordia are present, and on either side

of the neural tube the neural crests have formed. In this embryo a notochord

runs the length of the somites; it is still fused with the underlying endoderm

and remains in contact with the neural tube above.

The endoderm at this time is divided into a foregut, midgut, and hindgut.

The primordia for the thyroid and the laryngotracheal groove are present in

the foregut. From the hindgut the allantois forms an outgrowth running

posteriorly into the body stalk. The umbilical veins and arteries follow this

allantois into the placenta.

The mesoderm shows division into the somites, the rudiment of the pro-

nephros, and the lateral mesoderm, which forms two layers, enclosing a



MANDIBULAR ARCH OPEN BRAIN

NEURAL FOLD

Fig. 184. A human embryo about three weeks after fertilization. (From

G. W. Corner, Carnegie Institution of Washington Publication No. 394.)
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coelom. The two heart rudiments have fused to form a single tube of endocar-

dium surrounded by a thicker wall of myocardium. At about this time, or per-

haps even earlier, the heart begins to beat. Some blood cells formed by the

blood islands of the yolk sac are present, and circulation through the yolk sac

and the body stalk is complete.

Up until this time the embryo has had no nutrition through the placenta

and has had to rely on diffusion of products from the uterus (uterine milk)

and on products of disintegration of cells of the wall of the uterus. These

cells break down during implantation to form a debris which is used as food

by the growing embryo. With the establishment of a complete circulation at

the third week, the embryo derives its food through the placenta, as outlined

in Figure 168.

Many substances pass through the placental barrier. In general, only the

smaller molecules penetrate the three layers of cells that separate the fetal

and maternal blood. However, some antibodies of large molecular size do

pass from mother to fetus and confer immunity on the latter. Although the

acquisition of some antibodies is beneficial for the newborn child, other in-

jurious large molecules also can get through the placenta—for example, the

anti-Rh factor, which produces erythroblastosis. Furthermore, if the mother

ORAL CAVITY

BULBUS

YOLK SAC

:%-OTOCYST

ARM BUD

BODY REGION

LEG BUD

BODY STALK

Fig. 185. A human embryo about 26 days old. (From Julius Kollman,

Handatlas der Entwickhtngsgeschichte des Memchen. Verlag von Gustav Fischer,

Jena.)
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contracts German measles during very early pregnancy the fetus will develop

heart defects and cataracts of the eye and it may also be microcephalic. It is

assumed that even a few red blood cells, or parts of red blood cells, pass

through the placental membrane.

Certainly small, undissociated molecules, such as ammonia, urea, and

uric acid pass through freely, since they are found in equal concentration in

the maternal and fetal blood streams. Glucose penetrates freely and is stored

as glycogen in the placenta and in the fetal liver. Some studies on mammals
other than the human suggest that the energy for development comes mainly

from the oxidation of carbohydrates.

The greatest demand of the growing fetus is for amino acids, and these

substances are reported to be present in the fetal blood in even higher con-

centration than in the maternal blood. If this is indeed a fact, then some work

must be done by the cells of the placenta to produce this concentration of

amino acids.

Carbon dioxide and oxygen pass across the placenta freely. The chemical

conditions in the fetal blood are such that the hemoglobin takes up more oxy-

gen than the maternal hemoglobin at the same oxygen tension. This situation

is a result of a lowered oxygen-carrying capacity of the blood of pregnant

women as compared with that of nonpregnant women.

The placenta must show some differential permeability; otherwise the

large amount of estrogens in the maternal circulation would influence the sex

of the developing embryo. Indeed, if testosterone and estrone are injected

into pregnant rats, the female and the male fetus are modified in a male and

female direction respectively. Probably some estrone gets through in humans,

but not enough to override hormones produced by the fetus. In this connec-

tion the suprarenal cortex of the human fetus contains a zone of cells that

are believed to secrete an androgen. This androgen may possibly neutralize

any estrogen which is able to penetrate the placenta from the mother.

Development from three

to four weeks

Development from 21 to 26 days is shown in Figure 185. The embryo now

possesses about 25 pairs of somites, the arm and leg buds are visible, and

a distinct tail bud is present. Its structure resembles that of a chick embryo of

about three days' incubation. Three pairs of visceral grooves have developed,
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Fig. 186. The embryo at about one month old. (From Julius Kollman,

Handatlas der Entwkklungsgeschichte des Menschen. Verlag von Gustav Fischer,

Jena.)

and the otocyst is pear-shaped. The neural folds have closed completely, and

a well-developed brain has formed. The heart shows the same spiral arrange-

ment as in the chick embryo.

At four weeks the embryo is about 5 mm. long and weighs about 20 mg.

(Fig. 186). At this stage 40 somites are present, the arm and leg buds have

formed, and the embryo corresponds roughly to about a three- to four-day

chick embryo. The neural tube is completely closed now, and the divisions of

the brain are more sharply defined. The optic primordia have become optic

cups, and the lens is forming. The auditory placode has formed the otocyst,

and the olfactory placodes are present as thickenings of the head ectoderm.

In the nervous system nerves are beginning to develop in the motor region

of the spinal cord and from the spinal ganglia. In the region of the pharynx

the endoderm has formed five visceral pouches and the primordia of the

tongue are present. The laryngotracheal groove has developed into paired

lungs and trachea, and the thyroid sacs are now well defined. The liver is

clearly developed, with its ducts and with the primordium for the gall

bladder. The pancreas is represented by diverticula from the midgut. There

is a clear differentiation between the esophagus, stomach, and intestine.
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Fig. 187. End of the embryonic

period, about 6 weeks. (From Julius

Kollman, Handatlas der Entwick-

hingsgeschichte des Menschen. Ver-

Iag von Gustav Fischer, Jena.)

At about this time the pronephros degenerates and the mesonephros begins

forming.

Human embryo at six weeks

At six weeks of age the embryo is about 12 mm. long (Fig. 187). The

head structures are more highly developed, and the arm and leg buds have
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grown out and show indications of digits. In general the development of the

leg is slower than that of the arm. This is an expression of a general rule

that the anterior structures develop more rapidly than posterior structures.

A prominent tail, containing a neural tube and notochord, reaches its maxi-

mum development about this time, attaining a length about one sixth that

of the embryo. Subsequently the tail regresses, but in very rare cases it may

persist and grow, reaching a length of three inches in the fetus at term. The

upper and lower jaws are recognizable, and the external ear is forming.

In the brain five primary divisions may now be distinguished, with the

telencephalon and the diencephalon both very large. In the eye the nervous

layer begins its differentiation, becoming very thick and containing several

layers of cells. The outer layer of the optic cup remains thin, and a black

pigment is deposited in these cells. The internal ear undergoes changes in

form, and the endolymphatic duct develops. The olfactory placodes form

olfactory pits, which become olfactory sacs. At this time the endodermal

pouches begin their differentiation into thymus, parathyroids, and ultimo-

branchial bodies. The thyroid gland becomes first bilobed and then solid in

structure. In the mouth the three primordia of the tongue fuse.

Onset of muscular contraction

At eight weeks (Fig. 188) the embryo is 24 mm. in length and weighs

1 g. In addition to an increase in the complexity of structure between six and

eight weeks of development, we now find that function of organs begins. Of

course, the heart has been functioning steadily since the initiation of the

heart beat at about three weeks. During the seventh week the muscles of the

body have differentiated and are capable of contraction. Direct electrical

stimulation applied to the muscles of eight-week embryos will cause a quick

contraction of muscle. Since in most other mammalian embryos tested, re-

flexes begin about one day after the first responses to direct stimulation of

muscle, it is safe to conclude that at about eight weeks the human embryo

shows simple reflex movements. For example, cat embryos corresponding in

structure to a seven-week human embryo will respond reflexly to mechanical

stimuli. If the amnion is tapped firmly, the forelimb will jerk. Touching the

forelimb directly also results in a quick twitch, as does electrical stimulation.

The neck and head muscles contract reflexly when the snout is stimulated.

That these are true reflexes and not the results of direct stimulation of
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Fig. 188. The human fetus

about two months after fertilization.

(From Julius Kollman, Handatlas

der Entwicklungsgescbichte des

Menschen. Verlag von Gustav

Fischer, Jena.)

muscle can be demonstrated by stimulating regions above the spinal cord

posterior to the forelimb and obtaining a typical forelimb twitch. This ex-

periment shows that the transmission along the cord and across a synapse in

the motor region of the cord opposite the limb must be complete.

The human embryo at eight weeks

The general appearance of an eight-week embryo changes in the direc-

tion of a fetus by becoming more recognizable as a human. Facial features
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are beginning to show. The external nose and the external ear have formed,

although the nose is still flattened. The eyes are shifting from the sides to a

forward position and are coming closer together. Eyelids have formed. The

branchial grooves have flattened out, and a neck, distinct from the head and

body, has formed. At this time the limbs have well-formed digits, especially

the fingers. The tail is now relatively inconspicuous.

Internally the telencephalon gives rise to the very large cerebral hemi-

spheres, in which there is cellular differentiation. The optic nerve develops

by growth of fibers into the optic stalk, and the lens of the eye begins to form

lens fibers. Underneath the brain the hypophysis has formed by the union of

Rathke's pouch (epidermal part of the hypophysis) with part of the in-

fundibulum of the brain.

The adrenal gland has formed by the migration of the medullary cells

from the primordia of the sympathetic ganglia into the cortical region, which

is derived from mesoderm. The medulla in some mammals begins to secrete

adrenaline very early. The cortex is of especial interest, since it is unusually

large in the fetus and is thought to secrete an androgen. The kidney system

is continually changing during this period, with the mesonephros completely

differentiated and functioning while the metanephros begins to form tubules.

The testis and ovary have developed from the primitive gonads, and the

secretion of androgens by the testis begins very early, probably at about seven

weeks. This early secretion of androgen leads to the formation of' intersexes

in cattle twins. When the twins are of opposite sexes and their blood streams

intermingle, the androgen from the male co-twin is able to pass through the

blood stream into the female co-twin and there stimulate parts of the male

sexual apparatus to develop. Such an effect has not been observed for human

twins and does not seem at all likely to occur under normal conditions, since

there is no intermingling of the blood between the twins. Even in cases

where the twins are in the same chorion no intersexuality has been observed.

Intersexuality of developing chick embryos caused by a change in the

concentration of sex hormones is considered in some detail in Chapter 20.

Sex reversal can be produced by experimental treatment.

Eight weeks of development brings the embryonic period to a close and

the embryo from now on is termed a fetus. Practically all structures are laid

down and the fetal period from eight weeks to birth is characterized by

growth, the further differentiation of details of structure, and the onset of

function
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The human fetus at twelve weeks

At 12 weeks the fetus is 56 mm. long and weighs 14 g. That is, the

fetus now weighs 14 times as much as it did at eight weeks and is about two

and one-half times as long. It begins to take on a more human appearance,

although the head is relatively too large. The face is much better developed,

with the lips formed, the nose protruding, and the ears acquiring a more

adult shape. The head and neck begin to straighten up somewhat. The eye-

lids are fused at this time. Reflex movements of the lips suggesting the first

beginnings of the sucking reflex have been observed as early as ten weeks.

These lip movements become more complicated with time.

The limbs are relatively longer and slenderer, the fingers are very well dif-

ferentiated, and the nails are beginning to form. The muscles and nerves of

the arm are well developed, as is evidenced by reflex stimulation of the fingers.

Movements of the fingers after stimulation by touch has been recorded as early

as 1 1 weeks. The fingers curl toward the palm. At 12 weeks the fetus can make

a fist. Some weeks later the grasp reflex operates, and the fingers will hold an

object tightly. Similarly the foot responds to the stimulation of touch of the

sole at 12 weeks or even less. The big toe curls upward and the rest of the

toes spread; this is called the Babinski reflex. These reflexes involve only

the spinal cord and not the higher brain centers. A sensory mechanism must

be operating, since tapping on the chorion at this stage causes contraction of

the arms and legs.

Other organs begin to function about this time. Experiments on the rabbit

and the cat fetus in which dyes are injected into the body show that the

metanephros as well as the mesonephros function very early. From this

evidence it is estimated that the permanent kidney of the human fetus begins

to function at nine weeks, at a time when the mesonephros is still active. Since

the mesonephros is fully differentiated at seven weeks and the metanephros

differentiates its first tubules at this time, it is clear that by nine weeks the

metanephros may be actively excreting. Urea and uric acid are both excreted

by the kidney, and the excretory products form part of the amniotic fluid,

which increases from 40 ml. at 10 weeks to 1800 ml. at 38 weeks. During this

period the concentration of urea in the fluid changes from 35 to 45 mg. per

100 ml. and that of uric acid from 3.5 to 5.1 mg. per 100 ml. Excretion

through the kidney, however, can be only slight compared to excretion across
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the placenta into the maternal blood stream. There is a barrier to excretion

in the fetal kidney. A layer of epithelium surrounding the glomerulus pre-

vents rapid filtration until at birth this layer breaks and the blood vessels

float freely in the capsule.

Respiratory movements of the chest and abdomen are observed in a 12-

week fetus removed from the uterus. These movements are described as

shallow breathing, and in a somewhat older fetus are rhythmical and occur

about once a second. Breathing of the fetus can be stimulated by the lack of

oxygen that occurs when the placenta is detached from the uterus. This ob-

servation shows that the respiratory center in the brain is active.

A question arises regarding the possible intake of amniotic fluid into the

fetal lung as a result of these fetal respiratory movements. Experiments gen-

erally show that no amniotic fluid gets through the glottis. Injection of

colloidal thorium dioxide, which throws a shadow in X-ray photographs, into

the amniotic fluid of the human fetus shows definitely that while the thorium

is present in the stomach and intestine there is none in the trachea or lungs.

However, if breathing becomes more intense because of stimulation by lack

of oxygen, some amniotic fluid gets into the lungs.

The development of reflexes

The fetus at 16 weeks is 112 mm. long and weighs 105 g. (Fig. 189) -

During the period from 12 to 16 weeks the weight of the fetus is increased

by a factor of 7. In the previous period of 8 to 12 weeks the factor was 14.

It is clear that the rate of increase in weight becomes smaller and smaller as

the fetus gets older. For example, from 16 to 20 weeks the fetus only triples

its weight.

An over-all inspection of the fetus shows it to be better proportioned

than at 12 weeks. The size of the body has increased more rapidly than the

head, but the head is still disproportionately large.

The fetus now shows natural reflex movements within the amniotic

cavity and with the placenta intact. These movements can be detected as early

as 14 weeks by the stethoscope but are not usually felt by the mother until

about 17 weeks. It will be recalled that stimuli will elicit muscle responses

much earlier and therefore the relative quiescence of the fetus must be due

to the fact that there are few sources of stimuli. This is understandable, since

the embryo floating within the amniotic fluid is relatively isolated from
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Fig. 189. The human fetus about four

months old. (From Julius Kollman, Hand-
atlas der Entivickhoigsgeschicbte des Men-
scben. Verlag von Gustav Fischer, Jena.)

mechanical, chemical, or thermal stimulation. Then, too, studies on other

mammalian fetuses bring out the point that the fetal neuromuscular system

has a much higher threshold for stimulation than the adult.

By the sixteenth week certainly, and probably as early as the twelfth

week, the swallowing reflex begins by muscular contraction. This leads to

swallowing of the amniotic fluid in the older fetus. The proof that the fetus

"drinks" its own amniotic fluid comes from the results of experiments in

which colloidal thorium dioxide is injected into the amniotic fluid at about

five months. After about 15 hours the uterus is removed, and a photograph

of the fetus taken with X rays shows the colloidal thorium in the stomach

and intestine. This knowledge has been used in an interesting treatment ad-

ministered to mothers having too much amniotic fluid. By the injection
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of saccharine into the amniotic fluid to sweeten it, the fetus was induced to

swallow more amniotic fluid and actually reduce the volume. Of course, this

reduction in volume must be due to absorption of the water by the fetal

digestive tract and subsequent elimination through the placenta and the urine

of the mother. Indeed, methylene blue injected into the amniotic fluid appears

in the urine of the mother.

Other parts of the digestive system become functional about this time.

The oral glands contain ptyalin; the stomach glands contain pepsin; the

liver secretes bile, which flows into the intestine and collects there; and

trypsin is said to be secreted at about the fifth month. In the pancreas the

islands of Langerhans have formed and may be secreting insulin. Insulin

is secreted by the dog fetus in amounts such that when the pancreas of a

pregnant dog is removed no excess sugar appears in its urine. The insulin

from the fetus stimulates enough carbohydrate metabolism to keep the blood

sugar of the mother low. The hormone secretin has been demonstrated from

the small intestine at about 18 weeks. Thus, it seems clear that the digestive

system is well on its way toward becoming functional both mechanically and

chemically between the sixteenth and twentieth weeks of development. It is

interesting to point out that at this time the fetus weighs only a few ounces

—

about 3.5 ounces at 16 weeks and about 10 ounces at 20 weeks.

At 16 weeks most of the bones of the body are clearly formed, although

ossification is by no means complete and continues long after birth. This

period is characterized by a degeneration of the mesonephros and the almost

complete differentiation and function of the metanephros.

Development from 20 to 38 weeks

During the remaining weeks (20 to 38) growth continues to slow up.

From 20 to 24 weeks the fetus nearly doubles its weight, whereas from 24

to 28 weeks the factor is 1.7. From 28 to 32 weeks the factor drops to 1.5

and for the 32-to-36-week period it falls to 1.4. This slowing of the growth

rate is probably accompanied by a decrease in the rate of metabolism. During

this period there is also observed a decrease in the rate of heart beat. The

heart of a five-month fetus beats at more than twice the rate of the adult

—

160 per minute as compared with 70. The heart rate decreases to about 140

at full term. During birth and the first few minutes after birth the heart beat

undergoes regular changes. The rate slows during birth, and this may be an
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effect of the pressure exerted by uterine contractions. Just after birth the rate

jumps up to about 170 or more beats per minute, which may be the result of

nervous stimulation. Shortly afterward, the heart rate settles down to about

110 beats per minute.

The more rapid heart beat of the small fetus as compared with the larger

newborn recalls the very rapid heartbeat in small mammals, such as the bat

and the mouse, as compared with large mammals, such as the elephant. In

these cases it is known that the rate of metabolism of small mammals is

higher than that of large ones.

During the fifth month hair and nails develop in the skin. Hair becomes

visible about the fifth or sixth month and forms a dense covering over the

body during the seventh month. This fetal hair is shed during very late

pregnancy and collects on the surface of the fetus in a fatty layer secreted by

the sebaceous glands of the skin. This layer of vemtx caseosa is present at

birth and is removed. The nails begin formation very early—around the fifth

month—and are fully formed before birth.

Pigmentation of the skin is usually very light, and pigment forms after

birth for several months. Eye color does not develop until after birth, and

may not be complete for a few months. On the other hand, the pigmentation

of the retina occurs very early in the embryo. The mammary glands begin

development as early as six weeks and form a mammary ridge on either side

of the embryo, extending between the arms and legs. Differentiation of the

two glands occurs at the anterior region of the mammary ridge although in

rare cases extra mammary glands may develop from the more posterior parts

of the ridge. At birth a small amount of secretion exudes from the glands of

both sexes.

Although the external genitalia are characteristically male or female at

about twelve weeks, the testes remain in the body cavity until about seven

months, at which time the migration into the scrotum begins. At about nine

months the descent of the testes is completed. Sometimes, for one reason or

another, the testes fail to descend into the scrotum. Under these conditions

the testes are sterile, owing to the higher temperature within the abdomen. If

the fault is lack of hormone, the descent of the testes may be brought about

by the injection of gonadotropic hormones of the pituitary. Normal descent

of the testes, as well as some other sex differentiation, is under the control of

the fetal hypophysis.

During late fetal life many glands are capable of function. The pituitary
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secretes growth-promoting factor and gonadotropic hormones. The thyroid

contains iodine at six months, and probably much earlier. Of especial interest

is the development of the suprarenal gland. The cortex and medulla join at

about seven weeks, and the cortex becomes very large in proportion to the

size of the fetus as compared with the adult. Indeed the adrenal gland reaches

a maximum size at birth and then decreases in size, reaching about one half

its birth weight after about three months. The loss in weight is correlated

with the partial disappearance of the so-called fetal zone in the cortex of the

gland. This fetal zone is presumed to secrete an androgen, and it has been

suggested that this androgen in the fetus neutralizes any possible effects of

the estrogens of the mother. The medulla of the suprarenal has a common

origin with the sympathetic ganglia and secretes adrenaline very early in the

fetus of some mammals. Secretion is reported as being very low in the human

fetus.

The sense organs of the advanced fetus are well developed morpho-

logically, and there is reason to believe that they are able to receive stimuli.

Reflexes in response to light are obtained as early as seven months. The eye-

lids, which were formed open and subsequently closed, reopen about this

time. The ear may be receptive before birth, according to the results of some

experiments where sound produced movements of the fetus. On the other

hand, newborn babies do not hear very well. This is thought to be in part

due to the fact that amniotic fluid is present in the external ear chamber.

Since premature babies hear shortly after birth, it is probable that the fetus

can also hear. Taste and smell responses also appear to develop before birth,

but experiments are very difficult. In this connection it will be remembered

that there is an increased intake of amniotic fluid when saccharine is injected.

Furthermore, since premature babies show indications of these senses, it is

reasoned that the fetus must also taste and smell.

During late pregnancy there is a shift in the site of formation of blood

in the embryo. Whereas in early embryonic stages the red blood cells arise

mostly from the blood islands and the liver, in the fetus the bone marrow

begins to produce at about 12 weeks and the spleen a few weeks later. With

these two new sources of red cells the production of blood by the liver

gradually decreases during late pregnancy.

At about seven and one-half months the fetus may be born and survive

and thus must be considered as fully formed, except possibly for temperature

regulation. At the normal term, 266 days from fertilization, the newborn
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is able to maintain its body temperature against low-temperature exposures

by increasing its rate of metabolism but as yet has no protection against higher

temperatures.

Birth

The end of the fetal period of development is widely variable if we rely

on the ages assigned to the fetus. The determination of fetus age has always

been a very difficult problem, since the time of fertilization is rarely known

with certainty. It is now certain that fertilization takes place about fourteen

days after the beginning of the last menstrual period. If this date is known

with certainty, age can be determined within a few days one way or the other.

But since a slight bleeding which may occur for one or two months during

pregnancy is sometimes mistaken for menstruation, it is clear that the age of

the fetus may be underestimated by as much as a month or two. Thus records

of very premature births are suspect unless the mother has been under con-

stant observation. If we assume the conventional value of 280 days from the

last menstrual period to birth, then 280 minus 14, or 266 days, is the actual

age from fertilization. Then we may say that the age varies about 50 days on

either side, so that a newborn child may be from 216 to 316 days from

fertilization. Actually, somewhat younger newborn have been reported, but

these cases may not be valid.

The important problem is what stimulates birth. A number of com-

pounds injected singly or in combination are effective to some extent. How-

ever, here we are interested in the normal mechanism. Since labor and birth

can occur in the absence of the ovary, and also in the absence of the pituitary,

it is only reasonable to assume that the initiation of this process is centered

about the embryo, placenta, and uterus. One theory, suggested by the observa-

tion that the estrone content of the urine increases before birth, claims that

estrone sensitizes the uterus for muscular contractions. On the other hand,

since a decrease in pregnandiol 1
in the urine also occurs before birth, it may

be that the progesterone content of the placenta falls below a critical value

necessary to maintain the uterus in pregnant condition. Injection of proges-

terone into pregnant rabbits increases the term of pregnancy. These two

theories are not mutually exclusive, since estrone and progesterone are an-

tagonistic in their effect on uterine muscle contraction and thus a high con-

1 Progesterone is converted to pregnandiol, which is excreted in the urine.
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centration of estrone may have the same effect as a low concentration of

progesterone. Perhaps the ratio

estrone

progesterone

increases before birth so that muscular contraction occurs. On the other hand,

the growth of the fetus may produce mechanical effects such as the stretching

of uterine muscle, and stretching is an adequate stimulus for the contraction

of some muscle fibers. No simple explanation of the onset of labor is as yet

accepted generally.

If the pituitary is not absolutely necessary for birth, it is nevertheless

helpful, and repeated injections of pituitrin from the posterior pituitary are

sometimes used to induce labor.

Labor is a process of rhythmic and extensive contractions of the uterine

muscles resulting in the expulsion of the fetus. The abdominal muscles also

play an important role. The contractions of these muscles exert a force on

the amniotic fluid and push the head of the fetus through the opening of

the uterus and through the vagina. Possibly the pelvic ligaments have been

previously relaxed by the action of relaxin secreted by the corpus luteum.

After the fetus is completely expelled, it is still attached to the placenta

inside the uterus by means of an umbilical cord about two feet long. The

cord is clamped and cut. If not clamped, the umbilical artery constricts and

shuts off the blood flow from the newborn child to the placenta. Part of the

blood from the placenta then drains back through the umbilical vein into the

child.

Next, breathing begins, no doubt stimulated by the temporary lack of

oxygen and excess carbon dioxide in the blood acting upon the respiratory

center. As noted previously, experiments on the cat fetus show the respiratory

center to be active before birth. For the carbon dioxide to stimulate the

respiratory center, the blood must reach the brain, and it may be that the

increase in blood pressure with the clamping of the cord sends more blood

to the brain. Another factor may be an increased tonus of the respiratory

muscles, caused by the change in temperature and exposure to air at birth.

With the onset of breathing the fetal circulation undergoes changes. Even

before birth some blood flows through the lungs, but most of the blood com-

ing from the right ventricle is shunted into the systemic artery by the ductus

arteriosus. After birth this vessel gradually becomes occluded by a mechanism
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not well denned, and then blood from the right ventricle flows through the

lungs. The ductus arteriosus may remain open for a matter of years and

may require a ligature.

The right and left auricles in the fetus are connected by the foramen

ovale, and the path of the circulation through the auricles has been a matter

of some discussion. Oxygen-laden blood enters the right auricle from the

inferior vena cava, and blood carrying carbon dioxide from the upper body

and head enters the right auricle by means of the superior vena cava. While

there must be some mixing of these two currents within the right auricle,

some evidence shows that the oxygenated blood tends to pass through the

foramen ovale into the left auricle, thence into the left ventricle, and thus is

evenly distributed to the arteries of the head and the body. On the other

hand, the carbon-dioxide-laden blood passes directly into the right ventricle

and out through the ductus arteriosus, which joins the descending aorta after

the branches to the head region are given off. Therefore the head region

would get more oxygen, since it receives oxygenated blood directly from the

left ventricle, before the blood becomes mixed with the carbon-dioxide-laden

blood from the right ventricle. The foramen ovale closes by the time of birth

by a flaplike valve action. Nonclosure produces blue babies. Partial closure

is fairly common with no deleterious effects.

Muscular contractions of the uterus continue after birth, and the placenta

is expelled. The separation of the placenta from the maternal circulation is

an event with profound effects. The supply of progesterone, estrone, and

gonadotropic hormone provided by the placenta and circulating in the ma-

ternal blood is cut off abruptly. The chorionic gonadotropic hormone of the

placenta normally functions during pregnancy to maintain the corpus luteum

in the ovary. The concentration of this hormone is very high during the first

few months of pregnancy, and then drops off. Thus during this time the

hormone insures a supply of progesterone and some estrone from the corpus

luteum, which is necessary for the pregnant state of the uterus. Later in

pregnancy the placenta secretes enough progesterone and estrone so that the

uterus is no longer dependent upon the corpus luteum. In any case, loss of

chorionic gonadotropic hormone would be expected to result in a regression

of the corpus luteum and a resumption of the normal ovarian cycle.

The estrogens of the placenta appear to inhibit the pituitary secretions

during pregnancy and together with progesterone they maintain the large

uterus and cause growth of the mammary glands. The withdrawal of these
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hormones at birth from the maternal blood allows the pituitary to secrete

more prolactin, which is necessary for the actual secretion of milk from the

mammary gland. Also the pituitary resumes its production of FSH and LH
(ICSH) for the normal ovulation cycle in the ovary.

Finally, after the withdrawal of estrogens and progesterone the uterus

returns to its normal, nonpregnant size. This regression may take several

weeks. After birth the uterus contracts, the blood vessels constrict, and the

decrease in size from about 1000 g. of pregnant uterus to about 60 g. of non-

pregnant uterus begins. Pituitrin injections aid in the contraction of the

uterus after birth. In Caesarian births pituitrin is injected to contract the

uterus.

During and after birth vitamin K, a factor in the rapid clotting of blood,

is of practical importance. Vitamin K is normally produced by bacteria in

the intestine and, since there are no bacteria in the fetal intestine, the vita-

min K content of the newborn child is very low. To insure rapid clotting of

the blood of the child in the event of hemorrhages during birth, vitamin K
may be injected into the mother. Furthermore, the vitamin may be injected

if any operations are to be performed in the child after birth.

The newborn child may have an acute anemia due to the destruction of

blood cells by a substance present in the maternal blood stream. This con-

dition, which varies in intensity, is termed erythroblastosis and has been

traced to a gene, Rh. This gene is dominant and, when present in an

individual, gives rise to Rh-positive blood. Rh-positive blood is agglutinated

by the blood of a rabbit which has received injections of the blood of a

rhesus monkey. Hence, the use of the term Rh. The rhesus monkey blood

causes the formation of an anti-Rh substance in the rabbit blood. The anti-Rh

substance then can agglutinate Rh-positive blood cells. If both parents are

Rh-negative or both Rh-positive no harm can come to the offspring. Or, as

we shall see, if the mother is Rh-positive and the father Rh-negative, the

blood of the fetus and mother are compatible. But when the mother is Rh-

negative and the father Rh-positive difficulty may arise. However, there is

much variation in the expression of these genes, and erythroblastosis does

not always arise when expected.

The mechanism appears to be as follows. From the union between Rh-

negative mother and Rh-positive father an Rh-positive fetus develops with

a substance in its blood cells which, upon entering the maternal blood stream

through the placenta, builds up an antibody, or anti-Rh substance. The ma-
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ternal blood thus builds up an immunity against the Rh-positive blood that

is flowing in the embryo or fetus. The anti-Rh substance diffusing back across

the placenta causes destruction of blood cells and blood-forming tissues in

the fetus. The first child may escape the harmful effects of anti-Rh substance,

but the second fetus is exposed to the substance earlier in development and

in higher concentration and may be stillborn or exhibit an acute anemia. If

the child is born alive, a transfusion of Rh-negative blood may cause it to

survive. Blood, of course, may be typed for the Rh factor, just as it is for other

blood factors.

Principles of human development

The foregoing discussion of human development was concerned chiefly

with a description of the progressive changes in the embryo with time. We
shall now consider the question of the principles operating during human

development. Are they the same as in other animal forms? Although actual

experiments are lacking, observations indicate that the principles are the same.

The first principle of embryonic development is that of labile organiza-

tion in the egg. This principle certainly holds true for the human egg. Identi-

cal twins, in which every detail is identical in each of the two individuals,

leave no doubt that the early stages of embryonic development of the human

show a labile organization of the same type as the sea urchin and the am-

phibian egg. Siamese twins fill in the gap, reproducing exactly the result

obtained by constricting the amphibian egg. Since the egg shows labile or-

ganization, the parts of the egg must be organized by some special region

which acts as an organizer. What is the organizer in the human egg? To

answer this question let us review the early stages of human development and

compare these with similar stages in the chick embryo.

The human embryo develops from an inner mass of cells by first forming

a primitive streak (Fig. 174). The notochord of the embryo develops from

the anterior end of the primitive streak, and the neural plate forms above

the notochord. Now since we know by actual experiment that the anterior

end of the primitive streak in the chick embryo induces a nervous system in

the overlying ectoderm, we are justified in drawing the tentative conclusion

that the anterior end of the primitive streak in the human embryo also in-

duces the primitive nervous system. The evidence is based on the homology

of the primitive streak of mammals with that of birds. A second principle
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of human development, embryonic induction, although not proved by ex-

periment, is clearly indicated.

Next, let us take up the question of fields. Do the various organs in the

body originate as fields which become smaller and smaller until they are

restricted to the development of a single organ ? One of the most character-

istic properties of a field is its ability to form two structures. Many descrip-

tions of development in the human embryo show that practically every organ

in the body is subject to duplication. Siamese twins and the doubling of arms

and legs or parts of the limbs or fingers are some examples. Indeed many of

the abnormalities which can be produced by operations on the amphibian

egg are actually observed in human development. For example, situs inversus,

a condition in which the organs are arranged in a pattern which is a mirror

image of the normal, can be produced at will in the frog embryo by reversing

the roof of the archenteron. Cyclopia, or a single median eye, is brought about

by chemical treatments of the fish embryo and is present in rare instances in

human embryos. Many other human abnormalities can be simulated by

experimental treatment of amphibian embryos.

This brief survey of mammalian development brings us near the end of

our story of growth and differentiation. By careful observations, supple-

mented generously by experiments, we have arrived at a set of principles

consistent with the facts. We have derived the fully formed individual from

the egg. Now, to complete the story let us examine how the germ cells for

the next generation differentiate in the fully formed individual. We shall

thus bring the cycle of reproduction back to our starting point—the freshly

ovulated egg.
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Thus far we have considered development as a cellular phenomenon

within the egg. We know, however, from the cross fertilization of two in-

dividuals of different morphological characteristics, that the egg develops

with the characteristics of both the parents. Since the sperm contributes

chiefly nuclear material, it seems clear that the genes of the nucleus react in

some way with constitutents in the cytoplasm to produce the final result in

the individual.

One of the first questions which arises concerns what the cytoplasm can

do in the way of development without the presence of nuclear genes. This

can be answered by an experiment in which the sea urchin egg is centrifuged

at very high speeds and the egg is torn into two parts, one containing the

nucleus of the egg, the other having no nucleus. In Chapter 4 studies on

fertilization showed that excess sodium chloride stimulates the sea urchin

egg to develop without a spermatozoon. If now we add sodium chloride to

these enucleated eggs, development is stimulated. They undergo cell division

without either a sperm or an egg nucleus. It is found that these enucleated

eggs will develop through the cleavage stages to the blastula stage but will

go no farther. The enucleated eggs will not differentiate. The lack of a

nucleus, then, may possibly be correlated with a lack of differentiation. Of

course, it could also be true that the nucleus was simply necessary to maintain

295
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the cells in the living condition. However, in the case of other cells, such as

the amoeba, it is known that the nucleus can be removed and the cell will

live and move about for many days. Probably, therefore, lack of a nucleus

in sea urchin development is associated with lack of differentiation rather

than with a failure of maintenance of the living condition of the cells. This

question is by no means completely answered, however.

Studies of mutation within the nucleus confirm the theory that the

nucleus is directly concerned with differentiation. Mutant genes control the

character of the egg itself, the cleavage stages, gastrulation, development of

limbs—in fact, every part of the body can be modified by the introduction

of mutant genes.

The changes may be very specific. For example, Figure 190 shows a late

chick embryo which lacks wings. The gene may control specifically the

character of the eye or the wing or even very local phenomena, such as the

character of the bristles in Drosophila. The problem for the embryologist

is how to reconcile the local action of these mutant genes with the generally

assumed hypothesis that the genes in all parts of the developing embryo are

the same. In other words, any mutant gene affecting the eye color in

Drosophila is also present in the body. Why does it not change the color of

the body?

The usual answer is that the genes may be the same in all parts of the

Fig. 190. A wingless chick em-

bryo. The defect is caused by a

recessive gene which prevents the

formation of the wing but does not

affect the leg. The same gene also

prevents the formation of the meta-

nephros and the lung. (Courtesy

Professor Edgar Zwilling, Storrs

Agricultural Experiment Station,

University of Connecticut.)
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body but that a specific gene expresses itself or acts only in the presence of a

chemical environment which is specific for that gene. Thus a gene may bring

about red eye color but the body may be yellow. The eye would then have

the specific chemical compounds for red-pigment formation, and the rest of

the body would lack one or more of these compounds.

Logically this brings us back to the question of what factors make the

eye different from the remainder of the body. What produces this specific

chemical environment for gene action? Here the argument becomes some-

what attenuated, because one can say that genes which have acted previously

make the eye different from the tissues of the rest of the body. As a result

the red gene will act in the eye region exclusively. However, these previously

acting genes must also have had a different chemical environment in which

to express themselves, or else there would be eyes all over the body. Thus we
are led into a very involved argument.

It is easy to see that this line of approach carries the problem back finally

to the very first differences in the egg. For if the genes are all alike in the

early egg nuclei, the only way one can obtain differences in development is

through the differences in the cytoplasm. That is, differences in the cytoplasm

react with the same genes to produce different cell types.

How do the first differences arise in the cytoplasm of the egg? In most

cases the eggs which we study show these differences as early as the eggs are

obtained. There is one egg, however—that of the alga Fucus—-in which

there apparently are no initial differences in the cytoplasm of the egg. The

polarity of this egg is subject to many environmental factors, such as light,

heat, hydrogen-ion concentration, to name but three of them. Any one of

these factors affecting one side of this egg determines the whole future

development of the egg (Fig. 191). The first cleavage of the egg is very

unequal. There is an outgrowth on one side of the egg, and the first cell

division cuts off this outgrowth into a cell. This cell becomes the rhizoid, and

the other cell forms the thallus of the alga. Here we have a situation whereby

an external stimulus creates a difference, which we can symbolize by T and R,

within the cytoplasm of the egg. At the first cell division there is this differ-

ence in chemical composition, symbolized by T and R, reacting with nuclei

which are identical. And the reaction leads then to a difference in the develop-

ment of these two cells. This throws the initial difference in an egg back to

some environmental factor, perhaps in the ovary while the egg is developing.

The two sides of the egg may be subjected to different chemical environments,
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V T^NUCLEUS
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THALLUS CELL

PRESUMPTIVE
RHIZOID CELL

Fig. 191. Determination of polarity in the egg of Fucus by means of light.

Left: The fertilized egg develops into two cells, one of which is a presumptive

thallus cell and the other a presumptive rhizoid cell. There are no external

manifestations of polarity in the egg. Right: A beam of light is directed against

one surface of the egg. As a result the presumptive rhizoid cell always forms

opposite the side treated with light. Chemical substances will also determine

where the rhizoid cell forms.

just as experimentally it is possible to subject the egg of Fucus to different

chemical environments on the two sides and so determine its initial polarity.

In this way if we assume an interaction of the same genes with different

cytoplasms we obtain a formal explanation of development. We could, for

example, consider a group of genes as affecting trunk structures as opposed

to head structures.

Often a gene which affects chiefly one structure may also affect a number

of other structures in the body. Such a phenomenon could be understood if

we were to assume that the secondary effects of the gene were due simply to

the fact that the chemical composition of the various structures affected is

similar. The multiple effects of a gene result in a syndrome, and it involves

a number of abnormalities linked together. The abnormalities need not be in
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the same part of the body. For example, there may be a syndrome between

limb and eye abnormalities.

In considering this problem, however, we have not yet arrived at a com-

plete solution, for if differences between cells are the result of an external

stimulus we have yet to consider how the cells reproduce the differentiation

when they divide. How are these differences maintained? In the egg of Fucus

the stimulus is applied and then removed and a difference between two cells

arises. Then during subsequent cell divisions one cell gives rise to thallus

cells; the other to rhizoid cells. Thus the difference must be propagated or

reproduced.

In the amphibian ectoderm, for example, the cytoplasm in the presump-

tive epidermis and in the presumptive neural plate is the same. The nuclei

are also the same. Then the stimulus of the organizer is applied. Some of

the ectoderm cells form neural-plate cells. Here one might say that the genes

interact with the nerve cytoplasm to give the differentiation of a nerve cell.

But when the primitive nerve cell divides, what insures that each of the two

daughter cells will become a nerve cell? The neural stimulus is no longer

present, and the environment now makes no difference. Therefore there is no

good reason why the nerve cell should reproduce itself. Some irreversible

change must have occurred in the cytoplasm or the nucleus, and this change

must be self-duplicating. Some substances must be changed by the initial

stimulus and thereafter reproduce themselves, very much like genes in the

nucleus. Thus the propagated change must be in the cytoplasm.

The final picture, then, is that during differentiation a stimulus brings

about a formation or a release of a cytogene, a cytoplasmic gene, and this

self-duplicating unit, by reacting with the nuclear genes, maintains a new

type of cell.

One of the most striking determinations of differentiation in the embryo

by genes is the determination of the sex of an individual. This is a differentia

tion which occurs in much the same manner as the differentiation of any

other structure in the body. The reproductive system of the primitive male

and female embryos develop in the same way for a period of time. For

several days of development in the chick embryo the same parts are present

in both male and female systems, and then somehow the genes induce or

stimulate differentiation toward the male and female direction respectively.

In the case of the chick embryo sex differentiation is primarily in the

gonads themselves—in the ovary and testis. In the early chick embryo the
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MESONEPHRIC
TUBULE

Fig. 192. The early origin of

the germinal epithelium from the

splanchnic mesoderm of an early

chick embryo.

GERMINAL EPITHELIUM

gonads arise in part from a thickening of the splanchnic mesoderm and

from intermediate mesoderm called the germinal epithelium (Fig. 192).

From this germinal epithelium a saclike structure develops which has two

important groups of cells—an inner layer of cells, the medulla, and an outer

layer of cells, called the cortex (Fig. 193) . Both male and female possess the

medulla and the cortex, and the differentiation of an ovary occurs by a

proliferation of the cortex. The ovary is characterized by a differentiation of

the cortex, which forms the actual tissue of the ovary itself, while the medulla

undergoes a regression. In the case of the formation of the testis, it is the

medulla which increases and differentiates, while the cortex usually dis-

appears.

There is one other fact that must be considered in any analysis of this

change. It is a peculiarity of the chick embryo that only the left ovary develops

into a functional ovary (Fig. 193). The primitive right gonad in the female

chick does not differentiate but remains in an embryonic condition. The

rudimentary right gonad may retain both a medulla and a cortex. This

asymmetry of sex differentiation is an important fact to remember in the

interpretation of experiments done on the reversal of sex in birds.

Under normal conditions the chromosomes direct the sex differentiation

of this primitive gonad, which contains both cortex and medulla. However,

the differentiation is a labile one, subject to change, since if either estrone or

testosterone is injected into the egg it is possible to reverse the normal

chromosome control and to some extent reverse the sex of the individual.

The injection of estrone into a 48-hour chick egg brings about drastic changes

in the development of the gonads. For this experiment some sort of marker

is needed to indicate which embryos would normally become males. We will

call these embryos genetic males, and they are recognized, when they hatch,
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Fig. 193. Top: Right and left gonads of male contain both cortex and

medulla. The testes develop from the gonad by a differentiation of the medulla.

The cortex disappears. Bottom: Right and left gonads of female contain both

cortex and medulla. The left ovary results from a growth and differentiation of

the cortex, while the medulla is repressed. The right gonad fails to form an ovary

but remains in a rudimentary condition with a medulla and usually some cortex.
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not by their sex but by their color pattern. A sex-linked gene is used to mark

these genetic males. In the genetic males the left testis is transformed by

estrone into an ovotestis. Part of the organ is ovarian in character; part is

testicular in character. There is some variation so that in some cases a com-

plete ovary is obtained simply by the injection of the ovarian hormone into

a genetic male. The secondary sexual apparatus of the female, such as the

oviducts, persist in these genetic males. Normally in the male the oviduct

degenerates. Sex reversal may be either of short duration or may persist for

prolonged periods. In some cases after the chick hatches it will revert back

to the original male condition. In others the reversal lasts as long as two

years or more. In the amphibian, sex reversal may be so complete and lasting

that two individuals of the same genetic composition can be mated and will

produce offspring. The sex ratio among the offspring is changed from the

normal 1 : 1 to a 3 : 1 ratio.

In the chick the effect of testosterone on genetic females is more drastic

than the effect of estrone on males. Both ovaries are converted into testes.

The effect of testosterone on genetic females is to repress the normal develop-

ment of the cortex, and the medulla will then form a perfect testis. Thus

in the embryo the development of the gonads is extremely labile and reversal

from male to female and female to male can take place.

Environmental factors may also control the differentiation of the cortex

and the medulla respectively. In a common frog, Rana sylvatka, tadpoles

raised at 32° C, which is about their upper limit, possess testes, which

develop normally at this temperature. The developing ovaries at this tempera-

ture become converted into testes. In other words, high temperature in the

frog tends to shift differentiation from the cortex toward the medulla, so

that sex determination now becomes to some extent independent of the

chromosomes. The ovarian tissue breaks down and the germ cells become

spermatocytes instead of ovocytes. Treatment with high temperatures pro-

duces all gradations between ovary, ovotestis, and testis. The high tempera-

ture represses the development of the cortex and facilitates development of

the medulla Low temperature has the opposite effect.

Even after sex differentiation has taken place in the young adult, sex

reversal may occur in animals in the gonads of which some of the tissues

from the opposite sex are present. This situation is shown very clearly in the

development of the hen, in which the left ovary develops but the right ovary

remains in an embryonic condition. In the young hen if the normal left ovary
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is removed the embryonic right ovary will then develop. And it may develop

into either a testis, an ovary, or an ovotestis.

When the rudimentary right gonad develops into a testis, the feathering

of the hen changes to the male plumage and the hen begins to crow. It

develops male secondary sexual characters, and spermatocytes develop into

spermatozoa in this genetic ovary. Thus a complete reversal from a functional

female to a functional male is obtained. This result is understandable be-

cause the right ovary, which does not normally function, may contain both

cortex and medulla. If the left ovary is removed, the right gonad apparently

is a labile gonad and can develop in either direction.

Reversion in the opposite direction is obtained by operative methods in

the toad. In the common toad there is a structure at the anterior end of the

testis called Bidder's organ. When the testes are removed in an adult toad,

Bidder's organ may develop into an ovary with typical large eggs. Histologi-

cal examination shows that Bidder's organ is really a small ovary which

contains oocytes. This is another case of an adult which is potentially bisexual.

Such animals are actually potential hermaphrodites. Indeed hermaphrodites

are found in the development of many species of animals.

This discussion has served to show that just as in the other cases of

differentiation considered in earlier chapters the differentiation of the gonads

begins with a labile organization. The chromosomes, which act as a stimulus

for differentiation, change the original labile organization in one direction or

the other. But this control by the chromosomes can be overridden either by

the sex hormones—estrone and testosterone—or by temperature, or by simple

surgical methods, such as removal of the ovary or the testis, as the case

may be.

With the differentiation of the sex of the individual, the germ cells are

destined to differentiate into eggs and spermatozoa in the ovary and testis

respectively. Thus the next generation is in the process of formation even

before fertilization of the mature egg. In order to complete our story of

development, let us consider the events from sex differentiation, which we

have just discussed, to ovulation of the egg. This brings us back to the topic

with which the book began.

After sex has been determined by some stimulus released by the chro-

mosomes, the primitive germ cells form oogonia and spermatogonia re-

spectively. These primitive germ cells undergo both a change in form and a

reduction in chromosome number. The reduction in chromosome number
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results from two successive cell divisions, and in one of these divisions

chromosomes do not divide as in normal cell division.

To understand the elements of this reduction division, or meiosis, we

shall begin with the fertilization of an egg, which will ultimately give rise

to the germ cells in the adult. Imagine a sperm having two chromosomes

and an egg with the same number. Shortly after fertilization the chromosomes

of egg and sperm fuse and thus we have an egg with four chromosomes. Dur-

ing each cell division the chromosomes reduplicate and as a result all cells,

including the primitive germ cells in the adult, possess four chromosomes

(Fig. 194). The behavior of the primitive germ cells is shown diagrammati-

cally. From each oocyte a single mature egg results, whereas from each

spermatocyte four functional sperm develop. Thus in order to illustrate the

four chromosome combinations possible in th^ egg we must begin with four

oocytes in the ovary.

In Figure 194 the paternal chromosomes are white and maternal chromo-

somes are black. Each oocyte undergoes two divisions, and each division is

unequal, with the result that a mature egg and three small cells, or polar

bodies, are formed. The polar bodies have no function, and thus we have

to consider only the four types of eggs. It will be seen from the diagram that

there is a random segregation of the chromosomes of the oocyte into the

mature egg.

Similarly the spermatocyte undergoes two divisions, but these are equal

and four sperm result with four different chromosome combinations.

Fertilization of the egg by the sperm is also a random union, with the

result that all possible combinations of chromosomes are found in the

fertilized egg or zygote. In Figure 194 nine different recombinations are

shown. Actually many more recombinations occur since an egg and sperm

may have as many as 100 chromosomes. The normal number of chromosomes

is restored by fertilization. Since the chromosomes are present in duplicate,

the genes are also present in duplicate in the fertilized egg. Duplicate genes

are not necessary for most of development, for rather normal development

may occur in parthenogenetic eggs containing only the egg nucleus.

Although development is normal when only half the number of

chromosomes is present in a parthenogenetic egg, the addition of foreign

chromosomes to an egg produces profound effects in development. Thus,

the crossing of two common species of frogs results in a fertilized egg which

develops perfectly normally to the beginning of gastrulation but then stops
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abruptly and finally dies. The death cannot be caused by a lack of chromo-

somes, since the egg containing half the normal number will develop beyond

gastrulation. Therefore death must be caused by an abnormal combination

of the chromosomes of the two species.

With this discussion of the maturation of the germ cells and the fertiliza-

tion of the egg we have completed a cycle of development. The newly

fertilized eggs develop with the general characteristics of the species, al-

9 DIFFERENT COMBINATIONS

Fig. 194. Maturation of the germ cells and the combinations of chromosomes

at fertilization
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though individuals show great variety, owing to various new chromosome

combinations. These new combinations of chromosomes, together with

mutations within the chromosomes, make for great variety in the individuals

developing from a single parent. These variations make possible an evolu-

tionary process, which over long periods of time results in new species. Thus

embryonic development does not reproduce the individual in exact detail.

The general characteristics are reproduced, but within this framework a wide

variety of individual characteristics appear.

Summing up, we see that the complex adult develops from a simple egg

by a continuous series of changes so designed that each change stimulates

further differentiation. And this stepwise differentiation obviates the neces-

sity of any preformation hypothesis. Our analysis reveals development as

taking place by means of a series of changes resulting from stimuli. If we

attempt to outline this process, it can be done in a stepwise fashion beginning

as far back as is desired—for example, with light. Light stimulates the pitui-

tary. The pituitary then stimulates ovulation. The egg releases substances

which stimulate sperm activity. In turn, when the sperm reaches the surface

of the egg, stimulation of cell division takes place. During cell division and

early development the organizer is liberated and acts as the stimulus for the

formation of the neural plate. About this time other stimuli are released, so

that the sense organs—the ear, the nasal placode, and others—are stimulated

to form. In turn, the nervous system receives stimuli from such structures as

the limb. Development of the limb stimulates growth and differentiation of

the spinal nerves and the spinal cord. There are many other examples of

stimulation in later development.

When all these phenomena have been reduced to chemical reactions be-

tween the stimulus and the tissue which is being stimulated, we shall have

a precise control of all developmental processes. In addition, if we permit

ourselves to accept the concept of a true dedifferentiation of cells in the

adult, then cells may return to an embryonic condition. If this is indeed so,

the repair and regeneration of parts of the adult organism may be controlled.

At present we have simply a general conception of this control. The outlines

are clear. And thus we may expect that future work will fill in the details.
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duplications, 294
erythroblastosis, 277

German measles as cause of, 277

persistence of tail, 280

wingless chick, 296

Acids,

as inducing agents, 85
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formation of, 199
function of, 199
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medulla of, 199
Adrenaline, secretion of, 199

Afferent bronchial artery, 135, 136

After-birth (see Placenta)

Age,

of chick embryos, 179, 208

of frog embryos, 111

of human embryos, 289

Agglutination of sperm, 45

Allantoic artery (see Umbilical artery)

Allantois, 190

in chick, 1 74, 217, 255

circulation in, 174, 178
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at hatching, 198
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mesoderm in, 201

Amniocardiac vesicles, 211

Amnion, 172, 173, 174, 175, 255

in chick,

48-hr., 215, 216, 218
72-hr., 223, 225

function of, 172

in human, 267
mesoderm in, 201

Amniotic cavity, 173

Amniotic fluid, human, 283, 285, 286
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143, 144

Amphibian embryo,

cross section of, 71

embryonic induction in, 78

heart development in, 102

homology of, with chick, 80
induction of lens in, 103

limb development in, 98

longitudinal section of, 70

organizer of, 78

otocyst development in, 102

Amputation, of limbs, 237, 239, 240
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Animal breeding, 52
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48-hr., 220

72-hr., 224, 225

in frog, 134
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Anterior neuropore, 210

Antibodies, transfer of, 276

Anti-Rh factor, 277

Anus, of frog embryo, 70
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in chick, 173, 174, 178

48-hr., 218
72-hr., 224

fate of, 179

in frog, 735, 136
origin of, 179
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in amphibian, 64, 121, 122, 123
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roof of, 64, 83
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formation of, 176, 7 77
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Artificial insemination, 52

Artificial vagina, 52
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48-hr., 276
72-hr., 223

Auditory nerve, 136, 167, 768

Auditory placode, 136, 768

of human, 278, 280
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Bile duct, 190
Birth,

breathing at, 290
effect of hormones on, 289
effect of pituitary on, 290
labor during, 290
umbilical cord at, 290

Blastema, 232, 237, 239
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of amphibian, 64. 120, 121, 122, 123

of chick, 204, 205

Blastocyst, in monkey, 266

Blastoderm, 204, 205, 209
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Blastomeres, separation of, 8
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of frog, 7 7 7

in relation to primitive streak, 206
of salamander, 7 78, 7 79

Blastula,

of frog, 7 77

Blastula

—

{Continued)

of salamander, 7 78

of sea urchin, 26
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formation of,

early, 176

later, 288
oxygenation of, 783. 184

Blood islands, 176

in area vasculosa, 210
Blood vessels {see also Circulation and

names of individual vessels),

degeneration of, 176

growth of, 184

origin of, 176
Body stalk, human, 268, 276
Bone formation, in human fetus, 286
Bowman's capsule {see Renal capsule)

Brain, derivatives of, 164, 76.5, 166
Branchial arches {see Visceral arches)

Branchial grooves {see Visceral grooves)
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effect of light on, 18, 79

of frog, 112

Bulbus arteriosus,

in chick,

48-hr., 216, 220
72-hr., 225

Carbohydrate,

in human development, 277
utilization of, for growth, 253

Carcinogenic agents, inducing power of,

87
Cardinal venous system, 780, 181

Carotid artery,

in chick, 174, 7 78

origin of, 179
Cartilage, formation of, 195
Catalysts (enzymes), in growth, 249
Cavity, of blastocyst, 266

Cell migration,

in growth of blood vessels, 151

in growth of mesonephric duct, 1 5

1

during gastrulation, 120, 121, 122, 123

in chick, 206, 207

of neuroblasts, 142

during neurulation, 128

Central canal, 162

Centrifuge, 30

Centrum, of vertebra, 795
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Cerebellum, 166

Cerebral hemispheres, 164, 165

origin of, 133

Cerebrospinal fluid, 163

Chemical differentiation, 107

Chemotaxis, in nerve development, 151

Chick (see also Chick embryo),
effect of Vitamin E, 264
embryonic induction in, 81

extraembryonic membranes of, 172

homology with amphibian, 80
limb development in, 105

organizer of, 81

sex reversal in, 300, 302

Chick embryo,

48-hr., 216, 218, 219, 220, 221, 222
72-hr., 222-227

16-hr., 209
34-hr., 213
33-hr., 214
25-hr., 211
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differentiations of heart on, 190

differentiations of liver on, 190

structure of, 174

transplantation to, 105

Chorion,

in chick, 175

48-hr., 218

function of, 172

in human, 260, 268, 269, 270

hormone from, 23

relation to allantois, 174

of villus, 285

Chorionic gonadotropic hormone (chori

onic gonadotrophin), 260, 261

Choroid fissure, 169

Choroid plexus, 166

Cilia,

in frog embryo, 132

and ovulation, 16

in sea urchin, 29

Circulation (see also Circulatory system),

in blue baby, 184

in cardinal venous system, 180, 181

changes in, at birth, 290, 291

through ductus arteriosus, 183, 184

ductus venosus, in, 181, 182

in frog embryo, 132, 135, 136

at hatching, 182-184

through heart, 182-183

Circulation

—

(Continued}

of hepatic portal system, 181, 782
in inferior vena cava, 180, 181

through liver, 181, 182

through lungs, 184

to metanephros, 180, 181

in 3-week human embryo, 276
Circulatory system (see also Circulation)

,

abnormalities in, 171

in chick embryo, 17 3, 174, 111

development of, 171

in frog embryo, 1 36

in human embryo, 276
onset of, 177

relation of, to excretory system, 178

Cleavage,

in chick, 204
equal, 115

of frog egg, 113, 114
holoblastic, 115

horizontal, 115, 116
in mammal, 266
meridional, 115

meroblastic, 115

of salamander egg, 115, 116
unequal, 115, 116

Cloaca, 190 (see also Anus),

in chick, 196, 197

Coelom,

of chick,

48-hr., 220
12-hr., 226

of frog, 137

Commissure, 164, 165

Common cardinal vein, in chick, 174

Cone of growth, 143

chemical effects on, 150

electrical effects on, 149, 150

mechanical effects on, 151

Connective tissue, of viscera, 200

Corium (dermis), from dermatome, 195

Cornea, 167, 769

Corona radiata, 266

Corpus luteum, 258

effect on implantation, 262

effect on ovulation, 22

effect on pregnancy, 262

hormones of, 261, 262, 263

structure of, 21

Cortex, of egg, 32

Cranial nerves, 166

Cross-fertilization, 49
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Cytoplasmic inheritance, in differentiation,

87

Dedifferentiation,

nature of, 238, 239
role of nerves in, 239, 240
in salamander limb, 237, 238

Degeneration,

of limb, 158, 239
of mesonephros, 199
of nerve fiber, 145, 146

Dermatome, 137

of chick, 72-hr., 216
differentiation of, 194, 195

Dermis (see Corium)
Determination, of limb, 92

Development, effect of genes upon, 296-

299
Diencephalon, 165

in chick,

48-hr., 216, 218, 219
72-hr., 223, 224, 225

in pig, 271,272
Differential permeability, of placenta, 277
Differentiation,

cytoplasmic inheritance in, 87
of ear, 167, 168

of eye, 103, 167, 169, 170

of heart field, 102

of limb blastema, 238
of limb field, 105

of motor region of cord, 162

of neural crests, 160, 161

of neuroblasts, 143

of olfactory organ, 168

of optic nerve, 144
of parts of spinal cord, 155

in relation to function, 157, 158

Digestion, in chick embryo, 172

Digestive system,

early development of , 185, 186

inducing factors of, 192

yolk sac formation in, 186

Digits, in human, 280, 282, 283

Dorsal aorta, 173, 179
in chick,

48-hr., 218, 220
72-hr., 224, 225, 226

in frog, 135, 137

Dorsal aortic roots, 134
Dorsal horn, 162

Dorsal lip, 63, 124

Dorsal lip

—

(Continued)

in frog, 117

in salamander, 118
Dorsal mesocardium, 213
Double embryo, 6

Dual function,

in adrenal, 166, 199
in hypophysis, 165, 166

Dual innervation, 163

Ductus arteriosus, 183, 184

Ductus cochlearis, 167

Ductus vencsus, 182, 216
Duplication, 35

of heads, 7, 36
Dynamic equilibrium, 230

Ear (see Otocyst)

Efferent branchial artery, 135, 136
Egg,

length of life of, 51

size of, 1

5

transport of, 16

Embryo,
of chick,

48-hr., 221
72-hr., 224-227

33-hr., 214
of frog, 130, 131-138

of human,
8-week, 281, 282
one-month, 278
6-week, 279, 280
3-week, 274, 275
26-day, 276

of pig, 10-mm., 271

of salamander, 130, 131

Embryonic disk, 268

Embryonic induction, 79
in amphibia, 78

in birds, 81

definition of, 82

of lens, 103

of neuroblast differentiation, 1 53, 154

of splanchnic mesoderm, 192

Embryonic knob (see Inner cell mass)

Encasement theory, 4

Endocardial vesicles, 176

Endocardium, 176, 111, 213, 220

Endolymphatic duct, 136, 168

Energy source,

for growth, 253

in human development, 277
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Environmental factors, in development,

112

Enzymes,

for growth, 249, 252

hatching, 132

in human fetus, 286

in liver, 182

Ependymal layer, 162

Epiboly, 65, 125

Epididymis, in chick, 198

Epigenetic theory, 5, 27

Epimyocardium, 176, 211, 214
Epiphysis, 133, 165, 166

Epithelial bodies, 188

Equal cleavage, 115

Erythroblastosis, in human, 277

Esophagus, 188

Estrone,

action on uterus, 260, 261, 263

effect on chick embryo, 300, 302

effect on sex, 277

Estrus cycle, 259
Eustachian tube, 188

Evagination, 66
Evolution,

of circulatory system, 177

of kidney system, 178, 199

Excretion,

in chick, 172, 196, 198, 201, 255

in frog, 138

in human fetus, 283

Excretory system, relation to circulatory

system, 178

Exogastrula, 66, 61

External gills, of frog, 139
Extraembryonic area, 215

Extraembryonic coelom,

in chick, 48-hr., 221

Extraembryonic membranes,

in chick, 201

circulation in, 174

formation of, 172-174

function of, 172

Eye (see also Optic vesicle)
,

development of , 103, 167, 169, 170

in frog, 133, 134

in human, 280, 282, 287

in pig, 10-mm., 272

Fats (lipids), in growth, 253

Fertilization,

in frog, 17, 113

Fertilization

—

(Continued)

gamones in, 44, 45

membrane, 46
metabolic changes at, 47
theory of, 49

Fertilization cone, 46
Fertilized egg, 46
Fetal zone, of adrenal gland, 288
Fetus, human,

birth of, 289-294
blood formation in, 288

circulation of, 290, 291

descent of testes in, 287
digits of, 283, 285
8-week, 281

enzymes of, 286
fetal zone in adrenal gland of, 288
4-month,

excretion in, 283
reflexes of, 280, 283, 284, 285

secretion in, 286, 287, 288

hair of, 287
heart rate of, 286, 287
hormones of, 286, 288
mammary glands of, 287

nails of, 283, 287
premature birth of, 288, 289
respiratory movements of, 284

sense organs of, 288

suprarenal cortex of, 277, 282

swallowing reflex of, 286-287

12-week, 283

Fields, 93
heart, 102

limb, 98
otocyst, 102

polarity of, 98
properties of, 101

Follicle, ovarian, 21, 258

Follicle-stimulating hormone, 22, 259,

261, 263

Foramina, of heart, 182, 183

partial closure of, 184

Forebrain (see Prosencephalon)

Foregut,

in chick, 209,220, 211

derivatives of, 187, 188

formation of, 185, 186, 209, 210, 211

Friedman test, 23

Frog,

blastulaof, 117

breeding habits of, 112
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Frog— ( Continued')

cleavage in, 113, 114

embryo of, 130, 131, 132-138

embryonic circulation in, 136

embryonic excretion in, 138

fertilization in, 113

gastrula of, 111

hatching of, 131,132
larva of, 139

metamorphosis in, 140

neurula of, 126

regeneration in, 232, 240, 241

tadpole of, 140

tailbud of, 126

Fucus egg,

effect of light on, 298

polarity of, 297

Function,

development of, 157, 158

homologous, 156

in relation to differentiation, 157, 158

Fusion, of two eggs, 7, 9

Gallbladder, 189, 190

Galvanotaxis, in nerve development, 151

Gamones, 5, 44
androgamones, 44
gynogamones, 44

Gastrula,

of amphibian, 58

of chick, 206, 207
of frog, 1 1

7

map of, 58, 60

of sea urchin, 26

of salamander, 118

Gastrulation, 63, 64

in amphibian, 120-123

in chick, 206, 207
in frog, 1 17

rearrangements during, 120-123

in salamander, 7 78, 7 79

Genes, as cause of wingless chick, 296

Rh, 292

Germ cells, origin of, 13, 201

Germinal epithelium,

induction of, 201

origin of, 200

Gill, formation of, 130, 131, 135

Gill plate (see Gill)

Glomerulus, in chick, 196, 797

Glomus (glomerulus), in frog, 7.57, 138

Glottis, 188

INDEX

Gonad (see Ovary and Testis)

Gonadotrophin (see Chorionic gonado-

tropic hormone)
Gonadotropic hormones, of pituitary, 18

Gray crescent, 56, 114
Gray matter, 162

Growth,
cellular, 249
chemical nature of, 249
of chick blastoderm, 204, 20 5

curves of, 7 7, 244, 245

effect of differentiation upon, 248

effect of food on, 245

effect of oxygen, 246
effect of volume on, 246, 247

of egg, 14

of embryonic tissues, 247
energy source for, 253

excretion during, 255

of human fetus, 284

logarithmic, 245
in mammal, 257

of microorganisms, 244, 245

of organs, 248

raw materials for, 251

respiration during, 254

Gut,

formation of, 728, 137

in frog embryo, 737

Gynogamones, 44 (see also Gamones)

Hair, of human fetus, 287

Hatching,

changes at, 182-184

of frog embryo, 737, 132

Hatching enzyme, in frog embryo, 132

Head process,

in chick, 206, 207

in human, 269

Heart,

changes at hatching, 184

in chick, 135

field of, 702

formation of, 176

in human, 276

onset of function of, 132

in pig, 277, 272

rate in embryo, 286, 287

in tissue culture, 177

transplantation of, 102

Heart rate, in human fetus, 286, 287
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Hemoglobin,
in fetus, 277
in pregnant women, 277

Hensen's node, 207, 209
Hepatic veins, 182

Hind brain (see Rhombencephalon)
Hindgut,

in chick,

48-hr., 222
72-hr., 227

derivatives of, 190, 191

Holoblastic cleavage, 1 1

5

Homologous function, in limbs, 1 56

Homology, of primitive streak with blas-

topore, 80, 206
Horizontal cleavage, 115

Hormones,
chorionic gonadotropic, 260, 261

estrone, 260, 261, 263
follicle-stimulating, 22, 260, 261, 263
gonadotropic, 18, 135

in human fetus, 286, 288

interstitial - cell - stimulating hormone,

22, 259, 261, 263

in mammalian development, 261, 263

progesterone, 260, 261, 263

relaxin, 261, 262
Human development (see also Fetus,

human)

,

amnion formation in, 267
blastocyst of, 266, 261
cleavage in, 266
at 8 weeks, 281

endoderm formation in, 267
erythroblastosis in, 277

at 4 months, 285

at one month, 278
primitive streak in, 268, 269
principles of, 293, 294
at 6 weeks, 279. 280

at 3 weeks, 274, 275, 276

at 12 weeks, 283

at 26 days, 276
yolk sac formation in, 268

Human fetus (see Fetus, human)
Hydroids,

polarity in, 231, 233
modification of, 233

regeneration in, 232
theories of regeneration in, 23

5

two hydranths in one part of, 234
Hyoid cartilage, 188
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Hypophysis (see also Pituitary gland),
in chick, 165, 166
in frog, 134, 135

Immunity, 276, 293
Implantation, of egg, 257, 260, 262
Incubation,

length of, 203
temperature of, 204

Independent differentiation (see Self-dif-

ferentiation)

Induction,

by chemical compounds, 84
by dead tissues, 85
of lens, 104

of liver, 190
mechanism of, 86
of neural tube, 81

of neuroblasts by limb, 153, 154
by nucleo protein, 85

of otocyst, 1 67
of parts of spinal cord, 155

of secondary embryo, 79
of splanchnic mesoderm, 200

Inferior vena cava, 180, 181, 182
Infundibulum, 133, 165

Inner cell mass (embryonic knob), 266,

267
Insulin, in dog fetus, 286
Intermediate mesoderm (nephrotome),

in chick,

48-hr., 222
72-hr., 226
33-hr., 213

Intersex, in cattle twins, 282

Interstitial - cell - stimulating hormone
(ICSH or LH), 22, 23, 259, 261,

263

Intervillous space, 269
Intestinal caecum, 191

Invagination, 66, 125

Involution, 65, 125

Labile organization,

of adult organisms, 229, 230
of heart, 101

of hydroid, 233, 234
of lens, 103

of limb disk, 99
in relation to twinning, 37

of sea urchin, 33, 34

Lagena, 136
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Laryngotracheal groove,

of chick, 72-hr., 215

in human, 278

Larva,

of frog, 139, 140
of salamander, 109

Latent period, in growth, 245

Lateral mesoderm, 727. 128

in chick, 200, 206, 207, 211, 221, 222

Lens, 167, 169

induction of, 103

in frog embryo, 134

Lens vesicles,

in chick,

48-hr., 218
72-hr., 225

Ligature,

on amphibian egg, 6

on hydroid regeneration, 234
Limb,

effect of, on differentiation of neuro-

blasts, 153, 154

homologous function of, 156

influence of, on nerve outgrowth, 147,

148

nerve supply of, 147

stimulus for regeneration of, 240, 241

transplantation of, 147 , 148

Limb disk,

development of, 98, 105

labile organization of, 99
origin of, 200

polarity of, 98
transplantation of, 98

Lithium, effect of, on sea urchin egg, 34, 35

Liver,

in amphibian, 70
of chick,

48-hr., 220

72-hr., 226
formation of, 189, 190

induction of, 189, 190
in human, 278

in pig, 212. 213, 271

transplantation of, 190

Lung, 188

Luteinizing hormone {see Interstitial-cell-

stimulating hormone)

Mammalian development {see also De-

velopment, mammal and Human
development),

Mammalian development

—

{Continued)

compared with chick, 270

Mammary glands, of human fetus, 287

Mandibular arch, 188

Marginal periblast, 204, 205
Maternal chromosomes, 304
Maturation, of germ cells, 304, 305
Mechanical protection, in chick, 201

Medulla (of brain), 166
Meiosis, 305

Menstrual cycle, 259
Meridional cleavage, 115

Meroblastic cleavage, 115, 204
Mesencephalon, 165, 166, 213

of chick,

48-hr., 216, 218
72-hr., 223, 224

of frog, 1 34

of pig, 6-mm., 27/

Mesenchyme,
in formation of vertebrae, 163

labile organization of, 193
in sea urchin, 30

Mesenteries, origin of, 200
Mesonephric duct (Wolffian duct), in

chick, 194, 196, 197

Mesonephric tubule, in chick, 196, 197

Mesonephric vesicles, in chick, 196, 197

Mesonephros, 196, 197

of chick,

48-hr., 221

72-hr., 226

in human, 279, 282, 283, 286

in pig, 271,273

renal portal circulation of, 180

Metamorphosis, of tadpole, 140

Metanephric tubule, in chick, 197

Metanephric vesicle, in chick, 197

Metanephros,

in chick, 196, 197

circulation to, 180,181

in human, 282, 283, 286

Metencephalon, 165, 166

in chick,

48-hr., 276, 278

72-hr., 223, 224

in pig, 277

Microdissection, 29

Midbrain {see Mesencephalon)

Middle ear, 188
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Midgut,

in chick,

48-hr., 221

72-hr., 226
derivatives of, 189, 190

Mitosis {see Cleavage)

Modification of polarity,

in Fucus, 298
in hydroid, 233, 234
in limb disk, 99
in sea urchin, 33, 34

Modulator, 85

Motor nerves, 160, 161

Motor region, of spinal cord,

in chick embryo, 153
effect of limb upon, 153, 154
in human, 211

in pig, 271
Mucous gland, 134
Mucus, in frog embryo, 132
Multiple embryos,

in amphibian, 56

in armadillo, 37

in sea urchin, 8

Muscle, from myotome, 195

Muscular contraction, in human, 280
Myelencephalon, 165, 166

in chick,

48-hr., 216, 218, 219
72-hr., 223, 224

in pig, 271, 272
Myotome, 137

of chick, 72-hr., 216
differentiation of, 194, 195

Nails, in human fetus, 283, 287

Nasal pit {see also Olfactory pit), 130,

131, 133
Nasal placode {see also Olfactory plac-

ode),

in amphibian, 70
Nephrostome, 137, 138
Nephrotome,

differentiation of, 194, 195

in frog, 135

Nerve fibers,

degeneration of, 145, 146

effect on regeneration of limb, 158,

239, 240
to limb, 147, 148

orientation of, 151, 152

origin of, 143
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Nerve fibers

—

{Continued)

outgrowth of, 143
regeneration of, 145, 146

Nerve ganglia,

in chick, 72-hr., 214
Nerve outgrowth {see Cone of growth)
Neural crests, 71, 137

effect of limb on, 153, 154
neuroblast of, 141, 142
pigment cells from, 160, 161
sheath cells from, 159, 160
spinal ganglia from, 160, 161

sympathetic ganglia from, 160, 161

Neural folds, 160

in chick, 209, 210, 211
in human, 27.5

Neural plate, 160
folding of, 126, 127, 128, 129

Neural tube, 160

in chick,

48-hr., 216, 221
72-hr., 225, 226
33-hr., 213, 214
24-hr., 210, 211

differentiation of, 162

in human, 274, 275
neuroblasts in, 141, 142

Neuroblasts,

differentiation of, 143, 153, 154

migration of, 142

in motor region of spinal cord, 153

of olfactory pits, 133

origin of, 142

relation of, to limb, 153, 154

Neurula, 92
fields of, 93
potencies of, 76
of salamander, 76

Notochord, 70

in chick, 207, 208, 211

in embryo, 137
formation of, 128

in human, 269
presumptive, 120, 121, 122, 123,

124

Nucleoproteins, in cytoplasmic inherit-

ance, 89
Nutrition,

in chick, 201

in mammal, 258, 276, 277

Olfactory epithelium, 168
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Olfactory nerve, 165, 168

Olfactory pit (see also Nasal pit), 168

of pig, 10-mm., 272
Olfactory placode (see also Nasal plac-

ode),

of chick,

48-hr., 220
72-hr., 225

Oocyte, 305

Operculum, of frog, 139
Optic chiasma, 165

Optic cup, 169, 170

in chick,

48-hr., 219, 220
72-hr., 225

in frog, 134

neuroblasts in, 144

Optic lobes, 166

Optic nerve, 167, 169, 170

formation of, 144

in human, 282

Optic recess, 164, 165

Optic stalk, 144, 169

of chick,

48-hr., 219
72-hr., 225

Optic vesicle, 70, 167, 169

in frog, 103

inducing property of, 104

Oral cavity,

in chick, 72-hr., 224

Oral evagination, 135

Oral plate, 187

Organization,

of amphibian egg, 56

labile nature of, 33

of sea urchin egg, 32

theories of, 39, 40, 41

Organizer,

in amphibian, 78

chemical nature of, 84, 85

in chick, 81

denned, 79
for head, 88, 89
regional differences in, 88, 89

theory of action of, 86, 90

for trunk, 88, 89

Orientation, of tissue culture media, 151,

152

Otic pits, 167, 168

Otocyst (internal ear, otic vesicle),

in amphibian, 70

Otocyst

—

(Continued)

in chick,

48-hr., 219
72-hr., 223, 224

field of, 102

in frog, 135, 136
of -human, 276
of pig, 10-mm., 272

Outgrowth of nerve fiber,

effect of orientation on, 151, 152

to limb, 148, 149

along optic stalk, 144

theories of, 149, 150, 151

in tissue culture, 143

Ovarian cycle, effect of pituitary hormones

on, 258, 263

Ovary,

development of, 299, 300, 301

in human development, 282

release of egg from, 1

5

Ovulation, 15, 16

control of,

by hormone, 21

by light, 19

inhibition of, by pregnancy, 261

in mammals, 20, 21

Ovum (see Egg)
Oxygen, effect of, on polarity, 233

Pancreas, 190
in human, 278

Pancreatic ducts, 190

Parthenogenesis, artificial, 4, 47

Parturition (see Birth)

Paternal chromosomes, 304

Periblast (see Marginal periblast)

Peritoneum, origin of, 200

Pharynx (see also Foregut)

,

of chick,

48-hr., 278. 219
72-hr., 224

derivatives of, 187, 188

of frog, 134

of pig, 10-mm., 272

Photoreceptors, 169, 170

Pigment cells, 160, 161

Pigment layer of retina, 134

Pituitary gland, 70

development of, in human, 282

effect of, on pregnancy, 262, 263

function of, 133

role in ovulation of, 17, 259



INDEX

Placenta,

hormones of, 262, 263
human, 276
in nutrition, 258
permeability of, 277
transfer across, 2 58, 276, 277

Planarian, regeneration in, 230
Plasticity (see Labile organization)

Pluteus larva, 28

Polar bodies, 305
Polarity,

of frog egg, 56

of limb disk, 98
in regeneration, 231, 233
of sea urchin egg, 27

Posterior cardinal vein, 174, 178

in chick, 72-hr., 216
in frog, 137

Posterior intestinal portal, 19

1

Potassium sulfocyanide, on sea urchin

egg, 34, 35
Potency, defined, 70
Potencies,

of gastrular ectoderm, 72, 74
limitation of, 76
of neurula ectoderm, 76
restriction of, 107

Preformation theory, 4, 27

Pregnancy,

effect of,

on corpus luteum, 260
on ovarian cycle, 261

effect of Vitamin E on, 264
tests for, 23

Premature birth, 288, 289
Presumptive epidermis, in amphibian, 60,

64
Presumptive neural plate, 60, 64

human, 269

Presumptive notochord, in amphibian, 60,

64

Presumptive values,

of amphibian gastrula, 58, 60

definition of, 61

of sea urchin egg, 27

Primitive groove, 207, 209

Primitive streak,

in chick, 206, 207, 208, 209, 210, 211

compared with blastopore, 80

in human, 268, 269

organizer action of, 87. 82
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Progesterone, action of, on uterus, 260,

261, 263
Progressive determination, 107
Progressive differentiation, 107

within a field, 104
Progressive self-differentiation, 107
Pronephric duct,

in chick, 194, 197
in frog, 137

Pronephric tubule,

in chick, 194, 197
in frog embryo, 137

Pronephros, 70
in chick, 194, 197
in frog, 130, 137, 138
in human, 279

Prosencephalon (see also Forebrain),

in chick, 213
in frog, 133

Proteins, for growth, 251

Pulmonary arch (sixth aortic arch), 183
Pulmonary artery, origin of, 179

Quantitative theory,

of organization in sea urchins, 39-41

of organizer, 90
in regeneration, 235, 236

Radioactive phosphorus, 230
Rana sylvatica,

breeding habits of, 112

sex reversal in, 302

Rate of development, in relation to tem-

perature, 1 1

1

Rathke's pouch, in chick,

48-hr., 217, 218
72-hr., 224

Rectum, 191

Red blood corpuscles, rate of formation

of, 229
Reduplication, 249
Reflexes,

in frog, 132

in human fetus, 280, 283, 284, 285

Regeneration,

in frog, 231,232
inhydroids, 231,232
of nerve fiber, 145, 146

origin of cells in, 236, 237
in planarian, 230
role of nerves in, 239, 240
role of skin in, 241
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Regeneration

—

{Continued)

in salamander, 231, 232
stimulus for, 240, 241

theory of, 235, 236
Regression, of limb, 239, 240
Regulation (see Labile organization)

Relaxin, 261, 262

Release mechanisms,

in differentiation, 50

in organizer action, 86

in ovulation, 24

Renal capsule (Bowman's capsule), in

chick, 196, 197

Renal portal circulation,

origin of, 180, 181

regression of, 180, 181

Respiration,

of chick embryo, 172

and embryonic membranes, 255

in frog development, 254

Respiratory movements, in human fetus,

284

Retina, 133

development of, 169, 170

inverted structure of, 170

Reversed asymmetry, 191, 192

Rh factor, 276, 292
Rhombencephalon (see also Hindbrain),

213
in chick, 21

3

in frog embryo, 135, 136

Rhythmic contraction,

of amnion, 173, 201

of heart, 177

of uterus muscle, 260

Salamander,

blastulaof, 118

cleavage in, 115, 116

embryo of, 130, 131

gastrula of, 118

larva of, 709

limb regeneration in, 232, 237

neurula of, 127

Sclerotome, 137

in chick, 72-hr., 216

differentiation of, 194, 195

Sea urchin egg,

animal halves of, 29

centrifuging of, 30

labile organization, 33, 34
microdissection of, 29, 34

Sea urchin egg— (Continued')

normal development of, 25, 26
pluteus of, 28

polarity of, 27

vegetal halves of, 29
Secondary embryo, 78, 79

Secondary neural plate, 78

Secretion, in human fetus, 286, 287, 288
Self-differentiation, 94

of chick blastoderm, 209
of eye, 95
of femur, 105

of forelimb, 93
of heart, 94
of nasal pit, 94
of otocyst, 94

Self-duplication,

of cellular elements, 250, 251

of a nucleoprotein, 250
of a virus, 250

Semen, 53

sperm content of, 229
Semicircular canals, 136, 167

Sense organs, 167-170

of human fetus, 288
Sensory layer of retina, 1 34
Sensory nerves, of spinal ganglia, 160,

161

Separation of blastomeres,

in amphibian, 56

in sea urchin, 8

Sex determination, 299, 300
Sex differentiation, 299, 300, 301

effect of epiphysis on, 166

Sex reversal,

in chick, 300, 301, 302

in frog, 302

in hen, 303
in toad, 303

Sexual cycle,

in frog, 17, 113

in mammals, 20

in raccoons, 18

Sexual photoperiodicity, 18, 19

Sheath cells, 159, 160

Shell (of egg), 204

Sinus venosus, in chick,

48-hr., 216

72-hr., 225

Situs inversus, 191, 192

Smooth muscle, of viscera. 200
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Somatic layer of mesoderm, 70
in frog embryo, 137

Somatopleure, in chick, 175, 201

Somites, 71

in chick, 213, 226
development of, 193, 195

in frog, 130, 137

in human, 274, 275

origin of, 193, 195

in pig, 27

1

Specificity of nerves, 149

Sperm,

activity of, 45

effect of Vitamin E on, 264
length of life of, 51, 53

Spermatocyte, 305
Spinal cord,

in frog embryo, 137

internal differentiation of, 162

regional differentiation of, 1 55

Spinal ganglia, 160
of human, 271

of pig, 271

Spiracle, of frog, 139
Splanchnic mesoderm, 70

in chick, 200

derivatives of, 200

in frog, 137

induction of, 200

in heart formation. 177

Splanchnopleure, in chick, 175, 201, 218
Spleen, origin of, 200

Stationary state, in growth, 245

Stereotropism, 144

Stimulation, of human fetus, 284, 2S5

Stimulus, for limb regeneration, 2-40, 241

Stomach,

in human, 278

of pig, 10-mm., 273

Stomodeum, 134, 135

in chick, 218

Structural differentiation, 108

Suckers (see also Mucous gland). 130.

131, 132

Suprarenal cortex (Adrenal cortex),

androgen of, 277, 282

of fetus. 277

Suprarenal gland (see Adrenal gland)

Swallowing, in human fetus. 285, 286
Sympathetic ganglia, origin of, 141, 142,

160

329

Syntrophoblast, 268
Systemic artery, origin of, 179

Tadpole,

metamorphosis of, 140
structure of, 139, 140

Tail, in human, 280, 282
Tail bud, in chick, 48-hr., 222
Tail fold, 215,276
Telencephalon, 164, 165

in chick,

48-hr., 216, 220
72-hr., 223, 225

in human, 282
in pig, 271

Telolecithal egg, 204
Temperature,

effect of, on rate of development, 111

of incubation, 104
limits of, 112

Testes,

descent of, 287
development of, 299, 300, 301
in human, 282

Testosterone, effect of,

on chick embryo, 300, 302
on development, 277

Thalamus, 166

Thymus gland, 188
Thyroid, 187, 188

in chick,

48-hr., 220
72-hr., 226

effect of. on metamorphosis, 140
in frog embryo, 136
in human, 278, 280

Tissue culture,

of heart, 177

of intestinal epithelium, 191

of lung epithelium, 191

of neuroblasts, 143
Tongue. 187

Trachea. 188

Transplantation,

of chick limb bud, 105

of dorsal lip, 77, 78

of eye, 95
of gastrular ectoderm, 72, 74
of heart field, 102

of limb disk, 98
of otocyst, 94

Trophoblast, 266
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Tuberculum posterius, 165

Twinning,

of fish egg, 36

theory of, 37, 38

Umbilical artery (see also Allantoic ar-

tery) ,

of chick, 174, 178

Undifferentiated cells, in tail bud, 222

Unequal cleavage, 1 1

5

Urea,

in chick, 196, 198

in mammals, 258, 277

Ureter, in chick, 196, 197

Uric acid,

in chick, 196, 198

in mammals, 258, 277

Uterine cycle, 259

Uterine milk, 276

Uterus,

contraction of muscles of, 262

implantation of blastocyst in, 260, 261

menstruation in, 259

mucosa of, 268

muscle of, 268

postovulatory period of, 259

preovulatory period of, 259

Vagus nerve, 163, 164

Vas deferens, in chick, 198

Vegetal pole, 27

Ventral aorta, in frog embryo, 136

Ventral horn, 162

Ventricle,

of brain, 165, 166

in chick,

48-hr., 216, 220

72-hr., 223, 236

of heart, 216, 220,223,236

Vernix caseosa, 287

Vertebrae,

formation of, 195

origin of, 163

Viability of sperm and egg, 51, 53

INDEX

Villus, chorionic, 268, 269, 270

in nutrition, 258

Visceral arches, 187, 188

in chick, 218

in pig, 10-mm., 272

Visceral clefts, 187, 188

Visceral groove,

in chick,

48-hr., 218

72-hr., 224

in pig, 10-mm., 272

Vital staining, in amphibian, 58-61

Vitamin E, effect of,

on chick blastoderm, 264

in pregnancy, 264

on sperm, 264

Vitamin K, 292

Vitelline artery, in chick, 173, 174, 178,

215,216,223, 226

Vitelline vein, in chick,

48-hr., 220

72-hr., 223, 226

White matter, 162

Wing bud, of chick, 72-hr., 216

Wolffian duct (see Mesonephric duct)

Yolk, 64, 70

chemical composition of, 203

in frog, 137

in growth, 251

Yolk sac,

in chick, 173, 175, 185, 186

circulation in, 174, 178, 252

fate of, 185

function of, 172

in human, 268, 269, 276

Yolk plug, 64

in frog, 117

in salamander, 119

Zona pellucida, 266

Zygote (see Fertilized egg)
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