n Penetration, |

3
-~

'A. Henry Sathananthan, PhD.

~_Alan O. Trounson, PhD.
Carl Wood, FRCS, FRCOG, FRACOG, OBE

Ak

Tiae =
e -~




Atlas of Fine Structure of
Human Sperm Penetration,

Eggs and Embryos Cultured
In Vitro

A. Henry Sathananthan, ph.p.

Carl Wood, Frcs, FRCOG, RACOW i,} %

PRAEGER

PRAEGER SPECIAL STUDIES ® PRAEGER SCIENTIFIC

New York ® Philadelphia ® Eastbourne, UK
Toronto ® Hong Kong ® Tokyo ® Sydney



Library of Congress Cataloging in Publication Data

Sathananthan, A. Henry.
Atlas of fine structure of human sperm penetration,
eggs and embryos cultured in vitro.

Bibliography: p.

Includes index.

1. Fertilization in vitro, Human—Atlases.
2. Ovum—Atlases. 3. Spermatozoa—Atlases. 4. Human
embryo—Atlases. 5. Ultrastructure (Biology)—Atlases.
6. Tissue culture—Atlases. I. Trounson, Alan.
I Wood, Carl. IIi. Title. [DNLM: 1. Embryology—
atlases. 2. Fertilization in Vitro—atlases. 3. Fetal
Development—atlases. 4. Oocytes—growth & development—
atlases. 5. Qocytes—ultrastructure—atlases.
6. Sperm-Ovum Interactions—atlases, QS 17 5253a
QM602.528 1985 611°.0181 85-6400
ISBN 0-03-000113-7

While care has been taken to maintain the accuracy of the information contained in this volume,
the authors, editors, and publisher cannot accept any legal responsibility for errors or omissions,
or for consequences arising from the use of the information contained herein and make no warranty,
express or implied, with respect to the materials presented in this volume.

Published in 1986 by Pracger Publishers
CBS Educational and Professional Publishing, a Division of CBS Inc.
521 Fifth Avenue, New York, NY 10175 USA

© 1986 by Praeger Publishers
All rights reserved

6789 052 987654321

INTERNATIONAL OFFICES

Orders from outside the United States should be sent to the appropriate address listed below. Orders from areas not
listed below should be placed through CBS International Publishing. 383 Madison Ave.. New York, NY 10175 USA

Australia, New Zealand
Holt Saunders. Pty. Lid.. 9 Waltham St.. Artarmon. N.S.W. 2064, Sydney. Australia

Canada
Holt. Rinehart & Winston of Canada. 55 Horner Ave.. Toronto. Ontario, Canada M8Z7 4X6

Europe, the Middle East, & Africa
Holt Saunders. Ltd.. | St. Anne’s Road. Eastbourne. East Sussex. England BN21 3UN

Japan
Holt Saunders. Ltd.. Ichibancho Central Building. 22-1 Ichibancho. 3rd Floor, Chiyodaku. Tokyo, Japan

Hong Kong, Southeast Asia
Holt Saunders Asia. Ltd.. 10 Fl. Intercontinental Plaza. 94 Granville Road. Tsim Sha Tsui East, Kowloon,
Hong Kong

Manuscript submissions should be sent to the Editorial Director, Praeger Publishers, 521 Fifth Avenue,
New York, NY 10175 USA



Atlas of Fine Structure of
Human Sperm Penetration,
Eggs and Embryos Cultured

In Vitro



Foreword

This atlas is a fascinating and original visual demonstration at high
magnification of the main steps in human reproduction and embryology.
It is a most opportune time for its appearance, with the current public and
professional awareness of the philosephical, ethical, as well as biological
issues arising from the in vitro fertilization (IVF) and embryo transfer
techniques pioneered by the authors. We are led through a simple, easily
understood sequence from development of the egg, sperm penetration,
culminating in fertilization followed by embryonic development and for-
mation of organelles. In addition to the normal processes, electromicro-
graphs are included illustrating abnormalities in each of the phases of the
reproduction process. The micrographs are of a high standard and the ad-
vantage in combining the expertise of the gynecologist, reproductive sci-
entist and embryologist are amply demonstrated by the text. The atlas will
be an invaluable aid to the layman as well as to practicing clinicians for
understanding the mechanisms and issues involved in human reproduc-
tion.

—Professor G. Burnstock, Ph.D., DSec, FAA
Chairman and Head, Department of Anatomy

and Embryology, University College,
London, England, U.K.



Preface

Electron microscopy, an essential technique in both basic and clini-
cal research, has improved our understanding of human reproduction and
embryology and provided much of the momentum in the advance of
human in vitro fertilization (IVF) techniques initiated by Edwards and
coworkers in 1969.

The pioneering electron microscopy of Zamboni (1971, 1972) and
others (Zamboni et al., 1972) on human oocyte maturation and fertiliza-
tion in vitro and later the original studies by Soupart and Strong (1974,
1975) confirmed for the first time that human spermatozoa could pene-
trate and fertilize human oocytes in vitro. Some idea of the time taken for
spermatozoa to penetrate the oocyte investments and form pronuclei, ob-
tained by McMaster, Lopata, Sathananthan, and collaborators (1978,
1980) in our laboratory, and the continuing work on the process of sperm
penetration, oocyte maturation, activation, and early embryonic develop-
ment clearly described by Sathananthan and colleagues (1980—-1985) es-
tablished the credentials of IVF within the scientific community. These
studies were also the catalyst for many other scientific studies of early
human embryogenesis. For example, the observations of Sathananthan
and Trounson (1982a,b) on cortical immaturity of follicular oocytes led to
the experiments on delayed insemination (Trounson et al., 1982), which
became an established procedure in human IVF, improving fertilization
rates and removing time restrictions for the insemination of oocytes. The
work reported by Mohr and Trounson (1982) showed that the human em-
bryo can develop in culture apparently normally to the hatched blastocyst
stage, and now many studies have desecribed the normal and abnormal ul-
trastructural morphology of preimplantation human development in vitro,
which has added significantly to the scant observation of development in
vivo (Sathananthan et al., 1982b; Sathananthan, 1984; Trounson and
Sathananthan, 1984). It is the knowledge derived from all these studies
that provided the basis for improvement of the procedures and simplifica-
tion of techniques used for IVF and for rationalization of advances in IVF
and related technologies. The wealth of information derived from innum-
erable investigations on animal reproduction in the past, embracing elec-
tron microscopy, biochemistry, and physiology, has also contributed in
no less measure to the overall success of IVF in the human. The electron
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microscopic contributions of Bedford (1982) and Yanagimachi and co-
workers (1981) on sperm penetration, sperm-oocyte interaction, and
cross-fertilization were particularly relevant.

Ultrastructural studies will remain an integral part of new reproduc-
tive technology because there is no other technique available at present
that can provide anywhere near the same quality of scientific detail on
human gametes and early embryos. Clear visualization of events leading
to nuclear, cortical, and cytoplasmic maturation, sperm acrosome reac-
tion, sperm penetration and incorporation and subtle abnormalities
thereof would not have been possible without electron microscopy. It is
the quality of this kind of information that finally determines the accuracy
of scientific decision making in research.
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General Introduction

The only detailed atlas published so far on the fine structure of mam-
malian oocyte maturation and fertilization is that by Zamboni (1971). This
covers predominantly mouse eggs and has few illustrations of human mat-
uration and fertilization. It, however, includes the differentiation and
maturation of the human sperm and egg within the testis and ovary and, no
doubt, was an excellent contribution at the time. Suzuki’s (1973) atlas of
mammalian ova has elegant pictures photographed under phase-contrast
microscopy, but includes few electron micrographs.

With the advent of in vitro fertilization (IVF) as an accepted clinical
procedure, it became increasingly necessary that an atlas on the ultra-
structure of human sperm penetration, oocyte maturation, fertilization,
and early embryogenesis be published to serve the needs of clinicians,
scientists, researchers, technicians, and others in the field of IVF and
human reproduction. This atlas will also be useful academically to em-
bryologists and cell and reproductive biologists and may be used as a
teaching aid for medical and science students in advanced colleges, uni-
versities, and research institutes. Improved methods of fixation and pro-
cessing routinely used today have been employed in this study to make in-
terpretation of ultrastructure and comparisons with other cells easier than
before (See Appendix A).

Fawcett’s (1981) atlas on the cell and Ghadially’s (1982) atlas on its
pathology have been sources of much inspiration for the publication of our
atlas. After all, the human egg is a basic, undifferentiated cell that will
eventually give rise to all the types of cells in the human body, once it is
fertilized. It, however, shows certain specialized features that help it ful-
fill its role in procreation and survival both in and out of the female body.
The sperm, on the other hand, is a highly specialized, motile cell, its sole
function being penetration of the egg and deposition of paternal chromo-
somes.

The ultrastructural organization of the human egg closely resembles
that of most mammals’ eggs. Many of the cellular organelles resemble
those found in other mammalian eggs with a few exceptions. The major
events relating to maturation, fertilization, and activation are strikingly
similar to the general pattern of mammalian development.

The references cited in this atlas are limited mainly to relevant re-
search done on the human. References relating to animal work will be re-
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stricted to the many excellent reviews and texts now available in appro-
priate fields of reproductive biology.

The atlas has been compiled after 8 years of intensive research on
the ultrastructural aspects of human IVF, where over 400 preovulatory
eggs, both normal and abnormal, have been assessed for maturation, fer-
tilization, and early development. These electron microscopic studies
combined with noninvasive methods such as phase and interference
microscopy have provided the basis for the improvement and simplifica-
tion of IVF techniques, which have consequently led to our expertise and
achievements in this field of research.

An atlas must be a visual guide, concise, informative, and easily re-
ferable. One hundred thirty-six of our own representative micrographs
covering various aspects of human IVF have been compiled and or-
ganized into 100 figures, in an effort to make this publication as com-
prehensive as possible. There are, of course, some gaps in our knowledge
pertaining to oocyte maturation, sperm/oocyte interaction, and postfer-
tilization events, which need further investigation. Each micrograph is
labeled and has been complemented with a detailed legend on fine struc-
ture, which may include some introductory information, references to re-
levant work, and possible clinical applications. Each section has also
been provided with a short introduction. Schematic explanatory diagrams
show the structural organization of the human sperm, oocyte, and fer-
tilized ovum, where necessary. These are included as five text-figures. A
few important light micrographs were added in Appendix B to help the
reader visualize the whole egg and relate it to ultrastructure. Some notes
that might be useful in the morphological assessment of oocyte matura-
tion, fertilization, and embryo development for IVF and embryo transfer
are also included in Appendix C.

An embryologist (AHS), a reproductive scientist (AOT), and a
gynecologist (CW) have jointly collaborated in the production of this
atlas. The authors have many recent publications in IVF research to their
credit. Prof. Geoffrey Burnstock of London University has very kindly
written the foreword to this publication.
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Section 1

Introduction to
Oocyte Maturation

Maturation of oocytes in the present context includes both nuclear
and cytoplasmic events that occur within the oocyte and also cumulus-oo-
cyte interactions at its surface (Thibault, 1977; Soupart, 1980; Szollosi
and Gerard, 1983; Crosby and Moor, 1984). Events in these two cellular
compartments (oocyte and cumulus) must be fully satisfied before a fer-
tilizable, preovulatory oocyte is produced.

Meiosis consists essentially of two cell divisions. The first involves
halving of the chromosome number (diploid to haploid), whereas the sec-
ond resembles mitosis, although only haploid chromosomes are involved.
Homologous chromosomes (one member derived from each parent at fer-
tilization) separate in the first division, and chromatids (arising by the
splitting of chromosomes) separate during the second division. Unequal
cleavage of the ooplasm at both divisions ensures the formation of polar
bodies, which carry the excess chromosomal material.

Meiosis is a long, drawn-out process in female germ cells and is in-
itiated in the fetal ovary, when the process is first arrested at diplotene of
prophase (dictyate stage). This oocyte has a prominent nucleus with de-
condensed chromatin, called the “germinal vesicle,” which persists
through puberty until it is recruited to complete maturation prior to ovula-
tion. The final stage of maturation begins with germinal vesicle break-
down (GVBD) after the first meiotic arrest and ends when the sperm fuses
with the oocyte at fertilization. A second meiotic arrest at metaphase Il is
interpolated between these two events, when the mature oocyte is re-
leased at ovulation. Both follicular and oocyte maturation are involved
simultaneously in this process. All of these preovulatory events are
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