
[image: image]


Larsen's Human Embryology

Fifth Edition


Gary C. Schoenwolf, PhD

University of Utah School of Medicine, Salt Lake City, Utah

Steven B. Bleyl, MD, PhD

University of Utah School of Medicine, Salt Lake City, Utah

Philip R. Brauer, PhD

Creighton University School of Medicine, Omaha, Nebraska

Philippa H. Francis-West, PhD

King's College London Dental Institute, London, United Kingdom

[image: image]







Copyright

[image: icon]

1600 John F. Kennedy Blvd.

Ste 1800

Philadelphia, PA 19103-2899

LARSEN'S HUMAN EMBRYOLOGY, 5TH EDITION ISBN: 978-1-4557-0684-6

Copyright © 2015, 2009 by Churchill Livingstone, an imprint of Elsevier Inc.

No part of this publication may be reproduced or transmitted in any form or by any means, electronic or mechanical, including photocopying, recording, or any information storage and retrieval system, without permission in writing from the publisher. Details on how to seek permission, further information about the Publisher's permissions policies and our arrangements with organizations such as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website: www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the Publisher (other than as may be noted herein).


Notices

Knowledge and best practice in this field are constantly changing. As new research and experience broaden our understanding, changes in research methods, professional practices, or medical treatment may become necessary.

Practitioners and researchers must always rely on their own experience and knowledge in evaluating and using any information, methods, compounds, or experiments described herein. In using such information or methods they should be mindful of their own safety and the safety of others, including parties for whom they have a professional responsibility.

With respect to any drug or pharmaceutical products identified, readers are advised to check the most current information provided (i) on procedures featured or (ii) by the manufacturer of each product to be administered, to verify the recommended dose or formula, the method and duration of administration, and contraindications. It is the responsibility of practitioners, relying on their own experience and knowledge of their patients, to make diagnoses, to determine dosages and the best treatment for each individual patient, and to take all appropriate safety precautions.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, assume any liability for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or operation of any methods, products, instructions, or ideas contained in the material herein.



Previous editions copyrighted 2001, 1997, 1993

Library of Congress Cataloging-in-Publication Data

Schoenwolf, Gary C., author.

Larsen's human embryology/Gary C. Schoenwolf, Steven B. Bleyl, Philip R. Brauer, Philippa H. Francis-West.—Fifth edition.

p. ; cm.

Human embryology

Preceded by Larsen's human embryology/Gary C. Schoenwolf ... [et al.]. 4th ed. c2009.

Includes bibliographical references and index.

ISBN 978-1-4557-0684-6 (paperback : alk. paper)

I. Bleyl, Steven B., author. II. Brauer, Philip R., author. III. Francis-West, P. H. (Philippa H.), 1964- , author. IV. Title. V. Title: Human embryology.

[DNLM: 1. Embryonic Development—physiology. 2. Embryonic Structures—physiology. 3. Fetal Development—physiology. QS 604]

QM601

612.6'4—dc23

2014028160


Content Strategist: Meghan Ziegler


Senior Content Development Manager: Rebecca Gruliow


Publishing Services Manager: Patricia Tannian


Senior Project Manager: Claire Kramer


Design Direction: Julia Dummitt

Printed in China

Last digit is the print number: 9 8 7 6 5 4 3 2 1

[image: icon]



Dedication

The fifth edition of Larsen's Human Embryology is proudly dedicated to the children who live with birth defects every day, hour, minute, and second of their lives and to their families who provide loving support and care. It is our hope that the information we have assembled here will help the next generation of physicians and scientists make new discoveries, resulting in better prevention, diagnosis, and treatment of birth defects.



Content Experts

Richard Anderson,     University of Melbourne, Australia

Parker B. Antin,     University of Arizona, USA

Cammon Arrington,     University of Utah, USA

Spencer Beasley,     University of Otago, New Zealand

Brian L. Black,     University of California at San Francisco, USA

Janice L.B. Byrne,     University of Utah, USA

Jon Clarke,     King's College London, England

Martyn Cobourne,     King's College London, England

Simon J. Conway,     Indiana University School of Medicine, USA

Andrew Copp,     University College London, England

George P. Daston,     Procter & Gamble, USA

Mark Davenport,     King's College Hospital, England

Jamie Davies,     University of Edinburgh, Scotland

Elaine Dzierzak,     Erasmus University Medical Center, The Netherlands

Darrell J.R. Evans,     Brighton and Sussex Medical School, England

John F. Fallon,     University of Wisconsin Madison, USA

Richard H. Finnell,     The University of Texas at Austin, USA

Adriana Gittenberger-deGroot,     Leiden University Medical Center, The Netherlands

Robert G. Gourdie,     Medical University of South Carolina, USA

Anne Grapin-Botton,     Swiss Institute for Experimental Cancer Research, Switzerland

Anne Greenough,     King's College Hospital, England

Barbara F. Hales,     McGill University, Canada

Hiroshi Hamada,     Osaka University, Japan

Christine Hartmann,     Institute of Molecular Pathology, Austria

Takayuki Inagaki,     University of Utah, USA

Robyn Jamieson,     University of Sydney, Australia

Chaya Kalcheim,     Hebrew University of Jerusalem, Israel

Matthew Kelley,     National Institute on Deafness and Other Communication Disorders/National Institutes of Health, USA

Thomas Knudsen,     U.S. Environmental Protection Agency, USA

Catherine E. Krull,     University of Michigan, USA

Ralph Marcucio,     University of California at San Francisco, USA

Antoon F. Moorman,     Academic Medical Centre Amsterdam, The Netherlands

Guillermo Olivier,     St. Jude Children's Research Hospital, USA



David M. Ornitz,     Washington University, USA

Maurizio Pacifici,     The Children's Hospital of Philadelphia, USA

Roger K. Patient,     University of Oxford, England

Alan O. Perantoni,     Frederick National Lab, USA

Theodore Pysher,     University of Utah, USA

Maria A. Ros,     University of Cantabria, Spain

Yukio Saijoh,     University of Utah, USA

Ramesh A. Shivdasani,     Dana Farber Cancer Institute and Harvard Medical School, USA

Jane C. Sowden,     University College of London and Institute of Child Health and Great Ormond Street Hospital for Children, National Health Service Trust, England

Nancy A. Speck,     University of Pennsylvania, USA

Rajanarayanan Srinivasan,     St. Jude Children's Research Hospital, USA

Michael R. Stark,     Brigham Young University, USA

David K. Stevenson,     University of Utah, USA

Xin Sun,     University of Wisconsin Madison, USA

Cheryll Tickle,     University of Bath, England

Gijs van den Brink,     Academic Medical Centre Amsterdam, The Netherlands

Valerie Wallace,     University of Ottawa, Canada

James M. Wells,     University of Cincinnati, USA

Arno Wessels,     Medical University of South Carolina, USA

Heather M. Young,     University of Melbourne, Australia



Preface

The fifth edition of Larsen's Human Embryology, like the fourth edition, has been extensively revised.

• The number of chapters has been expanded from eighteen to twenty. This was done to organize the material better and to incorporate new information efficiently and logically.


• The text was heavily edited to increase clarity and avoid ambiguity, to improve accuracy, and to include many new scientific and medical advances since the last edition.


• Building on the success of the section called “Clinical Tasters,” which was added in the fourth edition to introduce the clinical relevance of the material covered in each chapter, we added a new section—called “Embryology in Practice”—to close each chapter. The title of this section is a bit of a play on words; practice refers to both clinical practice and a chance for the reader to practice being a clinician and to use the material presented in the text to “walk through” a clinical scenario. As with the “Clinical Tasters,” the “Embryology in Practice” section focuses on the impact of birth defects on the lives of children and their families. Although fictitious scenarios, they reflect real-life stories encountered in clinical practice with real problems that patients and their families face.


• Many new illustrations have been added; these additions reflect research advances and their clinical relevance. Many previous illustrations were thoroughly revised to facilitate student understanding. Although admittedly biased, we believe that the fifth edition of Larsen's Human Embryology contains the best compilation in any one textbook of illustrations on human three-dimensional descriptive embryology, animal model experimental embryology, and human birth defects.


• About fifty full-color animations have been linked directly to relevant sections of the text. These help the student understand not only the three-dimensional structure of human embryos, but also their four-dimensional structure as its complexity morphs and increases over time.


• As with the fourth edition, new Content Experts have been chosen to partner with the authors in producing the fifth edition of Larsen's Human Embryology. More than fifty new Content Experts are listed. With roughly the same number participating in the fourth edition, the textbook has now been critically evaluated by about 100 experts in their respective areas. Although that strengthens the book tremendously, it still does not make the book perfect, an impossible task in a complex and ever-changing field. Hence, we greatly appreciate input we receive for further improvement from students and faculty. Please continue to send your comments to schoenwolf@neuro.utah.edu.
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Introduction

Summary

As you begin your study of human embryology, it is a good time to consider why knowledge of the subject will be important to your career. Human embryology is a fascinating topic that reveals to each of us our own prenatal origins. It also sheds light on the birth defects that occur relatively frequently in humans. So the study of both normal and abnormal human embryology tells us something about every human we will encounter throughout our lives. For those seeking a career in biology, medicine, or allied health sciences, there are many other reasons to learn human embryology, which include the following:

• Knowing human embryology provides a logical framework for understanding adult anatomy.


• Knowing human embryology provides a bridge between basic science (e.g., anatomy and physiology) and clinical science (e.g., obstetrics, pediatrics, and surgery).


• Knowing human embryology allows the physician to accurately advise patients on many issues, such as reproduction, contraception, birth defects, prenatal development, in vitro fertilization, stem cells, and cloning.


In short, human embryology provides a foundation for understanding medicine and its practice by the health-care provider: knowing embryology proffers insight into the developmental basis of pediatric and adult disease.

Human pregnancy is subdivided in many ways to facilitate understanding of the complex changes that occur in the developing organism over time. Prospective parents and physicians typically use trimesters: three-month periods (zero to three months, three to six months, and six to nine months) starting with the date of the onset of the last menstrual period (a memorable landmark) and ending at birth. Human embryologists sometimes use intervals called periods: the period of the egg (generally from fertilization to the end of the third week), the period of the embryo (generally from the beginning of the fourth week to the end of the eighth week), and the period of the fetus (from the beginning of the third month to birth).

Human embryologists also identify phases of human embryogenesis. Typically, six are recognized:

• Gametogenesis: the formation of the gametes, the egg, and sperm


• Fertilization: the joining of the gametes to form the zygote


• Cleavage: a series of rapid cell divisions that result first in the formation of the morula, a small cluster of cells resembling a mulberry, and then in the formation of the blastocyst, a hollow ball of cells containing a central cavity


• Gastrulation: the rearrangement of cells in the embryonic region of the implanted blastocyst into three primary germ layers—ectoderm, mesoderm, and endoderm—to form the embryonic disc


• Formation of the tube-within-a-tube body plan: conversion, through body folding, of the embryonic disc into a C-shaped embryonic body consisting of an outer ectodermal tube (the future skin) and an inner endodermal tube (the gut tube), with the mesoderm interposed between the two tubes


• Organogenesis: the formation of organ rudiments and organ systems


During gastrulation, the three cardinal body axes are established. In the embryo and fetus, these three axes are called the dorsal-ventral, cranial-caudal, and medial-lateral axes. They are equivalent, respectively, to the anterior-posterior, superior-inferior, and medial-lateral axes of the adult.
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On a Monday morning, you get a frantic call from an uninsured 22-year-old patient who is three months pregnant. That weekend, she witnessed a car accident in which two people were badly injured, and she can't get the images of their bloodied faces out of her mind. Her neighbor told her that viewing such a shocking event could traumatize her fetus and result in the birth of a “monster.” Your patient is worried that her child will now be born with a serious birth defect, and she is calling you for advice. She knows she can't afford high medical bills to care for a sick child, and she's concerned about whether her husband will love a defective child, as he is such a perfectionist. Although hesitant to ask you, she is wondering whether she should continue the pregnancy.

You tell her that her neighbor is mistaken and that there is no medical evidence to support the idea that viewing a shocking event could traumatize her fetus, resulting in a severe birth defect. She states that she is greatly relieved by talking with you and agrees to continue her pregnancy. However, she admits that she still has some misgivings. You recognize that—depending on one's culture, education, and beliefs—legend and superstition can be as powerful to some as modern medicine. You continue to try to address her concerns and reassure her over the course of her remaining prenatal visits, which include normal ultrasound examinations. The last two trimesters of her pregnancy are uneventful, and at term she delivers a vibrant, healthy, 7-pound, 6-ounce baby girl.







Why Study Human Embryology?

Quite simply put, a good reason to study human embryology is that this topic is fascinating. All of us were once human embryos, so the study of human embryology is the study of our own prenatal origins and experience. Moreover, many of us are, or someday will be, parents and perhaps grandparents. Having a child or a grandchild is an awe-inspiring experience, which once again personalizes human development for each of us and piques our curiosity about its wonders. As teachers of human embryology, one of us now well on our way toward a half-century, we still find the subject to be utterly fascinating!

Human embryology does not always occur normally. Surprisingly, 3% to 4% of all live-born children will be diagnosed eventually (usually within the first two years) with a significant malformation (i.e., birth defect). Understanding why embryology goes awry and results in birth defects requires a thorough grasp of the molecular genetic, cellular, and tissue events underlying normal human embryology. Whether someone develops normally or not has a lifelong impact on that person, as well as on the person's family.

For a student pursuing a career in biology, medicine, or allied health sciences, there are many other reasons to study human embryology based on the fact that human embryology provides a foundation for understanding medicine and its practice by the health-care provider.

• The best way to understand and remember human anatomy—microscopic anatomy, neuroanatomy, and gross anatomy—is to understand how tissues, organs, and the body as a whole are assembled from relatively simple rudiments. Knowing the embryology solidifies your knowledge of anatomy and provides an explanation for the variation that you will observe in human anatomy and surgery.


• As you continue your studies and perhaps take courses such as human genetics, pathology, organ systems, and reproductive biology, and study disease processes and aging, your knowledge of human embryology will continue to benefit you. Cancer is now widely recognized as a disease involving mutations in genes controlling development and regulating key cellular events of development, such as division and death (apoptosis).


• Many of you will become medical practitioners. Embryology will serve to bridge your basic science and clinical science courses, particularly as you start your study of obstetrics, pediatrics, and surgery. But perhaps more important, once you start your practice, your patients will have many questions about pregnancy and birth defects, and controversial and always newsworthy issues such as abortion, birth control, cryopreservation of gametes and embryos, reproductive and therapeutic cloning, in vitro fertilization, gamete and embryo donation, stem cells, storage of cord blood, and gestational surrogate mothers. Your knowledge of human embryology will allow you to provide scientifically accurate counsel, empowering your patients to make informed decisions based on current scientific understanding. Many of your patients will have reproductive concerns. As their physician, you will be their main source of reliable information.


• If you are a medical student, it is important to know that performing well on (and perhaps even passing) Step 1 National Boards involves a thorough knowledge of human embryology and the underlying developmental, molecular, and genetic principles and mechanisms. Both Dr. Larsen (the original author of this textbook) and Dr. Schoenwolf have served as Members, USMLE Step 1 Cell and Developmental Biology Test Material Development Committee, National Board of Medical Examiners (Dr. Schoenwolf joined the committee after Dr. Larsen's untimely death). Human embryology is an integral component of that examination. Moreover, because this textbook emphasizes clinical applications and developmental mechanisms (see “In the Clinic” and “In the Research Lab” sections, respectively, in each chapter), as well as descriptive aspects of development, studying human embryology and using this book can also have practical value.


• Finally, we think one of the best reasons to study human embryology is that it is a fun subject to learn. Although we now know a tremendous amount about how embryos develop, there are still many mysteries to unravel. Thus, human embryology is not a static subject; rather, our knowledge and understanding of human embryology is always evolving. As you study human embryology, be sure to pay attention to the daily news—undoubtedly, advances in human embryology will be featured several times during the course of your study.
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Links Between Development and Cancer

The Wnt (wingless; covered in Chapter 5) family of secreted signaling molecules is one example of a signaling pathway that has multiple functions in the embryo and the adult. A major role for Wnt signaling in the embryo is to specify cell fate. In the adult, Wnt signaling maintains homeostasis in self-renewing tissues. Mutations of members of the Wnt signaling pathway result in malignant transformation (i.e., cancer).

These multiple roles for Wnt signaling are perhaps best understood in the gut (covered in Chapter 14). The first hint that Wnt signaling was important in gut biology came from the finding in the early 1990s that the human tumor suppressor gene, ADENOMATOUS POLYPOSIS COLI (APC)—a component of the Wnt signaling pathway—was mutated in colorectal cancer. The mutation resulted in constitutively active Wnt signaling and the subsequent development of cancer.

As covered in detail in Chapter 14, Wnt signaling also plays important roles in normal development of the gut. First, regional patterning of the gut and its folding to form the hindgut, and probably also the foregut, require Wnt signaling. Second, after the gut tube is formed, it undergoes regional histogenesis. For example, within the small intestine, villi (finger-like projections) form, which are separated by invaginations called crypts. In contrast, within the colon (large intestine), crypts also form but villi are absent. The crypts consist of highly proliferative progenitor cells, with maturating cells moving out of the crypts to the surface epithelium of the gut tube. Normal proliferation of crypt cells requires continual stimulation by the Wnt pathway.


Mutation of components of several other signaling pathways that function during development can result in cancer during postnatal life. These include the hedgehog, Tgfβ, and notch pathways, all of which are covered in detail in Chapter 5. In addition, the roles of these pathways, as well as of several other signaling pathways, in development and disease of particular organ systems are covered in the appropriate chapters.

Note About Gene Names

As you read the scientific and clinical literature to expand your knowledge of embryology, you might notice that different naming conventions and font styles are used to designate a gene, its mRNA, or its protein. Also, naming conventions are different for many animal models and in turn may differ from those used for humans. For example, the fibroblast growth factor 8 (Fgf8) gene in humans is designated as FGF8, its mRNA as FGF8, and its protein as FGF8. In mice, both the gene and its mRNA are designated as Fgf8, and its protein as FGF8.

For the sake of simplicity and ease of reading for the student, plain text rather than italics will be used in this textbook to designate a gene or transcript. Moreover, genes, transcripts, and proteins will be designated as lowercase text, with three exceptions. First, human genes and their transcripts will be listed in all-capital letters to make it clear that a particular gene is known to play a role in human development, or that a mutation in that gene results in a human birth defect or disease. Second, when a gene, transcript, or protein name is abbreviated, the first letter of the name will be capitalized (e.g., chicken Bmp versus chicken bone morphogenetic protein). Third, when proteins are covered in the context of their action in a process such as the menstrual cycle, rather than in a genomic/molecular genetic context, and the name is abbreviated, all-capital letters will be used. Thus, luteinizing hormone will be designated as luteinizing hormone (neither italicized nor with first letter capitalized) or by its abbreviation, LH (all capital letters). Finally, when it is important for clarity to designate whether the name indicates a gene, an mRNA, or a protein, qualifiers will be added as follows: the Fgf8 gene, the Fgf8 transcript, or the Fgf8 protein.




Periods of Human Embryology

From a medical or prospective parent's viewpoint, human prenatal development is subdivided into three main intervals called the first, second, and third trimesters, each consisting of three-month periods. From an embryologist's viewpoint, there are also three main subdivisions of human prenatal development, called period of the egg, period of the embryo, and period of the fetus. The first period, the period of the egg or ovum, is usually considered to extend from the time of fertilization until formation of the blastocyst and implantation of the blastocyst into the uterine wall about one week after fertilization (Fig. Intro-1). The entire conceptus (i.e., the product of conception or fertilization) typically is called the egg during this period. The conceptus at the blastocyst stage has already differentiated to give rise to tissue destined to form the embryo proper, as well as to other tissue that will form the extraembryonic layers. During the period of the egg, human embryologists identify three stages of development: zygote (formed at fertilization before the egg becomes multicellular), morula (formed after the zygote cleaves by mitosis, giving rise to a mulberry-like cluster of multiple cells or blastomeres), and blastocyst (a hollow ball of cells derived from the morula by the formation of a large, fluid-filled central cavity called the blastocele). The conceptus during this period may also be called the preimplantation embryo, or more accurately, the preimplantation conceptus. Thus, the period could also be called the period of the preimplantation embryo or preimplantation conceptus. Use of the term egg or embryo for the conceptus at these stages is particularly helpful for those conducting in vitro fertilization (eggs/embryos are collected, eggs/embryos are washed, eggs/embryos are transplanted into the uterus—try saying these phrases quickly using “conceptuses” or “concepti”!). But in the strictest sense, egg (or oocyte) is the name of the female gamete before fertilization, so using the term egg to describe later stages can lead to confusion.

[image: image]
Figure Intro-1 The first week of prenatal development of the human.



The exact beginning of the period of the embryo is poorly defined, and consequently there is no universal agreement about when the period begins. Some call the cleaving morula, or even the zygote, the embryo, so with this classification scheme, the period of the embryo begins as early as immediately after fertilization or as late as three days after fertilization. Others use the term embryo only after the conceptus starts implanting into the uterine wall at the end of the first week of gestation, or becomes fully implanted into the uterine wall at the end of the second week of gestation. Still others use the term embryo only in the fourth week of gestation, after the embryonic disc becomes three-dimensional and a typical tube-within-a-tube body plan is established. The period of the embryo could also be called the period of the postimplantation embryo or postimplantation conceptus, if these terms are restricted to stages that follow implantation. In this textbook, the period of the embryo will be defined as beginning at the end of the first week of gestation, after implantation is initiated.

Despite lack of agreement about when the period of the embryo begins, it is universally considered to end at the end of the eighth week of gestation (i.e., at the end of the second month after fertilization), after which the period of the fetus begins. This endpoint for the period of the embryo is chosen by convention but is arbitrary, as no obvious major change occurs between the eighth and ninth weeks of gestation to mark the transition. The period of the fetus extends from the ninth week to birth and is characterized by rapid growth of the fetus and functional maturation of its organ systems (covered in Chapter 6). At birth, the baby or neonate breathes on its own, but development does not cease simply because birth has occurred. Although this textbook discusses only prenatal development, it is important to remember that development is not just a prenatal experience; rather, development is a lifelong process, with maturation during puberty and subsequent aging or senescence involving further developmental events.
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Why Do We Age?


Animal models have played an important role in understanding aging, also known as senescence, in humans. Using organisms as diverse as Saccharomyces cerevisiae (yeast), Caenorhabditis elegans (nematode worm), Drosophila melanogaster (fruit fly), and Mus musculus (mouse), the genetic pathways controlling aging are beginning to be elucidated. Animal models offer the key advantage that searches can be conducted for mutations in genes that affect life span. These studies show clearly that particular genes can be identified that extend life span in animal models—a result that is relevant for understanding human aging. For example, a locus identified on human chromosome 4 has been linked to exceptional longevity, suggesting that similar genes exist in humans. In support of this, variants of the human gene FOXO3a (a gene located on human chromosome 6 that is a homolog of a downstream transcription factor of the first-identified longevity gene in animal models) are associated with unusual longevity in human families.


Life span and duration of good health (i.e., healthspan) can be extended by caloric restriction (without malnutrition) in several species of animal models, including mammals, provided that the diet includes enough nutrition for routine maintenance of the body. However, although the value of caloric restriction has been known for longer than a half century, the exact mechanism of its action remains unclear. Several factors are known to act in aging, including persistent inflammation, accumulated release of reactive oxygen species, telomere (proteins at the ends of chromosomes) shortening with each cell division, and mitochondrial dysfunction. Caloric restriction alters all of these factors. In addition, caloric restriction decreases the activity of nutrient signaling pathways such as the insulin/insulin-like growth factor pathway and the TOR pathway (both pathways are discussed below). These results collectively suggest that aging is a complex process that involves a combination of these factors, rather than just a single factor. It is interesting to note that these factors act not only in aging; increasing evidence is tying them to chronic diseases in humans such as Alzheimer's, Parkinson's, cardiac infarction, diabetes, cancer, osteoporosis, and atherosclerosis.

Puberty and menopause, two major postnatal developmental events, are controlled hormonally (covered in Chapter 1). Thus, it is not surprising that aging, a more gradual postnatal developmental event, also seems to be regulated hormonally. In particular, it has been shown that the endocrine hormone insulin/insulin-like growth factor 1 (Igf-like1) limits life span; thus, mutations in this signaling pathway extend life span. One way in which insulin/Igf-like1 hormone is regulated is through sensory neurons. Perturbations in C. elegans that decrease sensory perception extend life span (by up to 50%) by acting through this pathway. As surprising as it sounds, increased sensory perception leads to increased insulin/Igf-like1 hormone secretion and accelerated aging.

The germ line (covered in Chapter 1) can also regulate the rate of aging, perhaps to coordinate an animal's schedule of reproduction with its rate of aging. For example, strains of flies have been bred that produce offspring relatively late in life and have long life spans, whereas other strains have offspring at an earlier stage and are short lived. If germ cells are killed in the short-lived strain, its life span is extended. Oxidative damage also accelerates aging. C. elegans and fly mutants resistant to oxidative damage are long lived, whereas mutations that increase oxidative damage are short lived. This has led to the oxygen radical theory of aging, and hence, to the shelves full of antioxidants in the health food section of grocery stores. Lending credence to this theory is the demonstration that mutation of the p66shc gene in mice, which renders the mouse resistant to the action of oxygen radical generators, increases the life span of mice by as much as 30%.

The role of the TOR pathway in aging and chronic disease provides an interesting example of how fundamental observations in biology can lead to new understandings of human disease. In 1964, a team of scientists traveled to Easter Island to collect flora and fauna samples before the construction of an airport that would alter the island's ecosystem. A bacterium discovered in a soil sample was later shown to produce a chemical capable of prolonging life when injected into various species, including mice. The chemical was called rapamycin, after Easter Island, which is also called Rapa Nui. Subsequently, resveratrol, an ingredient in red wine, was shown to block the decreased life span of mice exposed to high-fat diets. Resveratrol seemingly works through enzymes called sirtuins, but neither resveratrol nor sirtuins seem to be very effective in extending life span in mice fed normal diets. However, rapamycin, which acts by inhibiting cell growth, is able to extend the life span of these mice significantly (approximately 10% to 15% in females and 10% in males).


Rapamycin acts on the protein TOR (target of rapamycin), inhibiting its activity. Suppressing TOR not only extends life span, it also lowers the risk of several major age-related diseases. TOR, as stated above, is a nutrient sensor providing a link to understanding the antiaging effects of caloric restriction. After feeding, insulin is released by the pancreas. One role of insulin is to increase the activity of the TOR pathway, inducing cells to grow and proliferate. Unfortunately, rapamycin cannot be used prophylactically in humans to inhibit TOR and slow aging because of its side effects. Thus, the search is on for other compounds capable of safely suppressing TOR and delaying aging and the onset of age-related disease.
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Progeria: Premature Aging

A severe form of premature aging occurs in humans called Hutchinson-Gilford progeria syndrome (HGPS, typically called progeria, derived from the Greek words for early, pro, and old age, geraios). One in four to eight million children is afflicted with progeria; these children age at five to ten times the normal rate. Although they usually appear normal at birth, the growth rate of afflicted children slows, and their appearance begins to change. Children with progeria often develop baldness, aged-looking (stiff) skin, pinched noses, dwarfism, brittle bones, and small face and jaw (Fig. Intro-2). Their average life expectancy is 13 to 14 years, with death usually resulting from cardiovascular disease (heart attack or stroke).

The most common cause of progeria is a single base mutation in a gene that codes for LAMIN-A, a nuclear membrane protein. The mutation activates an aberrant cryptic splice site in LAMIN-A pre-mRNA, leading to the constitutive synthesis of a truncated protein called progerin. The full-length protein, together with other lamins and lamin-associated proteins of the inner nuclear membrane, has diverse functions, including promoting the physical integrity of the nucleus, regulating DNA replication and transcription, and forming complexes that function as scaffolds to form and regulate higher-order chromatin structure and the epigenetic regulation of gene expression. Cells from progeria patients have misshaped nuclear membranes, and it is speculated that tissues subjected to intense physical stress, such as those in the cardiovascular system, might undergo widespread cell death because of nuclear instability. In addition, other nuclear defects exist in progeria patients, including abnormal chromatin structure and increased DNA damage. Increasingly, lamins are being linked to a wide spectrum of diseases (e.g., Emery-Dreifuss muscular dystrophy and related myopathies; Charcot-Marie-Tooth disease type 2B1—see Chapters 4 and 10) including progeria; these diseases are collectively called laminopathies.

Using fibroblasts obtained from progeria patients, normal nuclear morphology (and several other critical cellular features) was restored by treating cells with a chemically stable DNA oligonucleotide (short DNA sequence, called a morpholino, that cells cannot degrade) targeted to the activated cryptic splice site (to bind to the mutated site and prevent the splicing machinery from cutting in the wrong place). This approach thus provides proof of concept for the eventual correction of premature aging with gene therapy in children with progeria, an exciting possibility. Other exciting avenues include treatment with rapamycin (covered in the preceding “In the Research Lab”) or similar compounds, which in cultured cells promote the clearance of progerin and extend cell survival, as well as treatment with other drugs that impair progerin synthesis.
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Figure Intro-2 Amy, a child with progeria, at age 16.



Period of Egg and Embryo: Summary of Main Events

The period of the egg and the embryo, collectively defined (as covered earlier) as the first eight weeks following fertilization, is characterized by a large number of rapid changes. These changes are summarized in Table Intro-1. Also listed in the table, for selected days during each of the eight weeks of gestation, are the greatest length of the embryo, the number of somites, and the Carnegie stage. The latter is the most widely used stage series for human embryos. By providing a standardized set of criteria for accurate staging, this list allows detailed comparisons to be made among different embryos in different collections around the world. Figure Intro-3 shows human embryos from the Kyoto collection at Carnegie stages 7 to 23.

Phases of Human Embryology

In addition to periods of human embryology covered earlier in the chapter, embryologists subdivide human embryology into phases. These phases are introduced here to help you keep developmental events in context as you pursue your study of human embryology. Details of each of these phases are covered in subsequent chapters.

The first phase of human embryology is gametogenesis. This process occurs in the gonads (ovaries and testes) of females and males and involves meiosis. In both females and males, the main effect of meiosis is to establish a haploid cell, that is, a cell that contains half the number of chromosomes contained in typical body cells, such as skin cells. In addition to producing haploid cells, meiosis allows the shuffling of genetic information, thereby increasing genetic diversity. In females, gametogenesis occurs in the ovaries and is called oogenesis; the final cells produced by oogenesis are the eggs or oocytes. In males, gametogenesis occurs in the testes and is called spermatogenesis; the final cells produced by spermatogenesis are the sperm or spermatozoa. Thus, as a result of gametogenesis, gametes undergo morphologic differentiation that allows the second phase of human embryology to occur.


TABLE INTRO-1

TIMING OF HUMAN DEVELOPMENT (WEEKS ONE THROUGH EIGHT)



	Week
	Day
	
Length (mm)a

	Number of Somites
	Carnegie Stage
	
Features (Chapters in Which Features Are Discussed)b





	1
	1-7
	0.1-0.2
	0
	1
	Fertilization (1)




	2
	First cleavage divisions occur (2-16 cells) (1)




	3
	Blastocyst is free in uterus (1)




	4
	Blastocyst hatches and begins implanting (1, 2)




	2
	8-14
	0.1-0.2
	0
	5
	Blastocyst fully implanted (1, 2)




	6
	Primary stem villi form (2); endoderm delaminates (2); primitive streak develops (3)




	3
	15-21
	0.4-2.5
	0
	7
	Gastrulation commences and notochordal process forms (3)




	0
	8
	Primitive pit, neural plate, neural groove, neural folds, and neurenteric canal form (3, 4)




	1-3
	9
	Somites begin to form (4); primitive heart tube forms (12); vasculature begins to develop in embryonic disc (13)




	4
	22-28
	1.3-5.4
	4-12
	10
	Neural folds fuse (4); cranial end of embryo undergoes rapid flexion (4, 9); neuromeres form in presumptive brain vesicles (4, 9); optic sulci form (10, 18); otic pits form (18); heart begins to beat (12); pulmonary primordium forms (11); hepatic plate forms (14); first two pharyngeal arches form (17); tail bud forms (4)




	13-20
	11
	Primordial germ cells begin to migrate from wall of yolk sac (1, 16); cranial neuropore closes (4); oropharyngeal membrane ruptures (17); optic vesicles develop (18); optic pits begin to form (18)




	21-29
	12
	Caudal neuropore closes (4); cystic diverticulum and dorsal pancreatic bud form (14); urorectal septum begins to form (14, 15); upper limb buds form (19); pharyngeal arches 3 and 4 form (17)




	5
	29-35
	3.9-12.0
	30+
	13
	Dorsal and ventral columns begin to differentiate in mantle layer of spinal cord and brain stem (9); septum primum begins to form in heart (12); spleen forms (14); ureteric buds form (15); lower limb buds form (19); otic vesicles and lens placodes form (18); motor nuclei of cranial nerves form (9, 10)




	14
	Spinal nerves begin to sprout (10); semilunar valves begin to form in heart (12); lymphatics and coronary vessels form (13); greater and lesser stomach curvatures and primary intestinal loop form (14); metanephric kidneys begin to develop (15); lens pits invaginate into optic cups (18); endolymphatic appendages form (18); secondary brain vesicles begin to form (9); cerebral hemispheres become visible (9)




	15
	Atrioventricular valves and definitive pericardial cavity begin to form (12); cloacal folds and genital tubercle form (14, 15, 16); hand plates develop (19); lens vesicles form (18); invagination of nasal pits occur and medial and lateral nasal processes form (17); sensory and parasympathetic cranial nerve ganglia begin to form (10); primary olfactory neurons send axons into telencephalon (10)




	6
	36-42
	10.0-21.5
	30+
	16
	Muscular ventricular septum begins to form (12); gut tube lumen becomes occluded (14); major calyces of metanephric kidneys begin to form and kidneys begin to ascend (15); genital ridges form (16); foot plates develop (19); pigment forms in retinas (18); auricular hillocks develop (18)




	17
	Bronchopulmonary segment primordia form (11); septum intermedium of heart is complete (12); subcardinal vein system forms (13); minor calyces of metanephric kidneys are forming (15); finger rays are distinct (19); nasolacrimal grooves form (17); cerebellum begins to form (9); melanocytes enter epidermis (7); dental laminae form (17)




	7
	43-49
	18.0-26.4
	30+
	18
	Skeletal ossification begins (8); Sertoli cells begin to differentiate in the male gonad (16); elbows and toe rays form (19); intermaxillary process and eyelids form (17); thalami of diencephalon expand (9); nipples and first hair follicles form (7)




	19
	Septum primum fuses with septum intermedium in heart (12); urogenital membrane ruptures (16); trunk elongates and straightens (8)




	20
	Primary intestinal loop completes initial counterclockwise rotation (14); in males, Müllerian ducts begin to regress and vasa deferentia begin to form (15); upper limbs bend at elbows (19)



	Table Continued
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	Week
	Day
	
Length (mm)a

	Number of Somites
	Carnegie Stage
	
Features (Chapters in Which Features Are Discussed)b





	8
	50-56
	23.4-32.2
	30+
	21
	Pericardioperitoneal canals close (11); hands and feet rotate toward midline (19)




	22
	Eyelids and auricles are more developed (18)




	23
	Chorionic cavity is obliterated by the growth of the amniotic sac (6); definitive superior vena cava and major branches of the aortic arch are established (12); lumen of gut tube is almost completely recanalized (14); primary teeth are at cap stage (17)
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a Length is the greatest length of the embryo.

b Timing of some events and stages can vary by up to 4-5 days during stages 10-23.
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Figure Intro-3 Human embryos from the Kyoto collection at Carnegie stages 7 to 23. The embryo has been dissected from its embryonic membranes at all stages.



The second phase of human embryology is fertilization (see Fig. Intro-1). This process occurs in one of the oviducts of the female after the egg has been ovulated and enters an oviduct, and sperm have been deposited in the vagina at coitus. Sperm move from the vagina into the uterus and finally into the oviducts, where, if an egg is encountered, fertilization can occur. One of the main effects of fertilization is to restore the diploid number of chromosomes, that is, the normal number of chromosomes contained in typical body cells. Because egg and sperm chromosomes are united in a single cell at fertilization, establishing a new cell called the zygote, fertilization also results in the production of a new cell having a unique genome, different from that of the cells of its mother or father. In addition to restoring the diploid number of chromosomes, another main effect of fertilization is to activate the egg, allowing subsequent phases of human embryology to occur.

The third phase of human embryology is cleavage (see Fig. Intro-1). During cleavage, the zygote divides by mitosis into two cells, each of which quickly divides into two more cells. The process continues to repeat itself, rapidly forming a solid ball of cells called a morula. Cleavage differs from the conventional cell division that occurs in many cell types throughout an organism's life in that during cleavage, each daughter cell formed by cleavage is roughly half the size of its parent cell. In contrast, after conventional cell division, cells grow roughly to parental cell size before undergoing the next round of division. An effect of cleavage is to increase the nucleocytoplasmic ratio, that is, the volume of the nucleus compared with the volume of the cytoplasm. An egg, and subsequently a zygote, has a small nucleocytoplasmic ratio because it contains a single nucleus and a large amount of cytoplasm. With each cleavage, the cytoplasm is partitioned as the nuclei are replicated so that the nucleocytoplasmic ratio approaches that of a typical body cell. Another effect of cleavage is to generate a multicellular embryo; the cells of the morula and the subsequent blastocyst (the structure formed by hollowing out the morula) are called blastomeres.
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Figure Intro-4 Series of drawings of cross sections through the human embryo from 17 to 22 days of gestation. At the end of gastrulation, A, the conceptus consists of a trilaminar blastoderm that is composed of ectoderm, mesoderm, and endoderm, covered dorsally by amnion and ventrally by yolk sac. Body folding is well underway in D and is complete in E, establishing the tube-within-a-tube body plan (endodermal gut tube on the inside and ectodermal skin tube on the outside). For simplicity, the amnion and the yolk sac are not shown in E. In B, the midline ectoderm has thickened as the neural plate, which folds to form the neural tube in C. The latter is not considered to be one of the two tubes of the tube-within-a-tube body plan because it is not formed by the body folds. For further details, see Chapters 2 through 4.



The fourth phase of human embryology is gastrulation. During gastrulation, cells undergo extensive movements relative to one another, changing their positions. This brings cells into contact with new neighbors and allows information to be passed among cells, ultimately changing their fates. An effect of gastrulation is to establish primitive tissue layers, called germ layers (Fig. Intro-4). Three primary germ layers are formed, called ectoderm, mesoderm, and endoderm. The germ layers give rise to tissues and organ rudiments during subsequent development. The three major axes of the embryo become identifiable during gastrulation (Fig. Intro-5): dorsal-ventral axis, cranial-caudal axis, and medial-lateral axis (including the left-right axis).

The fifth phase of human embryology is formation of the body plan. Some consider this phase to be part of gastrulation, and others call this phase morphogenesis. Both of these viewpoints make sense: gastrulation continues during formation of the body plan, and formation of the body plan involves morphogenesis, that is, the generation of form. However, formation of the body plan also involves extensive folding of the embryo (see Fig. Intro-4). During gastrulation, the embryo consists of a flat two- or three-layered disc of cells (depending on its exact stage of development) that is positioned at the interface between two bubble-like structures: the amnion (and its enclosed, fluid-filled space, the amniotic cavity) and the yolk sac (and its enclosed, fluid-filled space, the yolk sac cavity). Near the perimeter of the embryonic disc, where the disc joins the amnion and the yolk sac, folding begins. This is a complex process to visualize; it is covered in detail in Chapter 4. The effect of this folding, called body folding, is to separate the embryo from its extraembryonic membranes (i.e., amnion and yolk sac), except at the level of the future umbilical cord, and to convert the flat disc into a three-dimensional body plan, called the tube-within-a-tube body plan (see Fig. Intro-4). The tube-within-a-tube body plan consists of an outer tube (formed from the ectodermal germ layer) and an inner tube (formed from the endodermal germ layer), with the two tubes separated by the mesoderm. Additional tubes (such as the neural tube, the rudiment of the central nervous system, shown in Fig. Intro-4) are formed by secondary folding of other layers of the embryo (i.e., these tubes are not formed by the action of the body folds), and they are not considered to be one of the two tubes contributing to the tube-within-a-tube body plan. In essence, with formation of the tube-within-a-tube, the embryo now has a distinctive embryo-like body shape, is protected from its outside environment by the outer tube (the primitive skin), and contains an inner tube (the primitive gut), separated by a primitive skeletal support (the mesoderm). With formation of the tube-within-a-tube body plan, the embryo now has a shape that more closely resembles that of the adult, and the three body axes are more evident (see Fig. Intro-5).

After formation of the three primary germ layers, regional changes occur in each of these layers. One such change has already been mentioned—folding of part of the ectoderm to form the neural tube. Such changes establish organ rudiments. With completion of formation of the body plan and the formation of organ rudiments, what remains to occur is the last phase of human embryology—the phase of organogenesis. During organogenesis, organ rudiments undergo growth and differentiation to form organs and organ systems. With continued growth and differentiation, these organs and organ systems begin to function during intrauterine life. Some organs that begin to function in the fetus need to quickly adapt to another function at the time of birth. For example, as the fetus transitions from an aqueous intrauterine life to air breathing, the functioning of the lungs (and of the cardiovascular system) needs to be rapidly altered. How this transition occurs is covered in Chapters 11 to 13.
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Figure Intro-5 Body axes and section planes in the human adult and embryo. A, Lateral view of the adult; B, Lateral view of the five-week human embryo; C-D, Ventral views of the six-week human embryo showing a transverse (C) and sagittal (D) section plane. E, Lateral view of the six-week human embryo showing a coronal (frontal) section plane.



Body Axes: Understanding Embryonic Coordinates

Understanding the structure of an embryo or fetus can be difficult and confusing, because embryos and fetuses are three-dimensional, complex objects that change their shape as they develop over time. As a metaphor, imagine examining an enlarged portion of a map without knowing the locations of north, south, east, and west. Without these coordinates, one could easily get lost trying to get from one landmark to another. Embryos and fetuses also have coordinates, and without understanding these coordinates, the study of embryos and fetuses can be perplexing. Moreover, because of our life experience, we often can use environmental clues to navigate from place to place during a journey, even if a compass or a labeled map is not available. However, for most, the embryo or the fetus is uncharted territory, and lack of life experience prevents such navigation. Because we are all familiar with the shape of the adult human body, it is useful to begin with the coordinates of the adult human before progressing to those of the embryo and the fetus (see Fig. Intro-5).

The adult human standing erect with feet together and palms facing forward is said by anatomists to be in anatomical position (see Fig. Intro-5A). The head-feet axis represents the superior-inferior axis, with the head being superior and the feet being inferior. From the midline of the body (i.e., an imaginary line drawn through the center of the superior-inferior axis) toward the right and left sides runs the medial-lateral axis, with the midline being the most medial level (but note that the exact midline is called the median plane), and the right and left sides being the most lateral levels. The left-right axis is part of the medial-lateral axis, defining differences (i.e., asymmetries) between left and right sides of the body. From the front side of the body toward the back side of the body runs the anterior-posterior axis, with the front side being the anterior surface, and the back side being the posterior surface. Finally, in the adult, the terms proximal and distal are used. Proximal refers to close to the center of the body, whereas distal refers to far from the center of the body. Thus one can define, for example, the proximal-distal axis of the upper limb, with the shoulder being at the proximal end of the upper limb and the fingers being at its distal end.

The human embryo and fetus have a similar set of axes, again defined based on adult anatomical position (see Fig. Intro-5B). The head-tail axis of the embryo is called the cranial-caudal axis, with the head end being the cranial end, and the tail end being the caudal end. Sometimes this axis is referred to as the rostral-caudal axis, with the head end being the rostral end. The cranial-caudal axis can also be called the anterior-posterior axis, with the head end being the anterior end and the tail end being the posterior end. Anterior-posterior axis is often used in the developmental biology literature with animal models (especially four-legged ones), but because the anterior-posterior axis represents a totally different axis in the adult human (i.e., the front-back axis), its use with human embryos is discouraged; consequently, the anterior-posterior axis will not be used in this textbook to describe an embryonic axis. The axis extending from the midline to left and right sides in the embryo is called the medial-lateral axis, as it is in the adult. However, the axis extending from the back to the front is best called the dorsal-ventral axis in the embryo, with the back being dorsal and the front being ventral. It also can be called the anterior-posterior axis, as it is in the adult, although this is discouraged to prevent confusion as covered above. Finally, embryos also have a proximal-distal axis, which is defined in the same way as in the adult.

Because human embryos and fetuses are opaque and have complex internal structures, as well as external structures, they are often studied as sets of serial sections (see Fig. Intro-5C-E). Throughout this book, many sections are depicted. To understand these, it is important to know that transverse (cross) sections are cut perpendicularly with respect to the cranial-caudal axis of the body (i.e., within the transverse plane), so that a set of serial transverse sections progresses through the body in cranial-caudal (or caudal-cranial) sequence (see Fig. Intro-5C). Sagittal sections are cut in a plane that is parallel to the cranial-caudal or long axis of the body (i.e., the longitudinal plane), rather than in the transverse plane. These are oriented to cut through embryos or fetuses such that a midline (median) sagittal section (often called a midsagittal section) would separate the body into right and left halves (see Fig. Intro-5D). More lateral sagittal sections (often called parasagittal sections) are cut parallel to a midsagittal section but are displaced to the right or left of the midline. Serial sagittal sections can progress from the right side of the body to the midline (midsagittal) and can continue to the left side (or they can progress in the opposite direction). One further set of sections is sometimes used, but less frequently: serial coronal (or frontal) sections. Like sagittal sections, coronal sections are cut in a plane parallel to the cranial-caudal or long axis of the body, but in contrast to sagittal sections, coronal sections are oriented 90 degrees with respect to sagittal sections (see Fig. Intro-5E). In other words, serial coronal sections can progress from the front (ventral) side of the embryo to its center (midcoronal) and then continue to the back (dorsal) side, or they can progress in the opposite direction. Hence, a midcoronal section would separate the body into ventral and dorsal halves.
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Regenerative Medicine and Tissue Engineering

A major goal in modern medicine is to regenerate functional cells, tissues, and organs lost through injury or disease. Approaches to achieving these goals are largely derived from embryological studies in both animal models and humans, along with advances in bioengineering and material science. Regenerative medicine and tissue engineering are largely synonymous terms, but regenerative medicine typically relies on the use of stem cells, which are covered further in Chapter 6.

Regeneration is an area of embryology concerned with the replacement of lost parts. Invertebrate animals readily regenerate lost body parts, as do some vertebrates such as fish and amphibians, but mammals are poor regenerators by comparison. Nevertheless, mammals do undergo regeneration, offering hope that the dream of regenerative medicine may be realized some day in humans. Here, we briefly cover two surprising examples of regeneration in mammals: replacement of fingertips in humans following amputation and regeneration of the heart in mouse models.

The ability of distal fingertips, that is, the terminal phalanx distal to the distal interphalangeal joint, to regenerate in children was discovered by accident. The typical treatment at the time for such amputations, when the tip was not recovered, was to close the wound with a skin flap, in which case regeneration failed to occur. A child in England in the late sixties suffered a guillotine amputation of the fingertip. The wound was covered with a simple dressing, and the child was to be referred to a plastic surgeon, but by mistake that failed to happen. When the error was discovered several days later, the wound was already healing nicely, so no further action was taken. Eventually, there was complete regrowth of the fingertip. Since then, several hundred children with fingertip amputations have been treated merely with sterile dressing and no surgery, with remarkable restoration of the fingertip.

To understand the underlying mechanism of fingertip regeneration, mouse models are used, in which a distal toe is clipped and is left surgically untreated. A typical limb regeneration blastema (a seemingly de-differentiated mass of cells that undergoes rapid proliferation) is formed in this model following amputation. Subsequently, regeneration occurs, which has been shown to require Bmp signaling (a growth factor pathway further covered in Chapter 5), apparently acting in conjunction with the transcription factors msx1/2.

It has long been believed that heart muscle in mammals is incapable of regeneration, although it has been known for several years that functional hearts can regenerate in fish and amphibians. It is now known that fetal and newborn (within the first postnatal week) heart muscle is capable of regeneration. Typically, in mammals, damaged heart muscle is replaced by scar tissue formed from cardiac fibroblasts (i.e., fibrosis occurs), but in fetal and newborn hearts, cardiomyocytes undergo proliferation to form replacement muscle. This provides hope that cardiomyocytes in adult humans might someday be reawakened to their perinatal state through appropriate treatment following cardiac infarction, thereby improving the patient's functional recovery. The search is on to identify cells capable of regenerating heart muscle; potential candidates include resident cardiac stem cells and other noncardiac cells such as bone marrow–derived cells, induced pluripotent stem cells, and embryonic stem cells (the latter two populations of stem cells are covered further in Chapter 5). Additionally, it has been suggested that fetal or placental cells might have this regenerative capability. In support of this, experimentally injured fetal mouse hearts become colonized by extracardiac fetal cells that subsequently differentiate into cardiomyocytes and two other critical populations of heart cells: endothelial cells and smooth muscle cells.




Want to Learn More?

This textbook has been written to guide you in your study of human embryology, emphasizing important concepts, principles, and facts. Animations can be accessed on StudentConsult. Movie camera icons placed in the margin in selected regions of the text direct the reader to appropriate corresponding animations. Animations can help you understand the complex changes that occur in the morphology of the developing embryo over time. The “In the Lab” sections of each chapter emphasize the process of discovery of knowledge, and the “In the Clinic” sections emphasize the clinical application of this knowledge. The “Clinical Taster” section is designed to “whet your appetite,” introducing you to material that is relevant to each chapter and emphasizing the impact of development gone awry on the persons involved. The “Embryology in Practice” section closes chapters by providing a clinical scenario that allows you to think further about some of the material presented in the chapter and situations you will encounter in the clinic in the future.

In the “Suggested Readings” at the end of each chapter, we reference mainly key review articles published during the last five years, rather than a comprehensive listing of the primary literature. This was done in part to keep the textbook from becoming too large and increasing its cost to students. But it was also done to serve as a more useful student guide to the current relevant scientific literature. Recently, there has been an explosion of journals publishing reviews in developmental biology, and most libraries throughout the world subscribe to review journals, providing easy access for students. By reading a few reviews, one can become quickly updated about a field. Also, by examining the references cited by these reviews, one can quickly find the most relevant primary literature for further detailed study.

With the advent of the worldwide web, how we find information has rapidly changed. In addition to going to the “Suggested Readings” in the text, if you wish to engage in further in-depth study, or if you want to find the very latest publications in the field (because of the delay in publication, the literature in any textbook is always at least one year out of date), online searches are the best approach. We have five suggestions for conducting these searches:

• Using key words in the textbook (i.e., those words indicated in bold type throughout the textbook and also listed in the index), go to PubMed (www.ncbi.nlm.nih.gov/pubmed) and enter one or more keywords as search terms. This will identify many articles for you to consider.


• Using PubMed, search under the names of authors of review articles listed in the “Suggested Readings.” Alternatively, use Google Scholar (www.scholar.google.com); Google Scholar ranks articles based on how many times an article by a particular author is cited—one indicator of its importance in the field. Typically, the leaders in a particular area write review articles, and so this approach is likely to pull up many other articles on the same topic. Similarly, you can search under the names of other authors who are cited in the review articles.


• Again, using PubMed, scan the table of contents of recent issues of the main journals in the field by searching under journal title. In developmental biology, these include (in alphabetical order): BioMed Central Developmental Biology; Development; Development, Genes and Evolution; Developmental Biology; Developmental Cell; Developmental Dynamics; Differentiation; Evolution and Development; Genes and Development; genesis; International Journal of Developmental Biology; and Mechanisms of Development (as well as broader journals such as Bioessays, Cell, Current Biology, Nature, Nature Genetics, Neuron, PLoS Biology, PLoS One, PNAS, and Science). Many of these journals also publish review articles, which are particularly useful for beginning your study. In addition, scan the table of contents of recent issues of the review journals in the field; in developmental biology, these include Annual Reviews of Cell and Developmental Biology, Current Opinion in Genetics and Development, and Current Topics in Developmental Biology. Other useful review journals include the Trends series (e.g., Trends in Genetics) and the Nature Reviews series (Nature Reviews Neuroscience).



• “Google” (www.google.com) keywords to find other information. For example, “googling” IVF (for in vitro fertilization) results in the listing of a number of interesting sites. However, unlike information obtained in journals, which is peer-reviewed by the scientific community for validation, googled information may or may not be scientifically accurate, so it is important to verify googled information by checking it against the peer-reviewed journal literature. A monitored online encyclopedia is Wikipedia (http://www.wikipedia.org); it can be a quick and detailed source on generally any particular topic of interest.


• Seek out other useful websites and databases. For example, for genetic causes of birth defects in humans, go to the Online Mendelian Inheritance in Man (OMIM; www.ncbi.nlm.nih.gov/sites/entrez?db=OMIM); for disease-causing submicroscopic chromosome imbalances in humans, go to Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources (DECIPHER; http://decipher.sanger.ac.uk/about); for an extensive database of scanning electron micrographs of mouse embryos, go to Kathy Sulik's embryo images online (www.med.unc.edu/embryo_images); and searching under topics such as “embryo” or “embryology” will locate many useful websites for further study.
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Figure Intro-6 Scheme showing the RAS-MAP kinase pathway and mutations that result in human disease. See text for abbreviations in disease names.
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One Pathway, Two Problems

A two-year-old girl is seen by her family doctor for “fatigue and a rash.” She is well known to the physician after past visits for stenosis of her pulmonary valve and issues with poor growth leading to a presumptive diagnosis of Noonan syndrome. Her exam today causes concern because it reveals lethargy, pallor, and a purple-red maculopapular (larger flat or small raised) rash on her trunk. She also has enlarged glands (lymphadenopathy) and hepatosplenomegaly (enlarged spleen and liver). The physician expresses his concern that the girl may have a serious illness, “perhaps a blood cancer,” and he arranges to have the child admitted to the hospital.

On admission, a complete blood count shows anemia (a low red cell count), thrombocytopenia (low platelets), and leukocytosis (a high white cell count). The hematopathology report returns a diagnosis of juvenile myelomonocytic leukemia (JMML). The oncologist spends time with the family discussing this diagnosis and the treatments to come, which will include splenectomy, chemotherapy, radiation, and hematopoietic stem cell transplantation (bone marrow transplant). Despite intensive treatment, JMML has a high relapse rate after transplant and a poor prognosis, with a five-year survival of ≈50%.

JMML is a rare malignancy, making up only 1% to 2% of childhood leukemias. The cause of this cancer is linked to inappropriate activation of the RAS-MAP kinase pathway (Fig. Intro-6). Mutations in this pathway are also responsible for a group of genetic syndromes, including neurofibromatosis type 1 (NF1) and Noonan, cardiofaciocutaneous (CFC), LEOPARD, and Costello syndromes. Although these are distinct syndromes, the large degree of clinical overlap between them and the fact that most can be caused by mutations in an overlapping set of genes in the pathway led to a conceptual grouping of these conditions, alternatively called “RAS-opathies” or “Noonan-related disorders,” among other names. Noonan syndrome is caused by mutations in at least five different genes in the RAS-MAP kinase pathway.

Mutations in this pathway also confer a high risk of JMML, and patients with NF1 and Noonan syndrome make up a significant percentage of JMML patients. RAS is a proto-oncogene—a gene that regulates cellular growth and proliferation that can become an oncogene (cancer-causing gene) if mutated or inappropriately expressed. Other examples of proto-oncogenes include MYC (linked to Burkitt's lymphoma), ERRB2 (HER2; linked to breast cancer), and CTNNB1 (β-CATENIN; linked to pancreatic cancer). The growing understanding of the genetic pathways underlying JMML gives some hope for future, more targeted therapies.
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Chapter 1

Gametogenesis, Fertilization, and First Week

Summary

A textbook of human embryology could begin at any of several points in the human life cycle. This textbook starts with a discussion of the origin of specialized cells called primordial germ cells (PGCs). PGCs can be first identified within the wall of the yolk sac, one of the extraembryonic membranes, during the fourth to sixth weeks of gestation. These PGCs will give rise to the germ line, a series of cells that form the sex cells, or gametes (i.e., the egg and sperm). However, these gametes will not function to form the next generation for several decades (i.e., after the onset of puberty). Yet, remarkably, one of the first things that happen in the developing embryo is that the germ line is set aside for the next generation. Similarly, the germ lines that gave rise to the developing embryo were established a generation earlier, when the embryo's father and mother were developing in utero (i.e., when the embryo's paternal and maternal grandmothers were pregnant with the embryo's father and mother).

From the wall of the yolk sac, PGCs actively migrate between the sixth and twelfth weeks of gestation to the dorsal body wall of the embryo, where they populate the developing gonads and differentiate into the gamete precursor cells called spermatogonia in the male and oogonia in the female. Like the normal somatic cells of the body, the spermatogonia and oogonia are diploid, that is, they each contain twenty-three pairs of chromosomes (for a total of forty-six chromosomes each). When these cells eventually produce gametes by the process of gametogenesis (called spermatogenesis in the male and oogenesis in the female), they undergo meiosis, a sequence of two specialized cell divisions by which the number of chromosomes in the gametes is halved. The gametes thus contain twenty-three chromosomes (one of each pair); therefore, they are haploid. The developing gametes also undergo cytoplasmic differentiation, resulting in the production of mature spermatozoa in the male and definitive oocytes in the female.

In the male, spermatogenesis takes place in the seminiferous tubules of the testes and does not occur until puberty. In contrast, in the female, oogenesis is initiated during fetal life. Specifically, between the third and fifth months of fetal life, oogonia initiate the first meiotic division, thereby becoming primary oocytes. However, the primary oocytes then quickly enter a state of meiotic arrest that persists until after puberty. After puberty, a few oocytes and their enclosing follicles resume development each month in response to the production of pituitary gonadotropic hormones. Usually, only one of these follicles matures fully and undergoes ovulation to release the enclosed oocyte, and the oocyte completes meiosis only if a spermatozoon fertilizes it. Fertilization, the uniting of egg and sperm, takes place in the oviduct. After the oocyte finishes meiosis, the paternal and maternal chromosomes come together, resulting in the formation of a zygote containing maternal and paternal chromosomes aligned on the metaphase plate. Embryonic development is considered to begin at this point.

The newly formed embryo undergoes a series of cell divisions, called cleavage, as it travels down the oviduct toward the uterus. Cleavage subdivides the zygote first into two cells, then into four, then into eight, and so on. These daughter cells do not grow between divisions, so the entire embryo remains the same size. Starting at the eight- to sixteen-cell stage, the cleaving embryo, or morula, differentiates into two groups of cells: a peripheral outer cell layer and a central inner cell mass. The outer cell layer, called the trophoblast, forms the fetal component of the placenta and associated extraembryonic membranes, whereas the inner cell mass, also called the embryoblast, gives rise to the embryo proper and associated extraembryonic membranes. By the thirty-cell stage, the embryo begins to form a fluid-filled central cavity, the blastocyst cavity. By the fifth to sixth day of development, the embryo is a hollow ball of about one-hundred cells, called a blastocyst. At this point, it enters the uterine cavity and begins to implant into the endometrial lining of the uterine wall.
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A couple, both in their late thirties, is having difficulty conceiving a child. Early in their marriage, about ten years ago, they used birth control pills and condoms thereafter, but they stopped using all forms of birth control more than two years ago. Despite this and having intercourse three or four times a week, a pregnancy has not resulted. On routine physical examination, both the man and the woman seem to be in excellent health. The woman is an avid runner and competes in occasional marathons, and she has had regular periods since her menarche at age thirteen. The man had a varicocele, which was corrected when he was nineteen; the urologist who performed the surgery assured him that there would be no subsequent adverse effects on his fertility.

Because no obvious cause of their fertility problem is noted, the couple is referred to a local fertility clinic for specialized treatment. At the clinic, the man has a semen analysis. This reveals that his sperm count (sixty million sperm per ejaculate), 
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Time line. 

Gametogenesis and first week of development.





sperm mobility (vigorous motility and forward progression [i.e., straight swimming movement]), sperm morphology (70% with an oval head and a tail seven to fifteen times longer than the head), and semen volume (3.5 mL with a normal fructose level) are within normal ranges. Semen viscosity and sperm agglutination are also normal. As a next step, a postcoital test is planned. Using the woman's recent menstrual history to estimate the time of her midcycle, and daily basal body temperature measurements and urine LH (luteinizing hormone) tests to predict ovulation, intercourse is timed for the evening of the day on which ovulation is expected to occur. The next morning, the woman undergoes a cervical examination. It is noted that the cervical mucus contains clumped and immotile sperm, suggesting sperm-cervical mucus incompatibility.

Based on the results of the postcoital test, the couple decides to undergo artificial insemination. After five attempts in which the man's sperm are collected, washed, and injected into the uterus through a sterile catheter passed through the cervix, a pregnancy still has not resulted. The couple is discouraged and decides to take some time off to consider their options.

After considering adoption, gestational surrogacy, and remaining childless, the couple returns three months later and requests IVF (in vitro fertilization). On the second of two very regimented attempts, the couple is delighted to learn that a pregnancy has resulted. A few weeks later, Doppler ultrasound examination detects two fetal heartbeats. This is confirmed two months later by ultrasonography. Early in the ninth month of gestation, two healthy babies are delivered—a 6-pound 2-ounce girl and a 5-pound 14-ounce boy.



Primordial Germ Cells

Primordial Germ Cells Reside in Yolk Sac

Cells that give rise to gametes in both males and females can be identified during the fourth week of gestation within an extraembryonic membrane called the yolk sac (Fig. 1-1A). Based on studies in animal models, it is believed that these cells arise earlier in gestation, during the phase of gastrulation (covered in Chapter 3). These cells are called primordial germ cells (PGCs), and their lineage constitutes the germ line. PGCs can be recognized within the yolk sac and during their subsequent migration (see next paragraph) because of their distinctive pale cytoplasm and rounded shape (Fig. 1-1B, C), and because they can be specifically labeled with a number of molecular markers.

Primordial Germ Cells Migrate into Dorsal Body Wall

Between four and six weeks, PGCs migrate by ameboid movement from the yolk sac to the wall of the gut tube, and from the gut tube via the mesentery of the gut to the dorsal body wall (see Fig. 1-1A, B). In the dorsal body wall, these cells come to rest on either side of the midline in the loose mesenchymal tissue just deep to the membranous (epithelial) lining of the coelomic cavity. Most PGCs populate the region of the body wall at the level that will form the gonads (covered in Chapter 16). PGCs continue to multiply by mitosis during their migration. Some PGCs may become stranded during their migration, coming to rest at extragonadal sites. Occasionally, stray germ cells of this type may give rise to a type of tumor called a teratoma (Fig. 1-1D, E).
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Teratoma Formation


Teratomas, tumors composed of tissues derived from all three germ layers, can be extragonadal or gonadal and are derived from PGCs. Sacrococcygeal teratomas, the most common tumors in newborns, occur in 1 in 20,000 to 70,000 births (Fig. 1-1D, E). They occur four times more frequently in female newborns than in male newborns, and they represent about 3% of all childhood malignancies. Gonadal tumors are usually diagnosed after the onset of puberty. Both ovarian and testicular teratomas can form. The pluripotency (ability to form many cell types, not to be confused with totipotency, the ability to form all cell types) of teratomas is exhibited by the fact that they can give rise to a variety of definitive anatomic structures, including hair, teeth, pituitary gland, and even a fully formed eye.




Primordial Germ Cells Stimulate Formation of Gonads

Differentiation of the gonads is described in detail in Chapter 16. When PGCs arrive in the presumptive gonad region, they stimulate cells of the adjacent coelomic epithelium to proliferate and form somatic support cells (Fig. 1-1F; see also Figs. 16-1D and 16-5). Proliferation of the somatic support cells creates a swelling just medial to each mesonephros (embryonic kidney) on both right and left sides of the gut mesentery. These swellings, the genital ridges, represent the primitive gonads. Somatic support cells invest PGCs and give rise to tissues that will nourish and regulate development of maturing sex cells—ovarian follicles in the female and Sertoli cells of the germinal epithelium (seminiferous epithelium) of the seminiferous tubules in the male. Somatic support cells are essential for germ cell development within the gonad: if germ cells are not invested by somatic support cells, they degenerate. Conversely, if PGCs fail to arrive in the presumptive gonadal region, gonadal development is disrupted. Somatic support cells in the male quickly assemble into epithelial cords called testis cords.
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Origin of PGCs

Although the exact time and place of origin of PGCs in humans are unknown, cell tracing and other experiments in the mouse demonstrate that PGCs arise from the epiblast (one of the layers of the bilaminar and trilaminar blastoderm stages; covered in Chapters 2 and 3). During gastrulation, these cells move through the caudal part of the primitive streak and into the extraembryonic area. From there, they migrate to the gut wall and through the gut mesentery to the gonadal ridges, as in humans.

Migration of PGCs to the developing gonads involves processes shared by migrating neural crest cells (see Chapter 4), neuronal processes (see Chapters 9 and 10), and developing blood and lymphatic vessels (see Chapter 13). These include intrinsic motility programs involving cytoskeletal dynamics (note pseudopods on one of the PGCs shown in Fig. 1-1C), adhesive substrates (such as tenascin C, β2 integrin, and laminin, all of which seem to be required for PGC migration), and extracellular attractive and repulsive cues. As covered in Chapter 10, chemokines (a type of cytokine) and their receptors direct the migration of sympathetic precursor cells. Similarly, chemokines play important roles in PGC migration by acting as chemotropic signals (i.e., attractive signals produced by the developing gonads) to regulate PGC honing. Such chemokines include the ligand Sdf1 (stromal cell–derived factor-1, also known as Cxcl12) and its receptor Cxcr4. PGC migration toward the gonad is disrupted in mouse or zebrafish embryos lacking the ligand or its receptor. In addition, Sdf1 acts as a PGC survival factor. Moreover, factors involved in the migration of melanocytes (covered in Chapter 4) also are involved in PGC migration. These include steel factor (also known as stem cell factor), the c-kit ligand, and its receptor c-kit.
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Figure 1-1 Yolk-sac origin of primordial germ cells and their migration during normal development, and formation of teratomas. A, Primordial germ cells (PGCs) reside in the endodermal layer of the caudal side of the yolk sac during four to six weeks of development. B, C, PGCs then migrate to the dorsal body wall. Asterisks indicate three pseudopodia on a migrating PGC. D, E, Infants with large sacrococcygeal teratomas. F, Between six and twelve weeks, PGCs stimulate formation of the genital ridges in the dorsal body wall. Somatic support cells differentiate and invest PGCs. In females, somatic support cells become ovarian follicle cells; in males, somatic support cells assemble in testis cords and ultimately become Sertoli cells of the seminiferous tubules.




Molecular Regulation of PGC Development

Development of the germ line involves the sequential activation of genes that direct the initial induction, proliferation, survival, migration, and differentiation of PGCs. Animal models have been very useful for understanding these events and have been used to show that the functions of many genes controlling PGC development are conserved across diverse organisms. However, mechanisms underlying the initial events of PGC formation in mammals seem to be very different from those of lower organisms.

In some model organisms, such as the fruit fly, worm, and frog, maternal effect genes (covered in Chapter 5) are required for initiation of germ cell formation. Activation of these maternal genes regulates the segregation of the germ plasm (cytoplasm containing determinants of the germ line) to a specific region of the zygote, so that it becomes incorporated during cleavage into a unique group of cells that will form the germ cell precursors.

The Drosophila gene vasa is segregated to germ cells in this fashion. Vasa transcripts are expressed ubiquitously in the oocyte cytoplasm, but vasa protein becomes specifically localized in the germ plasm. Vasa is an RNA-binding protein of the dead box family, and its possible role is to bind mRNAs involved in germ line determination, such as oskar and nanos, and to control the onset of their translation. Vertebrate orthologs of vasa exist, and in some vertebrates, vasa protein is expressed in germ cell precursors as they are forming (however, in mice, vasa is expressed in germ cells only much later, after they have differentiated and are about to colonize the gonads).

In contrast to lower organisms, in which germ cells are usually specified by the inheritance of maternal gene products, in the mouse and probably also in humans the germ line is induced. All cells of the mammalian morula are seemingly capable of forming pluripotent germ cells, but their capacity to do so becomes rapidly restricted first to the inner cell mass and then to the epiblast. Therefore, in mammals, the initiation of germ line development requires activation of genes that maintain pluripotency within the precursors that will form the germ line. One such gene encodes a pou domain transcription factor (Oct4, also called Pou5f1; transcription factors are covered in Chapter 5). Its activity is present initially in all cells of the morula, but then only in the inner cell mass. It is then restricted to the epiblast, and finally it is expressed only in the presumptive germ cells themselves.


Further development of the germ line requires an inductive signal from the trophoblast (induction is covered in Chapter 5). One such signal is provided by bone morphogenetic proteins (Bmps). In chimeric mouse embryos (mouse injection chimeras are covered in Chapter 5) lacking Bmp4 specifically within the trophoblast, PGCs, as well as the allantois (an extraembryonic membrane), fail to form. Bmp4 induces expression of two germ line–specific genes in mice: fragilis and stella; however, their exact roles in PGC development are unknown, as knock-outs of neither gene affect PGC cell specification.

In contrast, two other genes have been identified that are lacking in Bmp signaling mutants and when knocked out result in the loss of PGCs. One, B-lymphocyte–induced maturation protein 1, Blimp1, is a master regulator of plasma cell differentiation from B cells during development of the immune system. The other, Prdm14, has less defined roles. Both of these genes are essential for PGC differentiation.


Proliferation and survival of PGCs are ensured by the expression of trophic factors (factors that promote cell growth and survival) within the PGCs or within associated cells. A trophic factor expressed by PGCs and required for their early survival and proliferation is the RNA-binding protein tiar. Another is a mouse ortholog of the Drosophila gene nanos (nanos3). Many other trophic factors seem to be required for the survival and proliferation of PGCs along their migratory pathway from the yolk sac to the gut and dorsal mesentery and then to the dorsal body wall. These include several factors expressed by tissues along the pathway, including the c-kit ligand (stem cell factor or steel factor) and members of the interleukin/Lif cytokine family (a cytokine is a regulatory protein released by cells of the immune system that acts as an intercellular mediator in the generation of an immune response). Study of c-kit and steel mutants has revealed that this signaling pathway suppresses PGC apoptosis (cell death) during migration. This finding provides an explanation for why PGCs that stray from their normal migratory path and come to rest in extragonadal sites usually (but not always; see above discussion of extragonadal teratomas) degenerate.

Once PGCs arrive within the presumptive gonad, numerous genes must be expressed to regulate the final differentiation of cells of the germ line. Three new germ cell–specific genes are expressed shortly after PGCs enter the genital ridge (after which they are usually called gonocytes): murine vasa homolog (mVh; the vasa gene was covered above), germ cell nuclear antigen 1 (Gcna1), and germ cell–less (Gcl1). The last is expressed in the Drosophila germ line shortly after it is established and is named after the mutation in which the gene is inactivated and the germ line is lost.





Gametogenesis

Timing of Gametogenesis is Different in Males and Females

In both males and females, PGCs undergo further mitotic divisions within the gonads and then commence gametogenesis, the process that converts them into mature male and female gametes (spermatozoa and definitive oocytes, respectively). However, the timing of these processes differs in the two sexes (see Timeline for this chapter). In males, PGCs (usually now called gonocytes) remain dormant from the sixth week of embryonic development until puberty. At puberty, seminiferous tubules mature and PGCs differentiate into spermatogonia. Successive waves of spermatogonia undergo meiosis (the process by which the number of chromosomes in the sex cells is halved; see following section) and mature into spermatozoa. Spermatozoa are produced continuously from puberty until death.

In contrast, in females, PGCs (again, usually now called gonocytes) undergo a few more mitotic divisions after they become invested by the somatic support cells. They then differentiate into oogonia. By the fifth month of fetal development, all oogonia begin meiosis, after which they are called primary oocytes. However, during an early phase of meiosis, all sex cells enter a state of dormancy, and they remain in meiotic arrest as primary oocytes until sexual maturity. Starting at puberty, each month a few ovarian follicles resume development in response to the monthly surge of pituitary gonadotropic hormones, but usually only one primary oocyte matures into a secondary oocyte and is ovulated. This oocyte enters a second phase of meiotic arrest and does not actually complete meiosis unless it is fertilized. These monthly cycles continue until the onset of menopause at approximately fifty years of age. The process of gametogenesis in the male and female (called spermatogenesis and oogenesis, respectively) is covered in detail later in this chapter.
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Why is Timing of Gametogenesis Different in Males and Females?

Experiments in mouse embryos provide insight into why the timing of gametogenesis differs in males and females. Shortly after PGCs enter the genital ridge, they stop their migration and undergo two or three further rounds of mitosis and then enter a premeiotic stage, during which they upregulate meiotic genes. In the male genital ridge, germ cells then reverse this process and arrest, but in the female genital ridge, they enter the meiotic prophase as primary oocytes and progress through meiosis until the diplotene stage, at which time they arrest. If male (XY) PGCs are transplanted into female (XX) embryos, the male PGCs follow the course just described for normal female PGCs in females. Moreover, PGCs in female or male embryos that fail to reach the gonad also progress through meiosis as oocytes, regardless of their genotype. These two results suggest that all germ cells, regardless of their chromosome constitution, are programmed to develop as oocytes and that the timing of meiotic entry seems to be a cell-autonomous property rather than being induced. In support of this, Tet1, a member of the Tet family of proteins, was recently shown to be required for the activation of meiosis in female mice. Although it is unclear how Tet1 functions, Tet proteins play a role in erasing epigenetic marks in DNA—a critical event in the development of PGCs, as covered in Chapter 2.

In males, the genital ridge prevents prenatal entry into meiosis, and experiments suggest that there is a male meiosis inhibitor and that this inhibitor is a diffusible signaling factor produced by Sertoli cells. Possible candidates for this factor include the protein prostaglandin D2 and the protein encoded by the Tdl gene (a gene showing sequence homology to antimicrobial proteins called beta-defensins; prostaglandins are synthesized from fatty acids and modulate several physiological functions, such as blood pressure, smooth muscle contraction, and inflammation).




Meiosis Halves Number of Chromosomes and DNA Strands in Sex Cells

Although the timing of meiosis is very different between males and females, the basic chromosomal events of the process are the same in the two sexes (Fig. 1-2). Like all normal somatic (non-germ) cells, PGCs contain twenty-three pairs of chromosomes, or a total of forty-six chromosomes. One chromosome of each pair is obtained from the maternal gamete and the other from the paternal gamete. These chromosomes contain deoxyribonucleic acid (DNA), which encodes information required for development and functioning of the organism. Of the total complement of forty-six chromosomes, twenty-two pairs consist of matching, homologous chromosomes called autosomes. The remaining two chromosomes are called sex chromosomes because they determine the sex of the individual. There are two kinds of sex chromosomes, X and Y. Individuals with one X chromosome and one Y chromosome (XY) are genetically male; individuals with two X chromosomes (XX) are genetically female. Nonetheless, one of the X chromosomes in the female genome is randomly inactivated, leaving only one active X chromosome in each cell (X-inactivation is covered in Chapter 2; mechanisms underlying sex determination are covered in detail in Chapter 16).

Two designations that are often confused are the ploidy of a cell and its N number. Ploidy refers to the number of copies of each chromosome present in a cell nucleus, whereas the N number refers to the number of copies of each unique double-stranded DNA molecule in the nucleus. Each chromosome contains one or two molecules of DNA at different stages of the cell cycle (whether mitotic or meiotic), so the ploidy and the N number of a cell do not always coincide. Somatic cells and PGCs have two copies of each kind of chromosome; hence, they are called diploid. In contrast, mature gametes have just one copy of each kind of chromosome and are called haploid. Haploid gametes with one DNA molecule per chromosome are said to be 1N. In some stages of the cell cycle, diploid cells also have one DNA molecule per chromosome, and so are 2N. However, during earlier phases of meiosis or mitosis, each chromosome of a diploid cell has two molecules of DNA, and so the cell is 4N.


Meiosis is a specialized process of cell division that occurs only in the germ line. Figure 1-2 compares mitosis (A) and meiosis (B). In mitosis (normal cell division), a diploid, 2N cell replicates its DNA (becoming diploid, 4N) and undergoes a single division to yield two diploid, 2N daughter cells. In meiosis, a diploid germ cell replicates its DNA (becoming diploid, 4N) and undergoes two successive, qualitatively different nuclear and cell divisions to yield four haploid, 1N offspring. In males, the cell divisions of meiosis are equal and yield four identical spermatozoa. However in females, the meiotic cell divisions are dramatically unequal and yield a single, massive, haploid definitive oocyte and three-minute, non-functional, haploid polar bodies.
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Figure 1-2 Types of cell division. A, Mitosis. B, Meiosis. See Table 1-1 for a description of the stages.



First Meiotic Division: DNA Replication and Recombination, Yielding Two Haploid, 2N Daughter Cells

The steps of meiosis are illustrated in Figure 1-2B and are summarized in Table 1-1. The preliminary step in meiosis, as in mitosis, is the replication of each chromosomal DNA molecule; thus, the diploid cell is converted from 2N to 4N. This event marks the beginning of gametogenesis. In the female, the oogonium is now called a primary oocyte, and in the male, the spermatogonium is now called a primary spermatocyte (Fig. 1-3). Once the DNA replicates, each chromosome consists of two parallel strands or chromatids joined together at a structure called the centromere. Each chromatid contains a single DNA molecule (which is itself double stranded; do not confuse DNA double strands with the two chromatid strands composing each chromosome).

In the next step, called prophase, the chromosomes condense into compact, double-stranded structures (i.e., two chromatids joined by one centromere). During the late stages of prophase, the double-stranded chromosomes of each homologous pair match up, centromere to centromere, to form a joint structure called a chiasma (composed of four chromatids, two centromeres, and two chromosomes). Chiasma formation makes it possible for the two homologous chromosomes to exchange large segments of DNA by a process called crossing over. The resulting recombination of the genetic material on homologous maternal and paternal chromosomes is largely random; therefore, it increases the genetic variability of future gametes. As mentioned earlier, the primary oocyte enters a phase of meiotic arrest during the first meiotic prophase.


TABLE 1-1

EVENTS DURING MITOTIC AND MEIOTIC CELL DIVISIONS IN THE GERM LINE



	Stage
	Events
	Name of Cell
	Condition of Genome




	Resting interval between mitotic cell divisions
	Normal cellular metabolism occurs
	♀ Oogonium
♂ Spermatogonium
	Diploid, 2N


	Mitosis


	Preparatory phase
	DNA replication yields double-stranded chromosomes
	♀ Oogonium
♂ Spermatogonium
	Diploid, 4N



	Prophase
	Double-stranded chromosomes condense
	
	



	Metaphase
	Chromosomes align along the equator; centromeres replicate
	
	



	Anaphase and telophase
	Each double-stranded chromosome splits into two single-stranded chromosomes, one of which is distributed to each daughter nucleus
	
	



	Cytokinesis
	Cell divides
	♀ Oogonium
♂ Spermatogonium
	Diploid, 2N


	Meiosis I


	Preparatory phase
	DNA replication yields double-stranded chromosomes
	♀ Primary oocyte
♂ Primary spermatocyte
	Diploid, 4N



	Prophase
	Double-stranded chromosomes condense; two chromosomes of each homologous pair align at the centromeres to form a four-limbed chiasma; recombination by crossing over occurs
	
	



	Metaphase
	Chromosomes align along the equator; centromeres do not replicate

	
	



	Anaphase and telophase
	One double-stranded chromosome of each homologous pair is distributed to each daughter cell
	
	



	Cytokinesis
	Cell divides
	♀ One secondary oocyte and the first polar body
♂ Two secondary spermatocytes
	Haploid, 2N


	Meiosis II


	Prophase
	
No DNA replication takes place during the second meiotic division; double-stranded chromosomes condense
	
	



	Metaphase
	Chromosomes align along the equator; centromeres replicate

	
	



	Anaphase and telophase
	Each chromosome splits into two single-stranded chromosomes, one of which is distributed to each daughter nucleus
	
	



	Cytokinesis
	Cell divides
	♀ One definitive oocyte and three polar bodies
♂ Four spermatids
	Haploid, 1N
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During metaphase, the four-stranded chiasma structures are organized on the equator of a spindle apparatus similar to the one that forms during mitosis, and during anaphase, one double-stranded chromosome of each homologous pair is distributed to each of the two daughter nuclei. During the first meiotic division, the centromeres of the chromosomes do not replicate; therefore, the two chromatids of each chromosome remain together. The resulting daughter nuclei thus are haploid but 2N: they contain the same amount of DNA as the parent germ cell but half as many chromosomes. As daughter nuclei form, the cell itself divides (undergoes cytokinesis). The first meiotic cell division produces two secondary spermatocytes in the male and a secondary oocyte and a first polar body in the female (see Fig. 1-3).
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Figure 1-3 Nuclear maturation of germ cells in meiosis in the male and female. In the male, primordial germ cells (PGCs) remain dormant until puberty, when they differentiate into spermatogonia and commence mitosis. Throughout adulthood, spermatogonia produce primary spermatocytes, which undergo meiosis and spermatogenesis. Each primary spermatocyte divides to form two secondary spermatocytes, each of which forms two spermatozoa. Thus, each primary spermatocyte yields four functional gametes. In the female, PGCs differentiate into oogonia, which undergo mitosis and then commence meiosis during fetal life as primary oocytes. The primary oocytes remain arrested in prophase I until stimulated to resume meiosis during a menstrual cycle. Each primary oocyte has the potential to form a secondary oocyte and first polar body. Moreover, each secondary oocyte has the potential to form a definitive oocyte and another polar body, and the first polar body has the potential to form two polar bodies. Thus, each primary oocyte has the potential to yield a single functional gamete and three polar bodies.



Second Meiotic Division: Double-Stranded Chromosomes Divide, Yielding Four Haploid, 1N Daughter Cells

No DNA replication occurs during the second meiotic division. The twenty-three double-stranded chromosomes condense during the second meiotic prophase and line up during the second meiotic metaphase. The chromosomal centromeres then replicate, and during anaphase, the double-stranded chromosomes pull apart into two single-stranded chromosomes, one of which is distributed to each of the daughter nuclei. In males, the second meiotic cell division produces two definitive spermatocytes, more commonly called spermatids (i.e., a total of four from each germ cell entering meiosis). In the female, the second meiotic cell division, like the first, is radically unequal, producing a large definitive oocyte and another diminutive polar body. The first polar body may simultaneously undergo a second meiotic division to produce a third polar body (see Fig. 1-3).

In the female, the oocyte enters a second phase of meiotic arrest during the second meiotic metaphase before replication of the centromeres. Meiosis does not resume unless the cell is fertilized.



Spermatogenesis

Now that meiosis has been described, it is possible to describe and compare the specific processes of spermatogenesis and oogenesis. At puberty, the testes begin to secrete greatly increased amounts of the steroid hormone testosterone. This hormone has a multitude of effects. In addition to stimulating development of many secondary sex characteristics, it triggers growth of the testes, maturation of seminiferous tubules, and commencement of spermatogenesis.

Under the influence of testosterone, Sertoli cells differentiate into a system of seminiferous tubules. The dormant PGCs resume development, divide several times by mitosis, and then differentiate into spermatogonia. These spermatogonia are located immediately under the basement membrane surrounding the seminiferous tubules, where they occupy pockets between Sertoli cells (Fig. 1-4A). Adjacent Sertoli cells are interconnected between the pockets by tight junctions, which help establish a blood-testis barrier. Thus, developing spermatogonia reside within an immune privileged site during their development in the testes.
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Figure 1-4 Spermatogenesis and spermiogenesis. A, Schematic section through the wall of the seminiferous tubule. Spermatogonium just under the outer surface of the tubule wall (basal side) undergoes mitosis to produce daughter cells, which may continue to divide by mitosis (thus renewing the spermatogonial stem cell population) or may commence meiosis as primary spermatocytes. As spermatogenesis and spermiogenesis occur, the differentiating cell is translocated between adjacent Sertoli cells to the tubule lumen. Daughter spermatocytes and spermatids remain linked by cytoplasmic bridges. The entire clone of spermatogonia derived from each primordial germ cell is linked by cytoplasmic bridges. B, Structure of the mature spermatozoon. The head contains the nucleus capped by the acrosome; the midpiece contains coiled mitochondria; the tail contains propulsive microtubules. The inset micrograph shows the head of a human sperm. C, Bull sperm labeled with fluorescent markers to reveal its nucleus (blue) in its head, mitochondria (green) in its midpiece, and microtubules (red) in its tail. The red labeling around the perimeter of the head is background labeling.



Male Germ Cells Are Translocated to Seminiferous Tubule Lumen during Spermatogenesis

Cells that will undergo spermatogenesis arise by mitosis from the spermatogonia. These cells are gradually translocated between the Sertoli cells from the basal to the luminal side of the seminiferous epithelium while spermatogenesis takes place (see Fig. 1-4A). During this migratory phase, primary spermatocytes pass without interruption through both meiotic divisions, producing first two secondary spermatocytes and then four spermatids. The spermatids undergo dramatic changes that convert them into mature sperm while they complete their migration to the lumen. This process of sperm cell differentiation is called spermiogenesis.

Sertoli Cells are Also Instrumental in Spermiogenesis

Sertoli cells participate intimately in differentiation of the gametes. Maturing spermatocytes and spermatids are connected to surrounding Sertoli cells by intercellular junctions, typical of those found on epithelial cells, and unique cytoplasmic processes called tubulobulbar complexes that extend into the Sertoli cells. The cytoplasm of developing gametes shrinks dramatically during spermiogenesis; the tubulobulbar complexes are thought to provide a mechanism by which excess cytoplasm is transferred to Sertoli cells. As cytoplasm is removed, spermatids undergo dramatic changes in shape and internal organization that transform them into spermatozoa. Finally, the last connections with Sertoli cells break, releasing the spermatozoa into the tubule lumen. This final step is called spermiation.

As shown in Figure 1-4B, C, a spermatozoon consists of a head, a midpiece, and a tail. The head contains the condensed nucleus and is capped by an apical vesicle filled with hydrolytic enzymes (e.g., acrosin, hyaluronidase, and neuraminidase). This vesicle, the acrosome, plays an essential role in fertilization. The midpiece contains large, helical mitochondria and generates energy for swimming. The long tail contains microtubules that form part of the propulsion system of the spermatozoon.
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Spermatozoa Abnormalities

Errors in spermatogenesis or spermiogenesis are common. Examination of a sperm sample will reveal spermatozoa with abnormalities such as small, narrow, or piriform (pear-shaped) heads, double or triple heads, acrosomal defects, and double tails. If at least 50% of the spermatozoa in an ejaculate have a normal morphology, fertility is not expected to be impaired. Having a larger number of abnormal spermatozoa (called teratospermia if excessive) can be associated with infertility.




Continual Waves of Spermatogenesis Occur throughout Seminiferous Epithelium

Spermatogenesis takes place continuously from puberty to death. Gametes are produced in synchronous waves in each local area of the germinal epithelium, although the process is not synchronized throughout the seminiferous tubules. In many different mammals, the clone of spermatogonia, derived from each spermatogonial stem cell, populates a local area of the seminiferous tubules and displays synchronous spermatogenesis. This may be the case in humans as well. About four waves of synchronously differentiating cells can be observed in a given region of the human tubule epithelium at any time. Ultrastructural studies provide evidence that these waves of differentiating cells remain synchronized because of incomplete cytokinesis throughout the series of mitotic and meiotic divisions between division of a spermatogonium and formation of spermatids. Instead of fully separating, daughter cells produced by these divisions remain connected by slender cytoplasmic bridges (see Fig. 1-4A) that could allow passage of small signaling molecules or metabolites.

In the human male, each cycle of spermatogenesis takes about sixty-four days. Spermatogonial mitosis occupies about sixteen days, the first meiotic division takes about eight days, the second meiotic division takes about sixteen days, and spermiogenesis requires about twenty-four days.

Spermatozoa Undergo Terminal Step of Functional Maturation Called Capacitation

During its journey from the seminiferous tubules to the ampulla of the oviduct, a sperm cell undergoes a process of functional maturation that prepares it to fertilize an oocyte. Sperm produced in the seminiferous tubules are stored in the lower part of the epididymis, a fifteen- to twenty-foot long highly coiled duct connected to the vas deferens near its origin in the testis. During ejaculation, sperm are propelled through the vas deferens and urethra and are mixed with nourishing secretions from the seminal vesicles, prostate, and bulbourethral glands (these structures are covered further in Chapter 16). As many as three hundred million spermatozoa may be deposited in the vagina by a single ejaculation, but only a few hundred succeed in navigating through the cervix, uterus, and oviduct and into the expanded ampulla region. In the ampulla of the oviduct, sperm survive and retain their capacity to fertilize an oocyte for one to three days.


Capacitation, the final step of sperm maturation, consists mainly of changes in the acrosome that prepare it to release the enzymes required to penetrate the zona pellucida, a shell of glycoprotein surrounding the oocyte. Capacitation takes place within the female genital tract and is thought to require contact with secretions of the oviduct. Spermatozoa used in in vitro fertilization (IVF) procedures are artificially capacitated. Spermatozoa with defective acrosomes may be injected directly into oocytes to assist reproduction in humans (assisted reproduction technology, or ART, is covered later in the chapter in an “In the Clinic” entitled “Assisted Reproductive Technology”).
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Figure 1-5 Ovarian, endometrial, and hormonal events of the menstrual cycle. Pituitary follicle-stimulating hormone (FSH) and luteinizing hormone (LH) directly control the ovarian cycle and also control production of estrogen and progesterone by responding follicles and corpus luteum of the ovary. These ovarian hormones in turn control the cycle of the uterine endometrium.




Oogenesis

Primary Oocytes Form in Ovaries by Five Months of Fetal Life

As mentioned earlier, after female germ cells become invested by somatic support cells, they undergo a series of mitotic divisions and then differentiate into oogonia (see Fig. 1-3). By twelve weeks of development, oogonia in the genital ridges enter the first meiotic prophase and then almost immediately become dormant. The nucleus of each of these dormant primary oocytes, containing the partially condensed prophase chromosomes, becomes very large and watery and is referred to as a germinal vesicle. The swollen condition of the germinal vesicle is thought to protect the oocyte's DNA during the long period of meiotic arrest.

A single-layered, squamous capsule of epithelial follicle cells derived from the somatic support cells tightly encloses each primary oocyte. This capsule and its enclosed primary oocyte constitute a primordial follicle (covered below). By five months, when all oogonia have initiated the first meiotic division to become primary oocytes, the number of primordial follicles in the ovaries peaks at about seven million. Most of these follicles subsequently degenerate. By birth, only seven hundred thousand to two million remain, and by puberty, only about four hundred thousand.

Hormones of Female Cycle Control Folliculogenesis, Ovulation, and Condition of Uterus

After reaching puberty, also called menarche in females, and until the woman enters menopause several decades later, monthly cycles in the secretion of hypothalamic, pituitary, and ovarian hormones control a menstrual cycle, which results each month in the production of a female gamete and a uterus primed to receive a fertilized embryo. Specifically, this twenty-eight–day cycle consists of the following:

• Monthly maturation of (usually) a single oocyte and its enclosing follicle


• Concurrent proliferation of the uterine endometrium


• Process of ovulation by which the oocyte is released from the ovary


• Continued development of the follicle into an endocrine corpus luteum


• Sloughing of the uterine endometrium and involution of the corpus luteum (unless a fertilized ovum implants in the uterus and begins to develop)


The menstrual cycle is considered to begin with menstruation (also called the menses), the shedding of the degenerated uterine endometrium from the previous cycle. On about the fifth day of the cycle (the fifth day after the beginning of menstruation), an increase in secretion by the hypothalamus of the brain of a small peptide hormone, gonadotropin-releasing hormone (GnRH), stimulates the pituitary gland to increase its secretion of two gonadotropic hormones (gonadotropins): follicle-stimulating hormone (FSH) and luteinizing hormone (LH) (Fig. 1-5). The rising levels of pituitary gonadotropins regulate later phases of folliculogenesis in the ovary and the proliferative phase in the uterine endometrium.

About Five to Twelve Primary Follicles Resume Development Each Month

Before a particular cycle, and independent of pituitary gonadotropins, the follicular epithelium of a small group of primordial follicles thickens, converting the single-layered follicular epithelium from a layer of squamous cells to cuboidal cells (Fig. 1-6A). These follicles are now called primary follicles. The follicle cells and the oocyte jointly secrete a thin layer of acellular material, composed of only a few types of glycoprotein, onto the surface of the oocyte. Although this layer, the zona pellucida, appears to form a complete physical barrier between the follicle cells and the oocyte (Figs. 1-6B, 1-7A), actually it is penetrated by thin extensions of follicle cells that are connected to the oocyte cell membrane by intercellular junctions (Fig. 1-7B). These extensions and their intercellular junctions remain intact until just before ovulation, and they probably convey both developmental signals and metabolic support to the oocyte. The follicular epithelium of five to twelve of these primary follicles then proliferates to form a multilayered capsule of follicle cells around the oocyte (see Fig. 1-6). The follicles are now called growing follicles. At this point, some of the growing follicles cease to develop and eventually degenerate, whereas a few continue to enlarge in response to rising levels of FSH, mainly by taking up fluid and developing a central fluid-filled cavity called the antrum. These follicles are called antral or vesicular follicles. At the same time, the connective tissue of the ovarian stroma surrounding each of these follicles differentiates into two layers: an inner layer called the theca interna and an outer layer called the theca externa. These two layers become vascularized, in contrast to the follicle cells, which do not.
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Figure 1-6 Maturation of the egg in the ovary and ovulation. A, Schematic depiction of the ovary showing folliculogenesis and ovulation. Five to twelve primordial follicles initially respond to the rising levels of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), but only one matures. In response to the ovulatory surge in LH and FSH, the oocyte of this mature Graafian follicle resumes meiosis and ovulation occurs. Final steps of meiosis take place only if the released oocyte is penetrated by a sperm. B, Scanning electron micrograph of a preovulatory follicle.



Single Follicle Becomes Dominant and Remainder Degenerate

Eventually, one of the growing follicles gains primacy and continues to enlarge by absorbing fluid, whereas the remainder of the follicles recruited during the cycle degenerate (undergo atresia). The oocyte, surrounded by a small mass of follicle cells called the cumulus oophorus, increasingly projects into the expanding antrum but remains connected to the layer of follicle cells that lines the antral cavity and underlies the basement membrane of the follicle. This layer is called the membrana granulosa. The large, swollen follicle is now called a mature vesicular follicle or a mature Graafian follicle (see Fig. 1-6). At this point, the oocyte still has not resumed meiosis.
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Figure 1-7 The ovulated egg and associated structures. A, Scanning electron micrograph of the zona pellucida after removal of the cumulus cells. The zona consists of glycoproteins and forms a barrier that the sperm penetrates by means of its acrosomal enzymes. B, Scanning electron micrograph of the oocyte surface and cumulus oophorus, with the zona pellucida digested away. The cumulus cells maintain contact with the oocyte via thin cell processes that penetrate the zona pellucida and form intercellular junctions with the oocyte cell membrane.



Why is Folliculogenesis Selectively Stimulated in Only a Few Follicles Each Month?

The reason why only five to twelve primordial follicles commence folliculogenesis each month—and why, of this group, all but one eventually degenerate—is uncertain. One possibility is that follicles become progressively more sensitive to the stimulating effects of FSH as they advance in development. Therefore, follicles that are slightly more advanced simply on a random basis would respond more acutely to FSH and would be favored. Another possibility is that the selection process is regulated by a complex system of feedback between pituitary and ovarian hormones and growth factors.
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Chromosomal Abnormalities Result in Spontaneous Abortion or Abnormal Development

It is estimated that one third of all conceptions in normal, healthy women abort spontaneously; approximately one fourth of these occur before pregnancy is detected. Chromosomal anomalies seem to cause about 40% to 50% of spontaneous abortions in those cases in which the conceptus has been recovered and examined. However, many chromosomal anomalies allow the fetus to survive to term. The resulting infants display non-random patterns of developmental abnormalities, that is, syndromes. One of these syndromes, Down syndrome, is covered in detail in the following section; others are covered in detail in subsequent chapters.

Many Chromosomal Anomalies Arise during Gametogenesis and Cleavage

Abnormal chromosomes can be produced in the germ line of either parent through an error in meiosis or fertilization, or they can arise in the early embryo through an error in mitosis. Gametes or blastomeres that result from these events contain missing or extra chromosomes, or chromosomes with duplicated, deleted, or rearranged segments. Absence of a specific chromosome in a gamete that combines with a normal gamete to form a zygote results in a condition known as monosomy (because the zygote contains only one copy of the chromosome rather than the normal two). Conversely, the presence of two of the same kind of chromosome in one of the gametes that forms a zygote results in trisomy.


Down syndrome is a disorder most frequently caused by an error during meiosis. If the two copies of chromosome 21 fail to separate during the first or second meiotic anaphase of gametogenesis in either parent (a phenomenon called non-disjunction), half of the resulting gametes will lack chromosome 21 altogether and the other half will have two copies (Fig. 1-8A). Embryos formed by fusion of a gamete-lacking chromosome 21 with a normal gamete are called monosomy 21 embryos. Monosomies of autosomal chromosomes are invariably fatal during early embryonic development. If, on the other hand, a gamete with two copies of chromosome 21 fuses with a normal gamete, the resulting trisomy 21 embryo may survive (Fig. 1-8B). Trisomy 21 infants display the pattern of abnormalities described as Down syndrome. In addition to recognizable facial characteristics, mental retardation, and short stature, individuals with Down syndrome may exhibit congenital heart defects (atrioventricular septal defect is most common, that is, a failure to form both atrial and ventricular septa; covered in Chapter 12), hearing loss, duodenal obstruction, a propensity to develop leukemia, and immune system defects. Trisomy in most Down syndrome individuals is the result of non-disjunction in the mother, usually during the first meiotic division (75% to 80% of cases). Identification of the extra chromosome as maternal or paternal in origin was originally based on karyotype analysis that compared banding patterns of the extra chromosome 21 with chromosome 21 of the mother and father. These early studies concluded that about 70% to 75% of Down syndrome cases occurred as a consequence of non-disjunction in the mother. However, by the late 1980s, more sensitive karyotype analysis increased this frequency to 80%, and by the early 1990s, an even more sensitive molecular technique (Southern blot analysis of DNA polymorphisms) provided evidence that as many as 90% to 95% of Down syndrome cases arise through non-disjunction in the maternal germ line. Consequently, it is now accepted that only about 5% of cases of Down syndrome result from an error in spermatogenesis.

Occasionally, the extra chromosome 21 is lost from a subset of cells during cleavage. The resulting embryo develops as a mosaic of normal and trisomy 21 cells; 2% to 5% of all individuals with Down syndrome are mosaics. These individuals may show a range of Down syndrome features depending on the abundance and location of abnormal cells. If non-disjunction occurs in the germ line, a seemingly normal individual could produce several Down syndrome offspring. Meiosis of a trisomic germ cell yields gametes with a normal single copy of the chromosome, as well as abnormal gametes with two copies, so normal offspring also can be produced.

Down syndrome does not always result from simple non-disjunction. Sometimes, a copy of chromosome 21 in a developing gamete becomes attached to the end of another chromosome, such as chromosome 14, during the first or second division of meiosis. This event is called a translocation. The zygote produced by fusion of such a gamete with a normal partner will have two normal copies of chromosome 21 plus an abnormal chromosome 14 carrying a third copy of chromosome 21 (Fig. 1-9); 2% to 5% of all individuals with Down syndrome harbor such translocations.

Cases in which only a part of chromosome 21 is translocated have provided insight into which regions of chromosome 21 must be triplicated to produce specific aspects of Down syndrome, such as mental retardation, characteristic facial features, and cardiovascular defects. By determining which specific phenotypes occur in patients with Down syndrome having particular translocated regions of chromosome 21, Down syndrome candidate regions on chromosome 21 have been identified. Completion of sequencing of chromosome 21 (in May 2000) and the generation of transgenic mice (transgenic mice are covered in Chapter 5) trisomic for these candidate regions are leading to the identification of those genes responsible for specific Down syndrome phenotypes in humans.

The incidence of Down syndrome increases significantly with the age of the mother but not with the age of the father. The risk of giving birth to a live baby born with Down syndrome at maternal age thirty is 1 in 900. The risk increases to 9 in 1000 by maternal age forty. However, it is not clear whether older women actually produce more oocytes with non-disjunction of chromosome 21 or whether the efficiency of spontaneously aborting trisomy 21 embryos decreases with age.

Trisomies of other autosomes (such as chromosomes 8, 9, 13, and 18) also produce recognizable syndromes of abnormal development, but these trisomies are present much less frequently in live births than is trisomy 21. Trisomy 13 is also called Patau syndrome, and trisomy 18, Edwards syndrome. Similarly, trisomies and monosomies of sex chromosomes occur (e.g., Klinefelter and Turner syndromes, two syndromes in which there are extra or decreased numbers of sex chromosomes, respectively; covered in Chapter 16). Triploid or tetraploid embryos, in which multiple copies of the entire genome are present, can arise by errors in fertilization (covered in Chapter 2).

Several other types of chromosome anomalies are produced at meiosis. In some cases, errors in meiosis result in deletion of just part of a chromosome or duplication of a small chromosome segment. The resulting anomalies are called partial monosomy and partial trisomy, respectively. Other errors that can occur during meiosis are inversions of chromosome segments and the formation of ring chromosomes.

As covered above, maternal age is a major factor in the incidence of Down syndrome. Emerging new evidence shows that the rate of new mutations increases with paternal age, with the number of new mutations in a male's germ line doubling about every 16.5 years. Because spermatogonia divide throughout life, replicating more than twenty times per year, they accumulate genetic copying errors such that a seventy-year-old man is about eight times more likely to pass on mutations to his offspring than is a twenty-year-old man. For example, a fifty-year-old man is about twice as likely to pass on mutations that contribute to autism than is a twenty-nine-year old man. Moreover, increased paternal age has been suggested to contribute to higher risk of other neurological disorders, such as schizophrenia, epilepsy, and bipolar disorder.
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Figure 1-8 Chromosomal non-disjunction in meiosis. A, Failure of homologous double-stranded chromosomes to separate before cytokinesis during the first meiotic division (left-hand panel) results in their distribution to only one of the secondary gonocytes (or first polar body). Failure of the two strands of a double-stranded chromosome to separate before cytokinesis during the second meiotic division (right-hand panel) results in their distribution to only one of the definitive gonocytes (or second polar body). B, Karyotype of a female with trisomy 21 (circled), causing Down syndrome.




Chromosome Analysis Can Characterize Defective Genetic Material and Can Guide Diagnosis and Treatment

Genetic analysis of congenital defects is a very recent development. The normal human karyotype was not fully characterized until the late 1950s. Improved staining and culture conditions now allow high-resolution chromosome banding, increasing our ability to detect small deletions or duplications. Advances in molecular genetic techniques have led to a much finer analysis of DNA structure. As a result, it is possible to identify even smaller defects not evident with high-resolution banding. These techniques are used for both diagnosis and genetic counseling. Blood cells of a prospective parent can be checked for heritable chromosome anomalies, and embryonic cells obtained from the amniotic fluid (amniocentesis) or from the chorionic villi (chorionic villous sampling) can be used to detect many disorders early in pregnancy (covered in Chapter 6). Recent advances also allow non-invasive detection of trisomies from maternal serum through analysis of cell-free fetal DNA (see Chapter 6).
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Figure 1-9 Karyotype of a male with Down syndrome caused by translocation of a third chromosome 21 onto one of the chromosomes 14 (circled).




Two other molecular approaches are used routinely for chromosomal analysis (Figs. 1-10, 1-11): fluorescence in situ hybridization (FISH) and chromosome microarray (CMA). In both of these techniques, DNA probes linked to fluorescent dyes (i.e., fluorochromes, each of which emits a unique spectrum of light and is assigned a unique color by a computer) are used to probe specific loci on chromosomes. These techniques are particularly useful for detecting changes in chromosome copy number (aneuploidy) and for characterizing chromosomal material involved in translocations when paired with high-resolution chromosome banding. CMA is also useful in detecting inheritance of chromosomal material that is improperly imprinted, as in uniparental isodisomy (where entire or parts of both chromosome pairs are inherited from the same parent).





Ovulation


[image: icon]Animation 1-1: Ovulation.


Resumption of Meiosis and Ovulation are Stimulated by Ovulatory Surge in FSH and LH

On about day thirteen or fourteen of the menstrual cycle (at the end of the proliferative phase of the uterine endometrium), levels of FSH and LH suddenly rise very sharply (see Fig. 1-5). This ovulatory surge in pituitary gonadotropins stimulates the primary oocyte of the remaining mature Graafian follicle to resume meiosis. This response can be observed visually about fifteen hours after the beginning of the ovulatory surge, when the membrane of the swollen germinal vesicle (nucleus) of the oocyte breaks down (Fig 1-12A). By twenty hours, the chromosomes are lined up in metaphase. Cell division to form the secondary oocyte and the first polar body rapidly ensues (Fig. 1-12B). The secondary oocyte promptly begins the second meiotic division but about three hours before ovulation is arrested at the second meiotic metaphase.
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Figure 1-10 Chromosomal deletions or duplications not apparent on high-resolution chromosome banding (karyotyping) can be detected using fluorescent in situ hybridization (FISH) and/or chromosome microarray (CMA). A, A 4p16.2 deletion is shown using FISH on a metaphase chromosome spread. The light blue probe marks the centromeres of the homologous chromosome 4 pair. The red probe marks the two sister chromatids of one 4p16.2; this region is deleted on the other chromosome 4 (white arrowhead; tip of chromosome is folded down). B, Same deletion shown using CMA. This technology uses two types of probes. The first type detects DNA copy number (dosage [i.e., typically between zero and three copies], with normal being two copies, a deletion, as in this example, being one copy, or a duplication being three copies) by comparing the patient's DNA with that of a control. The signal from this type of probe is shown at the top, ranging from two copies of the chromosome (right) to one copy in the area of the deletion (left). The second type of probe analyzes single nucleotide polymorphisms (SNPs; AA, AB, and BB genotypes, resulting in three rows of signals). Each green dot represents a different DNA probe, with multiple probes placed along the entire length of chromosome 4 (chromosome bands labeled at bottom; arrow indicates the centromere). The deletion at 4p16.2 (indicated by the horizontal bar beneath the chromosome drawing) is indicated by a shift of copy number probes to a dosage of one copy and hemizygosity (A or B due to only one copy being present) for all of the SNP probes across the same region.
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Figure 1-11 Chromosome microarray (CMA) showing loss of heterozygosity (LOH) for a portion of chromosome 11. The copy number array indicates two copies of the entire chromosome, whereas the single nucleotide polymorphism (SNP) array indicates loss of heterozygosity for bands q14-q21.3 (all genotypes are AA or BB for this approximately 20-Mb interval). This result indicates inheritance either from a common ancestor (consanguinity) or of both copies of chromosome 11 from one parent (uniparental isodisomy). In either case, genetic disease can result (recessive in the first, and errors of imprinting in the second, as in, for example, Prader-Willi or Angelman syndrome).
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Figure 1-12 Meiotic events during the ovarian cycle. A, Timing. B, Micrograph of preovulatory oocyte at the first meiotic metaphase. The cell is stained with fluorescent antibodies specific for the spindle proteins and shows the eccentric spindle apparatus and the incipient first polar body.



Cumulus Oophorus Expands in Response to Ovulatory Surge

As the germinal vesicle breaks down, the cumulus cells surrounding the oocyte lose their cell-to-cell connections and disaggregate. As a result, the oocyte and a mass of loose cumulus cells detach into the antral cavity. Over the next few hours, the cumulus cells secrete an abundant extracellular matrix, consisting mainly of hyaluronic acid, which causes the cumulus cell mass to expand several-fold. This process of cumulus expansion may play a role in several processes, including the regulation of meiotic progress and ovulation. In addition, the mass of matrix and entrapped cumulus cells that accompanies the ovulated oocyte may play roles in the transport of the oocyte in the oviduct, in fertilization, and in early development of the zygote.

Ovulation Depends on Breakdown of Follicle Wall

The process of ovulation (the expulsion of the secondary oocyte from the follicle) has been likened to an inflammatory response. The cascade of events that culminates in ovulation is thought to be initiated by the secretion of histamine and prostaglandins, well-known inflammatory mediators. Within a few hours after the ovulatory surge of FSH and LH, the follicle becomes more vascularized and is visibly pink and edematous in comparison with non-responding follicles. The follicle is displaced to the surface of the ovary, where it forms a bulge (see Fig. 1-6A). As ovulation approaches, the projecting wall of the follicle begins to thin, resulting in formation of a small, nipple-shaped protrusion called the stigma. Finally, a combination of tension produced by smooth muscle cells in the follicle wall plus the release of collagen-degrading enzymes and other factors by fibroblasts in the region causes the follicle to rupture. Rupture of the follicle is not explosive: the oocyte, accompanied by a large number of investing cumulus cells bound in hyaluronic acid matrix, is slowly extruded onto the surface of the ovary. Ovulation occurs about thirty-eight hours after the beginning of the ovulatory surge of FSH and LH.
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Figure 1-13 The ovulated oocyte clings to the surface of the ovary by the gelatinous cumulus oophorus and is actively scraped off by the fimbriated oviduct mouth. After ovulation, the membrana granulosa layer of the ruptured follicle proliferates to form the endocrine corpus luteum.



The sticky mass formed by the oocyte and cumulus is actively scraped off the surface of the ovary by the fimbriated mouth of the oviduct (Fig. 1-13). The cumulus-oocyte complex is then moved into the ampulla of the oviduct by the synchronized beating of cilia on the oviduct wall. Within the ampulla, the oocyte may remain viable for as long as twenty-four hours before it loses its capacity to be fertilized.

Ruptured Follicle Forms Endocrine Corpus Luteum

After ovulation, membrane granulosa cells of the ruptured follicular wall begin to proliferate and give rise to the luteal cells of the corpus luteum (see Figs. 1-6 and 1-13). As described later, the corpus luteum is an endocrine structure that secretes steroid hormones to maintain the uterine endometrium in a condition ready to receive an embryo. If an embryo does not implant in the uterus, the corpus luteum degenerates after about fourteen days and is converted to a scarlike structure called the corpus albicans.


Menstrual Cycle

Beginning on about day five of the menstrual cycle, the thecal and follicle cells of responding follicles secrete steroids called estrogens. These hormones in turn cause the endometrial lining of the uterus to proliferate and undergo remodeling. This proliferative phase begins at about day five of the cycle and is complete by day fourteen (see Fig. 1-5).

After ovulation occurs, thecal cells in the wall of the corpus luteum continue to secrete estrogens, and luteal cells that differentiate from remaining follicle cells also begin to secrete high levels of a related steroid hormone, progesterone. Luteal progesterone stimulates the uterine endometrial layer to thicken further and to form convoluted glands and increased vasculature. Unless an embryo implants in the uterine lining, this secretory phase of endometrial differentiation lasts about thirteen days (see Fig. 1-5). At that point (near the end of the menstrual cycle), the corpus luteum shrinks and levels of progesterone fall. The thickened endometrium, which is dependent on progesterone, degenerates and begins to slough. The four- to five-day menstrual phase, during which the endometrium is sloughed (along with about 35 mL of blood and the unfertilized oocyte), is by convention considered the start of the next cycle.

Fertilization


[image: icon]Animation 1-2: Fertilization.


If viable spermatozoa encounter an ovulated oocyte in the ampulla of the oviduct, they surround it and begin forcing their way through the cumulus mass (Fig. 1-14A). In vitro evidence suggests that the ovulated follicle contains a currently unknown sperm chemotropic factor and that only capacitated sperm are able to respond to this factor by directed swimming toward the egg. Based on this, it might be said that the human sperm finds the human egg to be “attractive” (pun intended).

When a spermatozoon reaches the tough zona pellucida surrounding the oocyte, it binds in a species- (i.e., human-) specific interaction with a glycoprotein sperm receptor molecule in the zona (ZP3, one of three glycoproteins composing the zona pellucida). Binding to ZP3 is mediated by a sperm surface protein called SED1. In addition, binding of human sperm to eggs involves a sequence of sugar molecules, called sialyl-LewisX at the ends of the oligosaccharides of the ZP proteins. As a result of this binding, the acrosome is induced to release degradative enzymes that allow the sperm to penetrate the zona pellucida. When a spermatozoon successfully penetrates the zona pellucida and reaches the oocyte, the cell membranes of the two cells fuse (Fig. 1-14A, B). The egg tetraspanin (a four-pass transmembrane protein), CD9, is required for this event, as is a sperm-specific protein named IZUMO after the Japanese shrine to marriage. (IZUMO is a member of the immunoglobulin superfamily and as such is likely to be an adhesion molecule.) Other factors implicated in fusion are members of the ADAM superfamily (all 30 or so family members contain a disintegrin and a metalloprotease domain). FERTILINβ, also known as ADAM2, is present on the surface of mammalian sperm and interacts with an integrin (integrins are covered in Chapter 5) on the egg surface. Membrane fusion immediately causes two events to occur: formation of a calcium wave that radiates over the surface of the egg from the point of sperm contact; and release of the contents of thousands of small cortical granules, located just beneath the oocyte cell membrane, into the perivitelline space between the oocyte and the zona pellucida. These two events alter the sperm receptor molecules, causing the zona to become impenetrable by additional spermatozoa. Therefore, these changes prevent polyspermy or fertilization of the oocyte by more than one spermatozoon. Because a few hundred spermatozoa reach the vicinity of the egg, the need to block polyspermy is extremely important.
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Figure 1-14 Fertilization. A, Spermatozoa wriggle through the cumulus mass and release their acrosomal enzymes on contact with the zona pellucida. Acrosomal enzymes dissolve the zona pellucida and allow sperm to reach the oocyte. Simultaneous with fusion of membranes of the fertilizing sperm and oocyte, cortical granules of the oocyte release their contents, which causes the zona pellucida to become impenetrable to other sperm. Entry of the sperm nucleus into the cytoplasm stimulates the oocyte to complete the second meiotic division. B, Scanning electron micrograph showing a human sperm fusing with a hamster oocyte that has been enzymatically denuded of the zona pellucida. The ability of a man's sperm to penetrate a denuded hamster oocyte is often used as a clinical test of sperm activity. C, Early events in zygote development. After the oocyte completes meiosis, the female pronucleus and the larger male pronucleus approach each other, as DNA is doubled in maternal and paternal chromosomes to initiate the first mitotic division. Pronuclear membranes then break down and maternal and paternal chromosomes assemble on the metaphase plate. Centromeres then replicate, and homologous chromosomes are distributed to the first two cells of the embryo.
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Figure 1-15 Fertilization of human eggs in vitro. A, The first meiotic division has occurred, forming the first polar body and secondary oocyte. B, The second meiotic division is completed after the sperm has entered the oocyte. This results in formation of the second polar body and female pronucleus. The male pronucleus and microtubules condensing around it are located at the nine o'clock position. C, The sperm centriole has split into two centrioles, which are organizing a spindle in association with merged chromosomes from the male and female pronuclei. D, The sperm and egg chromosomes are aligned on the metaphase plate.



Fusion of the spermatozoon cell membrane with the oocyte membrane also causes the oocyte to resume meiosis. The oocyte completes the second meiotic metaphase and rapidly proceeds through anaphase, telophase, and cytokinesis, producing another polar body. Disregarding the presence of the sperm, the oocyte is now considered to be a definitive oocyte (considering only the oocyte's genome, it contains a haploid complement of chromosomes and a 1N quantity of DNA after completion of the second meiotic division). However, because the sperm has now penetrated the oocyte, the fertilized oocyte can also be called a zygote (from Greek zygotos, yoked). Although a single nucleus (surrounded by a nuclear membrane) containing both the oocyte's and the sperm's chromosomes does not form in the zygote (see next paragraph and Figs. 1-14C and 1-15), taking into account both the oocyte's and the sperm's genomes, the zygote contains a diploid complement of chromosomes and a 2N quantity of DNA.

After penetration of the oocyte by the sperm, the nuclei of the oocyte and sperm swell within the zygote and are called the female and male pronuclei, respectively (see Figs. 1-14C and 1-15). Their nuclear membranes quickly disappear as both maternal and paternal chromosomes are replicated in preparation for the first cleavage (see next section).

Cleavage


[image: icon]Animation 1-3: Cleavage.


Cleavage Subdivides Zygote Without Increasing its Size

Within twenty-four hours after fertilization, the zygote initiates a rapid series of mitotic cell divisions called cleavage (Fig. 1-16). These divisions are not accompanied by cell growth, so they subdivide the large zygote into many smaller daughter cells called blastomeres. The embryo as a whole does not increase in size during cleavage and remains enclosed in the zona pellucida. The first cleavage division divides the zygote to produce two daughter cells. The second division, which is complete at about forty hours after fertilization, produces four equal blastomeres. By three days, the embryo consists of six to twelve cells, and by four days, it consists of sixteen to thirty-two cells. The embryo at this stage is called a morula (from Latin morum, mulberry).

Segregation of Blastomeres into Embryoblast and Trophoblast Precursors

The cells of the morula will give rise not only to the embryo proper and its associated extraembryonic membranes but also to part of the placenta and related structures. The cells that will follow these different developmental paths become segregated during cleavage. Starting at the eight-cell stage of development, the originally round and loosely adherent blastomeres begin to flatten, developing an inside-outside polarity that maximizes cell-to-cell contact among adjacent blastomeres (Fig. 1-17). As differential adhesion develops, the outer surfaces of the cells become convex and their inner surfaces become concave. This reorganization, called compaction, also involves changes in the blastomere cytoskeleton.
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Figure 1-16 Cleavage and transport down the oviduct. Fertilization occurs in the ampulla of the oviduct. During the first five days, the zygote undergoes cleavage as it travels down the oviduct and enters the uterus. On day five, the blastocyst hatches from the zona pellucida and is then able to implant in the uterine endometrium.
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Figure 1-17 Compaction. A, Scanning electron micrograph of 10-cell human embryo before compaction. Note deep intercellular clefts. B, Scanning electron micrograph of ten-cell human embryo during process of compaction. Note absence of deep intercellular clefts between some of the blastomeres (arrows). The zona pellucida was mechanically removed from both embryos.



With compaction, some blastomeres segregate to the center of the morula and others to the outside. The centrally placed blastomeres are now called the inner cell mass, whereas the blastomeres at the periphery constitute the trophoblast. Because the inner cell mass gives rise to the embryo proper, it is also called the embryoblast. The trophoblast is the primary source of the fetal component of the placenta (covered in Chapter 2).
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What Determines Whether a Blastomere Will Form Inner Cell Mass or Trophoblast?

The “inside-outside” hypothesis explains the differentiation of blastomeres based on their position in either inner cell mass or trophoblast—more central cells of the morula become inner cell mass, and cells on the outside of the morula become trophoblast. But how does this differentiation occur? In the morula stage, two transcription factors (transcription factors are covered in Chapter 5) are expressed uniformly throughout all blastomeres: Oct4 (covered earlier in the chapter) and nanog (a homeobox-containing transcription factor). As the inner cell mass and the trophoblast form, Oct4 and nanog expression is maintained in the inner cell mass, but expression of both is turned off in the trophoblast. Loss-of-function experiments show that commitment of cells to the lineage of the inner cell mass requires the expression of these two transcription factors. Another transcription factor, Cdx2 (like nanog, also a homeobox-containing transcription factor), is expressed in the trophoblast as it is forming as is the T box–containing transcription factor eomes (also known as eomesodermin). Loss-of-function experiments show that expression of these factors is required to downregulate expression of Oct4 and nanog. Collectively, these studies demonstrate that both expression of Oct4 and nanog in the inner cell mass and repression of expression of these two transcription factors in the trophoblast are required for the first overt differentiation event that occurs in the morula. Finally, the inner cell mass also expresses Sox2, an HMG box–containing factor highly related to SRY (covered in Chapter 16). Experiments have shown that Sox2/Oct4 regulate expression of Fgf4 protein in the inner cell mass, which is required for differentiation of the trophoblast. Thus, cell interactions occur between these two nascent populations of cells that are essential for specifying their fate.




Morula Develops Fluid-Filled Cavity and is Transformed into Blastocyst

By four days of development, the morula, consisting now of about thirty cells, begins to absorb fluid. Several processes seem to be involved. First, as the trophoblast differentiates, it assembles into an epithelium in which adjacent cells are tightly adherent to one another. This adhesion results from the deposition on lateral cell surfaces of E-CADHERIN, a calcium-dependent cell adhesion molecule, and the formation of intercellular junctions, specifically, tight junctions, gap junctions, adherens junctions, and desmosomes. Second, forming trophoblast cells express a basally polarized membrane sodium/potassium ATPase (an energy-dependent ion-exchange pump), allowing them to transport and regulate the exchange of metabolites between the outside of the morula (i.e., the maternal environment of the oviduct) and the inside of the morula (i.e., toward the inner cell mass). The sodium/potassium ATPase pumps sodium into the interior of the morula, and water follows through osmosis to become blastocoelic fluid. As the hydrostatic pressure of the fluid increases, a large cavity called the blastocyst cavity (blastocoel) forms within the morula (see Fig. 1-16). The embryoblast cells (inner cell mass) then form a compact mass at one side of this cavity, and the trophoblast organizes into a thin, single-layered epithelium. The embryo is now called a blastocyst. The side of the blastocyst containing the inner cell mass is called the embryonic pole of the blastocyst, and the opposite side is called the abembryonic pole.


End of First Week: Initiating Implantation

Blastocyst Hatches from Zona Pellucida Before Implanting

The morula reaches the uterus between three and four days of development. By day five, the blastocyst hatches from the clear zona pellucida by enzymatically boring a hole in it and squeezing out (see Fig. 1-16). The blastocyst is now naked of all its original investments and can interact directly with the endometrium.
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Figure 1-18 Implantation. At about six and one half days after fertilization, the trophoblast cells at the embryonic pole of the blastocyst proliferate to produce the syncytiotrophoblast, which is able to invade the uterine lining. The tan area indicates normal sites of implantation in the uterine wall, and the enlargement shows the implanting blastocyst.



Very soon after arriving in the uterus, the blastocyst becomes tightly adherent to the uterine lining (Fig. 1-18). Adjacent cells of the endometrial stroma respond to its presence and to the progesterone secreted by the corpus luteum by differentiating into metabolically active, secretory cells called decidual cells. This response is called the decidual reaction (covered in Chapter 6). The endometrial glands in the vicinity also enlarge, and the local uterine wall becomes more highly vascularized and edematous. It is thought that secretions of the decidual cells and endometrial glands include growth factors and metabolites that support growth of the implanting embryo.

The uterine lining is maintained in a favorable state and is kept from sloughing partly by the progesterone secreted by the corpus luteum. In the absence of an implanted embryo, the corpus luteum normally degenerates after about thirteen days. However, if an embryo implants, cells of the trophoblast produce the hormone human chorionic gonadotropin (hCG), which supports the corpus luteum and thus maintains the supply of progesterone (maternal recognition of pregnancy). The corpus luteum continues to secrete sex steroids for eleven to twelve weeks of embryonic development, after which the placenta itself begins to secrete large amounts of progesterone and the corpus luteum slowly involutes, becoming a corpus albicans.

Implantation in Abnormal Site Results in Ectopic Pregnancy

Occasionally, a blastocyst implants in the peritoneal cavity, on the surface of the ovary, within the oviduct, or at an abnormal site in the uterus. The epithelium at these abnormal sites responds to the implanting blastocyst with increased vascularity and other supportive changes, so that the blastocyst is able to survive and commence development. These ectopic pregnancies often threaten the life of the mother because blood vessels that form at the abnormal site are apt to rupture as a result of growth of the embryo and placenta. Typically, ectopic pregnancy is revealed by symptoms of abdominal pain and/or vaginal bleeding. Drug (methyltrexate, which blocks rapid division) or surgical intervention is usually required to interrupt the pregnancy.
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Contraception

Human Reproductive Efficiency Is Very High

An average couple who does not practice contraception and has intercourse twice a week (timed randomly with respect to ovulation) has a better than 50% chance of fertilizing any given oocyte. Therefore, because (as covered earlier in this chapter) about half of all embryos undergo spontaneous abortion, the chance that one-month's intercourse will produce a term pregnancy is better than 25%. Healthy humans have astounding reproductive efficiency; it is not rare for couples who do not practice contraception to produce ten to twenty offspring in a reproductive lifetime.

Contraception has played an important role in family planning for much of human history. Some of the oldest forms are simple barrier contraceptives, and these methods remain among the most frequently used today. Current contraceptive research focuses on developing strategies that interfere with many of the physiological mechanisms covered earlier in this chapter that are required for successful conception.

Barrier Contraceptives Prevent Spermatozoa from Reaching Egg

One of the oldest types of contraceptive devices is the male condom, originally made of animal bladders or sheep cecum and now made of latex rubber and often combined with a chemical spermicide. The male condom is fitted over the erect penis just before intercourse. The female condom is a polyurethane sheath that is inserted to completely line the vagina as well as the perineal area. Use of the male or female condom can help prevent the spread of sexually transmitted infections (STIs; formerly called sexually transmitted diseases, or STDs). Other barrier devices, such as the diaphragm and the cervical cap, are inserted into the vagina to cover the cervix and are usually used in conjunction with a spermicide. These must be fitted by a physician to determine the proper size. The contraceptive sponge is a spermicide-impregnated disc of polyurethane sponge that also blocks the cervix. Its advantage over the diaphragm and the cervical cap is that the sponge does not need to be fitted by a physician because one size fits all.

Birth Control Pill Prevents Ovulation

Knowledge of the endocrine control of ovulation led to the introduction of the birth control pill (“the Pill”) in the early 1960s. These early pills released a daily dose of estrogen, which inhibited ovulation by preventing secretion of the gonadotropic hormones FSH and LH from the pituitary. In modern pills, the estrogen dosage has been reduced, the progesterone analog progestin has been added, and the doses of estrogen and progestin are usually varied over a twenty-one-day cycle. Although the normal function of progesterone is to support pregnancy through its effect on the endometrium, it also interferes with the release of FSH and LH, thus preventing ovulation. In addition, it prevents the cervical mucus from entering its midcycle phase of becoming thin and watery (which would allow spermatozoa to pass through it more readily) and the endometrium from thickening (in preparation for implantation), and it may also interfere with oocyte transport down the oviduct or with sperm capacitation.

Injected or Implanted Sources of Progesterone Deliver a Chronic Antiovulatory Dose

A depot preparation of medroxyprogesterone acetate (Depo-Provera) can be injected intramuscularly and will deliver antiovulatory levels of the hormone for two to three months. Alternatively, rods or capsules have been developed (Norplant or Implanon) that are implanted subdermally and release a synthetic form of progesterone (progestin) for a period of one to five years. Another alternative is the hormone patch (Ortho Evra), which can stay in place for a week, delivering both progesterone and estrogen transdermally. Other devices act by releasing the hormone into the female reproductive tract rather than the bloodstream. Progesterone-containing intrauterine devices (IUDs) emit low levels of progesterone for a period of one to four years. Vaginal rings are inserted and removed by the user and when in place around the cervix release progestins continuously for three months.

Non-medicated IUDs May Interfere with Conception through Effects on Both Sperm and Egg

The mechanism by which non-medicated loop-shaped or T-shaped IUDs prevent conception when inserted in the uterus is unclear. Originally, they were thought to act by irritating the endometrium, resulting in an inflammatory reaction that prevented implantation of the conceptus. Because some people believe that preventing an embryo from implanting is an abortion (whereas others believe that an abortion involves removing an embryo that is already implanted), this potential mechanism of action creates ethical concerns for some. It is now thought that IUDs act mainly by inhibiting sperm migration, ovum transport, and fertilization, rather than by preventing implantation.

IUD use declined precipitously in the latter part of the 20th century because of the Dalkon Shield, an IUD blamed for a large number of pelvic infections and some deaths. Removed from the market in the mid-1970s, problems associated with the Dalkon Shield tainted all IUDs for a generation of women. However, use of IUDs is again increasing in the 21st century.

Antiprogesterone Compound RU-486 Is an Abortifacient


RU-486 (mifepristone) has potent antiprogesterone activity (its affinity for progesterone receptors is five times greater than that of endogenous progesterone) and may also stimulate prostaglandin synthesis. When taken within eight weeks of the last menses, an adequate dose of RU-486 will initiate menstruation. If a conceptus is present, it will be sloughed along with the endometrial decidua. A large-scale French study in which RU-486 was administered along with a prostaglandin analog yielded an efficacy rate of 96%.

Plan B or the Morning-After Pill Is Not an Abortifacient as Is Often Assumed


Plan B, or the so-called morning-after pill, contains the progestin levonorgestrel, a synthetic hormone used in birth control pills for over 40 years. Currently, in the United States, it can be obtained over-the-counter (i.e., without prescription) by women aged seventeen or older. In contrast to RU-486, Plan B will not cause a miscarriage. Instead, it seems to prevent ovulation of an egg or its fertilization, depending on where the woman is in her cycle when she has intercourse. Because Plan B will not interrupt a pregnancy after implantation has occurred, it is most effective if used as soon as possible after unprotected intercourse.

Sterilization Is Used by About One-Third of American Couples

Sterilization of the male partner (vasectomy) or the female partner (ligation or “tying” of the Fallopian tubes) is an effective method of contraception and is often chosen by people who do not want additional children. However, both methods traditionally involve surgery, and neither is reliably reversible. Recently, a non-surgical option has been developed for women. In this office procedure, called Essure, a coil-like device about 1 to 1½ inches long is inserted through the uterine cervix and is placed into each Fallopian tube using local anesthetic. The device irritates the Fallopian tube and over the next three-months or so causes it to form a scar around the device, creating a plug that blocks the passage of sperm. Like ligation, the process of blockage should be considered permanent.

How Effective is Contraception?

Sterilization and the use of hormonal contraceptives (such as the pill) have an annual pregnancy probability of from less than 1% to about 5%, whereas barrier contraception is less effective: use of the male condom has an annual pregnancy probability of about 15%—equivalent to practicing the rhythm (natural family planning) method, in which the couple practices abstinence in the days before, during, and after the expected time of ovulation; and use of the diaphragm has an annual pregnancy probability of about 25%—equivalent to practicing the withdrawal method (coitus interruptus).

By 2020, about 16% of the world's population, or about 1.2 billion people, will enter their childbearing years, raising the issue that better contraceptive methods may need to be developed. Although new approaches are being tested, tough government regulations and concerns about liability and profitability (especially when the greatest demand for products will be in poor countries) are preventing most companies from striving to develop new contraceptive products. Contraceptive research had its heyday in the 1950s and 1960s, which resulted in a major breakthrough—the development of the birth control pill. However, similar breakthroughs have not occurred since that time, and contraceptive choices remain highly limited.

Contraceptive Approaches for Males

At the time that the birth control pill was introduced, men had only two choices for birth control: condoms and vasectomy. Some fifty plus years later, these are still the only choices. Success with a male birth control pill was actually achieved in the 1950s with a drug called WIN 18,446. When tested on male prisoners, it seemed to be effective in blocking sperm development without causing significant side effects, but when moved to clinical trials, it was abandoned because men taking it became sick, exhibiting blurry vision, vomiting, headaches, and sweating. What was the cause of these side effects? Interaction with alcohol, which was used by the clinical trial population but was prohibited for use by prisoners.

Despite many obstacles, the search for new contraceptive methods slowly moves forward. For example, animal model studies have recently shown success in developing a compound, called JQI, that renders male mice infertile, without affecting their testosterone or other hormonal levels. Moreover, stopping administration of the compound allows fertility to quickly return. JQI blocks the function of BRDT, a protein essential for sperm development. JQI is one of many compounds being considered for drug repurposing. Originally developed as a cancer agent to target a protein related to BRDT (called BRD4) and shown not to have significant side effects, a potentially new use is being explored. Before clinical trials can be started on healthy men, it will be necessary to develop a more targeted version of the compound that is testis specific.

In addition to developing a male contraceptive pill to block sperm development, other strategies for developing male contraceptives are being explored based on advances in our understanding of human reproductive physiology. These include blocking the vas deferens with plugs that can be removed later if desired (surgically or by dissolving); interfering with muscular contraction in the vas deferens to pinch the tube shut, resulting in a “dry orgasm”; using special underwear to raise the temperature of the testes to inhibit sperm production; and inhibiting sperm motility to prevent them from reaching the egg after ejaculation.


Assisted Reproductive Technology

About one in six couples have difficulty conceiving on their own. In about 30% of cases the female is infertile, in about 30% the male is infertile, and in about 30% both the male and the female are infertile. In another 10% of cases, it is unknown whether the male or the female (or both) is infertile. It is estimated that about 90% of infertile couples can conceive with medical intervention. A variety of medical options are available to help couples conceive, including artificial insemination (AI) and hormonal therapies, which are the most common procedures. In vitro techniques also can be used to assist reproduction. These techniques are referred to as assisted reproductive technology (ART), and they consist of in vitro fertilization (IVF) and embryo transfer, intracytoplasmic sperm injection (ICSI), gamete intraFallopian transfer (GIFT), and zygote intraFallopian transfer (ZIFT). Improved tissue culture techniques, including the use of defined culture media, have made it possible to maintain human gametes and cleavage-stage embryos outside the body. Gametes and embryos also can be successfully frozen (cryopreserved) and stored for later use, adding to the options for assisted reproduction.

Oocytes Can be Fertilized in Vitro and Then Implanted in Uterus

The procedure of in vitro fertilization (IVF) and embryo transfer is widely used in cases in which scarring of the oviducts (a common consequence of pelvic inflammatory disease, PID, a serious complication of sexually transmitted diseases such as gonorrhea) prevents either the sperm from reaching the ampulla of the oviduct or the fertilized oocyte from passing to the uterus. In IVF, the woman's ovaries first are induced to superovulate (develop multiple mature follicles) by administration of an appropriate combination of hormones, usually human menopausal gonadotropin (hMG) or FSH, sometimes combined with clomiphene citrate—a drug that blocks the ability of hypothalamic cells to detect estrogen in the blood. In the presence of clomiphene citrate, hypothalamic cells respond to the perceived deficiency of estrogen by signaling the pituitary to release high levels of FSH, which stimulates the growth of follicles and their secretion of estrogen. Once estrogen levels rise sufficiently, the pituitary gland rapidly releases LH, triggering maturation of oocytes. Sometimes to ensure that maturation of oocytes occurs, hCG is also given when follicles have attained optimal growth (determined by ultrasound examination of the ovaries and plasma estradiol concentration measurements).

Maturing oocytes are then harvested from the follicles, usually by using an ultrasonography-guided needle inserted via the vagina (transvaginal ultrasound–guided aspiration). Once retrieved, oocytes are allowed to mature in a culture medium to the second meiotic metaphase and are then fertilized with previously obtained and capacitated sperm (if obtained from the woman's partner, they are collected two hours before egg retrieval; if obtained from a sperm donor, they are obtained from a previously collected frozen aliquot). The resulting zygotes are allowed to develop in culture for about forty-eight hours and are then inserted (usually one or two) into the uterine cavity. IVF has increased our understanding of the earliest stages in human development, as embryos can be readily observed as they develop in vitro (Fig. 1-19).

Before the embryo is inserted into the uterine cavity, assisted hatching can be performed in cases where the zona pellucida is tougher than normal, consequently making it more difficult for embryos to hatch. The zona pellucida (“shell”) can be tougher in women older than forty and in younger woman who have a paucity of eggs. Assisted hatching involves making a small tear in the zona pellucida by using acid tyrode solution, laser ablation, or mechanical means.
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Figure 1-19 Human development in vitro. A, Ovulated secondary oocyte before introduction of sperm and fertilization. The oocyte containing its germinal vesicle is surrounded by the zona pellucida (arrowheads). B, Shortly after in vitro fertilization (IVF), the male and female pronuclei (arrow) have formed. C, Two-cell stage. D, Four-cell stage. E, Eight-cell stage. F, Morula initiating compaction. G, Compacted morula. H, Early blastocyst, with trophoblast (arrowheads) and inner cell mass (arrow). Hatching from the zona pellucida has not occurred. I, Hatched blastocyst, with trophoblast (arrowheads) and inner cell mass (arrow).




The first successful case of IVF occurred in 1978 with the birth of Louise Brown, the world's first “test-tube” baby. By the time of her twentieth birthday, three hundred thousand IVF children had been born worldwide. By 2005, that number had reached more than one million. As of 2010, the number had exceeded four million. On average, IVF results in the delivery of a live baby in about 30% to 35% of attempts (i.e., live births per egg retrieval; thus, to have four million IVF children required about twelve million IVF conceptions). The success rate of IVF is remarkable considering that (as covered above) for a normal healthy couple practicing unprotected intercourse, the successful pregnancy rate is about 25% per monthly cycle.

With IVF, preimplantation diagnosis of genetic conditions (preimplantation genetic diagnosis, PGD) can be performed by using first or second polar bodies or blastomeres. These can be removed during IVF (Fig. 1-20), presumably without harm to further development, and then screened for aneuploidy or translocations with standard karyotypic analysis or FISH, and for mutations with techniques like the polymerase chain reaction (PCR). PCR can be used to amplify DNA from a single cell, producing many copies for sequence analysis (eggs and embryos are stored until the diagnosis is made). Polar body diagnosis, unlike blastomere diagnosis, provides information about maternal contributions to the zygote but not paternal contributions, as polar bodies contain only maternal genes (i.e., they are formed by meiotic divisions of the oocyte). Hence, this method is used only when the mother is at risk for transmitting a disease-causing mutation. If the mutation is found in a polar body, the assumption is made that the oocyte does not contain the mutation (if the rationale for this assumption is unclear, review meiosis). PGD offers the major advantage that it can be used to select only unaffected embryos for implanting, avoiding the later possibility of selective termination of an affected pregnancy following prenatal diagnosis.

In cases in which a partner's spermatozoa are unable to penetrate the zona pellucida, a technique called intracytoplasmic sperm injection (ICSI) may be used. In this procedure, a single spermatozoon is selected under a microscope, aspirated into a needle, and injected into the oocyte cytoplasm (Fig. 1-21). In one recent study, children born after ICSI were twice as likely to have major congenital anomalies as children conceived naturally. Other risks for these children include an unbalanced chromosome complement (ICSI can damage the meiotic spindle, potentially leading to aneuploidy) and male infertility. Men with cystic fibrosis (CF), an autosomal recessive disease that affects breathing and digestion, also have congenital absence of the vas deferens and are, therefore, infertile. By using microsurgical epididymal sperm aspiration (MESA), sperm can be removed from the epididymis of CF men for use in IVF. However, such sperm are unable to fertilize an egg because they have not fully matured—a process that is completed during their passage through the epididymis and vas deferens. To overcome this problem, ICSI can be used. Children born to fathers with CF using MESA and ICSI are normal CF carriers (to have CF, one must inherit a mutation in both maternal and paternal chromosomes). Because absence of the vas deferens is associated with a mild form of CF that is otherwise asymptomatic, and tests for CF mutations detect only about 87% of the mutations, it is now recommended that both parents be genetically tested for CF mutations and appropriately counseled before ICSI is used in cases in which the vas deferens is congenitally absent.
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Figure 1-20 Human morula undergoing a blastomere biopsy. The temporal sequence is shown in order from top to bottom (A-C). The morula is held with a suction pipette, and a hole is made in the zona pellucida. A micropipette is used to remove a selected blastomere by aspiration.




Gametes or Zygotes Can be Introduced Directly into Ampulla of Oviduct

If the woman's oviduct is normal and the couple is infertile because of an innate deficiency in spermatozoon motility or for some other reason, a technique called gamete intraFallopian transfer (GIFT) is often used. Oocytes are harvested as described earlier and are then placed into a laparoscope catheter along with precapacitated spermatozoa. The oocytes and spermatozoa are introduced together directly into the ampulla of the oviduct, where fertilization takes place. Further development occurs by normal processes. In an alternative technique, zygote intraFallopian transfer (ZIFT), the oocytes are fertilized in vitro, and only fertilized pronuclear zygotes are introduced into the ampulla.
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Figure 1-21 Intracytoplasmic sperm injection (ICSI). A, As the oocyte is held with a suction pipette, a micropipette, containing a single sperm, is used to penetrate the zona pellucida and oocyte. B, After pressure injection of the sperm, the micropipette is withdrawn, leaving a tract in the cytoplasm that soon disappears.




ART in Perspective

In 1998 the following statistics were reported: in the United States, 60,000 births per year resulted from AI; 15,000 resulted from IVF; and at least 1000 resulted from surrogacy arrangements (a couple arranges for another woman to carry their child to birth following IVF and implantation of an embryo in her uterine cavity). With about four million total births in the United States per year, the use of ART (IVF and IVF plus surrogacy) thus accounts for about 0.4% of all births in the United States. An infertile couple can choose to remain childless, undergo medical therapy, including ART, or adopt a child. It was also reported in 1998 that only 30,000 healthy children were available for adoption in the United States. ART thus provides new opportunities for couples who choose not to be childless. However, ART is not without its risks: 37% of ART births are multiple as compared with 2% in the general population (risks associated with multiple births are covered in Chapter 6), and ART increases pregnancy-related risks to women, including preeclampsia, diabetes mellitus, bleeding, and anemia, as well as possible risk of ovarian cancer due to hormonal stimulation during ART. Moreover, ART-associated birth defects occur at a 1.4- to 2-fold higher rate than the overall rate of 3% to 4% of births in general.

Oocyte and Sperm Stem Cells

Recently, functional oocytes and sperm have been developed largely in vitro using stem cells derived from mouse testicles, ovaries, or skin (i.e., induced pluripotent stem cells, IPSCs; covered in Chapter 5) or from mouse embryonic stem cells (covered in Chapter 5). For example, in 2012, viable mice were produced using oocytes made from stem cells. Although this has not yet been done in humans, these results suggest the exciting possibility of new treatments for infertility in humans.
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Embryo with Three Parents

You are a fertility specialist seeing a couple to discuss new reproductive options given the wife's medical history. She has a family history of mitochondrial disease and is herself affected with muscle weakness consistent with a slowly progressive form of MELAS (mitochondrial encephalomyopathy, lactic acidosis, and strokelike episodes).

She was diagnosed at the age of sixteen after the onset of limb weakness and exercise intolerance. She had an older sister who died at age thirteen from complications after multiple strokes, and an older brother who had seizures, weakness, and hearing loss. She was ultimately found to share a mutation in the MTTL1 gene with these two affected siblings. MTTL encodes the mitochondrial UUA/UUG tRNA for leucine required for mitochondrial protein synthesis.

This mutation was found in cultured fibroblasts from the patient's skin but was absent from her leukocytes, indicating “heteroplasmy” (a mixture of mitochondria with mutant and normal MTTL genes) and helping to explain her attenuated symptoms.

The couple had decided against children after preconception counseling, where they learned that 100% of their offspring would inherit mutant mitochondria (all of our mitochondria are maternally inherited via the cytoplasm of the oocyte) and would have some degree of mitochondrial symptoms or MELAS.

Today's visit was prompted by a story that they saw on the website of a mitochondrial disease support group about an experimental “three-parent” fertility method that would allow them to have children that were genetically “their own” but without mitochondrial disease.

You describe to them the process in which the nucleus of an embryo fertilized by the couple could be transferred to the enucleated egg of a healthy donor, taking the MTTL-mutant mitochondria out of the equation.

Proof of concept for this type of nuclear transfer has been demonstrated, but, unfortunately, you have to inform them that this treatment is still in the research phase and is currently unavailable. They are enthusiastic about research involvement, and you are able to refer them to the clinicians actively engaged in developing this technique.
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Chapter 2

Second Week

Becoming Bilaminar and Fully Implanting


Summary

As covered in the preceding chapter, the morula—formed by cleavage of the zygote—transforms during the first week into a blastocyst consisting of an inner cell mass, or embryoblast, and a trophoblast. At the beginning of the second week, the embryoblast splits into two layers: the epiblast and the hypoblast, or primitive endoderm. A cavity, called the amniotic cavity, develops at the embryonic pole of the blastocyst between the epiblast and the overlying trophoblast. It quickly becomes surrounded by a thin layer of cells derived from epiblast. This thin layer constitutes the lining of the amnion, one of the four extraembryonic membranes. The remainder of the epiblast and the hypoblast now constitute a bilaminar embryonic disc, or bilaminar blastoderm, lying between the amniotic cavity (dorsally) and the blastocyst cavity (ventrally). The cells of the embryonic disc develop into the embryo proper and also contribute to extraembryonic membranes. During the second week, the hypoblast apparently sends out two waves of migratory endodermal cells into the blastocyst cavity (blastocoel). The first of these waves forms the primary yolk sac (or the exocoelomic membrane or Heuser's membrane), and the second transforms the primary yolk sac into the secondary yolk sac.

In the middle of the second week, the inner surface of the trophoblast and the outer surface of the amnion and yolk sac become lined by a new tissue, the extraembryonic mesoderm. A new cavity—the extraembryonic coelom, or chorionic cavity—develops as the extraembryonic mesoderm splits into two layers. With formation and splitting of the extraembryonic mesoderm, both the amnion and yolk sac (now sometimes called the definitive yolk sac) become double-layered structures: amnion, consisting of ectoderm on the inside and mesoderm on the outside; and yolk sac, consisting of endoderm on the inside and mesoderm on the outside. In addition, the outer wall of the blastocyst is now called the chorion; like the amnion and yolk sac, it too contains a layer of mesoderm.

Meanwhile, implantation continues. The trophoblast differentiates into two layers: a cellular trophoblast, called the cytotrophoblast, and an expanding peripheral syncytial layer, the syncytiotrophoblast. These trophoblast layers contribute to the extraembryonic membranes, not to the embryo proper. The syncytiotrophoblast, cytotrophoblast, and associated extraembryonic mesoderm, together with the uterus, initiate formation of the placenta. During this process, the fetal tissues establish outgrowths, the chorionic villi, which extend into maternal blood sinusoids.

Many events occur in twos during the second week. Thus, a “rule of twos” constitutes a handy mnemonic for remembering events of the second week. During the second week, the embryoblast splits into two layers: the epiblast and the hypoblast. The trophoblast also gives rise to two tissues: the cytotrophoblast and the syncytiotrophoblast. Two yolk sacs form, first the primary and then the secondary. Two new cavities form: the amniotic cavity and the chorionic cavity. The extraembryonic mesoderm splits into the two layers that line the chorionic cavity, and the amnion, yolk sac, and chorion all become two-layered membranes.
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A six-month-old boy is referred by his primary care physician to University Hospital for genetic evaluation because of failure to thrive: both his weight-for-height and height-for-age fall below the third centile for age, as assessed using standard growth charts. His mother is twenty-three and his father is twenty-nine, and the boy is their first child. The woman became pregnant two months after stopping birth control (contraceptive sponge), and her pregnancy went smoothly with only a couple of weeks of mild morning sickness. She went into labor during the thirty-ninth week of gestation, but because labor progressed poorly and abnormal fetal heart rhythms were detected, her child was delivered by cesarean section twenty-three hours later.

At the child's two-month well baby examination, his mother expressed the concern that her baby did not nurse well and seemed to have a weak cry. He also seemed not to move very much. On examination, the boy was somewhat small for his age and was hypotonic (had limp muscles). On a follow-up visit a few weeks later, the infant continued to show poor weight gain, and failure to thrive was diagnosed. To stimulate catch-up growth, the pediatrician recommended supplementing breast feeding with gavage feeding (feeding by tube) of high-calorie formula to achieve 150% of the caloric requirement for the boy's expected weight if he were at the 50th centile.

Genetic testing occurred at seven months. It revealed that the boy has a deletion of a portion of the long arm of chromosome 15, and he was diagnosed with Prader-Willi syndrome. The boy's parents are counseled about their son's prognosis and are given an information packet, which contains 
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information about a local support group for parents of children with Prader-Willi syndrome. In meetings with the support group, they see other children of various ages with Prader-Willi, as well as their parents, and some children who are said to have the same chromosomal deletion but who act very differently than their son. They are told that these children have a different syndrome called Angelman syndrome. Later, by searching the web, they find that both Prader-Willi syndrome and Angelman syndrome result from abnormalities in a process called imprinting, and that the difference in the two syndromes depends on whether the defect was inherited from the mother or from the father.

At nine months of age, the boy is started on growth hormone replacement therapy, which has been shown to normalize height and increase lean muscle mass in children with Prader-Willi syndrome.
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Figure 2-1 At seven days, the newly hatched blastocyst contacts the uterine endometrium and begins to implant. The trophoblast at the embryonic pole of the blastocyst proliferates to form the invasive syncytiotrophoblast, which insinuates itself among the cells of the endometrium and begins to draw the blastocyst into the uterine wall. The embryonic disc is bilaminar, consisting of epiblast and hypoblast layers.
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Figure 2-2 By eight days, the amniotic cavity has formed within the epiblast. Implantation continues, and the growing syncytiotrophoblast expands to cover more of the blastocyst.



Becoming Fully Implanted


[image: icon]Animation 2-1: Implantation.


As described in Chapter 1, the blastocyst adheres to the uterine wall at the end of the first week. Contact with the uterine endometrium induces the trophoblast at the embryonic pole to proliferate. Some of these proliferating cells lose their cell membranes and coalesce to form a syncytium (a mass of cytoplasm containing numerous dispersed nuclei) called the syncytiotrophoblast (Fig. 2-1).

By contrast, the cells of the trophoblast that line the wall of the blastocyst retain their cell membranes and constitute the cytotrophoblast. The syncytiotrophoblast increases in volume throughout the second week as cells detach from the proliferating cytotrophoblast at the embryonic pole and fuse with the syncytium (Figs. 2-2, 2-3).

Between days six and nine, the embryo becomes fully implanted in the endometrium. Proteolytic enzymes, including several metalloproteinases, are secreted by the cytotrophoblast to break down the extracellular matrix between the endometrial cells. Active finger-like processes extending from the syncytiotrophoblast then penetrate between the separating endometrial cells and pull the embryo into the endometrium of the uterine wall (see Figs. 2-1, 2-2). As implantation progresses, the expanding syncytiotrophoblast gradually envelops the blastocyst. By day nine, the syncytiotrophoblast blankets the entire blastocyst, except for a small region at the abembryonic pole (see Fig. 2-3). A plug of acellular material, called the coagulation plug, seals the small hole where the blastocyst implanted, temporarily marking this point in the endometrial epithelium.


[image: image]
Figure 2-3 By nine days, the embryo is completely implanted in the uterine endometrium. The amniotic cavity is expanding, and cells from the hypoblast have begun to migrate to form Heuser's membrane. Trophoblastic lacunae form in the syncytiotrophoblast, which now completely surrounds the embryo. The point of implantation is marked by a transient coagulation plug in the endometrial surface.
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What Regulates the Initial Phase of Implantation: Blastocyst Adherence to the Uterine Epithelium?

Before about seven days post-fertilization, both the blastocyst and the apical surface of the uterine epithelium are non-adhesive. Therefore, changes must occur in both the blastocyst and the uterine epithelium to allow blastocyst attachment and the initiation of implantation.

The uterus cycles through receptive and non-receptive stages. As covered in Chapter 1, entry into the receptive stage, during which implantation is possible, is controlled by estrogen and progesterone. For a relatively short period of time, called the implantation window, the uterus is receptive to implantation. Estrogen, acting through the estrogen receptor, stimulates the uterine endometrium to undergo proliferation by inducing the production of growth factors such as insulin-like growth factor 1. It also prevents programmed cell death within the uterine epithelium. Progesterone, in turn, acting through the progesterone receptor, induces the transcription factor hand2, which blocks continued endometrial growth and allows implantation to occur.

As the uterus enters the receptive stage, its apical glycocalyx (a polysaccharide matrix surface coating of epithelial cells including—in the case of the uterine epithelium—abundant high–molecular-weight mucin glycoproteins) decreases in amount and in negative charge. Moreover, apical microvilli, which are normally abundant, retract to establish a flattened surface in many areas of the epithelium, and large apical protrusions called pinopodes form.

The blastocyst undergoes maturation from an attachment-incompetent stage to an attachment-competent stage. Although the presence of the non-adhesive zona pellucida before blastocyst hatching certainly prevents blastocyst attachment, experimental removal of the zona a few days earlier demonstrates that the blastocyst itself is still at the attachment-incompetent stage. As blastocysts mature to the attachment-competent stage, they express perlecan, a heparan sulfate proteoglycan, on their surface. Heparan sulfate proteoglycans are known to have a high degree of specific binding to various extracellular matrix proteins and growth factors/cytokines and thus could serve as attachment factors. A particularly intriguing finding, with respect to the role of perlecan in attachment, is that the uterus at the time of implantation dramatically upregulates expression of heparin-binding epidermal growth factor–like growth factor (Hb-Egf) at implantation sites, presumably in response to blastocyst signaling. Studies have shown that binding of Hb-Egf to the blastocyst requires that the blastocyst expresses both the Egf receptor and heparan sulfate proteoglycan. Perlecan-null mice do not exhibit defects in implantation, suggesting that perlecan has functional redundancy with other heparan sulfate proteoglycans that can substitute (or are compensatorily upregulated) in its absence.

In addition to heparan sulfate proteoglycans, other factors possibly involved in adhesion include selectins (a type of lectin—a sugar-binding protein), αvβ3 and αvβ5 integrins (transmembrane glycoproteins involved in adhesion and cell signaling; Chapter 5 provides more details), metalloproteases (enzymes that bind metal such as zinc and degrade proteins) and their inhibitors, cytokines (Lif and interleukin-11), and a cell adhesion complex called trophinin-tastin-bystin. Some of these latter factors (e.g., metalloproteases) play a role in trophoblast invasion of the endometrium, in addition to possibly functioning in attachment.

Why Isn't the Conceptus Rejected by Its Mother?

The conceptus, which expresses both maternal and paternal genes, can be considered to be like an allograft, that is, tissue transplanted from one member of a species to another member of the same species (such as from one human to another human). Allografts typically elicit an immune response in the host, resulting in rejection of the graft. In such a host-versus-graft reaction, peptides bound to major histocompatibility complex (MHC) molecules generate tissue alloantigens that are recognized by maternal T cells. Medawar (who won the Nobel prize in 1960) proposed over fifty years ago three possibilities for why the developing conceptus is not rejected by its mother: fetal and maternal cells are physically separated from one another; the conceptus is antigenically immature; or the maternal immune system is suppressed or becomes tolerant to the conceptus during pregnancy.

It is likely that a combination of these possibilities prevents rejection of the conceptus. The trophoblast, which separates the actual tissues of the developing fetus from its mother, poorly expresses MHC molecules. Thus, the tissues are only partially separated and the conceptus is antigenically immature. However, there is evidence that maternal T cells are activated during pregnancy. Hence, because there is no completely cell-impermeable barrier between fetus and mother to prevent exposure of fetal alloantigens to maternal T cells (e.g., fetal cells can be found in maternal blood during pregnancy, and maternal cells can be found in the fetus) and because fetal tissues are antigenic, it is likely that tolerogenic mechanisms block maternal T-cell responses and prevent fetal rejection. The unique hormonal conditions of pregnancy that prepare the uterus for implantation and growth of the blastocyst apparently also induce tolerance. Such tolerance is specific for fetal antigens, for example, maternal antiviral immunity is not suppressed during pregnancy, as shown in HIV+ women who do not suffer from AIDS-like disease during pregnancy.

One way in which tolerance to paternal antigens expressed by fetal tissue might occur is through the selective loss of maternal immune cells that respond to these antigens. For example, it has been proposed that maternal-activated T cells are induced to undergo apoptosis through the Fas/Fasl system. Trophoblast cells produce Fasl, a member of the tumor necrosis factor (Tnf) and Cd40 ligand family, which signals through the Fas receptor (also called Cd95, a membrane protein of the Tnf family). In support of this possibility, mice lacking functional Fasl display extensive leukocyte infiltrates at the placental-decidual interface, and deliver small litters.

In addition to a potential host-versus-graft reaction during pregnancy, as just described, a graft-versus-host reaction could occur in which the fetus mounts an immune reaction against its mother. Why a graft-versus-host reaction does not occur is unknown, but it has been suggested that the mother's immune system interacts with the conceptus either to prevent maturation of the fetus' immune system or to evoke tolerogenic mechanisms.

Recent evidence provides insight into the suppression of both a graft-versus-host reaction and a host-versus-graft reaction during pregnancy. It is now known that immune cells, called regulatory T cells, are produced by both mother and fetus, and that these cells can cross the placenta, such that fetal cells reside in the mother's blood and vice versa. Maternal regulatory T cells recognize paternal antigens and suppress the mother's immune system to prevent rejection of the fetus. These cells persist in the maternal bloodstream long after birth, abrogating the immune response to other fetuses in subsequent pregnancies. Similarly, maternal regulatory T cells that cross the placental come to reside in fetal lymph nodes, where they induce the development of fetal regulatory T cells that suppress the fetus's immune response to maternal antigens. Moreover, these maternal cells persist in the child until adulthood is reached, suggesting that they continue to regulate immune responses after birth.




Embryoblast Reorganizes into Epiblast and Hypoblast

Even before implantation occurs, cells of the embryoblast begin to differentiate into two epithelial layers. By day eight, the embryoblast consists of a distinct external (or upper) layer of columnar cells, called the epiblast, and an internal (or lower) layer of cuboidal cells, called the hypoblast, or primitive endoderm (see Figs. 2-1, 2-2). An extracellular basement membrane is laid down between the two layers as they become distinct. The resulting two-layered embryoblast is called the bilaminar embryonic disc, or bilaminar blastoderm. With formation of the bilaminar embryonic disc, the primitive dorsal-ventral axis of the embryo is defined (i.e., epiblast is dorsal, hypoblast is ventral).



[image: icon] In the Research Lab

Initiating Endoderm Formation

The hypoblast, or primitive endoderm, is the first layer to form from the inner cell mass. Studies mainly in Xenopus and zebrafish suggest that a series of factors initiate endoderm formation. These include a T-box–containing transcription factor (VegT), which activates nodal (a member of the Tgfβ family of growth factors), which in turn induces expression of downstream transcriptional regulators (mixer, a paired-homeobox–containing transcription factor; Gata, a zinc finger GATA-binding transcription factor; and Fox, a forkhead box transcription factor). This in turn regulates expression of a relay of HMG-box–containing Sox-family transcription factors that ultimately result in the expression of Sox17, a critical factor in endoderm development.

The role of these genes in endoderm formation in mouse is less clear. Loss-of-function mutants of the mouse homolog of VegT (eomes, also known as eomesodermin) arrest very early in development, precluding analysis of their role in endoderm formation. Nodal loss-of-function mutants fail to form a primitive streak and node (covered in Chapter 3)—critical events in the genesis of not only endoderm but also mesoderm—so the exact role of nodal in mouse endoderm formation is unclear. However, the use of a hypomorphic nodal allele (i.e., a mutation in which nodal expression is severely downregulated but not completely eliminated), as well as a cripto loss-of-function mutation (cripto is an essential co-factor required for nodal signaling), provides more convincing evidence that nodal signaling is required for endoderm formation. Additional loss-of-function mutations are consistent with a role for both mixer and Sox17 in mouse endoderm formation. Hence, in conclusion, it is likely that the same general cascade of factors initiate endoderm formation in all vertebrates.

Other loss-of-function studies in mouse suggest that at least four other transcription factors are required for endoderm formation and maintenance: Gata6, (a homeobox-containing transcription factor), Hnf4 (a member of the steroid hormone vHnf1 receptor family that functions as a ligand-activated transcriptional regulator), and Foxa2 (a forkhead transcription factor previously known as Hnf3β). A regulatory hierarchy exists among some of these genes, with the first two factors (Gata6 and vHnf1) regulating expression of Hnf4. Foxa2 functions not only in formation of the endoderm but also in the formation of other lineages, such as the notochord and floor plate of the neural tube (covered in Chapter 4). Interestingly, orthologs of these genes also function in endoderm formation in other organisms (e.g., the forkhead genes in Drosophila and the Pha4 gene in Caenorhabditis elegans are orthologs of the Hnf3 genes; serpent in Drosophila and End1 and Elt2 in C. elegans are orthologs of Gata genes).




Development of Amniotic Cavity

The first new cavity to form during the second week—the amniotic cavity—appears on day eight as fluid begins to collect between cells of the epiblast and overlying trophoblast (see Fig. 2-2). A layer of epiblast cells expands toward the embryonic pole and differentiates into a thin membrane separating the new cavity from the cytotrophoblast. This membrane is the lining of the amnion (see Fig. 2-3), one of four extraembryonic membranes (i.e., amnion, chorion, yolk sac, and allantois; the first three are covered below, and the allantois is covered in later chapters). Although the amniotic cavity is at first smaller than the blastocyst cavity, it expands steadily. By the eighth week, the amnion encloses the entire embryo (covered in Chapter 6).

[image: image]
Figure 2-4 Extraembryonic mesoderm is formed in the middle of the second week. A, On days ten to eleven, the space between Heuser's membrane and the cytotrophoblast becomes filled with loosely associated extraembryonic mesodermal cells. At the same time, the trophoblastic lacunae begin to anastomose with maternal capillaries and become filled with blood. B, On days eleven and twelve, the extraembryonic mesoderm expands between the amnion and the cytotrophoblast. C, By days twelve and thirteen, the extraembryonic mesoderm splits into two layers: one coating the outside of Heuser's membrane, and the other lining the inside of the cytotrophoblast. The space between the two layers is the chorionic cavity.



Development of Yolk Sac and Chorionic Cavity

Proliferation of hypoblast cells, followed by two successive waves of cell migration, is believed to form the yolk sac membranes, which extend from the hypoblast into the blastocyst cavity. The first wave of migration begins on day eight and forms the primary yolk sac (the exocoelomic membrane, or Heuser's membrane; see Figs. 2-3, 2-4). Simultaneously, the extraembryonic mesoderm forms, filling the remainder of the blastocyst cavity with loosely arranged cells (see Fig. 2-4). This early extraembryonic mesoderm is believed to originate in humans from the hypoblast/primary yolk sac, in contrast to the mouse embryo, where it arises from the caudal end of the incipient primitive streak; the trophoblast may contribute cells as well. By day twelve, the primary yolk sac is displaced (and eventually degenerates) by the second wave of migrating hypoblast cells, which forms the secondary yolk sac (Figs. 2-5, 2-6). A new space—the extraembryonic coelom, or chorionic cavity—is formed by splitting of the extraembryonic mesoderm into two layers. The extraembryonic coelom separates the embryo with its attached amnion and yolk sac from the outer wall of the blastocyst, now called the chorion. With splitting of the extraembryonic mesoderm into two layers, the amnion, yolk sac, and chorion all become two-layer structures: the amnion and the chorion are considered (based on comparative embryology) to consist of extraembryonic ectoderm and mesoderm, whereas the yolk sac is considered to consist of extraembryonic endoderm and mesoderm. By day thirteen, the embryonic disc with its dorsal amnion and ventral yolk sac is suspended in the chorionic cavity solely by a thick stalk of extraembryonic mesoderm called the connecting stalk (see Fig. 2-6).

Traditionally, the cavity of the yolk sac has been labeled as the yolk sac (or sometimes as the exocoelomic cavity) and its lining labeled as the exocoelomic membrane, or Heuser's membrane; this convention has been followed in this textbook. However, it should be remembered that, like the amnion, the yolk sac is an extraembryonic membrane that contains a cavity. Thus, the definitive yolk sac, formed after formation and splitting of the extraembryonic mesoderm, is a two-layered structure consisting of hypoblast-derived endoderm on the inside and mesoderm on the outside (examination of sections of the very few human embryos actually available for study at this stage makes it readily understandable why the origin of the yolk sac is uncertain; Fig. 2-7).


[image: image]
Figure 2-5 Formation of the secondary (definitive) yolk sac, and degeneration of the primary yolk sac. A, On days twelve and thirteen, a second wave of migration of hypoblast cells produces a new membrane that migrates out over the inside of the extraembryonic mesoderm, pushing the primary yolk sac in front of it. This new layer becomes the endodermal lining of the secondary (definitive) yolk sac. B, C, As the definitive yolk sac develops on day thirteen, the primary yolk sac breaks up and is reduced to a collection of vesicles at the abembryonic end of the chorionic cavity.
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Week Day LE(""*I‘:"I'), o C“S"";f:e Features (Chapters in Which Features Are Discussed)
Somites
1 17 [o102 Jo 1 Fertilization (1)
2 First cleavage divisions occur (216 cells) (1)
3 Blastocyst is frec in uterus (1)
4 Blastocyst hatches and begins implanting (7, 2)
2 [s14 o102 [0 5 Blastocyst fully implanted (7, 2)
6 Primary stem villi form (2); endoderm delaminates (2); primitive streak develops (3)
(3 [1521 0425 |0 7 Gastrulation commences and notochordal process forms (3)
[) 3 Primitive pit, neural plate, neural groove, neural folds, and newrenteric canal form (3, 4)
1-3 9 Somites begin to form (4); primitive heart tube forms (12); vasculature begins to develop in embryonic disc (13)
1354 | 412 10 Neural folds fuse (4); cranial end of cmbryo undergoes rapid flexion (4, 9); neuromeres form in presumptive brain vesicles (4, 9); optic sulci form (10, 18); otic pits form
(18); heart begins to beat (12); pulmonary primordium forms (11); hepatic plate forms (14); first two pharyngeal arches form (17); tail bud forms (4)
13-20 1 Primordial germ cells begin to migrate from wall of yolk sac (1, /6); cranial neuropore closcs (4); oropharyngeal membrane ruptures (17); optic vesicles develop (18); optic
pits begin to form (18)
2129 12 Caudal neuropore closes (4); cystic diverticulum and dorsal pancreatic bud form (14); urorcotal septum begins to form (74, 15); upper limb buds form (19); pharyngeal

arches 3 and 4 form (17)

5 30+ 13 Dorsal and ventral columns begin to differentiate in mantle layer of spinal cord and brain stem  (9); septum primum begins to form in heart (12); spleen forms (14); ureteric
buds form (15); lower limb buds form (19); otic vesicles and lens placodes form (/8); motor nuclei of cranial nerves form (9, 10)
14 Spinal nerves begin to sprout (10); semilunar valves begin to form in heart (72); lymphatics and coronary vessels form (13); greater and lesser stomach curvatures and
primary intestinal loop form (74); metanephric kidneys begin to develop (13); lens pits invaginate info optic cups (78); endolymphatic appendages form (18); secondary
brain vesicles begin to form (9); cercbral hemispheres become visible (9)
15 Atrioventricular valves and definitive pericardial cavity begin to form (12); cloacal folds and genital tubercle form (74, 15, 16); hand plates develop (19); lens vesicles form
(18); invagination of nasal pits occur and medial and lateral nasal processes form (17); sensory and parasympathetic cranial nerve ganglia begin to form (10); primary
olfactory neurons send axons into telencephalon (0)
6 10.0-21.5| 30+ 16 Muscular ventricular septum begins to form (72); gut tube lumen becomes occluded (74); major calyces of metanephric kidneys begin to form and kidneys begin to ascend
(15); genital ridges form (16); foot plates develop (19); pigment forms in retinas (18); auricular hillocks develop (18)
17 Bronchopulmonary segment primordia form (11); septum intermedium of heart is complete (12); subcardinal vein system forms (13); minor calyces of metancphric kidneys
arc forming (15); finger rays are distinct (19); nasolacrimal grooves form (17); cercbellum begins to form (9); melanacytes enter epidermis (7); dental laminac form (17)
7 |43-49 | 18.0-26.4 30+ 18 Skeletal ossification begins (8); Sertoli cells begin to differentiate in the male gonad (76); clbows and toe rays form (19); intermaxillary process and eyelids form (17);
thalami of diencephalon expand (9); nipples and first hair follicles form (7)
19 | Septum primum fuses with septum intermedium in heart_(12); urogenital membrane ruptures (16); trunk clongates and straightens (5)

Primary intestinal loop completes initial counterclockwise rotation (74); in males, Milllerian ducts begin to regress and vasa deferentia begin to form (15); upper limbs bend
at clbows (19)

Table Continued
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3 234-32.2| 30+ Pericardioperitoncal canals close (11); hands and fect rotate toward midline (19)
Eyelids and auricles are more developed (18)

Chorionic cavity is obliterated by the growth of the amniotic sac (6); definitive superior vena cava and major branches of the aortic arch are established (72); lumen of gut
tube is almost completely recanalized (14); primary teeth are at cap stage (17)
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Condition of

Stage Events Name of Cell
Genome
Resting interval between mitotic | Normal cellular metabolism occurs 2 Oogonium Diploid, 2N
cell divisions & Spermatogonium

Mitosis

Preparatory phase DNA replication yields double-stranded chromosomes 2 Oogonium Diploid, 4N
& Spermatogonium

Prophase Double-stranded chromosomes condense

Metaphase Chromosomes align along the equator; centromeres replicate

Anaphase and telophase Bach double-stranded chromosome splits into two single-stranded chromosomes, one of which is distributed to cach daughter nucleus

Cytokinesis Cell divides 2 Oogonium Diploid, 2N
& Spermatogonium

Meiosis T

Preparatory phase DNA replication yields double-stranded chromosomes 9 Primary oocyte Diploid, 4N
& Primary spermatocyte

Prophase Double-stranded chromosomes condense; two chromosomes of cach homologous pair align at the centromeres to form a four-limbed

chiasma; recombination by crossing over accurs

Metaphase Chromosomes align along the equator; centromeres do not replicate

Anaphase and telophase One double-stranded chromosome of each homologous pair is distributed to each daughter cell

Cytokinesis Cell divides Q One secondary oocyte and the | Haploid, 2N
first polar body
& Two secondary
spermatocytes

Meiosis IT

Prophase No DNA replication takes place during the second meiotic division ; double-stranded chromosomes condense

Metaphase Chromosomes align along the equator; centromeres replicate

Anaphase and telophase Bach chromosome splits into two single-stranded chromosomes, one of which is distributed to each daughter nucleus

Cytokinesis Cell divides Q One definitive oocyte and three | Haploid, IN

polar bodies

& Four spermatids






