ROBERT K. CREASY
ROBERT RESNIK

JAY D. IAMS

CHARLES J. LOCKWOOD
THOMAS R. MOORE

CREASY & RESNIK’S
Maternal-Fetal

Medicine

Principles
and Practice

SIXTH EDITION

Online + Print



SAUNDERS

ELSEVIER

1600 John E. Kennedy Blvd.
Ste 1800
Philadelphia, PA 19103-2899

CREASY AND RESNIK’S MATERNAL-FETAL MEDICINE: PRINCIPLES AND ISBN: 978-1-4160-4224-2
PRACTICE, SIXTH EDITION
Copyright © 2009, 2004, 1999, 1994, 1989, 1984 by Saunders, an imprint of Elsevier Inc.

All rights reserved. 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. Permissions may be sought directly from Elsevier’s
Rights Department: phone: (+1) 215 239 3804 (US) or (+44) 1865 843830 (UK); fax: (+44) 1865 853333;
e-mail: healthpermissions@elsevier.com. You may also complete your request online via the Elsevier website at
http://www.elsevier.com/permissions.

Notice

Knowledge and best practice in this field are constantly changing. As new research and experience broaden
our knowledge, changes in practice, treatment, and drug therapy may become necessary or appropriate.
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 the practitioner,
relying on their own experience and knowledge of the patient, 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 Editors assumes any liability for any injury and/or
damage to persons or property arising out of or related to any use of the material contained in this book.
The Publisher

Library of Congress Cataloging-in-Publication Data
Creasy & Resnik’s maternal-fetal medicine : principles and practice / editors, Robert K. Creasy, Robert Resnik,
Jay D. Tams ; associate editors, Thomas R. Moore, Charles J. Lockwood.—6th ed.
p.; cm.

Rev. ed. of: Maternal-fetal medicine. 5th ed. c2004.

Includes bibliographical references and index.

ISBN 978-1-4160-4224-2

1. Obstetrics. 2. Perinatology. I. Creasy, Robert K. II. Maternal-fetal medicine. III. Title: Creasy and
Resnik’s maternal-fetal medicine. IV. Title: Maternal-fetal medicine.

[DNLM: 1. Fetal Diseases. 2. Pregnancy—physiology. 3. Pregnancy Complications. 4. Prenatal
Diagnosis. WQ 211 C912 2009]
RG526.M34 2009
618.2—dc22

2007051347

Acquisitions Editor: Rebecca Schmidt Gaertner
Developmental Editor: Kristina Oberle
Publishing Services Manager: Frank Polizzano
Project Manager: Rachel Miller

Design Direction: Lou Forgione

Working together to grow
libraries in developing countries

Printed in China www.elsevier.com | www.bookaid.org | www.sabre.org

ELSEVIER  BOOKAID o, hre Foundation

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



For
Judy, Lauren, Pat, Nancy, and Peggy
With love and gratitude—for everything















Vikki M. Abrahams, PhD

Assistant Professor, Department of Obstetrics, Gynecology, and
Reproductive Sciences, Yale University School of Medicine, New
Haven, Connecticut

= The Immunology of Pregnancy

Michael J. Aminoff, MD, DSc, FRCP

Professor of Neurology, University of California, San Francisco,
School of Medicine, Attending Physician, University of California
Medical Center, San Francisco, California

= Neurologic Disorders

Marie H. Beall, MD

Professor of Obstetrics and Gynecology, Geffen School of Medicine
at the University of California, Los Angeles; Vice Chair, Department
of Obstetrics and Gynecology, Harbor—University of California, Los
Angeles, Medical Center, Torrance, California

= Amniotic Fluid Dynamics

Kurt Benirschke, MD

Professor Emeritus, Reproductive Medicine and Pathology,
University of California, San Diego, California

® Normal Early Development

= Multiple Gestation: The Biology of Twinning

Daniel G. Blanchard, MID, FACC
Professor of Medicine, Director, Cardiology Fellowship Program,
University of California, San Diego, School of Medicine, La Jolla,
California; Chief of Clinical Cardiology, Thornton Hospital,
University of California, San Diego, Medical Center, San Diego,
California

= Cardiac Diseases

Kristie Blum, MID
Assistant Professor of Medicine, Division of Hematology/Oncology,
The Arthur G. James Cancer Hospital, The Ohio State University,
Columbus, Ohio

= Malignancy and Pregnancy

Patrick Catalano, MID
Professor, Reproductive Biology, Case Western Reserve University;
Chairman, Obstetrics and Gynecology, MetroHealth Medical Center,
Cleveland, Ohio

® Diabetes in Pregnancy

Christina Chambers, PhD, MPH
Associate Professor, Departments of Pediatrics and Family and
Preventive Medicine, University of California, San Diego, School of
Medicine, La Jolla, California

= Teratogenesis and Environmental Exposure

CONTRIBUTORS

Ronald Clyman, MID

Professor of Pediatrics, Investigator, Cardiovascular Research
Institute, University of California, San Francisco
= Fetal Cardiovascular Physiology

David Cohn, MD

Donald and Patsy Jones Professor of Obstetrics and Gynecology,
Division of Gynecologic Oncology, Arthur G. James Cancer Hospital
and Richard J. Solove Research Institute, The Ohio State University
College of Medicine, Columbus, Ohio

= Malignancy and Pregnancy

Robert K. Creasy, MD

Professor Emeritus, Department of Obstetrics, Gynecology, and
Reproductive Sciences, University of Texas School of Medicine at
Houston, Houston, Texas; Corte Madera, California

® Preterm Labor and Birth

= |ntrauterine Growth Restriction

Mary E. D’Alton, MD, FACOG
Professor and Chair, Department of Obstetrics and Gynecology,
Columbia University College of Physicians and Surgeons, New York,
New York; Chair, Department of Obstetrics and Gynecology,
Columbia University Medical Center, New York, New York
= Multiple Gestation: Clinical Characteristics and
Management

John M. Davison, MID, FRCOG
Emeritus Professor of Obstetric Medicine, Institute of Cellular
Medicine Medical School, Newcastle University; Consultant
Obstetrician, Directorate of Women’s Services, Royal Victoria
Infirmary Newcastle upon Tyne, United Kingdom

= Renal Disorders

Jan A. Deprest, MD, PhD
Professor of Obstetrics and Gynecology, Division of Woman and
Child, University Hospitals, Katholieke Universiteit Leuven, Leuven,
Belgium

B |nvasive Fetal Therapy

Mitchell P. Dombrowski, MD
Professor, Wayne State University, School of Medicine; Chief,
Department of Obstetrics and Gynecology, St. John Hospital and
Medical Center, Detroit, Michigan

= Respiratory Diseases in Pregnancy

Edward F. Donovan, MD
Emeritus, Professor of Pediatrics, University of Cincinnati College of
Medicine; Medical Director, Child Policy Research Center, Cincinnati
Children’s Hospital Research Foundation, Cincinnati, Ohio

= Neonatal Morbidities of Prenatal and Perinatal Origin

Vii



CONTRIBUTORS

Patrick Duff, MD
Professor and Residency Program Director, Associate Dean for
Student Affairs, University of Florida College of Medicine,
Gainesville, Florida

= Maternal and Fetal Infections

Rodney K. Edwards, MD, MS

Clinician, Phoenix Perinatal Associates, Scottsdale, Arizona
= Maternal and Fetal Infections

Doruk Erkan, MD

Assistant Professor of Medicine, Wall Medical College of Cornell

University; Assistant Attending Physician, Hospital for Special

Surgery, New York Presbyterian Hospital, New York, New York
= Pregnancy and Rheumatic Diseases

Jeffrey R. Fineman, VID

Professor of Pediatrics, Investigator, Cardiovascular Research
Institute, University of California, San Francisco
= Fetal Cardiovascular Physiology

Michael Raymond Foley, MID
Clinical Professor, University of Arizona Medical School, Department
of Obstetrics and Gynecology, Tucson, Arizona; Chief Academic
Officer, Designated Institutional Officer, Scottsdale Healthcare
System, Scottsdale, Arizona
u Intensive Care Monitoring of the Critically Ill Pregnant
Patient

Edmund F. Funai, MD
Associate Professor of Obstetrics, Gynecology, and Reproductive
Sciences, Yale University School of Medicine; Chief of Obstetrics,
Yale—New Haven Hospital; Associate Chair for Clinical Affairs,
Department of Obstetrics, Gynecology, and Reproductive Sciences,
Yale University School of Medicine, New Haven, Connecticut

= Pregnancy-Related Hypertension

Robert Gagnon, MD, FRCSC

Professor, Departments of Obstetrics and Gynecology, and
Physiology/Pharmacology and Pediatrics, University of Western
Ontario, Schulich School of Medicine and Dentistry, London,

Ontario, Canada
= Behavioral State Activity and Fetal Health and Development

Alessandro Ghidini, MD
Professor, Department of Obstetrics and Gynecology, Georgetown
University Medical Center, Washington, D.C.; Executive Medical
Director, Perinatal Diagnostic Center, Inova Alexandria Hospital,
Alexandria, Virginia

= Benign Gynecologic Conditions in Pregnancy

Larry C. Gilstrap Ill, MD
Chair Emeritus, Department of Obstetrics and Gynecology and
Reproductive Sciences, University of Texas at Houston Health
Science Center, Houston, Texas; Clinical Professor, Obstetrics and
Gynecology, University of Texas Southwestern Medical Center at
Dallas, Dallas, Texas; Director of Evaluation, American Board of
Obstetrics and Gynecology, Dallas, Texas

¥ Intrapartum Fetal Surveillance

Eduardo Gratacos, MD, PhD
Professor of Obstetrics; Chair, Department of Obstetrics, Hospital
Clinic Barcelona, Barcelona, Spain

B |nvasive Fetal Therapy

James M. Greenberg, MID
Associate Professor of Pediatrics, University of Cincinnati College of
Medicine; Director, Division of Neonatology, Cincinnati Children’s
Hospital Research Foundation, Cincinnati, Ohio

® Neonatal Morbidities of Prenatal and Perinatal Origin

Beth Haberman, MID

Assistant Professor of Pediatrics, University of Cincinnati College of
Medicine; Medical Director, Regional Center for Newborn Intensive
Care, Cincinnati Children’s Hospital Medical Center, Cincinnati,
Ohio

® Neonatal Morbidities of Prenatal and Perinatal Origin

Bruce A. Hamilton, PhD

Associate Professor, Division of Genetics, Department of Medicine,
University of California, San Diego, La Jolla, California
= Basic Genetics and Patterns of Inheritance

Mark Hanson, DPhil

Director, Developmental Origins of Health and Disease Division;
British Heart Foundation Professor of Cardiovascular Science,
University of Southampton, Southampton, United Kingdom

= Developmental Origins of Health and Disease

Christopher R. Harman, MD
Professor and Vice Chair, Department of Obstetrics, Gynecology, and
Reproductive Sciences; Director, Center for Advanced Fetal Care,
University of Maryland School of Medicine, Baltimore, Maryland

= Assessment of Fetal Health

Nazli Hossain, MIBBS, FCPS
Associate Professor, Dow University of Health Sciences, Karachi,
Pakistan

® Embryonic and Fetal Demise

Andrew D. Hull, MD, FRCOG, FACOG

Associate Professor of Clinical Reproductive Medicine; Director,
Maternal-Fetal Medicine Fellowship, University of California, San
Diego, La Jolla, California; Director, Fetal Care and Genetics Center,
University of California, San Diego, Medical Center, San Diego,
California
= Placenta Previa, Placenta Accreta, Abruptio Placentae, and
Vasa Previa

Jay D. lams, MID
Frederick P. Zuspan Endowed Chair, Division of Maternal-Fetal
Medicine; Vice Chair, Department of Obstetrics and Gynecology,
The Ohio State University College of Medicine, Columbus, Ohio
= Preterm Labor and Birth
= Cervical Insufficiency

Thomas M. Jenkins, MD
Director of Prenatal Diagnosis, Legacy Center for Maternal-Fetal
Medicine, Legacy Health System, Portland, Oregon

u Prenatal Diagnosis of Congenital Disorders



CONTRIBUTORS

Alan H. Jobe, MD, PhD
Professor of Pediatrics, University of Cincinnati School of Medicine;
Director, Perinatal Biology, Cincinnati Children’s Hospital,
Cincinnati, Ohio

= Fetal Lung Development and Surfactant

Thomas F. Kelly, MD
Clinical Professor of Reproductive Medicine, Chief, Division of
Perinatal Medicine, University of California, San Diego, School of
Medicine, La Jolla, California; Director of Maternity Services,
University of California, San Diego, Medical Center, San Diego,
California

= Gastrointestinal Disease in Pregnancy

Nahla Khalek, MD
Assistant Clinical Professor, Department of Obstetrics and
Gynecology, Divisions of Maternal-Fetal Medicine and Reproductive
Genetics, Columbia University Medical Center; Assistant Clinical
Professor, New York Presbyterian Hospital, Sloane Hospital for
Women, New York, New York

= Prenatal Diagnosis of Congenital Disorders

Sarah J. Kilpatrick, MD, PhD
Professor, Head of the Department of Obstetrics and Gynecology,
University of Illinois at Chicago; Vice Dean, University of Illinois
College of Medicine, Chicago, Illinois

= Anemia and Pregnancy

Krzysztof M. Kuczkowski, MID
Associate Professor of Anesthesiology and Reproductive Medicine;
Director of Obstetric Anesthesia, Departments of Anesthesiology and
Reproductive Medicine, University of California, San Diego,
California

= Anesthetic Considerations for Complicated Pregnancies

Robert M. Lawrence, MD

Clinical Associate Professor, Department of Pediatrics, University of
Florida School of Medicine, Gainesville, Florida
B The Breast and the Physiology of Lactation

Ruth A. Lawrence, MID
Professor of Pediatrics, Obstetrics, and Gynecology, University of
Rochester School of Medicine; Chief of Normal Newborn Services,
Medical Director, Breastfeeding and Human Lactation Study Center,
Golisano Children’s Hospital at Strong Memorial Hospital, Rochester,
New York

= The Breast and the Physiology of Lactation

Liesbeth Lewi, MD, PhD
Assistant Professor, Obstetrics and Gynecology, Division of Woman
and Child, University Hospitals Katholieke Universiteit Leuven,
Leuven, Belgium

® |nvasive Fetal Therapy

James H. Liu, MD
Arthur H. Bill Professor and Chair, Department of Reproductive
Biology, Case Western Reserve School of Medicine; Chair, University
Hospitals, MacDonald Women’s Hospital, Case Medical Center,
Cleveland, Ohio

® Endocrinology of Pregnancy

Michael D. Lockshin, MD

Professor of Medicine and Obstetrics and Gynecology, Weill Medical
College of Cornell University; Attending Physician, Hospital for
Special Surgery, New York Presbyterian Hospital, New York, New
York

= Pregnancy and Rheumatic Diseases

Charles J. Lockwood, MID

Anita O’Keefe Young Professor and Chair, Department of Obstetrics,
Gynecology, and Reproductive Sciences, Yale University School of
Medicine, New Haven, Connecticut

= Pathogenesis of Spontaneous Preterm Labor

= Coagulation Disorders in Pregnancy

= Thromboembolic Disease in Pregnancy

Stephen J. Lye, PhD

Vice President of Research, Mount Sinai Hospital; Associate Director,
Samuel Lunenfeld Research Institute, Toronto, Canada
= Biology of Parturition

Lucy Mackillop, BM BCh, MA, MRCP
Senior Registrar in Obstetric Medicine, Queen Charlotte’s and
Chelsea Hospital, London, United Kingdom

= Diseases of the Liver, Biliary System, and Pancreas

George A. Macones, MD, MISCE

Professor and Head, Department of Obstetrics and Gynecology,
Washington University School of Medicine in St. Louis; Chief of
Obstetrics and Gynecology, Barnes-Jewish Hospital, St. Louis,
Missouri

= Evidence-Based Practice in Perinatal Medicine

Fergal D. Malone, MD, FACOG, FRCPI, MRCOG

Professor and Chairman, Department of Obstetrics and
Gynaecology, Royal College of Surgeons in Ireland; Chairman,
Department of Obstetrics and Gynaecology, the Rotunda Hospital,
Dublin, Ireland
= Multiple Gestation: Clinical Characteristics and
Management

Frank A. Manning, MD, MSc FRCS

Professor, Department of Obstetrics and Gynecology, New York
Medical College; Professor, Associate Director, Division of Maternal-
Fetal Medicine, Department of Obstetrics and Gynecology,
Westchester County Medical Center, Valhalla, New York

= |maging in the Diagnosis of Fetal Anomalies

Stephanie Rae Martin, DO
Assistant Medical Director and Section Chief, Pikes Peak Maternal-
Fetal Medicine, Memorial Health System, Colorado Springs, Colorado
u Intensive Care Monitoring of the Critically Ill Pregnant
Patient

Brian M. Mercer, MD, FRCSC, FACOG
Professor of Reproductive Biology, Case Western Reserve University;
Director of Obstetrics and Maternal-Fetal Medicine, Vice Chair of
Hospitals, Obstetrics and Gynecology, MetroHealth Medical Center,
Cleveland, Ohio

= Assessment and Induction of Fetal Pulmonary Maturity

® Premature Rupture of the Membranes



CONTRIBUTORS

Giacomo Meschia, MID
Professor Emeritus of Physiology, University of Colorado School of
Medicine, Denver, Colorado

= Placental Respiratory Gas Exchange and Fetal Oxygenation

Kenneth J. Moise, Jr., MD
Professor of Obstetrics and Gynecology, Baylor College of Medicine;
Member, Texas Children’s Fetal Center, Texas Children’s Hospital,
Houston, Texas

® Hemolytic Disease of the Fetus and Newborn

Manju Monga, MD
Berel Held Professor and Division Director, Maternal-Fetal Medicine;
Director, Maternal-Fetal Medicine Fellowship, Department of
Obstetrics, Gynecology, and Reproductive Sciences, University of
Texas at Houston Health Science Center, Houston, Texas
= Maternal Cardiovascular, Respiratory, and Renal Adaptation
to Pregnancy

Thomas R. Moore, MD

Professor and Chairman, Department of Reproductive Medicine,
University of California, San Diego, School of Medicine, San Diego,
California

® Diabetes in Pregnancy

Gil Mor, MD, PhD

Associate Professor, Yale University, School of Medicine, Department
of Obstetrics, Gynecology, and Reproductive Sciences, New Haven,
Connecticut

® The Immunology of Pregnancy

Shahla Nader, MD

Professor, Department of Obstetrics and Gynecology and Internal
Medicine (Endocrine Division), University of Texas Medical School
at Houston; Attending Physician, Memorial Hermann Hospital—
Texas Medical Center, Houston, Texas

= Thyroid Disease and Pregnancy

u Other Endocrine Disorders of Pregnancy

Michael P. Nageotte, MID

Professor, Department of Obstetrics and Gynecology, University of
California at Irvine, Orange, California; Associate Chief Medical
Officer, Miller Children’s, Long Beach Memorial Medical Center,
Long Beach, California

¥ Intrapartum Fetal Surveillance

Vivek Narendran, MID

Associate Professor of Pediatrics, University of Cincinnati College of
Medicine; Medical Director, University Hospital Neonatal Intensive
Care Unit and Newborn Nurseries, Cincinnati Children’s Hospital
Research Foundation, University Hospital, Cincinnati, Ohio

= Neonatal Morbidities of Prenatal and Perinatal Origin

Errol R. Norwitz, MD, PhD

Professor; Co-director, Division of Maternal-Fetal Medicine;
Director, Maternal-Fetal Medicine Fellowship Program; Director,
Obstetrics and Gynecology Residency Program; Department of
Obstetrics, Gynecology, and Reproductive Sciences, Yale University
School of Medicine, New Haven, Connecticut

= Biology of Parturition

Michael J. Paidas, MD

Associate Professor, Co-director, Women and Children’s Center for
Blood Disorders, Department of Obstetrics, Gynecology, and
Reproductive Sciences, Yale University School of Medicine, New
Haven, Connecticut

= Embryonic and Fetal Demise

Lucilla Poston, PhD, FRCOG
Professor of Maternal and Fetal Health, King’s College, London,
United Kingdom

® Developmental Origins of Health and Disease

Bhuvaneswari Ramaswamy, MD, MRCP
Assistant Professor of Internal Medicine, Division of Hematology
Oncology, Arthur G. James Cancer Hospital and Richard J. Solove
Research Institute, The Ohio State University, Columbus, Ohio

® Malignancy and Pregnancy

Ronald P. Rapini, MD

Professor and Chairman, Department of Dermatology, University of
Texas Medical School and MD Anderson Cancer Center, Houston,
Texas

® The Skin and Pregnancy

Jamie L. Resnik, MD

Associate Clinical Professor of Reproductive Medicine, University of
California, San Diego, School of Medicine; Physician, University of
California Medical Center, San Diego, California

= Post-term Pregnancy

Robert Resnik, MID

Professor Emeritus, Department of Reproductive Medicine, University
of California, San Diego, School of Medicine, San Diego, California
= Post-term Pregnancy
= |ntrauterine Growth Restriction
= Placenta Previa, Placenta Accreta, Abruptio Placentae, and
Vasa Previa

Bryan S. Richardson, MID, FRCSC

Professor and Chair, Department of Obstetrics and Gynecology,
Professor, Departments of Physiology, Pharmacology, and Pediatrics,
University of Western Ontario, Schulich School of Medicine and
Dentistry, London, Ontario, Canada

= Behavioral State Activity and Fetal Health and Development

James M. Roberts, MD

Senior Scientist, Magee-Women’s Research Institute, Professor of

Obstetrics, Gynecology, and Reproductive Sciences and

Epidemiology, University of Pittsburgh, Pittsburgh, Pennsylvania
¥ Pregnancy-Related Hypertension

Roberto Romero, MD
Professor of Molecular Obstetrics and Genetics, Wayne State
University School of Medicine, Detroit, Michigan; Chief,
Perinatology Research Branch, Program Director for Obstetrics and
Perinatology, Intramural Division, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, National
Institutes of Health, Bethesda, Maryland

= Pathogenesis of Spontaneous Preterm Labor

® Preterm Labor and Birth



CONTRIBUTORS

Michael G. Ross, MD, MPH
Professor of Obstetrics and Gynecology and Public Health, Geffen
School of Medicine, School of Public Health, University of
California, Los Angeles, California; Chairman, Department of
Obstetrics and Gynecology, Harbor-University of California, Los
Angeles, Medical Center, Department of Obstetrics and Gynecology,
Torrance, California

® Amniotic Fluid Dynamics

Jane E. Salmon, MD
Professor of Medicine and Obstetrics and Gynecology, Weill Medical
College of Cornell University; Attending Physician, Hospital for
Special Surgery New York Presbyterian Hospital, New York,
New York

= Pregnancy and Rheumatic Diseases

Thomas J. Savides, MID

Professor of Clinical Medicine, Division of Gastroenterology,
University of California, San Diego, La Jolla, California
= Gastrointestinal Disease in Pregnancy

Kurt R. Schibler, MD

Associate Professor of Pediatrics, University of Cincinnati College of
Medicine; Director, Neonatology Clinical Research Program,
Cincinnati Children’s Hospital Research Foundation, Cincinnati,
Ohio

= Neonatal Morbidities of Prenatal and Perinatal Origin

Ralph Shabetai, MD, FACC
Professor of Medicine, Emeritus, University of California,
San Diego, School of Medicine; Chief, Emeritus, Cardiology Section,
San Diego Veterans’ Administration Medical Center, La Jolla,
California

= Cardiac Diseases

Robert M. Silver, MD
Professor of Obstetrics and Gynecology; Chief, Maternal-Fetal
Medicine, University of Utah Health Sciences Center, Salt Lake City,
Utah

= Coagulation Disorders in Pregnancy

Mark Sklansky, MD
Associate Professor of Pediatrics and Obstetrics and Gynecology,
University of Southern California, Keck School of Medicine;
Director, Fetal Cardiology Program, Children’s Hospital Los Angeles
and CHLA-USC Institute for Maternal-Fetal Health, Los Angeles,
California

= Fetal Cardiac Malformations and Arrhythmias: Detection,

Diagnosis, Management, and Prognosis

Naomi E. Stotland, MD
Assistant Professor, Department of Obstetrics, Gynecology, and
Reproductive Sciences, University of California, San Francisco,
San Francisco, California

= Maternal Nutrition

Richard L. Sweet, MD

Professor of Obstetrics and Gynecology, University of California-
Davis, Sacramento, California
= Maternal and Fetal Infections

John M. Thorp, Jr., MD
McAllister Distinguished Professor of Obstetrics and Gynecology,
University of North Carolina School of Medicine; Professor of
Maternal-Child Health, University of North Carolina School of Public
Health, University of North Carolina, Chapel Hill, North Carolina

® Clinical Aspects of Normal and Abnormal Labor

Patrizia Vergani, MD

Associate Professor, University of Milano-Bicocco, School of

Medicine; Director, Obstetrics, San Gerardo Hospital, Monza, Italy
= Benign Gynecologic Conditions in Pregnancy

Ronald J. Wapner, MD
Professor, Obstetrics and Gynecology, Columbia University; Director,
Division of Maternal-Fetal Medicine, Columbia University Medical
Center, New York, New York

= Prenatal Diagnosis of Congenital Disorders

Barbara B. Warner, MD
Associate Professor of Pediatrics, Washington University School of
Medicine; Associate Professor of Pediatrics, Division of Newborn
Medicine, St. Louis Children’s Hospital, St. Louis, Missouri

= Neonatal Morbidities of Prenatal and Perinatal Origin

Carl P. Weiner, MD, MBA
K.E. Krantz Professor and Chair, Obstetrics and Gynecology,
Professor, Molecular and Integrative Physiology, University of Kansas
School of Medicine; Director of Women’s Health, University of
Kansas Hospital, Kansas City, Kansas

= Teratogenesis and Environmental Exposure

Janice E. Whitty, MD
Professor of Obstetrics and Gynecology, Director of Maternal and
Fetal Medicine, Meharry Medical College; Chief of Obstetrics and
Maternal-Fetal Medicine, Nashville General Hospital, Nashville,
Tennessee

= Respiratory Diseases in Pregnancy

Isabelle Wilkins, MD
Professor, Obstetrics and Gynecology, Director, Maternal-Fetal
Medicine, University of Illinois at Chicago, Chicago, Illinois

= Nonimmune Hydrops

David J. Williams, PhD, FRCP

Consultant Obstetric Physician, Institute for Women’s Health,
University College London, London, United Kingdom
® Renal Disorders

Catherine Williamson, MD, FRCP

Professor of Obstetric Medicine, Institute of Reproductive and
Developmental Biology, Imperial College London; Honorary
Consultant in Obstetric Medicine, Queen Charlotte’s and Chelsea
Hospital, London, United Kingdom

u Diseases of the Liver, Biliary System, and Pancreas



CONTRIBUTORS

Anthony Wynshaw-Boris, MD, PhD Kimberly A. Yonkers, MD
Professor and Chief, Division of Genetics, Department of Associate Professor of Psychiatry, Departments of Psychiatry and
Pediatrics and Institute for Human Genetics, University of Obstetrics, Gynecology, and Reproductive Sciences and School of
California, San Francisco, School of Medicine, San Francisco, Epidemiology and Public Health, Yale University School of Medicine;
California Attending Physician, Yale-New Heaven Hospital, New Haven,

= Basic Genetics and Patterns of Inheritance Connecticut

= Management of Depression and Psychoses in Pregnancy
and the Puerperium



PREFACE

With this new edition, we welcome Dr. Charles J. Lockwood and Dr. Thomas R. Moore as editors
of this textbook. Their previous contributions have been of unique importance to the success of
our efforts, and we look forward to a long and productive relationship.

The 6th edition brings many innovations, most prominent of which is that it will also be avail-
able as an Expert Consult title, www.expertconsult.com. The online version will be fully searchable,
with all text, tables, and images included. Additional content that could not be included in print
form will be presented in the Web edition. In recognition of how rapidly the field of maternal-fetal
medicine is advancing, we will initiate quarterly updates with this edition as well. The text includes

» «

several new chapters: “Pathogenesis of Spontaneous Preterm Labor,” “Benign Gynecologic Condi-
tions in Pregnancy,” “Developmental Origins of Health and Disease,” and “Neonatal Morbidities of
Prenatal and Perinatal Origin.” All chapters have been extensively rewritten and updated, and we
are, as always, deeply appreciative of the contributions of our many new and returning authors.
We also wish to express our appreciation and gratitude to our marvelous editors at Elsevier,
particularly Kristina Oberle, our Developmental Editor, for her organizational skills and for always
being available for counsel. We are also indebted to Rebecca Schmidt Gaertner for her overall
supervision of the project and to Rachel Miller for moving the project through final production.
Finally, we are indebted to our families for their patience and support, because every hour spent

producing this text was an hour spent away from them.

The Editors
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Chapter 1

Basic Genetics and Patterns of Inheritance

Bruce A. Hamilton, PhD, and Anthony Wynshaw-Boris, MD, PhD

Impact of Genetics and

the Human Genome Project
on Medicine in the

21st Century

For most of the 20th century, geneticists were considered to be outside
the everyday clinical practice of medicine. The exceptions were those
medical geneticists who studied rare chromosomal abnormalities and
rare causes of birth defects and metabolic disorders. As recently as
20 years ago, genetics was generally not taught as part of the medical
school curriculum, and most physicians’ understanding of genetics was
derived from undergraduate studies.' How things have changed in the
21st century! Genetics is now recognized as a contributing factor to
virtually all human illnesses. In addition, the widespread reporting of
genetic discoveries in the lay press and the plethora of genetic informa-
tion available via the Internet has led to a great increase in the sophis-
tication of patients and their families as medical consumers regarding
genetics.

The importance of genetics in medical practice has grown as a
consequence of the immense progress made in genetics and molecular
biology during the 20th century. In the first year of that century,
Mendel’s laws were rediscovered and applied to many fields, including
human disease. In 1953, Watson and Crick published the structure of
DNA and ushered in the era of molecular biology. At nearly the same
time, the era of cytogenetics began with the determination of the
correct number of human chromosomes (46). In the 1970s, Sanger
and Gilbert independently published techniques for determining the
sequence of DNA. These findings, combined with automation of the
Sanger method in the 1980s, led several prominent scientists to propose
and initiate the Human Genome Project, with the goal of obtaining
the complete human DNA sequence. At the time, it was hard to imagine
that this goal could be achieved, but in the first year of the 21st century,
a draft of the human genome was published simultaneously by the
publicly funded Human Genome Project’ and a private company,
Celera.” Since then, additional public consortia and private companies
have made systematic efforts to catalog DNA sequence variations
that may predict or contribute to human disease. These include both
single nucleotide polymorphisms (SNPs)* and copy number variations
(CNVs)® of large blocks of sequence. Most of these data are available
in public databases, and disease-related discoveries based on them are
being reported at a rapid pace. The concepts, tools, and techniques of

modern genetics and molecular biology have already had a profound
impact on biomedical research and will continue to revolutionize our
approach to human disease risk management, diagnosis, and treatment
over the next decade and beyond.

Genetics plays an important role in the day-to-day practice of
obstetrics and gynecology, perhaps more so than in any other specialty
of medicine. In obstetric practice, genetic issues often arise before,
during, and after pregnancy. Amniocentesis or chorionic villus sam-
pling may detect potential chromosomal defects in the fetus. Fetuses
examined during pregnancy by ultrasound may have possible birth
defects. Specific prenatal diagnostic tests for genetic diseases may be
requested by couples attempting to conceive who have a family history
of that disorder. Infertile couples often require a workup for genetic
causes of their infertility. In gynecology, genetics is particularly
important in disorders of sexual development and gynecologic
malignancies.

What Is a Gene?

Genes are the fundamental unit of heredity. As a concise description,
a gene includes all the structural and regulatory information required
to express a heritable quality, usually through production of an encoded
protein or an RNA product. In addition to the more familiar genes
encoding proteins (through messenger or mRNA) and RNAs that
function in RNA processing (small nuclear or snRNA), ribosome
assembly (small nucleolar or snoRNA), and protein translation (trans-
fer or tRNA and ribosomal or rRNA), there are more recently appreci-
ated classes of regulatory RNAs that function in control of gene
expression, including microRNAs (miRNA), piwiRNAs (piRNAs), and
other noncoding RNAs (ncRNA). Structural segments of the genome
that do not encode an RNA or a protein may also be considered genes
if their mutation produces observable effects. Humans are now thought
to have 20,000 to 25,000 distinct protein-coding genes, although this
number has fluctuated with improved methods for identifying genes.
We shall now outline the chemical nature of genes, the biochemistry
of gene function, and the classes and consequences of genetic
mutations.

Chemical Nature of Genes

Human genes are composed of deoxyribonucleic acid (DNA) (Fig.
1-1). DNA is a negatively charged polymer of nucleotides. Each nucleo-
tide is composed of a “base” attached to a 5-carbon deoxyribose sugar.
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FIGURE 1-1 Schematic diagram of DNA
structure. Each strand of the double helix
is a polymer of deoxyribonucleotides.
Hydrogen bonds (shown here as dots [--])
between base pairs hold the strands
together. Each base pair includes one
purine base (adenine or guanine) and its
complementary pyrimidine base (thymine
or cytosine). Two hydrogen bonds form
between A:T pairs and three between

OH
G:C pairs. The two polymer strands run I |

antiparallel to each other according to the
polarity of their sugar backbone. As shown | |
at the bottom, DNA synthesis proceeds in OH
the 5’-to-3” direction by addition of new
nucleoside triphosphates. Energy stored
in the triphosphate bond is used for the
polymerization reaction. The numbering
system for carbon atoms in the

deoxyribose sugar is indicated.
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Four bases are used in cellular DNA: two purines, adenine (A) and
guanine (G), and two pyrimidines, cytosine (C) and thymine (T). The
polymer is formed through phosphodiester bonds that connect the 5
carbon atom of one sugar to the 3" carbon of the next, which imparts
directionality to the polymer.

Cellular DNA is a double-stranded helix. The two strands run
antiparallel; that is, the 5" to 3" orientation of one strand runs in the
opposite direction along the helix from its complementary strand. The

bases in the two strands are paired: A with T, and G with C. Hydrogen
bonds between the base pairs hold the strands together: two hydrogen
bonds for A:T pairs and three for G:C pairs. Each base thus has a
complementary base, and the sequence of bases on one strand implies
the complementary sequence of the opposite strand. DNA is replicated
in the 5" to 3’ direction using the sequence of the complementary
strand as a template. Nucleotide precursors used in DNA synthesis
have 5 triphosphate groups. Polymerase enzymes use the energy
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of this triphosphate to catalyze formation of a phosphoester bond
with the hydroxyl group attached to the 3" carbon of the extending
strand.

Chemical attributes of DNA are the basis for clinical and forensic
molecular diagnostic tests. Because nucleic acids form double-stranded
duplexes, synthetic DNA and RNA molecules can be used to probe the
integrity and composition of specific genes from patient samples. Non-
complementary base pairs formed by hybridization of DNA from a
subject carrying a sequence variant relative to a reference sample are
often detected by physicochemical properties such as reduced thermal
stability of short (oligonucleotide) hybrids. In vitro DNA synthesis
with recombinant polymerase enzymes are the basis for polymerase
chain reaction (PCR) amplification of specific gene sequences. In-
creasingly, DNA sequencing methods are being used to detect small,
nucleotide-level variations, and hybridization-based methods are used
to discriminate between some known allelic differences and to assess
structural variations such as variations in gene copy number.

Biochemistry of Gene Function

Information Transfer

DNA is an information molecule. The central dogma of molecular
biology is that information in DNA is transcribed to make RNA, and
information in messenger RNA (mRNA) is translated to make protein.
DNA is also the template for its own replication. In some instances,
such as in retroviruses, RNA is reverse-transcribed into DNA. Although
proteins are used to catalyze the synthesis of DNA, RNA, and proteins,
proteins do not convey information back to genes. The sequence of
RNA nucleotides (A, C, G, and uracil [U] bases coupled to ribose) is
the same as the coding or sense strand of DNA (except that U replaces
T), and the complementary antisense strand of DNA is the template
for synthesis. The sequence of amino acids in a protein is determined
by a three-letter code of nucleotides in its mRNA (Fig. 1-2). The phase
of the reading frame for these three-letter codons is set from the first
codon, usually an AUG, encoding the initial methionine.

Quality Control in Gene Expression
Several mechanisms protect the specificity and fidelity of gene expres-
sion in cells. Promoter and enhancer sequences are binding sites on
DNA for proteins that direct transcription of RNA. Promoter sequences
are typically adjacent and 5’ to the start of mRNA encoding sequences
(although some promoter elements are also found downstream of
the start site, particularly in introns), whereas enhancers may act at a
considerable distance, from either the 5" or 3’ direction. The combina-
tions of binding sites present determine under what conditions the
gene is transcribed.

Newly transcribed RNA is generally processed before it is used by
a cell. Many processing steps occur cotranscriptionally, on the elon-
gated RNA as it is synthesized. Pre-mRNAs generally receive a 5" “cap”
structure and a poly-adenylated 3 tail. Protein-coding genes typically
contain exons that remain in the processed RNA, and one or more
introns that must be removed by splicing (Fig. 1-3). Nucleotide
sequences in the RNA that are recognized by protein and RNA splicing
factors determine where splicing occurs. Many RNAs can be spliced in
more than one way to encode a related series of products, greatly
increasing the complexity of products that can be encoded by a finite
number of genes. For most genes, only spliced RNA is exported from
the nucleus. Spliced RNAs that retain premature stop codons are
rapidly degraded. Mutations in genes involved in these quality control
steps appear in the clinic as early and severe genetic disorders, includ-
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FIGURE 1-2 The genetic code. The letters U, C, A, and G
correspond to the nucleotide bases. In this diagram, U (uracil) is
substituted for T (thymidine) to reflect the genetic code as it appears
in messenger RNA. Three distinct triplets (codons)—UAA, UAG, and
UGA—are “nonsense” codons and result in termination of
messenger RNA translation into a polypeptide chain. All amino acids
except methionine and tryptophan have more than one codon; thus
the genetic code is degenerate. This is the primary reason that many
single base—change mutations are “silent.” For example, changing
the terminal U in a UUU codon to a terminal C (UUC) still codes for
phenylalanine. In contrast, an A to T (U) change (GAG to GUG) in the
B-globin gene results in substitution of valine for glutamic acid at
position 6 in the B-globin amino acid sequence, thus yielding “sickle
cell” globin.

—  E— I Gene
; Transcription
Primary mRNA
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| Splicing reaction
mRNA
‘ Transcription
% Protein

FIGURE 1-3 Transcription of DNA to RNA and translation of RNA
to protein. Introns (light sections) are spliced out of the primary
messenger RNA (mRNA) transcript and exons (dark sections) are
joined together to form mature mRNA.

ing spinal muscular atrophy (caused by mutations in SMNI, which
encodes a splicing accessory factor) and fragile X syndrome (mutations
in FMRI, which encodes an RNA-binding protein). Protein synthesis
is also highly regulated. Translation, folding, modification, transport,
and sometimes cleavage to create an active form of the protein are all
regulated steps in the expression of protein-coding genes.

Mutations

Changes in the nucleotide sequence of a gene may occur through
environmental damage to DNA, through errors in DNA replication, or
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FIGURE 1-4 Deamination of cytosine. Deamination of cytosine or
of its 5-methyl derivative produces a pyrimidine capable of pairing
with adenine rather than guanine. Repair enzymes may remove

the mispaired base before replication, but replication before repair
(or repair of the wrong strand) results in the change becoming
permanent. Spontaneous deamination of cytosine is a major
mechanism of mutation in humans. Deamination of cytosine is also
accelerated by some mutagenic chemicals, such as hydrazine.

through unequal partitioning during meiosis. Ultraviolet light, ioniz-
ing radiation, and chemicals that intercalate, bind to, or covalently
modify DNA are examples of mutation-causing agents. Replication
errors often involve changes in the number of a repeated sequence; for
example, changes in the number of (CAG), repeats encoding polyglu-
tamine in the Huntintin gene can result in alleles prone to Huntington
disease. Replication also plays a crucial role in other mutations. Cells
generally respond to high levels of DNA damage by blocking DNA
replication and inducing a variety of DNA repair pathways. However,
for any one site of DNA damage, replication may occur before repair.
A frequent source of human mutation is spontaneous deamination of
cytosine (Fig. 1-4). The modified base can be interpreted as a thymine
if replication occurs before repair of the G: T mismatch pair. Ultravio-
let light causes photochemical dimerization of adjacent thymine resi-
dues that may then be altered during repair or replication; in humans,
this is more relevant to somatic mutations in exposed skin cells than
to germline mutations. Ionizing radiation, by contrast, penetrates
tissues and can cause both base changes and double-strand breaks
in DNA. Errors in repair of double-strand breaks result in deletion,
inversion, or translocation of large regions of DNA. Many chemicals,
including alkylating agents and epoxides, can form chemical adducts
with the bases of DNA. If the adduct is not recognized during the next
round of DNA replication, the wrong base may be incorporated into
the opposite strand. In addition, the human genome includes hun-
dreds of thousands of endogenous retroviruses, retrotransposons, and
other potentially mobile DNA elements. Movement of such elements
or recombination between them is a source of spontaneous insertions
and deletions, respectively.

Changes in the DNA sequence of a gene create distinct alleles of
that gene. Alleles can be classified based on how they affect the function
of that gene. An amorphic (or null) allele is a complete loss of function,
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hypomorphic is a partial loss of function, hypermorphic is a gain of
normal function, neomorphic is a gain of novel function not encoded
by the normal gene, and an antimorphic or dominant negative allele
antagonizes normal function. A practical impact of allele classes is that
distinct clinical syndromes may be caused by different alleles of the
same gene. For example, different allelic mutations in the androgen
receptor gene have been tied to partial or complete androgen insensi-
tivity® (including hypospadias and Reifenstein syndrome), prostate
cancer susceptibility, and spinal and bulbar muscular atrophy.” Simi-
larly, mutations in the CFTR chloride channel cause cystic fibrosis, but
some alleles are associated with pancreatitis or other less severe symp-
toms; mutations in the DTDST sulfate transporter cause diastrophic
dysplasia, atelosteogenesis, or achondrogenesis, depending on the type
of mutation present.

A small fraction of changes in genomic DNA affect gene function.
Approximately 2% to 5% of the human genome encodes protein or
confers regulatory specificity. Even within the protein coding sequences,
many base changes do not alter the encoded amino acid, and these are
called silent substitutions. Changes in DNA sequence that occurred long
ago and do not alter gene function or whose impact is modest or
uncertain are often referred to as polymorphisms, whereas mutation is
reserved for newly created changes and changes that have significant
impacts on gene function, such as in disease-causing alleles of disease-
associated genes. Mutations that do affect gene function may occur in
coding sequences or in sequences required for transcription, process-
ing, or stability of the RNA. The rate of spontaneous mutation in
humans can vary tremendously depending on the size and structural
constraints of the gene involved, but estimates range from 10 per
generation for large genes such as NFI down to 107 or 1077 for smaller
genes. Given current estimates of 20,000 to 25,000 human genes,> and
given that more than 6 billion humans inhabit the earth, one may
expect that each human is mutant for some gene and each gene is
mutated in some humans. Several public databases that curate infor-
mation about human genes and mutations are now available online
(Table 1-1).

Chromosomes in Humans

Most genes reside in the nucleus and are packaged on the chromosomes.
In the human, there are 46 chromosomes in a normal cell: 22 pairs of
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autosomes, and the X and Y sex chromosomes (see later). The auto-
somes are numbered from the largest (1) to the smallest (21 and 22).
Each chromosome contains a centromere, a constricted region that
forms the attachments to the mitotic spindle and governs chromosome
movements during mitosis. The chromosomal arms radiate on each side
of the centromere, terminating in the telomere, or end of each arm.
Each chromosome contains a distinct set of genetic information. Each
pair of autosomes is homologous and has an identical set of genes.
Normal females have two X chromosomes, whereas normal males have
one X and one Y chromosome. In addition to the nuclear chromo-
somes, the mitochondrial genome contains approximately 37 genes on
a single chromosome that resides in this organelle.

Each chromosome is a continuous DNA double-helical strand,
packaged into chromatin, which consists of protein and DNA. The
protein moiety consists of basic histone and acidic nonhistone proteins.
Five major groups of histones are important for proper packing of
chromatin, whereas the heterogeneous nonhistone proteins are
required for normal gene expression and higher-order chromosome
packaging. Two each of the four core histones (H2A, H2B, H3, and H4)
form a histone octamer nucleosome core that binds with DNA in a
fashion that permits tight supercoiling and packaging of DNA in the
chromosome-like thread on a spool. The fifth histone, H1, binds to
DNA at the edge of each nucleosome in the spacer region. A single
nucleosome core and spacer consists of about 200 base pairs of DNA.
The nucleosome “beads” are further condensed into higher-order
structures called solenoids, which can be packed into loops of chro-
matin that are attached to nonhistone matrix proteins. The orderly
packaging of DNA into chromatin performs several functions, not the
least of which is the packing of an enormous amount of DNA into the
small volume of the nucleus. This orderly packing allows each chromo-
some to be faithfully wound and unwound during replication and cell
division. Additionally, chromatin organization plays an important role
in the control of gene expression.

Cell Cycle, Mitosis, and Neiosis

Cell Cycle

In replicating somatic cells, the complete diploid set of chromosomes
is duplicated and the cell divides into two identical daughter cells, each
with chromosomes and genes identical to those of the parent cell. The
process of cell division is called mitosis, and the period between divi-
sions is called interphase. Interphase can be divided into G,, S, and G,
phases, and a typical cell cycle is depicted in Figure 1-5. During the G,
phase, synthesis of RNA and proteins occurs. In addition, the cell pre-
pares for DNA replication. S phase ushers in the period of DNA replica-
tion. Not all chromosomes are replicated at the same time, and within
a chromosome DNA is not synchronously replicated. Rather, DNA
synthesis is initiated at thousands of origins of replication scattered
along each chromosome. Between replication and division, called the
G, phase, chromosome regions may be repaired and the cell is made
ready for mitosis. In the G, phase, DNA of every chromosome of the
diploid set (2n) is present once. Between the S and G, phases, every
chromosome doubles to become two identical polynucleotides, referred
to as sister chromatids. Thus, all DNA is now present twice (2 X 2n =
4n).

Mitosis

The process of mitosis ensures that each daughter cell contains an
identical and complete set of genetic information from the parent cell;
this process is diagrammed in Figure 1-6. Mitosis is a continuous
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FIGURE 1-5 Cell cycle of a dividing mammalian cell, with
approximate times in each phase of the cycle. In the G; phase,
the diploid chromosome set (2n) is present once. After DNA
synthesis (S phase), the diploid chromosome set is present in
duplicate (4n). After mitosis (M), the DNA content returns to 2n. The
telomeres, centromere, and sister chromatids are indicated. (From
Nussbaum RL, Mclnnes RR, Willard HF: Thompson and Thompson's
Genetics in Medicine, 6th ed. Philadelphia, WB Saunders, 2001.)

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 1-6 Schematic representation of mitosis. Only 2 of the
46 chromosomes are shown. (From Vogel F, Motulsky AG: Human
Genetics: Problems and Approaches. New York, Springer-Verlag,
1979.)

process that can be artificially divided into four stages based on the
morphology of the chromosomes and the mitotic apparatus. The
beginning of mitosis is characterized by swelling of chromatin, which
becomes visible under the light microscope by the end of prophase.
Only 2 of the 46 chromosomes are shown in Figure 1-6. In prophase,
the two sister chromatids (chromosomes) lie closely adjacent. The
nuclear membrane disappears, the nucleolus vanishes, and the spindle
fibers begin to form from the microtubule-organizing centers, or
centrosomes, that take positions perpendicular to the eventual plane of
cleavage of the cell. A protein called tubulin forms the microtubules of
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the spindle and connects with the centromeric region of each chromo-
some. The chromosomes condense and move to the middle of the
spindle at the eventual point of cleavage.

After prophase, the cell is in metaphase, when the chromosomes are
maximally condensed. The chromosomes line up with the centromeres
located on an equatorial plane between the spindle poles. This is the
important phase for cytogenetic technology. When a cell is in meta-
phase, virtually all clinical methods of examining chromosomes cause
arrest of further steps in mitosis. Thus, we see all sister chromatids (4n)
in a standard clinical karyotype.

Anaphase begins as the two chromatids of each chromosome sepa-
rate, connected at first only at the centromere region (early anaphase).
Once the centromeres separate, the sister chromatids of each chromo-
some are drawn to the opposite poles by the spindle fibers. During
telophase, chromosomes lose their visibility under the microscope,
spindle fibers are degraded, tubulin is stored away for the next division,
and a new nucleolus and nuclear membrane develop. The cytoplasm
also divides along the same plane as the equatorial plate in a process
called cytokinesis. Cytokinesis occurs once the segregating chromo-
somes approach the spindle poles. Thus, the elaborate process of
mitosis and cytokinesis of a single cell results in the segregation of an
equal complete set of chromosomes and genetic material in each of
the resulting daughter cells.

Meiosis and the Meiotic Cell Cycle

In mitotic cell division, the number of chromosomes remains constant
for each daughter cell. In contrast, a property of meiotic cell division
is the reduction in the number of chromosomes from the diploid
number in the germline to the haploid number in gametes (from 46
to 23 in humans). To accomplish this reduction, two successive rounds
of meiotic division occur. The first division is a reduction division in
which the chromosome number is reduced by one half, and it is ac-
complished by the pairing of homologous chromosomes. The second
meiotic division is similar to most mitotic divisions, except the total
number of chromosomes is haploid rather than diploid. The haploid
number is found only in the germline; thus, after fertilization the
diploid chromosome number is restored. The selection of chromo-
somes from each homologous pair in the haploid cell is completely
random, thereby ensuring genetic variability in each germ cell. In addi-
tion, recombination occurs during the initial stages of chromosome
pairing during the first phase of meiosis, providing an additional layer
of genetic diversity in each of the gametes.

STAGES OF MEIOSIS

Figure 1-7 depicts the stages of meiosis. DNA synthesis has already
occurred before the first meiotic division and does not occur again
during the two stages of meiotic division. A major feature of meiotic

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 1-7 The stages of meiosis. Paternal chromosomes are green, maternal chromosomes are white.
A, Condensed chromosomes in mitosis. B, Leptotene. C, Zygotene. D, Diplotene with crossing over.

E, Diakinesis, anaphase |. F, Anaphase |. G, Telophase I. H; and H,, Metaphase II. I, Resolution of telophase I
produces two haploid gametes. (From Vogel F, Motulsky AG: Human Genetics: Problems and Approaches.

New York, Springer-Verlag, 1979.)
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division I is the pairing of homologous chromosomes at homologous
regions during prophase I; this is a complex stage in which many tasks
are accomplished, and it can be subdivided into substages based on
morphology of meiotic chromosomes. These stages are termed lepto-
nema, zygonema, pachynema, diplonema, and diakinesis. Conden-
sation and pairing occur during leptonema and zygonema (see Fig.
1-7C,D). The paired homologous chromosome regions are connected
at a double-structured region, the synaptonemal complex, during
pachynema. In diplonema, four chromatids of each kind are seen in
close approximation side by side (see Fig. 1-7D). Nonsister chromatids
become separated, whereas the sister chromatids remain paired; the
chromatid crossings (chiasmata) between nonsister chromatids can be
seen (see Fig. 1-7D). The chiasmata are believed to be sites of recom-
bination. The chromosomes separate at diakinesis (see Fig. 1-7E). The
chromosomes now enter meiotic metaphase I and telophase I (see
Fig. 1-7F,G).

Meiotic division II is essentially a mitotic division of a fully copied
set of haploid chromosomes. From each meiotic metaphase II, two
daughter cells are formed (see Fig. 1-7H, and H,), and a random
assortment of DNA along the chromosome is accomplished at division
(see Fig. 1-71). After meiosis II, the genetic material is distributed to
four cells as haploid chromosomes (23 in each cell). In addition to
random crossing over, there is also random distribution of nonho-
mologous chromosomes to each of the final four haploid daughter
cells. For these 23 chromosomes, the number of possible combinations
in a single germ cell is 2%, or 8,388,608. Thus 2* X 2* equals the
number of possible genotypes in the children of any particular com-
bination of parents. This impressive number of variable genotypes is
further enhanced by crossing over during prophase I of meiosis.
Chiasma formation occurs during pairing and may be essential to this
process, because there appears to be at least one chiasma per chromo-
some arm. A chiasma appears to be a point of crossover between two
nonsister chromatids that occurs through breakage and reunion of
nonsister chromatids at homologous points (Fig. 1-8).

SEX DIFFERENCES IN MEIOSIS

There are crucial distinctions between the two sexes in meiosis.

Males. In the male, meiosis is continuous in spermatocytes from
puberty through adult life. After meiosis II, sperm cells acquire the
ability to move effectively. The primordial fetal germ cells that produce
oogonia in the female give rise to gonocytes at the same time in the
male fetus. In these gonocytes, the tubules produce Ad (dark) sper-
matogonia (Fig. 1-9). During the middle of the second decade of life
in males, spermatogenesis is fully established. At this point, the number
of Ad spermatogonia is approximately 4.3 to 6.4 x 10° per testis. Ad
spermatogonia undergo continuous divisions. During a given division,
one cell may produce two Ad cells, whereas another produces two Ap
(pale) cells. These Ap cells develop into B spermatogonia and hence
into spermatocytes that undergo meiosis (see Fig. 1-9). Primary sper-
matocytes are in meiosis I, whereas secondary spermatocytes are in
meiosis II. Vogel and Rathenberg® calculated approximations of the
number of cell divisions according to age. On the basis of these approx-
imations, it can be estimated further that from embryonic age to 28
years, the number of cell divisions of human sperm is approximately
15 times greater than the number of cell divisions in the life history of
an oocyte.

Females. In the primitive gonad destined to become female, the
number of ovarian stem cells increases rapidly by mitotic cell division.
Between the 2nd and 3rd months of fetal life, oocytes begin to enter
meiosis (Fig. 1-10). By the time of birth, mitosis in the female germ cells
is finished and only the two meiotic divisions remain to be fulfilled.

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 1-8 Crossing over and chiasma formation.

A, Homologous chromatids are attached to each other.

B, Crossing over with chiasma occurs. C, Chromatid separation
occurs. (From Vogel F, Motulsky AG: Human Genetics: Problems
and Approaches. New York, Springer-Verlag, 1979.)

After birth, all oogonia are either transformed into oocytes or they
degenerate. Fetal germ cells increase from 6 x 10° at 2 months’ gestation
to 6.8 x 10° during the 5th month. Decline begins at this time, to about
2 x 10° at birth. Meiosis remains arrested in the viable oocytes until
puberty. At puberty, some oocytes start the division process again. An
individual follicle matures at the time of ovulation. At the completion
of meiosis I, one of the cells becomes the secondary oocyte, accumulat-
ing most of the cytoplasm and organelles, whereas the other cell
becomes the first polar body. The maturing secondary oocyte completes
meiotic metaphase II at the time of ovulation. If fertilization occurs,
meiosis II in the oocyte is completed, with the formation of the second
polar body. Only about 400 oocytes eventually mature during the repro-
ductive lifetime of a woman, whereas the rest degenerate. In the female,
only one of the four meiotic products develops into a mature oocyte;
the other three become polar bodies that usually are not fertilized.

There are, then, three basic differences in meiosis between males
and females:

1. In females, one division product becomes a mature germ cell and
three become polar bodies. In the male, all four meiotic products
become mature germ cells.
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FIGURE 1-9 Cell divisions during spermatogenesis. The overall number of cell divisions is much higher than in
oogenesis. It increases with advancing age. Ad, dark spermatogonia; Ap, pale spermatogonia; B, spermatogonia;
P1, spermatocytes. Concentric circles indicate cell atrophy. (From Vogel F, Motulsky AG: Human Genetics: Problems

and Approaches. New York, Springer-Verlag, 1979.)

2. In females, a low number of embryonic mitotic cell divisions occurs
very early, followed by early embryonic meiotic cell division that
continues to occur up to around the 9th month of gestation; divi-
sion is then arrested for many years, commences again at puberty,
and is completed only after fertilization. In the male, there is a much
longer period of mitotic cell division, followed immediately by
meiosis at puberty; meiosis is completed when spermatids develop
into mature sperm.

. In females, very few gametes are produced, and only one at a time,
whereas in males, a large number of gametes are produced virtually
continuously.

FERTILIZATION

The chromosomes of the egg and sperm are segregated after fertil-
ization into the pronuclei, and each is surrounded by a nuclear mem-
brane. The DNA of the diploid zygote replicates soon after fertilization,
and after division two diploid daughter cells are formed, initiating
embryonic development.

CLINICAL SIGNIFICANCE OF MITOSIS
AND MEIOSIS

The proper segregation of chromosomes during meiosis and
mitosis ensures that the progeny cells contain the appropriate genetic
instructions. When errors occur in either process, the result is that
an individual or cell lineage contains an abnormal number of chro-
mosomes and an unbalanced genetic complement. Meiotic non-

disjunction, occurring primarily during oogenesis, is responsible for
chromosomally abnormal fetuses in several percent of recognized
pregnancies. Mitotic nondisjunction can occur during tumor forma-
tion. In addition, if it occurs early after fertilization, it may result in
chromosomally unbalanced embryos or mosaicism that may result in
birth defects and mental retardation.

Analysis of Human Chromosomes

The era of clinical human cytogenetics began just about 50 years ago
with the discovery that somatic cells in humans contain 46 chromo-
somes. The use of a simple procedure—hypotonic treatment for
spreading the chromosomes of individual cells—enabled medical
scientists and physicians to microscopically examine and study chro-
mosomes in single cells rather than in tissue sections. Between 1956
and 1959, it was recognized that visible changes in the number or
structure of chromosomes could result in a number of birth defects,
such as Down syndrome (trisomy 21), Turner syndrome (45,XO),
and Klinefelter syndrome (47,XXY). Chromosome disorders repre-
sent a large proportion of fetal loss, congenital defects, and mental
retardation. In the practice of obstetrics and gynecology, clinical indi-
cations for chromosome analysis include abnormal phenotype in a
newborn infant, unexplained first-trimester spontaneous abortion
with no fetal karyotype, pregnancy resulting in stillborn or neonatal
death, fertility problems, and pregnancy in women of advanced
age.>"
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FIGURE 1-10 Meiosis in the human female. Meiosis starts after 3 months of development. During
childhood, the cytoplasm of oocytes increases in volume, but the nucleus remains unchanged. About 90% of
all oocytes degenerate at the onset of puberty. During the first half of every month, the luteinizing hormone

of the pituitary stimulates meiosis, which is now almost completed (end of the prophase that began during
embryonic stage; metaphase |, anaphase |, telophase |, and—within a few minutes—prophase Il and
metaphase Il). Then meiosis stops again. A few hours after metaphase | is reached, ovulation is induced by
luteinizing hormone. Fertilization occurs in the fallopian tube, and then the second meiotic division is complete.
Nuclear membranes are formed around the maternal and paternal chromosomes. After some hours, the two
“pronuclei” fuse and the first cleavage division begins. (From Bresch C, Haussmann R: Klassiche und

Moleculare Genetik, 3rd ed. Berlin, Springer-Verlag, 1972.)

Preparation of Human

Metaphase Chromosomes

Metaphase chromosomes can be prepared from any cell undergoing
mitosis. Clinical and research cytogenetic laboratories routinely
perform chromosome analysis on cells derived from peripheral blood,
bone marrow, amniotic fluid, skin, or other tissues in situ and in tissue
culture. For clinical cytogenetic diagnosis in living nonleukemic indi-
viduals, it is easiest to obtain metaphase cells from peripheral blood
samples. To obtain adequate numbers of metaphase cells from periph-
eral blood, mitosis must be induced artificially, and in most proce-
dures, phytohemagglutinin, a mitogen, is used for this purpose.

Specifically, T-cell lymphocytes are induced to undergo mitosis;
thus, almost all chromosome analyses of human peripheral blood
samples produce karyotypes of T lymphocytes. In general descriptive
terms, a suspension of peripheral blood cells is incubated at 37°C
in tissue culture media with mitogen for 72 hours to produce an
actively dividing population of cells. The cells are then incubated for
1 to 3 hours in a dilute solution of a mitotic spindle poison such
as colchicine to stop the cells in metaphase when chromosomes are
condensed. Next, the nuclei containing the chromosomes are made
fragile by swelling in a short treatment (10 to 30 minutes) in a hypo-
tonic salt solution. The chromosomes are fixed in a mixture of alcohol



CHAPTER 1 Basic Genetics and Patterns of Inheritance

and acetic acid and then gently spread on a glass slide for drying and
staining.

Most cytogenetic laboratories use one or more staining procedures
that stain each chromosome with variable intensity at specific regions,
thereby providing “bands” along the chromosome; hence, the term
banding patterns is used to identify chromosomes. All procedures are
effective and provide different types of morphologic information
about individual chromosomes. For convenience in descriptive termi-
nology, various banding patterns have been named for the methods by
which they were revealed. Some of the more commonly used methods
are as follows:

1. G bands are revealed by Giemsa staining in association with various
other secondary steps. This is probably the most widely used
banding technique.

2. Quinacrine mustard and similar fluorochromes provide fluorescent
staining for Q bands. The banding patterns are identical to those in
G bands, but a fluorescence microscope is required. Q banding is
particularly useful for identifying the Y chromosomes in both meta-
phase and interphase cells.

3. R bands are the result of “reverse” banding. They are produced by
controlled denaturation, usually with heat. The pattern in R banding
is opposite to that in G and Q banding; light bands produced on G
and Q banding are dark on R banding, and dark bands on G and
Q banding are light on R banding.

4. T bands are the result of specific staining of the telomeric regions
of the chromosome.

5. C bands reflect constitutive heterochromatin and are located pri-
marily on the pericentric regions of the chromosome.

Modifications and new procedures of band staining are con-
stantly being developed. For example, a silver stain can be used to
identify specifically the nucleolus organizer regions that were function-
ally active during the previous interphase. Other techniques enhance
underlying chromosome instability and are useful in identifying certain
aberrations associated with malignancies. Recent modifications of the
basic culture-staining procedures have resulted in more elongated
chromosomes, prophase-like in appearance, with more readily identifi-
able banding patterns.

Figure 1-11 depicts an ideogram of G banding in two normal chro-
mosomes. Starting from the centromeric region, each chromosome is
organized into two regions: the p region (short arm) and the q region
(long arm). Within each region, the area is further subdivided numeri-
cally. These numerical band designations greatly facilitate the descrip-
tiveidentification of specific chromosomes. A complete male karyogram
is depicted in Figure 1-12. A female karyogram would have two X
chromosomes.

Molecular Cytogenetics: Fluorescence In Situ
Hybridization and Multicolor Karyotyping

Besides routine karyotyping methods, more specific and sophisticated
techniques have been developed that make use of fluorescence tech-
niques and specific DNA sequences isolated by molecular biologic
techniques. These techniques allow the evaluation of a chromosomal
preparation for gain or loss of specific genes or chromosome regions
and for the presence of translocations. In fluorescence in situ hybrid-
ization (FISH), DNA probes representing specific genes, chromosomal
regions, and even whole chromosomes can be labeled with fluo-
rescently tagged nucleotides. After hybridization to metaphase or
interphase preparations of chromosomes (or both), these probes will
specifically bind to the gene, region, or chromosome of interest (Fig.

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 1-11 An ideogram of two representative chromosomes.
Chromosome 8 and chromosome 15 represent arbitrary examples of
schematic high-resolution mid-metaphase Giemsa banding. At the
level of resolution demonstrated in this figure, a haploid set of 23
chromosomes has a combined total of approximately 550 bands.
Light red areas represent the centromere, and the blue and white
areas represent regions of variable size and staining intensity. The
green area at the end of chromosome 15 is satellite DNA. A detailed
ideogram of the entire human haploid set of chromosomes was
published by the Standing Committee on Human Cytogenetic
Nomenclature. (ISCN: Report of the Standing Committee on Human
Cytogenetic Nomenclature. Basel, Karger, 1995.)

1-13). This technique facilitates the detection of fine details of chromo-
some structure. For example, any single-copy gene is normally present
in two copies in a diploid cell, one copy on each homologous chromo-
some. If one of the genes is missing in certain disease states, then only
one copy will be detected by FISH with a probe specific for that gene.
If the gene is present in numerous copies, as often occurs with certain
oncogenes in tumors, multiple copies will be detected.

Similarly, entire chromosomes can be isolated by flow cytometry
and probes prepared by labeling the entire chromosomal DNA com-
plement (called a chromosome paint probe). When hybridized under
appropriate conditions to metaphase or interphase preparations of
chromosomes (or both), these probes will specifically detect the chro-
mosome of interest. A translocation that occurs between two chromo-
somes can be easily detected with a chromosomal paint probe to one
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FIGURE 1-12 A standard G-banded karyogram. There is a total of approximately 550 bands in one haploid
set of chromosomes in this karyogram. The sex karyotype is XY (male). A female karyogram would show two

X chromosomes.

FIGURE 1-13 A schematic representation of fluorescence in situ
hybridization. The DNA target (chromosome) and a short DNA
fragment “probe” containing a nucleotide (e.g., deoxyribonucleotide
triphosphate [dNTP]) labeled with biotin are denatured. The probe is
specific for a chromosomal region containing the gene or genes of
interest. During renaturation, some of the DNA molecules containing
the region of interest hybridize with complementary nucleotide
sequences in the probe, and with subsequent binding to a
fluorochrome marker (fluorescein-avidin) a signal (yellow-green) is
produced. The two lower panels demonstrate a metaphase cell and an
interphase cell. The probe used is specific for chromosome 7. A
control probe for band g36 on the long arm establishes the presence
of two number 7 chromosomes. The second probe is specific for the
Williams syndrome region at band 7q11.23. This signal is more intense
and demonstrates no deletion at region 7g11.23 and essentially
excludes the diagnosis of Williams syndrome. The signals are easily
visible in both the metaphase and interphase cells.

of the translocation partners. Normally, this probe would identify two
diploid chromosomes, and the entire length of each chromosome will
be fluorescent. In contrast, the paint probe will identify a normal
completely labeled chromosome and two new incompletely labeled
chromosomes, representing the translocated fragments.

Recently, an extension of this methodology has been developed that
is useful for the fluorescent detection and analysis of all chromosomes
simultaneously. One such method is called spectral karyotyping (Fig.
1-14). A large number of fluorescent tags are available that can be used
individually or in combination to prepare labeled chromosomes. It is
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possible to individually label each chromosome with unique combina-
tions of these tags so that each one will emit a unique fluorescent signal
when hybridized to chromosomal preparations. If all uniquely labeled
chromosomal paint probes are mixed and hybridized to metaphase
preparations simultaneously, each chromosome will emit a unique
wavelength of light. These different wavelengths can be detected by a
microscope-mounted spectrophotometer linked to a high-resolution
camera. Sophisticated image analysis programs can then distinguish
individual chromosomes, and a metaphase spread will appear as a
multicolored array (see Fig. 1-14). With knowledge of the expected



FIGURE 1-14 Spectral karyotyping (SKY). A, A normal human karyotype after SKY analysis, showing the
presence of two copies of each chromosome, each pair with a different color. In addition, the X and Y
chromosomes are different colors. B, SKY analysis of a tumor cell line, displaying extra copies of nearly all
chromosomes, as well as translocations. These can be appreciated as chromosomes consisting of two colors.
(Photos courtesy of Dr. Karen Arden, Ludwig Cancer Institute, UCSD School of Medicine.)

emission from each chromosome, the signal from each chromosome
can be specifically identified, and the entire metaphase can be displayed
as a karyogram. This method is particularly useful for the identifica-
tion of translocations between chromosomes.

Copy Number Variation and High-Resolution

Comparative Genomic Hybridization

Once the human genome was sequenced, producing an “average”
human genome, the next phase of analysis was to find genome varia-
tions in individuals and in populations. One of the most remarkable
findings was that individuals differ in the number of copies they have
of pieces of DNA scattered throughout their genome.”> Copy number
variation (CNV) is the most prevalent type of structural variation in
the human genome, and it contributes significantly to genetic hetero-
geneity. CNVs can be detected by whole-genome-array technologies,
often referred to as high-resolution comparative genomic hybridization
(hCGH), and careful measurement of intensities of hybridization to
these arrays can provide a measure of regional duplication and dele-
tion. Some of these CNVs are common in populations, but the extent
of common CNVs has been difficult to estimate. Several array plat-
forms were used in the early studies, making it difficult to compare
one study with another. Also, more population studies and reference
databases for control populations and populations with certain
diseases are needed to determine the association between CNV fre-
quency and disease. Some CNVs can contribute to human phenotype,
including rare genomic disorders and mendelian diseases. Other
CNVs are likely to be found to influence human phenotypic diversity

and disease susceptibility. This is an active area of research that will
very likely lead to findings with clinical importance in the near
future.

Characteristics of the More Common
Chromosome Aberrations in Humans

Abnormalities in Chromosome Number

Alteration of the number of chromosomes is called heteroploidy. A
heteroploid individual is euploid if the number of chromosomes is a
multiple of the haploid number of 23, and aneuploid if there is any
other number of chromosomes. Abnormalities of single chromosomes
are usually caused by nondisjunction or anaphase lag, whereas whole-
genome abnormalities are referred to as polyploidization.

ANEUPLOIDY

Aneuploidy is the most frequently seen chromosome abnormality
in clinical cytogenetics, occurring in 3% to 4% of clinically recognized
pregnancies. Aneuploidy occurs during both meiosis and mitosis. The
most significant cause of aneuploidy is nondisjunction, which may
occur in both mitosis and meiosis but is observed more frequently in
meiosis. One pair of chromosomes fails to separate (disjoin) and is
transferred in anaphase to one pole. Meiotic nondisjunction can occur
in meiosis I or II. The result is that one product will have both members
of the pair and one will have neither of that pair (Fig. 1-15). After
fertilization, the embryo will either contain an extra third chro-
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FIGURE 1-15 Nondisjunction of the X
chromosome in the first and second meiotic
divisions in a female. Fertilization is by a
Y-bearing sperm. An XXY genotype and
phenotype can result from both first and
second meiotic division nondisjunction. (From
Vogel F, Motulsky AG: Human Genetics:
Problems and Approaches. New York,
Springer-Verlag, 1979.)

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

mosome (trisomy) or have only one of the normal chromosome pair
(monosomy).

Anaphase lag is another event that can lead to abnormalities in
chromosome number. In this process, one chromosome of a pair does
not move as rapidly during the anaphase process as its sister chromo-
some and is lost. Often this loss leads to a mosaic cell population, one
euploid and one monosomic (e.g., 45,X0/46,XX mosaicism).

POLYPLOIDY

In affected fetuses that are polyploid, the whole genome is present
more than once in every cell. When the increase is by a factor of one
for each cell, the result is triploidy, with 69 chromosomes per cell.
Triploidy is most often caused by fertilization of a single egg with two
sperm, but rarely it results from the duplication of chromosomes
during meiosis without division.

Alterations of Chromosome Structure

Structural alterations in chromosomes constitute the other major
group of cytogenetic abnormalities. Such defects are seen less fre-
quently in newborns than numerical defects and occur in about
0.0025% of newborns. However, chromosome rearrangements are a
common occurrence in malignancies. Structural rearrangements are
balanced if there is no net loss or gain of chromosomal material, or
unbalanced if there is an abnormal genetic complement.

DELETIONS AND DUPLICATIONS

Deletions refer to the loss of a chromosome segment. Deletions may
occur on the terminal segment of the short or long arm. Alternatively,
an interstitial deletion may occur anywhere on the chromosome.

Deletions can result from chromosomal breakage and when loss of the
deleted fragment lacks a centromere (Fig. 1-16), or from unequal
crossover between homologous chromosomes. One of the chromo-
somes carries a deletion, whereas the other reciprocal event is a dupli-
cation. A ring chromosome results from terminal deletions on both the
short and long arms of the same chromosome (Fig. 1-17).

Autosomal Deletion and

Duplication Syndromes

Autosomal deletions and duplications are often associated with
clinically evident birth defects or milder dysmorphisms. Often the
chromosomal defect is unique to that individual, and it is difficult
to provide prognostic information to the family. In a few cases, a
number of patients with similar phenotypic abnormalities were found
to display similar cytogenetic defects. Some of these are cytogenetically
detectable, whereas others are smaller and require molecular cytoge-
netic techniques. These are termed microdeletion and microduplica-
tion syndromes and merely reflect the size of the deletion or duplication.
Table 1-2 summarizes some of the deletion and duplication syndromes
that have been described and for which commercial FISH probes are
available.

INSERTIONS
In the process of insertion, an interstitial deleted segment is inserted
into a nonhomologous chromosome (Fig. 1-18).

INVERSIONS
Inversions more often involve the centromere (pericentric) rather
than noncentromeric areas (paracentric). Figure 1-19 is a diagram-
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FIGURE 1-16 Schematic representation of two kinds of deletion
events. A single double-strand break (small black arrow) may
produce a terminal deletion if the end is repaired to retain telomere
function. The telomeric fragment lacks a centromere (indicated by the
filled oval in the intact chromosome) and will generally be lost in the
next cell division. A chromosome with two double-strand breaks (pair
of black arrows) may suffer an interstitial deletion if the break is
repaired by end joining of the centromeric and telomeric fragments.

matic representation of a pericentric inversion. Inversions reduce
pairing between homologous chromosomes, and crossing over may be
suppressed within inverted heterozygote chromosomes. For homolo-
gous chromosomes to pair, one must form a loop in the region of the
inversion (Fig. 1-20). If the inversion is pericentric, the centromere lies
within the loop. When crossing over occurs, each of the two chroma-
tids within the crossover has both a duplication and a deletion. If
gametes are formed with the abnormal chromosomes, the fetus will be
monosomic for one portion of the chromosome and trisomic for
another portion. One result of abnormal chromosome recombinants
might be increased fetal demise from duplication or deficiency of a
chromosomal region.

When pericentric inversion occurs as a new mutation, usually the
result is a phenotypically normal individual. However, when a carrier
of a pericentric inversion reproduces, the pairing events just described
may occur. If fertilization involves the abnormal gametes, there is a risk
for abnormal progeny. When pericentric inversion is observed in a
phenotypically abnormal child, parental karyotyping is indicated.

An exception to this rule involves a pericentric inversion in chro-
mosome 9, the most common inversion noted in humans. The fre-
quency of this inversion has been observed to be approximately 5%
in 14,000 amniotic fluid cultures. In the 30 or so instances in which
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FIGURE 1-17 Ring chromosome formation. A chromosome with a
double-strand break on each side of its centromere (filled oval) can
result in terminal deletions (see Fig. 1-16), pericentric inversion, or
formation of a ring chromosome by joining the two centromeric ends
from the breaks. In the case of ring chromosome formation, the
acentric fragments would be lost in the next cell division.

L. RS BBl DIAGNOSIS OF MICRODELETION
SYNDROMES

Syndrome Chromosome Band Chromosome Defect
Alagille 20p12.1-p11.23 Deletion

Angelman 15911-g13 Deletion (maternal genes)
Cri du chat 5p156.2-p15.3 Deletion

DiGeorge* 22911.21-911.23 Deletion

Miller-Dieker 17p13.3 Deletion

Prader-Willi 15911-g13 Deletion (paternal genes)
Rubenstein-Taybi 16p13.3 Deletion

Smith-Magenis 17p11.2 Deletion

WAGR 11p13 Deletion

Williams 7911.23 Deletion

Wolf-Hirschhorn  4p16.3 Deletion

*Patients with velocardiofacial (Shprintzen [catch 22] syndrome) also
have deletions at 22q11.21-q11.23.
WAGR, Wilms tumor, aniridia, genital anomalies, growth retardation.

parental karyotyping was performed, invariably one or the other parent
carried a pericentric inversion on one number 9 chromosome. One
explanation for the apparently benign status of pericentric inversion
in this chromosome is that the pericentric region on chromosome
9 contains many highly repetitive or genetically silent regions in the
nucleotide sequence, so that inversion in this region is of no clinical
consequence. Another explanation could be that inversions involving
relatively short DNA sequences may not be involved in crossing over.

TRANSLOCATIONS

A translocation is the most common form of chromosome struc-
tural rearrangement in humans. There are two types: reciprocal (Fig.
1-21) and robertsonian (Fig. 1-22).

Reciprocal Translocation. If a reciprocal translocation is bal-
anced, phenotypic abnormalities are uncommon. Unbalanced trans-
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locations result in miscarriage, stillbirth, or live birth with multiple
malformations, developmental delay, and mental retardation. Recipro-
cal translocations nearly always involve nonhomologous chromosomes
among any of the 23 chromosome pairs, including chromosomes X
and Y.

Gametogenesis in heterozygous carriers of translocations is espe-
cially significant because of the increased risk for chromosome segre-
gation that produces gametes with unbalanced chromosomes in the
diploid set (see Fig. 1-21). In a reciprocal translocation, there will be
four chromosomes with segments in common (see Fig. 1-21). During
meiosis, homologous segments must match for crossing over, so that
in a translocation set of four, a quadrivalent is formed. During meiosis
I, the four chromosomes may segregate randomly in two daughter cells
with several results.

In 2:2 alternate segregation (see Fig. 1-21), one centromere segre-
gates to one daughter cell and the next centromere segregates to the
other daughter cell. This is the only mode that leads to a normal or
balanced normal karyotype. Adjacent segregation and 3 : 1 nondisjunc-
tion segregation all produce unbalanced gametes.

If a gamete is chromosomally unbalanced, the odds are increased
for spontaneous abortion. In familial translocations, the risk of unbal-
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FIGURE 1-18 Interstitial translocations. Interstitial translocations
can result from repair by end joining of fragments from
nonhomologous chromosomes. In the example illustrated, a fragment
QRS is liberated from one chromosome and inserted at a break
between k and | in the recipient chromosome.

anced progeny seems to depend on the method of ascertainment. For
example, if a familial reciprocal translocation is ascertained by a chro-
mosomally unbalanced live birth or stillbirth, the risk for subsequent
chromosomally unbalanced children is approximately 15% and the
risk for spontaneous abortion or stillbirth is approximately 25%. In
contrast, if the ascertainment is unbiased, risk for chromosomally
unbalanced live birth is 1% to 2%, but the risk for miscarriage or
stillbirth remains at 25%.

There appears to be a parental sex influence on the risk for chro-
mosomally unbalanced progeny associated with certain types of seg-
regants. In general, the risk for unbalanced progeny is higher if the
female parent carries the translocation than it is with the paternal
carrier. In addition, a viable conceptus is influenced by the type of
configuration produced during meiosis by the translocated chromo-
somes. In general, larger translocated fragments and more asym-
metrical pairing are associated with a greater likelihood for abnormal
outcome of pregnancy.

Robertsonian Translocation. Robertsonian translocations in-
volve only the acrocentric chromosome pairs 13, 14, 15, 21, and 22.
They are joined end to end at the centromere and may be homologous
(e.g., t21;21) or nonhomologous (e.g., t13;14). Robertsonian translo-
cation is named for an insect cytogeneticist, W. R. B. Robertson,
who in 1916 was the first to describe a translocation involving two
acrocentric chromosomes. The robertsonian translocation is unique
because the fusion of two acrocentric chromosomes usually involves
the centromere (see Fig. 1-22) or regions close to the centromere.
However, reciprocal translocations may also include acrocentric
chromosomes.

Robertsonian translocations are nearly always nonhomologous.
Most homologous robertsonian translocations produce nonviable
conceptuses. For example, translocation 14;14 would result in either
trisomy 14 or monosomy 14, and both are nonviable.

The most common nonhomologous robertsonian translocation in
humans is 13;14. Approximately 80% of all nonhomologous robert-
sonian translocations involve chromosomes 13, 14, and 15. The next
most common are translocations involving one chromosome from
pairs 13, 14, and 15 and one chromosome from pairs 21 and 22.

Figure 1-23 illustrates gametogenesis in a nonhomologous 14;21
robertsonian translocation carrier and also represents the model for
segregation during gametogenesis with any robertsonian transloca-
tion. Translocation carriers theoretically produce six types of gametes
in equal proportions. Monosomic gametes are generally nonviable, as
are many trisomies (e.g., trisomy 14 or 15). Asillustrated, three gametes
may result in viable conceptuses and one (B,) may produce a liveborn
abnormal infant.

Robertsonian translocation 14;21 is the most medically signifi-
cant in terms of incidence and genetic risk. In contrast, the most
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FIGURE 1-19 An example of a possible mechanism for development of a pericentric
inversion. I, Normal sequence of coded information on the chromosome. Il, Formation of
a loop involving a chromosome region. lll, Breakage and reunion at the arrows, where the
chromosome loop intersects itself. IV, Formation of the inverted information sequence

after reunion.
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FIGURE 1-20 Inversions. Crossing over within
the inversion loop of an inversion heterozygote
results in aberrant chromatids with duplications or
deficiencies. (From Srb AM, Owen RD, Edgar RS:
General Genetics, 2nd ed. San Francisco, WH

Rights were not granted to include this figure in electronic media.

Please refer to the printed publication.
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FIGURE 1-21 Chromosome segregation during meiosis in a
reciprocal translocation heterozygote. (Modified from Gardner
RJM, Sutherland GR: Chromosome Abnormalities and Genetic
Counseling. New York, Oxford University Press, 1989.)

FIGURE 1-22 Formation of a centric fusion (monocentric)

robertsonian translocation. Robertsonian translocations involve only
the acrocentric chromosomes.

frequent robertsonian translocation, 13;14, rarely produces chromo-
somally unbalanced progeny. Nonetheless, genetic counseling and
at least consideration of prenatal diagnosis is recommended for
all families with a robertsonian or reciprocal chromosome
translocation.

ISOCHROMOSOMES

An isochromosome is a structural rearrangement in which one arm
of a chromosome is lost and the other arm is duplicated. The resulting
chromosome is a mirror image of itself. Isochromosomes often involve
the long arm of the X chromosome.
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FIGURE 1-23 Gametogenesis for robertsonian translocation. A,
is balanced with 22 chromosomes, including t(14g21q). A, is normal
with 22 chromosomes. B; is abnormal with 23 chromosomes,
including t(14g21q) and 21. This gamete would produce an infant
with Down syndrome. B, is abnormal with 22 chromosomes and
monosomy for chromosome 21. C; is abnormal with 23
chromosomes, including t(14g21q) and 14. C, is abnormal with 22
chromosomes and no chromosome 14.

Clinical and Biologic Considerations of
the Sex Chromosomes

The X and Y chromosomes merit separate discussions. They have dis-
tinct patterns of inheritance and are structurally different. However,
they pair in male meiosis because of the presence of the pseudoauto-
somal region at the ends of the short arms of the X and Y chromo-
somes. The pseudoautosomal region is the only region of homology
between the X and Y chromosomes, and both pairing and recombina-
tion occur in this region.

The primitive gonad is undifferentiated, and phenotypic sex in
humans is determined by the presence or absence of the Y chromo-
some. This is the case for two reasons. First, in the absence of the Y
chromosome, the primitive gonad will differentiate into an ovary, and
female genitalia will form. Thus, the female sex is the default sex.
Second, the SRY gene, present on the Y chromosome, is necessary and
sufficient for testis formation and for male external genitalia.

The X chromosome is present in two copies in females but only one
copy in males. To equalize dosage (copy number) differences in critical
genes on the X chromosomes between the two sexes, one of the X
chromosomes is randomly inactivated in somatic cells of the female."'
In addition, in cells with more than two X chromosomes, all but one
of them are inactivated. This ensures that in any diploid cell, regardless
of sex, only a single active X chromosome is present. X inactivation
results in the complete inactivation of about 90% of the genes on the
X chromosome. This is noteworthy because 10% of genes on the X
chromosome escape X inactivation. Many of these are clustered on the
short arm of X, so aneuploidies involving this region may have greater
clinical significance than those on the long arm. X chromosome inac-
tivation occurs because of the presence of an X inactivation center on
Xq13 that contains a gene called XIST that is expressed on the allele of
the inactive X chromosome. At the moment, the mechanism of action
of XIST in X chromosome inactivation is unclear.

Although X inactivation is random in normal somatic cells, struc-
tural abnormalities of the X chromosome often result in nonrandom
X inactivation. In general, when a structural abnormality involves only
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one X chromosome (i.e., deletion, isochromosome, ring chromosome),
the abnormal X chromosome always appears to be the one inacti-
vated." If the structural abnormality is a translocation between part
of one X chromosome and an autosome, the “normal” X seems to be
the one genetically inactive. Although this pattern is not proven, it is
assumed that if the X chromosome translocated to an autosome is
genetically inactivated, part or all of that autosome might also become
inactive, rendering that cell functionally monosomic for the autosome
and thus nonviable. This phenomenon helps to explain why some
females heterozygous for X-linked recessive biochemical disorders,
such as Duchenne muscular dystrophy, have phenotypic expression of
that disorder. In this instance, if the mutant X chromosome is the one
involved in the X autosome translocation and the normal allele is
inactive by virtue of being on the normal inactive X chromosome, it
is likely that the female will express the disease.

Abnormalities of the sex chromosomes or genes on the sex chro-
mosomes may affect any of the stages of sexual and reproductive
development. Although an increased number of either the X or the Y
chromosome enhances the likelihood of mental retardation and other
anatomic anomalies, irrespective of the sex phenotype, aneuploidy of
the sex chromosome does not alter prenatal fetal development nearly
as much as aneuploidy of an autosome. Of note, many mutations or
deletions in the X chromosome do result in X-linked mental retarda-
tion. Numeric and structural sex chromosome aneuploidies are sum-
marized in Table 1-3, and we briefly describe only a few of the more
common sex chromosome aberrations.

Turner Syndrome

Although Turner syndrome occurs in approximately 1 per 10,000 live-
born females, it is one of the chromosome abnormalities most com-
monly observed in studies of spontaneous abortuses. It is unknown
why the same chromosomal defect usually results in spontaneous fetal
loss but is also compatible with survival. It is often detected prenatally
through ascertainment of a cystic hygroma by fetal ultrasound exami-
nation during the first or second trimester. Although there is wide
variability in the phenotypic expression of Turner syndrome, it is one
sex chromosome abnormality that should be identifiable by physical
examination of the newborn.

Turner syndrome is associated with a 45,XO karyotype. Sex chro-
mosome mosaics (such as 46,XX/45,X0) and structurally abnormal
karyotypes (such as 46,X/delX and 46,X/isoX) are all phenotypic
females like those with 45,XO Turner syndrome, but they have fewer
of the typical manifestations associated with the 45,XO phenotype.
The paternally derived X chromosome is more often missing in the
45,XO karyotype.

Some of the common features of the 45,XO phenotype and the
frequencies with which they are seen are listed in Table 1-4. Mental
retardation is not normally seen in this syndrome unless a small ring
X chromosome is present. Although there is inadequate information
at present to permit assessment of longevity and cause of death in adult
life, the general health prognosis is good for childhood and young adult
life with this phenotype. Renal anomalies, when present, rarely cause
significant health problems, and when congenital heart disease is part
of the phenotype, surgery is generally effective. The congenital lymph-
edema usually disappears during infancy, and when webbing of the
neck poses a cosmetic problem, it can be corrected by plastic surgery.
Short stature is a persistent problem. If a diagnosis is achieved early,
height increase and external sexual development may be achieved with
the collaboration of a knowledgeable endocrinologist. In particular,
growth hormone therapy is standard and results in significant increases
in adult height. Affected patients are nearly always sterile, and the
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TABLE 1-3

NUMERIC AND STRUCTURAL X-CHROMOSOMAL ANEUPLOIDIES IN HUMANS

Rights were not granted to include this table in electronic media.
Please refer to the printed publication.

From Vogel F, Motulsky AG: Human Genetics: Problems and Approaches. New York, Springer-Verlag, 1979.

45,X0 PHENOTYPE: MAJOR
FEATURES AND THEIR INCIDENCE

Feature Incidence (%)

Small stature, often noted at birth 100

Ovarian dysgenesis with variable degree of 90+
hypoplasia of germinal elements

Transient congenital lymphedema, especially 80+
notable over the dorsum of the hands and feet

Shieldlike, broad chest with widely spaced, 80+
inverted, and/or hypoplastic nipples

Prominent auricles 80+

Low posterior hairline, giving the appearance of 80+
a short neck

Webbing of posterior neck 50

Anomalies of elbow, including cubitus valgus 70

Short metacarpal and/or metatarsal 50

Narrow, hyperconvex, and/or deepset nails 70

Renal anomalies 60+

Cardiac anomalies (coarctation of the aorta in 20+
70% of cases)

Perceptive hearing loss 50

emotional adjustment to this issue should be part of any medical
management of gonadal dysgenesis.

When the diagnosis of 45,XO karyotype or a variant is missed
during infancy or childhood, a complaint of persisting short stature or
amenorrhea finally brings the patient to the physician. Often this delay
precludes any specific therapy for the short stature. In rare variants of
Turner syndrome, some cells may carry a Y chromosome, suggesting
that such an individual was initially an X,Y male but the Y chromo-
some was lost. Occasionally, the Y chromosome line is found only in
the germ cells, and the clinical manifestation in the individual may be
virilization during adolescence or an unexplained growth spurt. In
these cases, it is imperative to perform a gonadal biopsy for histologic
and chromosome analysis. Ifa Y chromosome cell line is demonstrated
in gonadal tissue, extirpation is indicated to prevent subsequent malig-
nant transformation in gonadal cells.

Klinefelter Syndrome

Klinefelter syndrome, which occurs in approximately 1 per 700 to 1000
liveborn males, is associated with a 47,XXY karyotype. Major physical
features of Klinefelter syndrome are as follows:

1. Relatively tall and slim body type, with relatively long limbs (espe-
cially the legs) is seen beginning in childhood.

2. Hypogonadism is seen at puberty, with small, soft testes and usually
a small penis. Infertility is the rule. Gynecomastia is frequent, and
cryptorchidism or hypospadias may be seen. Lack of virilization at
puberty is common; indeed, it is often the reason for the patient to
seek medical attention.

3. There is a tendency toward lower verbal comprehension and
poorer performance on intelligence quotient tests, with learning
disabilities a common feature. There is a higher incidence of
behavioral and social problems, often requiring professional
help.

There are several karyotypic variants of Klinefelter syndrome with
more than two X chromosomes (such as the karyotype 48,XXXY). As
the number of X chromosomes increases, there is a corresponding
increase in the severity of the phenotype, with a greater incidence of
mental retardation and with more physical abnormalities than in the
typical syndrome. Approximately 15% of individuals with some of the
Klinefelter phenotype have 47,XXY/46,XY mosaicism. Such mosaic
individuals have more variable phenotypes and have a somewhat better
prognosis for testicular function. In general, chromosome aneuploidies
that include the Y chromosome are less likely to be diagnosed clinically
during infancy or childhood. In fact, individuals are often first diag-
nosed during evaluation for infertility.

Prevalence of Chromosome
Disorders in Humans

Identifiable abnormalities in the human karyotype occur more fre-
quently than mutations, leading to mendelian hereditary disease. Table
1-5 summarizes studies on the incidence of sex chromosome and
autosomal chromosomal abnormalities.’
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L/ AR BN INCIDENCE OF CHROMOSOMAL
ABNORMALITIES IN SURVEYS

OF NEWBORNS

Rights were not granted to include this table in electronic media.
Please refer to the printed publication.

From Hsu LYF: Prenatal diagnosis of chromosomal abnormalities
through amniocentesis. In Milunsky A (ed): Genetic Disorders and the
Fetus, 4th ed. Baltimore, Johns Hopkins University Press, 1998, p 179.

The most common autosomal numerical disorders in liveborn
humans are trisomy 21, trisomy 18, and trisomy 13. Numerous studies
have shown that trisomy 21 is the most common aneuploidy among
liveborn humans. On the other hand, balanced reciprocal transloca-
tions occur almost as frequently. Trisomy 13 occurs at a much lower
frequency than trisomy 18 or trisomy 21, possibly because of increased
fetal demise with this mutation.” Among sex chromosomes, aneuploi-
dies 45,X, 47,XYY, and 47,XXY are seen in liveborn infants.

It is noteworthy that the incidence of common chromosome abnor-
malities such as trisomy 21 is nearly 10 times greater than the incidence
of genetic diseases such as achondroplasia, hemophilia A, and
Duchenne muscular dystrophy. The cumulative data on chromosome
abnormalities reveal an unanticipated finding. Chromosome analysis
in newborns from several worldwide population samples shows the
overall incidence of chromosome abnormalities to be 0.5% to 0.6%.
In a large study series of nearly 55,000 infants, more than two thirds
had no significant physical abnormality in association with these
chromosomal defects, and of the one third with significant phenotype
abnormalities, nearly 66% had trisomy 21.°

Chromosome Abnormalities in
Abortuses and Stillbirths

About 15% of pregnancies terminate in spontaneous abortions, and at
least 80% of those do so in the first trimester. The incidence of chro-
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TABLE 1-6

FREQUENCY OF CHROMOSOME
ABNORMALITIES IN
SPONTANEOUS ABORTIONS
WITH ABNORMAL KARYOTYPES

Approximate Proportion of

Type Abnormal Karyotypes
Aneuploidy
Autosomal trisomy 0.52
Autosomal monosomy <0.01
45,X 0.19
Triploidy 0.16
Tetraploidy 0.06
Other 0.07

Based on analysis of 8841 unselected spontaneous abortions,

as summarized by Hsu LYF: Prenatal diagnosis of chromosomal
abnormalities through amniocentesis. In Milunsky A (ed): Genetic
Disorders and the Fetus, 4th ed. Baltimore, Johns Hopkins University
Press, 1998, p 179.

mosome abnormalities in spontaneous abortuses during the first tri-
mester has been reported to be as high as 61.5%.'* Table 1-6 summarizes
the karyotype incidence in chromosomally abnormal abortuses.” For
comparison, note the incidence of chromosome abnormalities in live-
born infants (see Table 1-5). At an incidence of 19%, 45,XO is the most
common chromosome abnormality found in first-trimester spontane-
ous abortions. Comparison with the relatively low incidence of 45,XO
in liveborn infants suggests that most conceptuses with this karyotype
are aborted spontaneously. Trisomic embryos are seen for all auto-
somes except chromosomes 1, 5, 11, 12, 17, and 19.

The studies of Creasy and colleagues" and Hassold" offer a com-
parison between karyotypic abnormalities in live births and in spon-
taneous abortions (Table 1-7). Triploidy or tetraploidy, and trisomy 16
are the most common autosomal abnormalities in spontaneous abor-
tuses but are never seen in live births. Comparison of the overall inci-
dence of about 1 per 830 live births for trisomy 21 with the incidence
in abortuses suggests that approximately 78% of trisomy 21 concep-
tuses are aborted spontaneously.

Summary of Maternal-Fetal Indications
for Chromosome Analysis

Among all genetic aspects of maternal-fetal medicine, chromosome
mutations and clinical syndromes associated with a dysmorphic phe-
notype constitute the category that most often requires the physician’s
attention. It is worthwhile, therefore, to review indications for the
consideration, at least, of chromosome analysis as part of the evalua-
tion of fetus, infant, or parents. The following situations would justify
chromosome analysis.

Abnormal Phenotype in a Newborn Infant

Most abnormal phenotypes in the newborn resulting from chromo-
some abnormalities reflect abnormal autosomes. The important find-
ings that should prompt karyotyping include (1) low birth weight
or early evidence of failure to thrive; (2) any indication of develop-
mental delay, in particular mental retardation; (3) abnormal (dysmor-
phic) features of the head and face, such as microcephaly, micrognathia,
and abnormalities of eyes, ears, and mouth; (4) abnormalities of
the hands and feet; and (5) congenital defects of various internal
organs.
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OUTCOME OF 10,000 CONCEPTIONS
Spontaneous Abortions

Outcome Conceptions n % Live Births

Total 10,000 1,500 15 8,500

Normal chromosomes 9,200 750 8 8,450

Abnormal chromosomes
Triploid/tetraploid 170 170 100 —
45,X 140 139 99 1
Trisomy 16 112 112 100 —
Trisomy 18 20 19 95 1
Trisomy 21 45 35 78 10
Trisomy, other 209 208 99.5 1
47 XXY, 47 XXX, 47 XYY 19 4 21 15
Unbalanced rearrangements 27 23 85 4
Balanced rearrangements 19 3 16 16
Other 39 37 95 2
Total abnormal 800 750 94 50

A single isolated malformation or a mental retardation without an
associated physical malformation significantly reduces the likelihood
of a chromosome abnormality. Disorders of the sex chromosomes are
more likely to be associated with phenotypic ambiguity of the external
genitalia and perhaps slight abnormality in growth pattern. Certainly,
any newborn manifesting sexual ambiguity should undergo a chromo-
some analysis. In addition to helping to exclude the possibility of a
life-threatening genetic disorder (e.g., adrenogenital syndrome), the
identification of sex genotype by chromosome analysis will assist
attending physicians in their decisions about therapy and counseling
for the parents. For the infant suspected of having autosome abnor-
malities, in whom the chromosomal genotype is urgently needed for
making decisions about the infant’s care, rapid chromosome analysis
can be obtained by culture of bone marrow aspirate. When a familial
chromosome mutation, such as unbalanced translocation, is detected
in the infant, karyotyping of other kindred is indicated.

Unexplained First-Trimester Spontaneous
Abortion with No Fetal Karyotype

Usually, couples seek medical help because of recurrent first-trimester
abortions, and there is no previous karyotype for aborted tissue. Many
genetic centers now recommend parental karyotyping after several
(usually two or three) spontaneous abortions have occurred. The
likelihood of a parental genome mutation is probably greatest if the
couple has already produced a child with birth defects. When a parental
chromosome structural abnormality is identified, genetic counseling
and prenatal fetal monitoring in all subsequent pregnancies are
advised.

Stillbirth or Neonatal Death

Unless an explanation is obvious, any evaluation of a stillborn infant
or a child dying in the neonatal period should include chromosome
analysis. There is an approximately 10% incidence of chromosomal
abnormalities in such individuals, compared with less than 1% for
liveborn infants surviving the neonatal period. The likelihood of
finding a chromosome mutation is increased significantly if intrauter-
ine growth retardation or phenotypic birth defects are present.

Fertility Problems

In women presenting with amenorrhea and couples presenting with a
history of infertility or spontaneous abortion, the incidence of chro-
mosomal defects is between 3% and 6%.

In men presenting with infertility, deletions in the human Y chro-
mosome have been found.” Among other disorders, these men can
present with spermatogenic failure, or the absence of, or very low levels
of, sperm production. It is known that the Y chromosome contains
more than 100 testis-specific transcripts. Several deletions that remove
some of these transcripts have been found that appear to cause sper-
matogenic failure. Screening for such deletions in infertile men is now
a standard part of clinical evaluation. In addition, many other Y-
chromosome structural variants have been described using techniques
such as high-resolution comparative genomic hybridization (described
earlier). Some of these structural variants affect gene copy number,
although additional research is necessary to address the phenotypic
effect of many of these structural variants.

Neoplasia

All patients with cancer present with some element of genomic insta-
bility, and specific chromosomal defects are often pathognomonic of
certain specific cancers, especially hematologic malignancies.

Pregnancy in a Woman of Advanced Age

There is an increased risk of chromosomal abnormalities in fetuses
conceived in women older than 30 to 35 years.'® A karyotypic analysis
of the fetus can be part of routine care in such pregnancies, or such
women can be offered noninvasive screening.

Patterns of Inheritance

Single-gene traits are those inherited from a single locus. They segre-
gate on the basis of two fundamental laws of genetics in diploid organ-
isms established by Gregor Mendel using garden peas in 1857. These
two laws are segregation (Fig. 1-24A) and independent assortment (see
Fig. 1-24B). In medical genetics, the term mendelian disorders refers to
single-gene phenotypes that segregate distinctly within families and
generally occur in the proportions noted by Mendel in his experiments.
Specific phenotypic or genotypic traits are inherited in distinct fash-
ions, depending on whether the responsible gene is on the X chromo-
some or an autosome, and whether one or two copies of a gene are
necessary for a phenotype. A phenotype is dominant if it is expressed
when present on only one chromosome of a pair, whereas recessive
traits are expressed only when present on both chromosomes. A purely
dominant trait has the same phenotype when present on either one or
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FIGURE 1-24 Mendel's first and second laws.

A, With A and B representing alleles at the same
locus, a mating of homozygous A and homozygous B
individuals results in heterozygotes for A and B in
each offspring. Mating of heterozygotes A,B results
in the 1-2-1 segregation ratio in offspring. B, The
segregation of genotypes for A and B at locus 1 is
independent of the segregation of alleles C and D at
locus 2. (From Kelly TE: Clinical Genetics and Genetic
Counseling. Chicago, Year Book Medical, 1980.)
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FIGURE 1-25 Symbols commonly used in pedigree charts. (From
Nussbaum RL, Mclnnes RR, Willard HF: Thompson and Thompson's
Genetics in Medicine, 6th ed. Philadelphia, WB Saunders, 2001.)

two chromosome pairs. However, if a phenotype is expressed when
present as a single copy but is expressed more strongly when present
on two chromosomes, the trait is codominant. Victor McKusick’s
catalog of single-gene phenotypes and mendelian disorders' is now
available online'® (see Table 1-1) and is an indispensable reference for
human genetic traits and disorders.

Familial studies for genetic evaluation require development of a
pedigree or a graphic representation of family history data. Figure 1-25
illustrates some of the symbols useful in this process. This aspect of
data gathering serves several functions:

1. It assists the determination of transmission for the gene expression
in question (recessive, dominant, sex-linked, or autosomal).

2. There is a greater likelihood that all possible genetic issues will be
included in the data gathering when a formal pedigree chart is
assembled.

3. When consanguinity is present, the pedigree chart helps to
relate the consanguinity to individuals in subsequent generations
who are expressing the phenotype of a particular inheritable
disorder.

Autosomal Dominant Mode
of Inheritance

In autosomal dominant inheritance, the disease is expressed in the
heterozygote, and the probability of transmitting the gene to progeny
is 50% with each pregnancy. The pedigree in Figure 1-26 demonstrates
the features of inheritance of an autosomal dominant disease: gene
expression in each generation, approximately half of the offspring
affected (both males and females), and father-to-son transmission.

Criteria for Autosomal Dominant Inheritance
The criteria for autosomal dominant inheritance may be summarized
as follows:

1. Expression of the gene rarely skips a generation.

2. Affected individuals, if reproductively fit, transmit the gene expres-
sion to progeny with a probability of 50%.

3. The sexes are affected equally, and there is father-to-son
transmission.

4. A person in the kindred at risk who is not affected will not transmit
the gene to progeny.

Other Characteristics

Other characteristics, although not exclusive properties of autosomal
dominant disease, seem to be associated with this group of diseases
more frequently.

VARIABLE EXPRESSIVITY

Variable expressivity refers to the degree of severity of expression
of a trait and is commonly seen in kindreds with autosomal dominant
traits. In neurofibromatosis, for example, a kindred may have a range
of phenotypic expression in affected individuals, from some café au
lait spots with a few tumors to extensive café au lait spots with massive
neurofibromata.

PENETRANCE

Penetrance refers to whether there is any recognition of phenotypic
expression of a particular mutant allele. If a gene is fully penetrant, it
is always expressed as part of the genome of that individual. On the
other hand, if a gene displays incomplete penetrance, not all individu-
als with that gene display any recognizable phenotype. For example, in
the autosomal dominant form of retinoblastoma, the mutant gene is
only 80% penetrant. This means that a person who receives the gene
for retinoblastoma from a parent has a 20% chance that the disease
phenotype will not be expressed.

Penetrance may also be influenced by the means available to detect
expression of the gene. For example, in autosomal dominant hyper-
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FIGURE 1-26 Stereotypical pedigree of autosomal
dominant inheritance. Half the offspring of affected
persons (7 of 14) are affected. The condition is transmitted
only by affected family members, never by unaffected
ones. Equal numbers of males and females are affected. I
Male-to-male transmission is seen. (From Nussbaum RL,
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Mclnnes RR, Willard HF: Thompson and Thompson's
Genetics in Medicine, 6th ed. Philadelphia, WB Saunders,
2001.)
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cholesterolemia, a myocardial infarction (a manifestation of gene
expression and penetrance) may not appear until well into adult life.
In this disorder, there is a laboratory test for expression, namely the
serum cholesterol level, which becomes elevated quite early in life, well
before the first chest pain of angina pectoris.

NEW MUTATIONS

It is not uncommon for an autosomal dominant disorder to mani-
fest for the first time in a kindred as a new mutation. New mutations
are also seen with sex-linked recessive disorders. For example, in a form
of autosomal dominant dwarfism called achondroplasia, nearly 80%
of individuals represent new mutations. When this phenomenon can
be identified with certainty, parents may be reassured that the recur-
rence risk is probably no greater than that for the general population.
The recurrence risk for offspring of the affected individual is 50%. New
mutations for autosomal dominant diseases appear to be related to
paternal age.

Autosomal Recessive Mode
of Inheritance

For autosomal recessive diseases, mutant genes are expressed only in
homozygous individuals. Consanguinity is often a clue for autosomal
inheritance when the specific gene mutation has not been identified.
A pedigree consistent with autosomal recessive inheritance is shown
in Figure 1-27. Primary features consistent with autosomal recessive
inheritance may be summarized as follows:

1. Both males and females are affected.

2. Unless consanguinity or random selection of heterozygous matings
in each generation occurs, mutant gene expression may appear to
skip generations, in contrast to autosomal dominant inheritance,
which rarely skips generations.

3. Parents are usually unaffected, but unaffected sibs of affected
homozygotes may be heterozygous carriers. Affected individuals
rarely have affected children.

4. Subsequent to identification of a propositus, the recurrence risk for
homozygous affected progeny in each subsequent pregnancy is one
chance in four.

5. If the incidence of the disorder is rare, consanguineous parentage
is often seen.

Sex-Linked Mode of Inheritance

In this discussion, sex-linked refers to inheritance from the X chromo-
some. For this group of genetic diseases, the male is considered to be
hemizygous in relation to X-linked genes, whereas females are almost
always heterozygous. However, because of patterns of X inactivation,
females of some X-linked disorders may be more mildly affected than
males with the same disorder.

\Y <51 432 J)S *4
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1/4 CC 1/2 Cc

3/4 normal

1/4 cc
1/4 affected

Genotypes
Phenotypes

FIGURE 1-27 Stereotypical pedigree of autosomal recessive
inheritance, including a cousin marriage. A gene from a common
ancestor I-1 has been transmitted down two lines of descent to
“meet itself” in IV-4 (arrow). (From Nussbaum RL, Mclnnes RR,
Willard HF: Thompson and Thompson’s Genetics in Medicine, 6th ed.
Philadelphia, WB Saunders, 2001.)

Hemophilia A is among the best-known X-linked recessive diseases.
For illustrative purposes, we shall use the symbol X, to represent the
recessive allele for hemophilia A on the X chromosome and Xy to
represent the normal or dominant allele. The diagrams in Figure 1-28
demonstrate progeny genotypes in matings between affected males
and normal females as well as matings between normal males and
heterozygous phenotypically normal females. When the father is
affected, all sons will be normal and all daughters will be heterozygous
carriers and phenotypically normal (see Fig. 1-28A). In the other
mating cross, each daughter will have a 50% chance of being normal
and a 50% chance of being a heterozygous carrier who is phenotypi-
cally normal (see Fig. 1-28B). Each son will have a 50% chance of being
normal and a 50% chance of being affected.

Characteristics of X-linked recessive inheritance may be summa-
rized as follows:

1. A higher incidence of the disorder is noted in males than in
females.

2. The mutant gene expression is never transmitted directly from
father to son.
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FIGURE 1-28 Sex-linked recessive inheritance patterns. See text.
(From Nussbaum RL, Mclnnes RR, Willard HF: Thompson and
Thompson's Genetics in Medicine, 6th ed. Philadelphia, WB
Saunders, 2001.)

3. The mutant gene is transmitted from an affected male to all his
daughters.

4. The trait is transmitted through a series of carrier females, and
affected males in a kindred are related to one another through the
females.

5. For sporadic cases, there may be an increase in the age of the mater-
nal grandfather at which he fathered the mother of an affected
child—similar to the increase in paternal age for certain new domi-
nant mutations.

In contrast to X-linked recessive inheritance, X-linked dominant
disorders are nearly twice as common in females as in males (Fig. 1-29).
For example, none of the sons of a male affected with vitamin D-
resistant rickets is affected, but all his daughters receive the mutant
gene from him, and because the mutant is dominant, they all have the
disease. A female with one X-linked mutant dominant allele will have
the disease, and the transmission to her progeny, assuming a hemizy-
gous normal mate, will be indistinguishable from that seen in autoso-
mal dominantinheritance. Asagroup, the X-linked dominant disorders
are relatively uncommon. Vitamin D-resistant rickets (hypophospha-
temia) is one, and the X-linked blood group X is another.

The distinguishing features of X-linked dominant inheritance are
summarized as follows:

1. All daughters of affected males have the disorder, but no sons are
affected.

2. Heterozygous affected females transmit the mutant allele at a rate
of 50% to progeny of both sexes. If the affected female is homo-
zygous, all her children will be affected.

3. The incidence of X-linked dominant disease may be twice as
common in females as in males.

Some rare disorders that are exclusively or nearly exclusively seen
in females, such as Rett syndrome and incontinentia pigmenti type 2,
appear to be X-linked dominant conditions in which affected males
die before birth.
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FIGURE 1-29 Stereotypical pedigree of X-linked dominant
inheritance. Affected males have no affected sons and no normal
daughters. (From Nussbaum RL, Mclnnes RR, Willard HF: Thompson
and Thompson's Genetics in Medicine, 6th ed. Philadelphia, WB
Saunders, 2001.)
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Multifactorial Inheritance

In this age of genes and genomes, we should remember that not every-
thing that runs in families is genetic and not everything that is genetic
runs in families. Environmental and sociologic factors such as diet, age
at first pregnancy, socioeconomic level, access to health care, and envi-
ronmental conditions often segregate in families along with genes. An
excellent example is the occurrence in families of cholera or tubercu-
losis. Although susceptibility to infectious diseases can be modulated
by genetic inheritance, the susceptibility of a family to these diseases
is most likely the result of unsanitary conditions (cholera) or chronic
exposure (tuberculosis). On the other hand, some genetic disorders are
sufficiently devastating that they are rarely if ever transmitted between
generations, and most cases occur as de novo mutations. Examples of
genetic disorders for which many patients have no family history
include chromosomal abnormalities (e.g., Down syndrome), contigu-
ous gene syndromes (e.g., Prader-Willi, Angelman, or Smith-Magenis
syndrome), and single-gene disorders for which one copy of the gene
is not enough (called haploinsufficiency) (e.g., neurofibromatosis type
I). Clinicians should be aware that common disorders often have both
genetic and nongenetic components to their etiology. A clinician who
might encounter either familial clusters or rare genetic disorders
should be familiar with the concepts used to distinguish genetic from
nongenetic transmission.

Heritability

A measure of the genetic contribution to disease is heritability, which
is the amount of phenotypic variation explained by genes relative to
the total amount of variation. A more detailed treatment of statistical
estimates of heritability can be found in texts devoted to genetic analy-
sis."”** High heritability does not imply the action of a single gene but
rather a greater contribution of genes compared with environmental
or stochastic factors for the characteristic being studied. Disorders (or
susceptibility to them) may be inherited as monogenic, oligogenic, or
polygenic in a given family. A disease with high heritability may also
be inherited in different families through different genes. A disease
caused by any of several mutations in the same gene is said to show
allelic heterogeneity. A disease caused by changes in any of several dif-
ferent genes is said to show locus heterogeneity. A disease caused by
environmental factors that mimics a genetic disorder is said to pheno-
copy that disorder.

Recurrence Risk

One common statistical measure used to estimate heritability is the
recurrence risk to family members of an index case or proband. This
is often expressed as the ratio of risk to a first-degree relative divided
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by the risk in the general population. Recurrence risk to full siblings
is a common measure, but depending on the structure of available
patient populations, first cousin, grandparent/grandchild, and other
comparisons have been used.

Twin Studies

Twin studies are often extremely valuable in distinguishing effects of
shared genes from effects of shared environment, particularly for dis-
eases with complex etiology. A genetic component to a trait or disease
can be seen as a difference in recurrence risk or concordance rate
between monozygotic twins (derived from a single fertilization event
and therefore genetically identical) and dizygotic twins (derived by
independent fertilization of two eggs released in the same cycle and
therefore sharing half of their genes). All twins generally share both
prenatal and postnatal environments. Monozygotic twins also share all
their genetic complement, but dizygotic twins share only half of theirs.
Any substantial difference in concordance rate (or recurrence risk)
between monozygotic and dizygotic twins as a group is taken as evi-
dence of a genetic component.

Complex Inheritance

Many common disorders show complex inheritance. Allergy, asthma,
autism, cancer, cleft lip and palate, diabetes, dizygotic twinning, hand-
edness, hypertension, multiple sclerosis, neural tube defects, obesity,
and schizophrenia are all examples of such complex traits with popula-
tion frequencies greater than 1%. Such disorders may have rare single-
gene (monogenic) forms, but most cases have more complex etiologies.
Complex disorders include examples of polygenic inheritance, in
which several genes contribute to the disease in the absence of envi-
ronmental effects, and multifactorial inheritance, in which genes and
environment interact to produce disease. In practice, a complex trait
may have monogenic, polygenic, and multifactorial forms—and pos-
sibly more than one of each. Although such etiologic heterogeneity
makes identification of the underlying genes (and environmental risk
factors) more difficult, several characteristic features help to identify
disorders with complex inheritance.

Complex inheritance may involve either quantitative traits or quali-
tative traits. In a quantitative trait, each causal gene or nongenetic
factor contributes incrementally to a measurable outcome, such as
height, body mass index, or age at onset of disease. A qualitative trait
has alternative outcomes that either are nonquantitative or are very
imprecisely quantified in practice; each causal gene contributes to
meeting a threshold for expression of the trait or contributes to the
probability of expressing the trait, such as susceptibility to disease.
Note that these modes are not completely distinct: Susceptibility genes
may act quantitatively on the probability of disease for each individual,
but clinical outcome may be qualitative (e.g., the presence or absence
of disease). Disease genes may also act additively to reach a qualitative
threshold for disease and beyond the threshold contribute to increased
severity of disease. Stratifying patients by intermediate phenotypes,
disease severity, or known risk factors may simplify the inheritance
patterns of some complex traits.

Recent technical advances have greatly increased our ability to iden-
tify individual genes in complex disorders. The public availability of
the consensus human genome sequence, along with deep databases of
single nucleotide polymorphisms, copy number variations, and high-
throughput genotyping platforms, allows investigators to interrogate
the entire genomes of clinical subjects for genetic linkage or statistical
associations to clinical phenotypes. Maps defining common human
haplotypes (arrangements of alleles at successive loci along an indi-
vidual chromosome) have added further power to study designs for

detecting disease genes in genome-wide association studies (GWAS—
also called whole-genome association studies, or WGAS). Expanded
repositories (and consortia of smaller repositories) for both clinical
data and physical samples have begun to allow statistically highly sig-
nificant genetic findings for disorders that previously had resisted less
powerful analyses (e.g., see Wellcome Trust Case Control Consor-
tium?'). We should expect to see continued progress in identifying such
genes over the next several years. This places additional importance on
the ability of practicing doctors to identify clinical presentations and
families that fit particular inheritance patterns. For the most up-to-
date information on specific genes, loci, and disorders, the reader is
encouraged to consult online sources, particularly the OMIM' and
PubMed databases maintained by the National Center for Biotechnol-
ogy Information in the National Library of Medicine (www.ncbi.nlm.
nih.gov).

CHARACTERISTIC FEATURES OF
COMPLEX TRAITS

Regression to the Mean. Because complex traits involve the
inheritance (or environmental presence) of many factors, offspring
from extreme individuals tend to be less extreme than the parents; that
is, they regress to the mean of the population. Independent assortment
in meiosis results in different combinations of genes being passed to
offspring, and change of environment results in different factors being
experienced by the offspring. Using a familiar example of a nondisease
trait, very tall parents will have taller than average children, but in
general children of the tallest parents will not inherit all of the “tall
factors” that the parents have.

Heritability. Complex traits have heritability estimates over a
wide range. They are by definition less heritable than fully penetrant
monogenic traits but more heritable than would be expected by chance
alone. The range of heritability reflects the varying degree to which
genes determine the outcome of each trait. The higher the ratio of
recurrence risk to a family member to risk in the general population
(or the higher the ratio of monozygotic twin concordance to dizygotic
twin concordance), the more genetically tractable the disease is likely
to be.

Threshold Traits. The rate of development can determine
outcome in a threshold trait. The idea of a threshold trait is that if an
event does not happen by a specified time in development (a develop-
mental threshold), then a consequent phenotype, such as a physical
malformation or cognitive deficit, will ensue. Developmental rates are
generally determined by a combination of genetic and environmental
factors.

Penetrance, Probability, and Severity. The likelihood of having
the disorder or trait, given the right genotype, is called the penetrance.
For simple mendelian disorders, penetrance may be at or near 100%.
For traits with environmental cofactors or developmental threshold
effects, the penetrance can be much lower. For some disorders, the
penetrance (in terms of either likelihood or severity of the disorder) is
part of the pattern of inheritance within a family. Affected relatives of
a severely affected proband are likely to be more severely affected than
the average case. This is the other side of regression to the mean:
Returning to our nondisease example, the children of very tall parents
may not be as tall as their parents but will probably be taller than
average. Taking a disease example, if a liveborn infant has unilateral
cleft lip, the recurrence risk to future siblings is 2.5%, but for a liveborn
infant with bilateral cleft lip and palate, the recurrence risk is 6% (see
below).

Increased Risk across Diagnostic Categories. Another fre-
quent feature of complex inheritance is that relatives of the proband
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may be at increased risk for related diagnostic categories. This has been
suggested for categories of psychiatric illness, for some autoimmune
disorders, and for some malformation syndromes. The implication of
this is that overlapping sets of genes and environmental factors can
lead to dysfunctions that present as related clinical entities.

Rarer Forms Show Increased Relative Risk. Forms of multi-
factorial disease that are less frequent in the general population tend
to have higher recurrence risk ratios for families of an affected proband.
For example, pyloric stenosis is five times more common in males than
in females in the general population. As Table 1-8 shows, male relatives
of any proband face a higher risk than their sisters, but relatives of
female probands face much higher risk than relatives of male probands.

Common Disorders with
Multifactorial Inheritance

CLEFT LIP AND CLEFT PALATE

The cleft lip malformation may occur with or without cleft palate
(orofacial cleft) but is etiologically distinct from cleft palate alone.”

TABLE 1-8 RECURRENCE RISK OF PYLORIC
STENOSIS FOR FIRST-DEGREE
RELATIVES
Relative to
General
Risk (%) Population Risk
Male relatives of male patients 4.6 x10
Female relatives of male patients 2.6 %25
Male relatives of female patients 18.2 %35
Female relatives of female patients 8.1 %80

From Kelly TE: Clinical Genetics and Genetic Counseling. Copyright
© 1980 by Year Book Medical, Chicago. Reproduced with permission.

These common malformations occur in more than 200 described
human syndromes, including several single-gene disorders, chromo-
somal abnormalities, and syndromes of teratogen exposure (including
thalidomide). Developmentally, cleft lip with or without cleft palate
results from a failure in the fusion of the frontal prominence with the
maxillary process at about 7 weeks of fetal development. Incidence is
two- to fourfold higher in males than in females and varies among
ethnogeographic groups: 0.4 per 1000 births in African Americans, 1
per 1000 births in whites, and 1.7 per 1000 births in Japanese. However,
the recurrence risk to first-degree relatives is lower in Japan than in
Europe, suggesting a higher environmental influence in Japan.” Within
a population, the recurrence risk varies with the severity of defect in
the proband, as noted previously. Examples are shown in Table 1-9.
Several loci for syndromic and nonsyndromic orofacial cleft (OFC)
have been implicated by genetic linkage and association studies,
although for several loci the specific genes involved are not yet resolved.

CLEFT PALATE

In cleft palate without cleft lip, the secondary palate fails to fuse.
The general incidence is approximately 1 in 2500 and it is more
common in females than males. Little ethnic variation is noted, and
the recurrence risk is approximately 2%. Isolated cleft palate appears
genetically distinct from cleft lip with or without cleft palate. At least
one gene for isolated cleft palate, SATB2, has been identified.***

NEURAL TUBE DEFECTS

This group of malformations is of special importance because they
are prevalent, their risk can be significantly altered by diet, and there
is a possibility of mid-trimester prenatal diagnosis and even perhaps
prenatal screening of these disorders in all pregnancies. Expression of
neural tube defects can be highly variable among individuals, ranging
from anencephaly at one extreme to lumbar meningocele with little
or no neurologic impairment at the other. The spectrum includes
encephalocele, iniencephaly, meningomyelocele (usually involving the

TABLE 1-9

Family History

EXAMPLES OF RECURRENCE RISKS FOR CLEFT LIP, WITH OR WITHOUT CLEFT PALATE,
AND FOR NEURAL TUBE MALFORMATIONS

Risk for Cleft Lip * Cleft Palate (%)

No sibs affected
Neither parent affected
One parent affected
Both parents affected
One sib affected
Neither parent affected
One parent affected
Both parents affected
Two sibs affected
Neither parent affected
One parent affected
Both parents affected
One sib and one second-degree relative affected
Neither parent affected
One parent affected
Both parents affected
One sib and one third-degree relative affected
Neither parent affected
One parent affected
Both parents affected

Risk for Anencephaly and Spina Bifida (%)
0.1 0.3
3.0 45
34.0 30.0
3.0 4.0
11.0 12.0
40.0 38.0
9.0 10.0
19.0 20.0
45.0 43.0
6.0 7.0
16.0 18.0
43.0 42.0
4.0 5.5
14.0 16.0
44.0 42.0

Adapted from Thompson MW: Thompson and Thompson’s Genetics in Medicine, 4th ed. Philadelphia, WB Saunders, 1986; Based on data from
Bonaiti-Pellié C: Risk tables for genetic counselling in some common congenital malformations. J Med Genet 11:374, 1974.
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lower thoracic and lumbar spine and often called spina bifida cystica),
and spina bifida. Defects arise through failure of the embryonic neural
tube to close within 28 days from conception. The incidence in
European-derived populations can vary substantially, from less than 1
per 1000 to nearly 1 per 100 births. One recent study of medical records
showed an approximately 10-fold decrease in neural tube defects in
England and Wales between 1964 and 2004, attributable both to a
reduction in the occurrence of neural tube defects and to termination
after early diagnosis.” The overall U.S. incidence is approximately 1
per 1000, but it is lower for individuals of African or Asian ancestry.
Recurrence risks for anencephaly and spina bifida probands are shown
in Table 1-9.

Epidemiologic and experimental animal studies have suggested that
neural tube defects have characteristics of threshold traits as well as
substantial environmental factors. For example, recent attention has
been paid to the importance of dietary folate in preventing neural tube
defects. Incidence of this defect in Canada decreased by 50% after
folate supplementation of cereals in the United States and Canada
in 1998.” Known genetic risk factors include genes for folate and
homocysteine metabolism as well as loci thought to present folate-
independent risk. Work in animal models has suggested inositol as
another potential metabolic factor.”**’

PYLORIC STENOSIS

Pyloric stenosis is the most common disorder requiring corrective
surgery in infants, with an incidence of 1 to 5 per 1000 live births.
Heritability is inferred from the high recurrence risk to relatives. Carter
and Evans first proposed sex-modified multifactorial inheritance in
1969.”" Males are at higher risk than females, irrespective of family
history, but the ratio of recurrence risk to general risk is higher in
females (see Table 1-8). Mitchell and Risch® concluded that family
studies were inconsistent with a single major locus causing pyloric
stenosis and set model-based limits for the effect of any single locus at
no more than a fivefold increase in recurrence risk across the general
population. However, single-gene effects can be seen in some extended
families. Evidence from patient material® and targeted mutations in
mice’*” indicate that neuronal nitric oxide synthase gene, NOSI, is
one locus for pyloric stenosis. An additional locus and further evidence
for genetic heterogeneity have been identified by linkage analysis in a
multigenerational family with 10 affected members.*

CELIAC DISEASE

Autoimmune reaction in celiac disease causes inflammatory injury
to the mucosa of the small intestine, resulting in malabsorption. Once
thought uncommon, celiac disease (or gluten-sensitive enteropathy) is
now thought to affect as many as 1 in 120 to 1 in 300 people in Europe
and North America. Several factors point to multifactorial inheritance.
Recurrence risk to siblings is 10% or higher. Concordance rates for
monozygotic twins is more than fourfold higher than for dizygotic
twins.” Exposure to wheat gluten (or other grains, such as rye and
barley) are environmental factors for genetically susceptible individu-
als. Genetic linkage to human leukocyte antigen has been reported,
as well as linkage to several additional genetic loci.’*** Among regions
showing significant linkage, variations in the CTLA4 and MYO9B
genes show strong association with disease.

INFLAMMATORY BOWEL DISEASE
(CROHN DISEASE)

Genetic components of autoimmune disease directed against the
gastrointestinal tract have also been mapped for findings of Crohn
disease and ulcerative colitis. Together these somewhat overlapping

diagnoses occur in 2 to 3 people per 1000 in the United States. Genetic
effects of at least 11 distinct loci for inflammatory bowel disease have
been identified in this complex trait, including linkage to the human
leukocyte antigen region of chromosome 6p. As an interesting example
of molecular analysis in a complex trait, Rioux and coworkers*' mapped
one locus on chromosome 5q, IBD5, to a cluster of inflammatory
cytokine genes; several of the genes in this interval were polymorphic
between patients and population control subjects, but causality for any
one gene could not be determined because of strong linkage disequi-
librium across the implicated region. An uncommon allele of IL-23R
cytokine receptor was identified as a protective effect in a genome-wide
association study.”

HIRSCHSPRUNG DISEASE

Congenital megacolon caused by lack of enteric ganglia along the
intestine is a relatively well-studied complex genetic trait. Incidence is
about 1 in 5000 births, including both short-segment and long-segment
forms. Both dominant inheritance and recessive inheritance have been
observed, and penetrance is variable. Single-gene mutations associated
with varying penetrance for Hirschsprung disease have been identified
that illuminate biochemical pathways with unique importance for the
establishment of enteric ganglia. Aganglionic megacolon also occurs in
more complicated disorders, including cartilage-hair hypoplasia,
Smith-Lemli-Opitz syndrome type II, and primary central hypoventi-
lation syndrome. Variations in the RET oncogene appear to be the
major risk factor in Hirschsprung patients. Mutations in endothelin 3,
endothelin receptor B, and endothelin converting enzyme, as well as
neurturin, glial-derived neurotrophic factor, and the transcriptional
regulator SOX10 have been identified as risk conferring in both human
and animal studies. An exhaustive search for genetic linkage implicated
two additional loci that act as oligogenic determinants of the expres-
sion of mild RET alleles.” Interestingly, mutation of a transcriptional
enhancer of the autosomal RET gene confers sex-dependent risk for
Hirschsprung disease.**

CONGENITAL HEART DEFECTS

The overall incidence of congenital heart disease is 5 to 7 live births
per 1000 and is the leading cause of death from birth defects.”” This
heterogeneous group of defects can be caused by single-gene muta-
tions, chromosomal abnormalities (trisomy 21), and teratogens such
as rubella and maternal diabetes. Table 1-10, abstracted from the classic

1V :{ER B N FREQUENCY OF SIX COMMON

CONGENITAL HEART DEFECTS

IN SIBS OF PROBANDS

Frequency in Expected

Anomaly Sibs* (%) Frequency' (%)
Ventricular septal defect 4.3 4.2
Patent ductus arteriosus 3.2 2.9
Tetralogy of Fallot 2.2 2.6
Atrial septal defect 3.2 2.6
Pulmonary stenosis 29 2.6
Aortic stenosis 2.6 2.1

*Data from Nora JJ: Multifactorial inheritance hypothesis for the
etiology of congenital heart disease: The genetic-environmental
interaction. Circulation 38:604, 1968.

t\p, where p is the population frequency of the specific defect.

From Nussbaum RL, Mclnnes RR, Willard HF: Thompson and
Thompson’s Genetics in Medicine, 6th ed. Philadelphia, WB Saunders,
2001.
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study of Nora,*® summarizes the empiric recurrence risk for six
common congenital heart defects. More recent familial recurrence data
support heritability of additional congenital heart defects, including
transposition of the great arteries and congenitally corrected trans-
position of the great arteries (reviewed by Calcagni and coworkers”).
Patients with heart malformations associated with chromosomal
abnormalities often present differently despite having the same cyto-
logic findings. Allelic heterogeneity at some single-gene loci or modify-
ing effects of either environmental factors or other genes may account
for some diversity in clinical findings. For example, rare alleles of NK2,
which encodes the transcription factor NKX2.5, have been separately
implicated in atrial septal defects, hypoplastic left heart syndrome, and
tetralogy of Fallot. Similarly, mutations in the GATA4 transcription
factor are reported for both atrioventricular canal defects and atrial
septal defects. Mutations in the Notch signaling pathway are also seen
in different forms of congenital heart defects.

Mitochondrial Inheritance

Mutations in mitochondria produce unique patterns of inheritance.
All mitochondria inherited at conception come from the mother—
termed matrilineal inheritance. Mitochondria are the only organelles
in animal cells that carry their own DNA (mitochondrial DNA
[mtDNA]). Human mitochondria contain a circular genome of 16,571
base pairs that encodes just 37 genes (GenBank reference sequence
NC_001807). In contrast to nuclear genes, which are present in two
copies per diploid cell, the mitochondrial genome is present once per
mitochondrion and therefore in a variable number of copies per cell.
Perhaps because of the generation of free radicals during energy pro-
duction, mtDNA is subject to a relatively high rate of mutation. Muta-
tions in mtDNA create a mixture of normal and mutant mitochondria,
called heteroplasmy. At cell division, mitochondria segregate randomly
to the two daughter cells. This replicative segregation can ultimately
result in a cell lineage inheriting only mutant mtDNA (homoplasmy).
Segregation of either inherited or de novo mtDNA mutations among
cell lineages can also result in a mosaic pattern across tissues of a single
individual.

Phenotypic expression of mitochondrial mutations depends on the
extent of heteroplasmy, the cell type involved, and the fraction of the
cell type affected. Organ systems most frequently affected by mito-
chondrial mutations are those with high energy requirements, particu-
larly muscle and brain. Mutations that reduce energy production by
mitochondria may produce disease whenever energy production
capacity falls below a threshold level. This may be episodic if the energy
threshold is crossed only during exertion or other stressors. Leber optic
atrophy is perhaps the best-known example of inherited disease caused
by mutations in mtDNA. Mitochondrial myopathy (a complex includ-
ing neurodegeneration, pigmentary retinopathy, and Leigh syndrome),
MERREF disease (myoclonic epilepsy with ragged red fibers), MELAS
(mitochondrial encephalomyopathy, lactic acidosis, and strokelike
episodes), and hypertrophic cardiomyopathy are also attributable to
mutations in mtDNA. Most of these are not identifiable at birth but
become evident with age as later-onset, maternally inherited disorders.

Dynamic Mutations and
Trinucleotide Repeats

Repetitive DNA sequences can give rise to mutations through a variety
of mechanisms. Repeats of two, three, or four nucleotides are especially

prone to changes in repeat length. The mutation rate depends on
repeat length of the starting allele, the genomic context, and other
factors. Small changes in allele repeat length have been attributed to
“slippage” of the DNA polymerase (or more probably, the newly syn-
thesized DNA fragment) during replication. Much larger changes in
repeat length are more likely to be caused by unequal crossing over
during meiosis.*® Alleles that change within a pedigree are said to be
dynamic. Dynamic mutations can show other unusual features of
inheritance. Premutation alleles are those that are expanded sufficiently
to be highly dynamic but are not yet disease causing. Further expansion
of the repeat results in transmission of disease alleles to offspring at a
high frequency. Disease alleles are themselves dynamic and if transmit-
ted may give rise to alleles with more severe phenotypes and earlier
onset. This is called anticipation. Most dynamic mutations seen in
humans thus far are caused by instability of trinucleotide repeats—
specifically, CAG repeats encoding polyglutamine in the protein and
other trinucleotides in noncoding sequences that alter expression of
the encoded products.

Expanded polyglutamine repeats cause neurodegenerative disor-
ders that have several features in common. These disorders show domi-
nant inheritance, mature onset, and neurologic symptoms that include
motor signs. Examples include Huntington disease, several forms of
spinocerebellar ataxia, dentatorubropallidoluysian atrophy, and spino-
bulbar muscular atrophy. Although these disorders typically have
mature onset, age at onset varies inversely with the length of repeat,
and extremely rare childhood Huntington disease patients have
been reported as young as 2 years of age. Expanded polyglutamine-
containing proteins have been shown to be cytotoxic in several experi-
mental contexts. The interpretation of these disorders is that expanded
polyglutamine destabilizes protein structure, and that the misfolded
protein, often found in insoluble aggregates, impairs cell function and
ultimately leads to cell death. For a given repeat length, toxicity
increases with solubility,” which favors a surface area model for
toxicity.”

Amplification of polyalanine homopolymers can also be associated
with disease, including some evident at birth. An amplified GCG repeat
encoding polyalanine in the poly(A)-binding protein gene (PABPNI)
is associated with autosomal dominant oculopharyngeal muscular
dystrophy, apparently through a toxic gain-of-function mechanism.”
Nondynamic amplification of polyalanine (including each of the
alanine codons) in the homeobox gene HOXD13 causes synpolydac-
tyly, and the severity of phenotypes correlates with the extent of ampli-
fication.”” Expanded polyalanine in another homeobox gene, ARX,
results in an X-linked infantile spasm syndrome equivalent to that seen
by inactivating mutations of the same gene and recessive in female
carriers, suggesting that, in at least one example, polyalanine expan-
sions may act by inactivating the protein rather than through gain of
toxicity. All 10 polyalanine expansions associated with human disease
to date have been nucleic acid—binding proteins. In-frame loss of poly-
alanine repeats in at least some of these sites is also mutagenic, includ-
ing premature ovarian failure for FOXL2 polyalanine reductions
and congenital central hypoventilation syndrome for PHOX2B and
ASCLI.

Trinucleotide repeat expansions in noncoding sequences can also
cause disease by altering gene expression. One example is Friedreich
ataxia, an autosomal recessive neurologic disorder with juvenile onset.
The most common form is caused by loss-of-function alleles of the
FRDA (frataxin) gene. The most frequent class of FRDA allele in
patients is expansion of a GAA repeat in an intron of the gene, account-
ing for 98% of mutant alleles.’* Extremely long repeats induce an epi-
genetic loss of expression of that copy of the gene. GAA expansion
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alleles and rare protein-inactivating alleles have roughly the same effect
on gene function. Another example of a mutation caused by a non-
coding repeat expansion is fragile X syndrome (which includes mental
retardation, macro-orchidism, and facial dysmorphology). The most
frequent cause of fragile X syndrome is expansion of a CGG repeat in
the 5" untranslated region of the FMRI gene. CpG dinucleotides are
targets for methylation,” and DNA of the expanded allele is hyper-
methylated compared with both normal and premutation (stable
intermediate-length repeat) alleles. Hypermethylation in or near tran-
scriptional control elements results in loss of FMRI expression of the
expanded allele in affected males. Expanded CGG alleles are equivalent
to isolated cases hemizygous for missense and splice-site mutations,
confirming that this repeat expansion acts as a loss-of-function allele.
Autosomal dominant myotonic dystrophy (MD1) is a third example.
Expansion of a CTG trinucleotide repeat in the 3" untranslated region
of the DMPK protein kinase gene is strongly correlated with the disease
and shows anticipation in families; however, the pathogenic mecha-
nism remains unclear.

Imprinting

Besides the modes of inheritance already discussed, several atypical
patterns of inheritance have been described. We discuss one of these
patterns, called imprinting. Although most genes seem to have equiva-
lent expression from alleles inherited from the father and the mother,
it is now known that the expression of several genes differs between
the parental alleles. This phenomenon has been termed genomic
imprinting, because it appears that the two parental alleles are distin-
guished by some sort of mark. It appears that this mark is a reversible
form of chromatin modification, perhaps methylation of one of the
parental alleles, that occurs during gametogenesis and before fertiliza-
tion. The mark then suppresses expression of this allele after concep-
tion. This mark is reversible in the germline, so that the parent-of-origin
mark can be placed anew during gametogenesis.™

Prader-Willi and Angelman syndromes are good examples of the
phenotypic effects of imprinting. Prader-Willi syndrome is character-
ized by neonatal hypotonia, childhood obesity with excessive eating,
small hands and feet, hypogonadism, and mild mental retardation.
Angelman syndrome is characterized by severe mental retardation,
seizures, a characteristic spastic movement disorder, and an abnormal
facial appearance. Although it is now known that these syndromes are
caused by different genes, both syndromes can result from deletions of
the same region of chromosome 15q11-q13. In about 70% of cases,
Prader-Willi syndrome results from the deletion of this region inher-
ited from the father, so they have only the maternal copy of this region.
Strikingly, in about 70% of cases of Angelman syndrome, the same
region is deleted and inherited from the mother, so they have only the
paternal copy of this region.

Several rare disorders have now been attributed to imprinting
effects. At this point, it is unclear if imprinting is an important factor
in more common disorders, but it is likely that it is involved in several
human genetic disorders.

Genetic Testing and
DNA Diagnostics

The realization in the 1980s that DNA variations, or polymorphisms,
between individuals occur fairly frequently led to the development of
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FIGURE 1-30 Schematic illustration of linkage by DNA probe
analysis of restriction fragment length polymorphisms

(RFLPs). Left, Pedigrees for two families. The darker symbols
represent heterozygosity or homozygosity for the disease gene.
Members tested are listed numerically. Lighter triangles represent
fetuses in putative pregnancies. Letters a and b represent DNA
restriction fragment lengths. Right, Gel electrophoresis patterns for
the RFLPs. (Modified from Emery AEH: An Introduction to
Recombinant DNA. New York, John Wiley & Sons, 1980.)

both DNA forensics and molecular diagnostics for genetic disorders
and risk factors.”” DNA diagnostics in medicine can use either direct
assays for a specific mutation or linkage analysis with polymorphisms
linked to a disease locus. Direct assays for specific mutations are most
useful when relatively few distinct mutations account for most patients
with a particular form of disease. As analysis methods become faster,
cheaper, and more highly automated, performing direct tests on each
nucleotide of a disease gene without knowing the precise mutation will
become increasingly practical, particularly for genes in which a high
proportion of patients have de novo mutations. Indirect assays using
linkage analysis (Fig. 1-30) have traditionally been most useful for risk
assessment when a disease gene has been mapped in pedigrees but not
yet identified at the molecular level. Linkage analysis requires coopera-
tion of other family members, including usually at least one affected
member, to identify marker alleles on the disease-associated chromo-
some in that particular pedigree. Recombination between the marker
and the disease gene is a potential caveat if a single marker is used; use
of markers on each side of the disease gene at least makes this evident,
and the likelihood of recombination can be built into the risk assess-
ment. In practice, linkage assays for identified diseases become less
necessary as a higher proportion of significant disease genes can be
assayed directly. However, linkage analysis and family studies remain
crucial to the successful identification of disease and disease suscepti-
bility genes.

The initial molecular diagnostics to come out of the recombinant
DNA revolution were based on restriction fragment length polymor-
phisms (RFLPs) (see Fig. 1-30). RFLPs are typically assayed by South-
ern blotting,”® which requires substantial amounts of DNA and is
relatively labor intensive and difficult to automate, making it relatively
expensive. This approach is still used to identify large repeat expan-
sions for genes known to be subject to dynamic mutations. The devel-
opment of PCR by Mullis and coworkers in the mid-1980s allowed
selective amplification of any desired sequence of DNA and radically
changed the power of DNA diagnostics in terms of sample require-
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ments and the types of assays one could perform.”® Linkage markers
in current use include simple sequence repeat length polymorphisms
(SSLPs, or microsatellites) and, increasingly, biallelic SNPs. SNPs in
particular have the advantage of being assayable in multiplex formats,
such that many distinct polymorphic sites may be interrogated in a
single biochemical reaction. Several different technologies for SNP
detection have been and continue to be developed to allow simultane-
ous detection of larger numbers ofloci at smaller marginal cost. Finally,
as more is known about normal copy number variation and those
associated with specific diseases, the detection of CNVs will become
increasingly used in diagnostics.

Methods Used in Genetic Testing

Hybridization-Based Methods

Nucleic acid hybridization is a simple physical chemical process with
well-described parameters,*"** and it forms the basis for a wide variety
of molecular genetic tests. The rate and stability of nucleic acid duplexes
depend on the concentration of each strand, temperature, ionic
strength of the solution, and the presence of hydrogen bond competi-
tors such as urea and formamide. Tests based on whole-genome South-
ern blots were among the first available for mutations with no cytologic
correlate. As discussed earlier, hybridization of fluorescently labeled
probes to fixed chromosomal spreads (FISH, spectral karyotyping)
allows the identification of microdeletions, microduplications, trans-
locations, and other cytologic abnormalities that would be difficult to
detect without molecular probes. Other methods include hybridization
of patient DNA to allele-specific oligonucleotides to discriminate
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FIGURE 1-31 Reverse dot-blot analysis for cystic fibrosis (CF)
mutations. Twenty-seven CF mutations were analyzed in this study.
The complete panel in this figure represents a single filter, subdivided
into 24 sections. Each section is numbered for specific mutation
analysis. Sections 1, 7, and 13 analyze two separate mutations.
Circles on the left in each numbered section contain normal
oligonucleotide sequences from the CF gene region on chromosome
7. The sequences in each section represent different regions on the
gene where a mutation has been identified. Thus, complementary
normal sequences, amplified by polymerase chain reaction (PCR),
hybridize as indicated by the red circles. The blue circles represent
effort at hybridization between mutant sequences fixed to the filter
and DNA sequences obtained from the patient and amplified by PCR.
If the patient does not have a CF mutation among the group of 27 in
this analysis, there is no hybridization and the circle remains open. In
this analysis, sections 1 and 21 demonstrate that this patient has two
CF mutations and would be designated a compound heterozygote.
This individual would most likely have clinical manifestations of CF.
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single base changes. An example of detection by allele-specific oligo-
nucleotides is given in the reverse dot-blot analysis shown in Figure
1-31. In a reverse dot-blot analysis, the probe sequence is bound to the
support matrix while the amplified patient sample is labeled and
hybridized to the oligonucleotides; using this approach, a patient
sample can be tested for several mutations in a single assay.

Southern blotting is used to detect variations in size or amount of
a defined DNA fragment (Fig. 1-32). To produce the defined fragments
from whole genomic DNA, restriction endonuclease enzymes are used
to cut intact DNA at specific sites. Restriction enzymes occur in bac-
teria, where they form part of the host defense against bacterial viruses.
Different bacterial species produce enzymes that recognize and cleave

Genomic
DNA

Restriction
enzyme
Restriction enzyme site
cleavage
P
N N\
= [

Electrophoresis

Transfer to
nylon filter

Hybridization with
32pP |abeled probe

X-ray film

FIGURE 1-32 Southern blotting. DNA is cleaved by a restriction
enzyme, separated according to size by agarose gel electrophoresis,
and transferred to a filter. After hybridization of the DNA to a labeled
probe and exposure of the filter to x-ray film, complementary
sequences can be identified.
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DNA at different sites. Each restriction enzyme cuts DNA at a defined
sequence, usually a palindrome four to eight base pairs in length. For
example, EcoRI cuts the palindromic site 5'-GAATTC-3" between the
G and the A:

5"-G + AATTC-3’
3’-CTTAA + G-5

5’-GAATTC-3’ N
3’-CTTAAG-5

After digestion with restriction enzymes, DNA is size-fractionated
by gel electrophoresis (moving through a gel matrix that retards larger
fragments more than smaller fragments as they move in response
to an electric field). DNA is then denatured into single strands by
hydroxide and then transferred (blotted) from the gel to a membrane
capable of binding the DNA, usually nitrocellulose or derivatized
nylon. Single-stranded DNA on the membrane is then available for
hybridization by base pairing with a “probe” sequence. The probe is
labeled with either a radionuclide (usually phosphorus 32 [**P]) or a
chemical (biotin, digoxigenin, or fluorescein) tag for detection. After
hybridization and removal of excess probe, the hybrid fragments are
detected by film autoradiography for **P probes or antibody conju-
gate—based methods (chemiluminescence or chromatogenic reactions).
By quantifying the radiologic signal from a Southern blot, it is also
possible to assess the copy number of the DNA fragment in the genome
relative to known standards. Southern blots have been used to detect
insertions and deletions that change the length of the restriction
fragment, sequence changes that affect a specific restriction site, and
duplications and deficiencies that change the copy number of the
fragment.

Polymerase Chain Reaction

Amplification of DNA segments through PCR revolutionized DNA
diagnostics for both medicine and forensics beginning in the mid-
1980s.”%% Synthetic oligonucleotides are used to prime DNA synthe-
sis so that synthesis directed from each primer includes the sequence
complementary to the other primer (Fig. 1-33). Multiple cycles
of DNA denaturation, primer annealing, and elongation of DNA
synthesis create an exponential amplification of the DNA sequence
between the two primers. The phases of this cycle are controlled by
temperature. Using PCR to amplify specific DNA fragments, multiple
diagnostic tests can be performed on minimal amounts of starting
material.

Variations in length, such as in dynamic mutations, can be assayed
directly by PCR amplification followed by gel electrophoresis to
determine the size of the PCR product. For example, diagnostic
tests for expanded alleles are available for dentatorubropallidoluy-
sian atrophy, Huntington disease, and fragile X syndrome that are
based on determining the size of the allele by amplification of patient
DNA using oligonucleotide primers that flank the site of expansion.

Anonymous marker loci, such as SNPs and SSLPs, can be assayed
in the same way for gene mapping and forensic studies. SNPs are
amplified singly or in a multiplex combination of loci and detected by
electrophoretic, hybridization, or spectroscopic methods. SNP-based
assays are expected to have increasing clinical impact in coming years
because they allow highly parallel analysis. Multiplex PCR amplifica-
tions can allow parallel analysis of many genetic loci simultaneously.
Software modification can allow SNP-based assays to detect CNVs. As
noted earlier, as more is known about normal CNVs and those associ-
ated with specific diseases, the detection of CNVs will become increas-
ingly used in diagnostics.

Common mutations can also be assayed by PCR using primers
specific for each allele or by allele-specific oligonucleotide hybridiza-
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FIGURE 1-33 Polymerase chain reaction (PCR). Repeated
synthesis of a specific target DNA sequence (upward arrows) results
in exponential amplification. The reaction proceeds from the primers
(blue squares, red squares) in the 3’ direction on each strand. The
first two cycles of the PCR are shown.

tion. For genes in which no single mutation is common among patients,
such as the hereditary hearing loss gene JGB2, novel sequence varia-
tions can be identified by direct DNA sequencing of PCR products
from that gene.

DNA Sequencing

Modern genetics, and clinical diagnostics in particular, relies heavily
on knowing the exact sequence of nucleotides in genes. Methods to
identify sequences of small RNA molecules first began to appear in the
late 1960s. However, the appearance of two methods for DNA sequenc-
ing of longer fragments in 1977 was a major breakthrough. The chemi-
cal cleavage method® uses base-specific chemistries to cleave a specified
base from its sugar, followed by a second reaction to cleave the phos-
phodiester bond adjacent to the resulting abasic site. The chain termi-
nation method® uses enzymatic synthesis of DNA in the presence of
dideoxynucleotides; dideoxynucleotides prevent further synthesis
beyond their site of incorporation because they lack the 3" hydroxyl
group (see Fig. 1-1). The chain termination method is by far the most
widely used today. It has been further developed to include fluorescent
labels for automated detection and thermostable polymerase enzymes
to allow multiple cycles of DNA synthesis for each template molecule.
An important extension of this approach for diagnostics is the use of
single nucleotide extension products (termed mini-sequencing) to
determine alleles based on a single nucleotide change without the
added labor and expense of gel or capillary electrophoresis. For
example, tests for hereditary hemochromatosis use a version of mini-
sequencing called Pyrosequencing to detect the C282Y mutation and
the H63D and S65C alleles of the HFE gene.
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Other Considerations

Current technology is quite powerful and still developing. Vanishingly
small specimens can now be used to query ever-expanding numbers
of known genes and anonymous DNA markers. Future developments
seem likely to continue this trend toward making molecular genetic
tests faster, less expensive, and more reliable. This technologic facility
and the link between diagnostics and forensics raises numerous ethical,
legal, and social issues (often referred to as ELSI). In current practice,
one needs to pay particular attention to informed consent, restrictions
on use of clinical material in research, and what has been termed
genetic privacy. These issues are beyond the scope of this chapter but
are as vital to the practitioner who requests genetic testing as they are
to the practitioner in the diagnostic laboratory.

Linkage Analysis

Linkage analysis uses DNA polymorphisms as markers to follow
the inheritance of a gene within a family. This approach is used to
identify unknown genes that contribute to disease, and to follow
disease-associated chromosomal segments in affected families before
the causal mutation is pinpointed. Linkage analysis takes advantage
of meiotic recombination by counting how frequently two loci
are inherited together. By comparing the inheritance of a disease
with inheritance of alleles at several known DNA polymorphisms
(marker loci), it is possible to map the positions of disease genes.
Theoretically, any single-gene disorder should be amenable to carrier
identification and prenatal diagnosis by linkage analysis once the gene
is mapped.

DNA polymorphisms are codominantly inherited, meaning each
allele carried by an individual should be detected in a well-designed
assay. Several kinds of DNA polymorphisms are frequent in the human
genome and have been used in linkage studies.

RFLPs arise through insertions (often of mobile repetitive elements,
such as Alu), deletions, and base changes at restriction sites (particu-
larly through deamination of C residues in CG dinucleotides). Assays
for RFLP markers by Southern blotting were described previously.
RFLPs that have diagnostic importance are usually either converted to
a PCR-based assay for the underlying sequence change or replaced
for diagnostic use by a linked polymorphism that is more easily
assayed.

Insertions and deletions occur frequently in the human genome.
These range in size from a single base pair to multigene segments and
arise by multiple mechanisms. Small insertion-deletion polymor-
phisms (also called indels) most likely occur through errors in DNA
replication and repair. Larger insertions and deletions arise through
several mechanisms, including retrotransposition (such as for Alu
repeat sequences) and illegitimate recombination at sites of sequence
homology (a frequent finding in microdeletion syndromes). Insertions
and deletions were initially detected as RFLPs by Southern blotting.
Now indel polymorphisms are usually detected using PCR-based
methods designed to be compatible with detecting SNPs, CNVs, or
both.

Variable number tandem repeats are more polymorphic than RFLPs
and can occur in several alleles, varying by the number of repeat copies
present at the locus. Variable number tandem repeats can be detected
by Southern blot more sensitively than RFLPs because multiple copies
are present. Some variable number tandem repeats are small enough
to be assayed by PCR and can be used along with other PCR-based
markers.

SSLPs (also called short tandem repeats, simple sequence repeats,
or microsatellites) are simple repeats of two, three, or four nucleotides

(such as CACACACACACA). Like variable number tandem repeats,
SSLPs can have several possible alleles. The spontaneous mutation rate
to a new allele size ranges from 10~ to 107%. This high mutation rate
makes microsatellites useful as markers for genetic mapping: They
mutate frequently enough to be highly polymorphic in a population
but are stable enough to be transmitted reliably in a pedigree. Simple
sequence repeats (microsatellites) occur approximately every 30 kilo-
bases in the human genome (depending on the repeat-length threshold
one sets), and a high proportion are polymorphic to some extent across
human populations. These markers are easily assayed on a moderate
scale but still must be resolved by electrophoresis. Although this is
practicable on a modest scale, such as diagnostics for linkage to a
mapped but still unknown disease mutation segregating within a
family, and has been used for genome-wide scans for genetic linkage,
identifying the correct size of each allele is the most significant bottle-
neck for applications requiring very high throughput with many
markers.

SNPs are by far the most frequent class of polymorphism in the
human genome. On average, any two copies of the human genome
have a polymorphism approximately every 1000 base pairs. Millions
of SNPs have been cataloged across the human genome.*® On a small
scale, these polymorphisms can be detected using the direct analysis
methods described for detecting specific mutations. However, for large
linkage studies, the number of single genotypes that must be generated
is quite large, and higher throughput methods have been and continue
to be developed. Competing methods for large-scale genotyping
include variations on allele-specific PCR that allow detection by
hybridization, highly parallel allele-specific oligonucleotide hybrid-
ization on high-density oligonucleotide arrays produced by photo-
lithography,” and mini-sequencing detected by fluorescence or mass
spectroscopy.”’ These recently developed methods will impact DNA
diagnostics in both the discovery of new genes involved in disease and
in parallel testing for multiple disorders.

Identifying New Disease Genes

Linkage data to identify new disease genes are analyzed by computer
algorithms that assess their statistical significance. Although many
linkage analysis packages are available, a recurrent question arises with
respect to the statistical threshold for declaring linkage. As pointed out
by Lander and Kruglyak,”' each genome scan is really a series of dis-
crete hypotheses. Statistical thresholds must be set to account for the
number of hypotheses tested. Lander and Kruglyak argue that in the
current era, the number of hypotheses that must be accounted for in
linkage studies is a function of genome size, as one could (and does)
continue testing markers until the genome is covered. They suggested
using statistical thresholds based on the likelihood of false-positive
findings in a complete genome linkage scan (genome-wide signifi-
cance) rather than in a discrete test of any one specific locus (point-
wise significance). Computer simulations in the absence of linkage and
permutation testing of real linkage data support the idea that genome-
wide significance levels are needed to minimize reporting of false-
positive findings.

Association and Linkage Disequilibrium

A concept related to linkage analysis is genetic association. Rather than
explicitly following coinheritance of traits and markers through a
family pedigree, association studies follow covariation of traits and
markers in a population. Case and control samples are compared for
alleles at each locus to ask whether one or more alleles are significantly
overrepresented (disease-associated alleles) or underrepresented (pro-
tective alleles) in disease cases. One of the best-studied examples of
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genetic association is the increased risk of late-onset Alzheimer’s
disease for individuals with certain alleles of the apolipoprotein E gene
(APOE).”*” The amino acid variants encoded by the E4 allele of APOE
are thought to be directly responsible for the increased risk. However,
a strong association of a polymorphism with disease does not neces-
sarily mean that the polymorphism causes the disease, although it does
provide immediate diagnostic value. Associations that are not causal
occur by linkage disequilibrium. Linkage disequilibrium essentially
means that specific alleles at two loci are inherited together throughout
a population. This occurs when the genetic distance between the loci
is small compared with the number of generations in which the two
alleles could have separated by recombination in that population.
Association studies that take best advantage of population-based
linkage disequilibrium may provide the next opportunity to discover
genes that act in multifactorial and genetically heterogeneous diseases.
Current efforts in this area include both maps of human DNA poly-
morphisms® and maps of regions coinherited by linkage disequilib-
rium in the general population.”

The technical feasibility of simultaneously following very large
numbers of DNA variations in large numbers of clinical subjects has
allowed the development of very powerful genome-wide association
studies, also called whole-genome association studies (as mentioned
earlier). A substantial number of these studies first appeared in 2007,
including a large study that combined analysis of several unrelated
diseases and traits simultaneously.” By examining variations chosen to
represent most if not all common variations (either directly or through
linkage disequilibrium with the tested variations) and combining
subjects ascertained by collaborating clinical groups, such studies
have enormous statistical power for detecting previously unsuspected
genetic susceptibilities for disease and will play a large role in the
development of personalized medicine.

Impact of the Human
Genome Project
and Genomics

In 2001, a draft of the human genome was published simultaneously
by the publicly funded Human Genome Project’ and a private company,
Celera.” Both groups had covered approximately 90% of the genome,
and, as discussed previously, estimates of the number of genes had
ranged from 30,000 to 40,000 human genes in these first published
studies™ to substantially higher estimates.”>”® Then, in 2004 the com-
plete human sequence became available from the Human Genome
Project.”” The International HapMap Consortium* determined a large
fraction of the variations in DNA sequences over populations by cata-
loging SNPs, and more recently, efforts to catalog CNVs have begun.’
As discussed in the introduction to this chapter, these tremendous
advances have already had a profound impact on biomedical research.
It is the consensus that this research will revolutionize our approach
to diagnosis and treatment of human disease over the next decade and
beyond, especially with respect to the identification of genetic risk
factors for some of the most common disorders today, including
cancer, hypertension, coronary artery disease, diabetes, susceptibility
to infectious diseases, and obesity. Certainly, diagnostic testing by
methods outlined in this chapter will be improved with this informa-
tion. It is difficult to estimate when these advances will make their way
into clinical practice, although some have ventured to gaze into the
future.'

Conclusion

As noted in the beginning of this chapter, genetics plays an important
role in the day-to-day practice of obstetrics. We have summarized the
basic concepts of genetics as they apply to the understanding and treat-
ment of human diseases and have emphasized those areas most perti-
nent to the practice of obstetrics. Clinical genetics will increasingly
become a discipline that physicians will be expected to use for the
care of their patients. Research in molecular biology and molecular
genetics, along with the genetic information provided by the Human
Genome Project and genomics, will provide the information necessary
for physicians to formulate new clinical approaches to medical diag-
nostics and therapeutics.

Acknowledgments

We acknowledge the contributions of the authors of earlier editions
of this book, O. W. Jones and T. C. Cabhill, for the organization and
many of the figures and tables used in the present chapter. We also
thank Dr. Karen Arden for providing the spectral karyotyping image
(see Fig. 1-14).

References

1. Collins FS, McKusick VA: Implications of the Human Genome Project for
medical science. JAMA 285:540, 2001.

2. Lander ES, Linton LM, Birren B, et al: Initial sequencing and analysis of the
human genome. Nature 409:860, 2001.

3. Venter JC, Adams MD, Myers EW, et al: The sequence of the human
genome. Science 291:1304, 2001.

4. International HapMap Consortium. A haplotype map of the human
genome. Nature 437:1299, 2005.

5. Redon R, Ishikawa S, Fitch KR, et al: Global variation in copy number in
the human genome. Nature 444:444, 2006.

6. Brown TR, Lubahn DB, Wilson EM, et al: Deletion of the steroid-binding
domain of the human androgen receptor gene in one family with complete
androgen insensitivity syndrome: Evidence for further genetic heterogene-
ity in this syndrome. Proc Natl Acad Sci U S A 85:8151, 1988.

7. La Spada AR, Wilson EM, Lubahn DB, et al: Androgen receptor gene
mutations in X-linked spinal and bulbar muscular atrophy. Nature 352:77,
1991.

8. Vogel F, Rathenberg R: Spontaneous mutation in man. Adv Hum Genet
5:223, 1975.

9. Hsu LYF: Prenatal diagnosis of chromosomal abnormalities through
amniocentesis. In Milunsky A (ed): Genetic Disorders in the Fetus, 4th ed.
Baltimore, Johns Hopkins University Press, 1998, p 179.

10. Nussbaum RL, McInnes RR, Willard HF: Thompson and Thompson’s
Genetics in Medicine, 6th ed. Philadelphia, WB Saunders, 2001.

11. Lyon MF: Gene action in the X-chromosome of the mouse (Mus musculus
L). Nature 190:372, 1961.

12. Boued J, Boued A, Lazar P: Retrospective and prospective epidemiological
studies of 1500 karyotyped spontaneous human abortions. Teratology
12:11, 1975.

13. Creasy MR, Crolla JA, Alberman ED: A cytogenetic study of human
spontaneous abortions using banding techniques. Hum Genet 31:177,
1976.

14. Hassold TJ: A cytogenetic study of repeated spontaneous abortions. Am J
Hum Genet 32:723, 1980.

15. Feng HL: Molecular biology of male infertility. Arch Androl 49:19, 2003.

16. Lamson SH, Hook EB: A simple function for maternal-age-specific rates of
Down syndrome in the 20- to 49-year age range and its biological implica-
tions. Am ] Hum Genet 32:743, 1980.



CHAPTER 1 Basic Genetics and Patterns of Inheritance

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

McKusick VA: Mendelian Inheritance in Man, 12th ed. Baltimore, Johns
Hopkins University Press, 1998.

McKusick VA: Mendelian Inheritance in Man (National Center for Biotech-
nology Information). Available at www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=OMIM (accessed January 24, 2008).

Hartl DL, Clark AG: Principles of Population Genetics. Sunderland, MA,
Sinauer Associates, 2007.

OttJ: Analysis of Human Genetic Linkage, 3rd ed. Baltimore, Johns Hopkins
University Press, 1999.

Wellcome Trust Case Control Consortium: Genome-wide association study
of 14,000 cases of seven common diseases and 3,000 shared controls. Nature
447:661, 2007.

Fraser FC: The genetics of cleft lip and cleft palate. Am ] Hum Genet 22:336,
1970.

Koguchi H: Recurrence rate in offspring and siblings of patients with cleft
lip and/or cleft palate. Jinrui Idengaku Zasshi 20:207, 1975.

Brewer CM, Leek JP, Green AJ, et al: A locus for isolated cleft palate,
located on human chromosome 2q32. Am ] Hum Genet 65:387, 1999.
FitzPatrick DR, Carr IM, McLaren L, et al: Identification of SATB2 as the
cleft palate gene on 2q32-q33. Hum Mol Genet 12:2491, 2003.

Morris JK, Wald NJ: Prevalence of neural tube defect pregnancies in
England and Wales from 1964 to 2004. ] Med Screen 14:55, 2007.
DeWals P, Tairou F, Van Allen MI, et al: Reduction in neural-tube
defects after folic acid fortification in Canada. N Engl ] Med 357:135,
2007.

Copp AJ: Prevention of neural tube defects: Vitamins, enzymes and genes.
Curr Opin Neurol 11:97, 1998.

Beemster P, Groenen P, Steegers-Theunissen R: Involvement of inositol in
reproduction. Nutr Rev 60:80, 2002.

Cavalli P, Copp AJ: Inositol and folate resistant neural tube defects. ] Med
Genet 39:E5, 2002.

Carter CO, Evans KA: Inheritance of congenital pyloric stenosis. ] Med
Genet 6:233, 1969.

Mitchell LE, Risch N: The genetics of infantile hypertrophic pyloric steno-
sis: A reanalysis. Am J Dis Child 147:1203, 1993.

Subramaniam R, Doig CM, Moore L: Nitric oxide synthase is absent in only
a subset of cases of pyloric stenosis. ] Pediatr Surg 36:616, 2001.

Huang PL, Dawson TM, Bredt DS, et al: Targeted disruption of the neuronal
nitric oxide synthase gene. Cell 75:1273, 1993.

Gyurko R, Leupen S, Huang PL: Deletion of exon 6 of the neuronal nitric
oxide synthase gene in mice results in hypogonadism and infertility. Endo-
crinology 143:2767, 2002.

Capon F, Reece A, Ravindrarajah R, Chung E: Linkage of monogenic infan-
tile hypertrophic pyloric stenosis to chromosome 16p12-p13 and evidence
for genetic heterogeneity. Am ] Hum Genet 79:378, 2006.

Greco L, Romino R, Coto [, et al: The first large population based twin study
of coeliac disease. Gut 50:624, 2002.

Zhong F, McCombs CC, Olson JM, et al: An autosomal screen for genes
that predispose to celiac disease in the western counties of Ireland. Nat
Genet 14:329, 1996.

Greco L, Babron MC, Corazza GR, et al: Existence of a genetic risk factor
on chromosome 5q in Italian coeliac disease families. Ann Hum Genet
65:35, 2001.

Liu J, Juo SH, Holopainen P, et al: Genomewide linkage analysis of celiac
disease in Finnish families. Am ] Hum Genet 70:51, 2002.

Rioux JD, Daly MJ, Silverberg MS, et al: Genetic variation in the 5q31
cytokine gene cluster confers susceptibility to Crohn disease. Nat Genet
29:223-228, 2001.

De Wals P, Tairou F, Van Allen MI, et al: A genome-wide association study
identifies IL23R as an inflammatory bowel disease gene. Science 314:1461,
2006.

Gabriel SB, Salomon R, Pelet A, et al: Segregation at three loci explains
familial and population risk in Hirschsprung disease. Nat Genet 31:89,
2002.

Emison ES, McCallion AS, Kashuk CS, et al: A common sex-dependent
mutation in a RET enhancer underlies Hirschsprung disease risk. Nature
434:857, 2005.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Hoess K, Goldmuntz E, Pyeritz RE: Genetic counseling for congenital
heart disease: New approaches for a new decade. Curr Cardiol Rep 4:68,
2002.

Nora JJ: Multifactorial inheritance hypothesis for the etiology of congenital
heart diseases: The genetic-environmental interaction. Circulation 38:604,
1968.

Calcagni G, Digilio MC, Sarkozy A, et al: Familial recurrence of congenital
heart disease: An overview and review of the literature. Eur J Pediatr
166:111, 2007.

Warren ST: Polyalanine expansion in synpolydactyly might result from
unequal crossing-over of HOXDI3. Science 275:408, 1997.

Watase K, Weeber EJ, Xu B, et al: A long CAG repeat in the mouse Scal
locus replicates SCA1 features and reveals the impact of protein solubility
on selective neurodegeneration. Neuron 34:905, 2002.

Floyd JA, Hamilton BA: Intranuclear inclusions and the ubiquitin-
proteasome pathway: Digestion of a red herring? Neuron 24:765, 1999.
Brais B, Bouchard JP, Xie YG, et al: Short GCG expansions in the PABP2
gene cause oculopharyngeal muscular dystrophy. Nat Genet 18:164, 1998.
Muragaki Y, Mundlos S, Upton J, et al: Altered growth and branching pat-
terns in synpolydactyly caused by mutations in HOXD1I3. Science 272:548,
1996.

Goodman FR, Mundlos S, Muragaki Y, et al: Synpolydactyly phenotypes
correlate with size of expansions in HOXDI3 polyalanine tract. Proc Natl
Acad Sci U S A 94:7458, 1997.

Delatycki MB, Knight M, Koenig M, et al: G130V, a common FRDA point
mutation, appears to have arisen from a common founder. Hum Genet
105:343, 1999.

Bird A: The essentials of DNA methylation. Cell 70:5, 1992.

Tilghman SM: The sins of the fathers and mothers: Genomic imprinting
in mammalian development. Cell 96:185, 1999.

Botstein D, White RL, Skolnick EM, et al: Construction of a genetic linkage
map in man using restriction fragment length polymorphisms. Am ] Hum
Genet 32:314, 1980.

Southern EM: Detection of specific sequences among DNA fragments sepa-
rated by gel electrophoresis. ] Mol Biol 98:503, 1975.

Mullis K, Faloona F, Scharf§, et al: Specific enzymatic amplification of DNA
in vitro: The polymerase chain reaction. Cold Spring Harb Symp Quant
Biol 51:263, 1986.

Mullis KB, Faloona F: Specific synthesis of DNA in vitro via a polymerase-
catalyzed chain reaction. Methods Enzymol 155:335, 1987.

Wetmur JG, Davidson N: Kinetics of renaturation of DNA. J Mol Biol
31:349, 1968.

Wetmur JG: Hybridization and renaturation kinetics of nucleic acids. Annu
Rev Biophys Bioeng 5:337, 1976.

Saiki RK, Scharf S, Faloona F, et al: Enzymatic amplification of B-globin
genomic sequences and restriction site analysis for diagnosis of sickle cell
anemia. Science 230:1350, 1985.

Saiki RK, Bugawan TL, Horn GT, et al: Analysis of enzymatically amplified
B-globin and HLA-DQo DNA with allele-specific oligonucleotide probes.
Nature 324:163, 1986.

Saiki RK, Gelfand DH, Stoffel S, et al: Primer-directed enzymatic amplifica-
tion of DNA with a thermostable DNA polymerase. Science 239:487,
1988.

Maxam AM, Gilbert W: A new method of sequencing DNA. Proc Natl Acad
Sci U S A 74:560, 1977.

Sanger F, Nicklen S, Coulson AR: DNA sequencing with chain-terminating
inhibitors. Proc Natl Acad Sci U S A 74:5463, 1977.

Sachidanandam R, Weissman D, Schmidt SC, et al: A map of human
genome sequence variation containing 1.42 million single nucleotide poly-
morphisms. Nature 409:928, 2001.

Wang DG, Fan JB, Siao CJ, et al: Large-scale identification, mapping, and
genotyping of single-nucleotide polymorphisms in the human genome.
Science 280:1077, 1998.

Tang K, Fu DJ, Julien D, et al: Chip-based genotyping by mass spectrometry.
Proc Natl Acad Sci U S A 96:10016, 1999.

Lander E, Kruglyak L: Genetic dissection of complex traits: guidelines for
interpreting and reporting linkage results. Nat Genet 11:241, 1995.



CHAPTER 1 Basic Genetics and Patterns of Inheritance

72. Corder EH, Saunders AM, Strittmatter WJ, et al: Gene dose of apolipopro-
tein E type 4 allele and the risk of Alzheimer’s disease in late onset families.
Science 261:921, 1993.

73. Roses AD: Apolipoprotein E alleles as risk factors in Alzheimer’s disease.
Annu Rev Med 47:387, 1996.

74. Gabriel SB, Schaffner SF, Nguyen H, et al: The structure of haplotype blocks
in the human genome. Science 23:23, 2002.

75.

76.

77.

Liang F, Holt I, Pertea G, et al: Gene index analysis of the human
genome estimates approximately 120,000 genes. Nat Genet 25:239, 2000.
Hogenesch JB, Ching KA, Batalov S, et al: A comparison of the Celera
and Ensembl predicted gene sets reveals little overlap in novel genes. Cell
106:413, 2001.

International Human Genome Sequencing Consortium: Finishing the
euchromatic sequence of the human genome. Nature 431:931, 2004.



Chapter 2

Normal Early Development

Kurt Benirschke, MD

The developing fertilized ovum enters the uterine cavity on about the
4th day after fertilization. During its journey through the fallopian
tube, its cells proliferate within the zona pellucida (Fig. 2-1), and
shortly before entering the uterus, a blastocyst cavity is formed. Dif-
ferentiation of a human ovum into embryonic and future placental
cells first occurs in a 58-cell morula, as described by Hertig.' His speci-
men was 6 days old and had five embryonic cells (the “inner cell mass,”
or “stem cells”), and 53 trophoblastic cells constituted the wall of this
uterine blastocyst. The polar bodies and an apparently degenerating
zona pellucida were still present in the specimen, features destined to
be lost shortly before implantation. These landmarks are of impor-
tance now when embryonic stem cells are being harvested and when
prenatal diagnosis, intracytoplasmic sperm injection (ICSI), and other
aspects of assisted reproductive technology (ART) are actively being
pursued.

Proliferation of the trophoblastic shell after this stage of develop-
ment is rapid, and a segmentation cavity develops, with the more
slowly reproducing embryonic cells assuming a marginal “polar” posi-
tion. The adjacent trophoblastic cells enlarge and secure implantation,
which is assumed to take place on about the 6th or 7th day after fer-
tilization (Fig. 2-2). Attraction to certain regions of the endometrium
is presumed to take place because of molecular signals expressed on
the respective surfaces™ and occurs only during the “window of recep-
tivity” that is regulated by hormonal action on the endometrium.*
With the very rapid enlargement occurring in the anchoring tropho-
blastic cells, the endometrial cells are dissociated by mechanisms to be
discussed later (see Microscopic Development). The entire blastocyst
thus comes to assume an “interstitial” position (i.e., it sinks entirely
into the endometrium at the site of attachment). The process may well
be aided by the collapse of the blastocyst cavity that occurs at this time
(see Fig. 2-2). A deposition of fibrin or occasionally a coagulum at
the site of penetration are common events thereafter, and then the
implanted trophoblastic shell comes to be surrounded by endome-
trium (decidua) on all sides (Fig. 2-3). Perhaps some endometrial
proliferation at the edges seals the defect.

The portion of decidua lying between blastocyst and myometrium
is the decidua basalis; the portion covering the defect is the decidua
capsularis. Eventually, the latter comes to lie on the outside of the
placental membranes. The decidua of the opposite side of the uterus
is the decidua vera. At the time of implantation, the 0.1-mm blastocyst
can be detected only by a dissecting microscope. Within a few days,
however, it will constitute a polypoid protrusion that can readily be
seen by careful inspection of the endometrium. Thus, the approxi-
mately 14-day-old ovum (Fig. 2-4) looks like a polyp and already

has a differentiated, elongated embryo with amnion and yolk sac
cavities.

Occasionally, a small blood clot is attached to the implantation site,
the Schlusskoagulum, whose presence may be detected clinically by
spotting (Hartman sign) and may lead to misinterpretation of the
length of gestation. Decidual hemorrhages and small areas of necrosis
at the site of trophoblastic penetration are common at this time and
later.

Macroscopic Development

In most recorded sites of early implantation, the ovum was found in
the upper portion of the fundus and the development of the placenta
has been followed by ultrasonography. Thus, Rizos and colleagues’
found the 16-week placenta to be attached anteriorly in 37% of
patients, posteriorly in 24%, in a fundal position in 34%, and both
anteriorly and posteriorly in 4%. Others have used sonography to
measure placental size and volume prenatally and have correlated their
findings with fetal outcome.® Of interest in this context is the finding
from sonographic study that low implantation of the placenta in the
uterus occurs frequently, with the formation of an apparent placenta
previa. Moreover, a low implantation may change through differential
growth of the placenta and uterus and apparent marginal placental
atrophy. Thus, even though low implantation is observed in early
gestation, at term the situation often does not clinically resemble
placenta previa.” In the report of Rizos and colleagues, only 5 of 47
patients in whom placenta previa was diagnosed with ultrasound
between 16 and 18 weeks actually had this condition when delivery
occurred at term. These findings are important in the interpretation
of the shape of the placenta at term and necessitate revision of former
impressions.

Most commonly, the placenta develops at the uterine fundus.
Through rapid expansion of the extraembryonic cavity (the exocoe-
lom) and proliferation of the trophoblastic shell, the ovum bulges into
the endometrial cavity at the time of the first missed menstrual period.
The surface is flecked by tiny hemorrhages and necrotic decidua. With
continued expansion of the embryonic cavity, the surface becomes
attenuated, the peripheral villi atrophy, and the future placental
“membranes” form. They consist of decidua capsularis on the outside,
hyalinized villi and trophoblast in the middle, and the membranous
chorion laeve (and amnion) on the inside.

The relationship of these membranes to the remainder of the uterus
was sequentially traced in numerous pregnant uteri in a series collected
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FIGURE 2-1 Two-cell stage (30 hours) and eight-cell morula.

by Boyd and Hamilton.® Their observations suggested that the mem-
branes truly fuse with the decidua vera of the side opposite to implan-
tation in the 4th month of pregnancy, thereby obliterating the
endometrial cavity. The decidua capsularis appeared to degenerate in
their specimens before this time, and what is present on the outside of
the term-delivered placenta was construed to be decidua vera attached
to chorion. With the atrophy of peripheral villi and attachment of the
membranes to the opposite side of the uterus, the macroscopic delinea-
tion of the placenta is essentially completed. Next, the formation of
amnion, yolk sac, and body stalk is described.

Figures 2-3 through 2-7 demonstrate the developing placenta and
finally an embryo at 7 weeks with an embryonic crown-rump length
of 15 mm; the width of the entire specimen is approximately 25 mm.
With the “herniation” of the chorion laeve into the endometrial cavity,
its surface has been smoothed and stretched. At the edge, the decidua
is thrown into a fold and minute coagula are present. When a tangen-
tial section is removed, the extension of the villous tissue for some
distance onto the abembryonic pole of the cavity can be seen. The villi
have already completely atrophied at the apex. The embryo is con-
tained within the amniotic sac, which does not completely fill the
chorionic cavity (see Fig. 2-8). It is suspended within the cavity by a
gel (the magma reticulare) that liquefies on touching. When the sac is
opened, the embryo and umbilical cord emerge (see Fig. 2-7).

Blastocyst cavity
' R Ty P
AT

o, "=/ Endometrial
gland

FIGURE 2-2 Implanted human embryo at a gestational age of
approximately 7", days. The blastocyst cavity has collapsed, and
early invasion into the endometrial cavity has occurred with giant
cells. The embryo is a small ball in the blastocyst cavity. (Courtesy of
A. T. Hertig.)

FIGURE 2-3 An embryo sectioned longitudinally at approximately
14"/, days of gestation.

An understanding of the morphogenesis of these structures is
essential and can be gained from a study of Figure 2-4. In this histo-
logic section, the embryo is sectioned longitudinally. The ectoderm
appears as a dark streak and is contiguous with the amniotic sac epi-
thelium that lies below. On the other side of the embryo lie the endo-
derm and yolk sac. The mesoderm is seen to “flow” from the left caudal
pole of the embryo onto the inner surface of the trophoblastic shell.
This streak of mesoderm ultimately becomes the substance of the
umbilical cord. As the embryo grows and folds in such a manner as to
enclose the endoderm, the amnion enlarges and the embryo may
be thought of as herniating into this amniotic sac. A portion of the
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FIGURE 2-4 Human embryo at approximately 14 days’
development. The chorion extends its connective tissue into the
developing villi. The umbilical cord develops from the embryonic
mesoderm. The amnion is contiguous with the embryonic ectoderm
and will fill with fluid, and then the embryo will “herniate” into this
amnionic cavity. IVS, intervillous space.

with villous development circumferentially. (Courtesy of A. T.
Hertig.)

FIGURE 2-6 Seven-week gestation. A portion of the chorion

laeve (CL) is removed to show partial atrophy of membranous villi,
formation of definitive placenta (PL), and amniotic sac (A), which only
partially fills the chorionic cavity at this age. (Courtesy of Dr. Jan E.
Jirasek, Prague.)

FIGURE 2-7 Seven-week gestation. Same specimen as in Figure
2-6, with the amnion (A) opened to disclose the 15-mm embryo and
its umbilical cord (UC). CL, chorion laeve; PL, placenta. (Courtesy of
Dr. Jan E. Jirasek, Prague.)

primitive yolk sac will be enclosed by the embryo to become its gut;
another portion will be exteriorized (i.e., will lie outside the amniotic
sac) and will be connected by the omphalomesenteric (vitelline) vessels
and duct. Most often, these yolk structures disappear completely in
later development; only in occasional term placentas can the calcified
atrophic remnant of yolk sac be found at the periphery as a tiny
(3-mm), yellow, extra-amniotic disk.

Once the amniotic sac has enclosed the entire embryo, it reflects on
the umbilical cord, whose entire length it will eventually cover and to
which it will be strongly adherent. At 8 weeks, the amnion is a thin
translucent membrane (Fig. 2-8). It does not fully expand to cover the
inside of the entire chorionic sac until about 12 weeks. It never com-
pletely grows together with the chorion, however, so that in most term
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FIGURE 2-8 Pregnancy at 8 weeks with 20-mm embryo. The top

portion of chorion laeve has been removed, thus disclosing amnion at
arrows.

placentas the amnion may be dislodged from the chorion and the pla-
cental surface. This becomes particularly obvious in meconium dis-
charge. The amnion does not have any blood vessels but is composed
of a single layer of ectodermal epithelium, peripheral to which is a layer
of delicate connective tissue with some macrophages.” Sophisticated
studies have now shown that amnion and chorion also possess sheets
of delicate elastic membranes.' It is presumed that these aid in the
elasticity of the membranes and help prevent premature rupture.
Betraying the ectodermal origin of the amnion are small plaques of
squamous metaplasia near the insertion of the term placenta’s umbili-
cal cord that must not be mistaken for amnion nodosum.

When the embryonic cells differentiate into mesoderm, endoderm,
and ectoderm, the mesoderm is first clearly seen at the caudal pole of
the embryonic disk (see Fig. 2-4). The mesodermal cells rapidly pro-
liferate and send a column of cells streaming toward the inner surface
of the trophoblastic cavity, which they then come to line. This column
is ultimately destined to become the umbilical cord, and blood vessels
and a rudimentary allantoic sac grow into this body stalk from the
primitive yolk sac—hence the term chorioallantoic vessels. It is com-
monly thought that the inner cell mass, the future embryo, lies cen-
trally in the early stages of implantation and that for this reason the
umbilical cord comes to be attached to the center of the placenta.

Aberrant attachment, such as at the margin or to the membranes
(velamentous insertion), may be explained by one of two contradictory
hypotheses. According to one hypothesis, the embryo had a less than
perfect central position at the time of implantation and was perhaps
even on the opposite side; thus, when the mesoderm proliferated, the
location of the cord was established on the surface of the endome-
trium, the area destined to become membranes. The second hypothesis
suggests that normal central implantation occurred but the area of
implantation was less than optimal for placental development. Subse-

quently, the expansion of the placenta occurred to one side rather than
in a uniform centrifugal manner. The already established location of
the cord therefore changed from a central to a lateral position, a process
called trophotropism that is also witnessed in the “migration” of a
placenta that was earlier thought to be a previa.

This second hypothesis is supported by the much more common
marginal or velamentous position of cords in multiple pregnancy, in
which one can imagine there is competition for space by and collision
of expanding placentas. In term placentas, moreover, marginal placen-
tal atrophy is often found, and the finding of succenturiate (accessory)
lobes can best be explained by this mechanism. Also, the ultrasono-
graphic finding of a “wandering” placenta favors this assumption, as
does the fact that most of the few early embryos studied had a relatively
central implantation. The first hypothesis is supported by the finding
of a much higher frequency of velamentous insertion of the cord in
aborted specimens than in term placentas.'!

The umbilical cord measures approximately 55 cm in length at
term, but extreme variations occur for largely unknown reasons.
Because a normal cord weighs as much as 100 g and the segments of
cord supplied with the placenta vary so much, the cord and mem-
branes should be removed before the placental weight is ascertained.
More often than not, the cord is spiraled, most commonly in a sinistral
manner. Numerous theories have been presented to explain this helical
arrangement, but the cause remains largely unknown. Because such
twists do not exist in species with longitudinal orientation in bicornu-
ate uteri and because of the observed mobility of the primate fetus in
its uterus simplex, it is most likely that fetal movements are the cause
of the cord twisting.'»" Further support for this explanation comes
from the entwinement of cords in monoamniotic twins.

The cord contains two umbilical arteries and one vein. A second
rudimentary vein, the omphalomesenteric (vitelline) vessels, and the
allantoic duct of early embryonic stages atrophy, and only on rare
occasions are often discontinuous remnants of these structures found
in the term cord. The two umbilical arteries anastomose through a
variably constructed vessel within 2 cm of the insertion of the cord in
almost all normal placentas; this is the so-called Hyrtl anastomosis.
There are no nerves in the cord. True knots occur in a few umbilical
cords, particularly in very long ones, but much more common are
so-called false knots. They represent redundancies (varicosities) of
umbilical vessels that may protrude on the cord surface and have no
clinical significance.

The surface vessels of the placenta represent ramifications of the
umbilical vessels and pursue a predictable course on the chorionic
surface. In general, one arterial branch is accompanied by one branch
of the vein, and each terminal pair of vessels supplies one fetal cotyle-
don. The arteries may be recognized by their superficial location (i.e.,
they cross over the veins). Anastomoses between superficial vessels do
not occur; for that matter, no such connections ever develop between
villous vessels. Each district is isolated and distinct from the others.

Two types of surface vascular arrangements have been observed, a
very coarse and sparse vasculature and finely dispersed vessels. No
significantly different fetal outcomes correlate with these features,
however, and mixtures of the two types exist in single placentas. The
number of terminal perforating vessels determines the number of
fetal-placental cotyledons or districts. In most placentas, this number
is about 20, somewhat more than the number of lobules that can be
seen from the maternal side of mature placentas. In general, there is
correspondence of fetal lobules with maternal septal subdivisions
when injection studies are performed of both circulations."

Authors who have performed such dual injections envisage that the
intervillous circulation is achieved by the injection of blood from a



CHAPTER 2 Normal Early Development

decidual artery into the center of a fetal cotyledon, which there dis-
perses from a central cavity in the villous tissue to the periphery of the
cotyledon and to the undersurface of the chorion, from where it is
drained by veins in the septa and decidual base."” The loose central
structure of cotyledons can easily be demonstrated when a placenta is
horizontally sectioned. This more conventional model of cotyledonary
arrangement of villous structure and intervillous circulation has been
challenged by Gruenwald,'® who envisaged a different lobular architec-
ture, with arterial openings occurring at the periphery of cotyledons,
a concept that has not yet been unequivocally refuted. The former
notion that all intervillous blood flows laterally to the marginal sinus,
however, is no longer acceptable.

The normal term placenta from which membranes and cord have
been trimmed weighs between 400 and 500 g. There is enormous vari-
ability in placental size and shape, as there is in fetal weight. Some
variations can be explained by racial differences, altitude, pathologic
circumstances of implantation, diseases, or maternal habits such as
smoking. In many cases, however, the deviations from “normal” are as
difficult to explain as the factors that ultimately determine fetal and
placental growth in general. Systematic studies of placental structure
have given some insight into the complexities; they have been sum-
marized in the careful analysis by Teasdale.'” Absolute growth, as deter-
mined by DNA, RNA, and protein content, occurs in the placenta to
the 36th week of gestation. Thereafter, proliferation of cells does not
normally occur, and the placenta undergoes only further maturational
changes. Previous studies have suggested an expansion of villous
surface to between 11 and 13 m” at term, whereas Teasdale’s careful
measurements suggest that the maximum is reached with 10.6 m* at
36 weeks, decreasing to 9.4 m? at term. The fetal-to-placental ratio is
estimated to change from 5:1 in the third trimester to 7:1 at term,
most rapidly increasing during the last month of gestation. Reasons
for discrepancies of these measurements reported in the literature are
partly explained by inconsistent handling of the organ at delivery.
Thus, a variable amount of blood may be trapped, depending on the
time of cord clamping. It is widely accepted now that the delivered
placenta has a smaller volume, in particular is less thick, than before
delivery, as ascertained by sonography.'® Therefore, for quantitative
assessment, a histometric analysis must accompany such correlative
study. Apparently, the slight increase in placental volume occurring in
the last month of pregnancy results from an expansion of the “non-
parenchymal” space (i.e., villous capillary size, decidua, septa, and
fibrin). Thus, during the last month of gestation, fetal growth occurs
without a commensurate increase in placental volume, indicating that
changes must occur in perfusion or transport function of the placenta
to ensure enhanced delivery of metabolic substrates to the fetus. Sig-
nificant advances in technology are likely to discover new factors that
regulate fetal and placental growth. Thus, the evolution of microarrays
for the ascertainment of gene activity promises to become of major
importance."”

Macroscopically, a delivered normal term placenta can be described
as a disk-shaped, round, or ovoid structure measuring 18 X 20 cm in
diameter and approximately 2 cm thick. The cord is normally inserted
near the center of the disk (marginal in 7% and on the membranes
in 1%); it measures 40 to 60 cm in length and 1.5 cm in thickness.
It has two arteries, one vein, and a number of helical spirals. The
membranes are attached at the periphery of the placental disk and
have some degenerated yellow decidua on their outer surface and a
smooth glistening inner amniotic surface. The amnion is only slightly
adherent to the chorionic face of the placenta, from which it can be
stripped by forceps, but it is firmly attached to the cord, upon which
it reflects.

The fetal surface of the placenta is blue because of the fetal villous
blood content seen through the membranes; most maternal blood has
been expelled by the uterine contractions that expelled the placenta.
Irregular whitish plaques of subchorionic fibrin project slightly
between fetal vessels and produce what has been referred to as a bos-
selated surface; the plaques are indicative of a mature organ and result
from eddying of the maternal blood in the intervillous space as it turns
direction.

The maternal surface usually has a film of loosely attached blood
clot, which when removed discloses the thin, grayish layer of decidua
basalis and fibrin that comes away with delivery. In the fibrin, yellow
granules and streaks of calcification characterize maturity. They are
extremely variable in amount and have no clinical significance. The
maternal surface is usually broken up into irregular lobules (cotyle-
dons) by crevices that continue into partial or complete septa between
fetal cotyledons. These septa are constructed of decidual cells and cel-
lular trophoblast. On sectioning, the dark red villous tissue reflects the
content of fetal blood. Loosely structured areas represent intervillous
lakes, the presumed sites of first blood injections (“spurts”) from
decidual arteries.

Microscopic Development

It is likely that some adhesion molecules are essential for blastocyst
attachment to the endometrium.>* Once the trophoblastic shell has
attached, marked changes occur on its surface and invasion is accom-
plished by dissociation and ingestion of endometrial cells. A com-
pletely interstitial implantation of the blastocyst is accomplished on
the 9th day of gestation. The trophoblastic shell has proliferated appre-
ciably, particularly at its basal portions, and most trophoblastic cells
possess disproportionately large nuclei and form a syncytium. Within
this mass of trophoblastic cells develop clefts (lacunae) that coalesce
to form the most primitive type of the future intervillous space.

At about this time or on the next day, the somewhat congested
decidual vessels are tapped into by the trophoblast. The first maternal
leukocytes have been observed on day 11 in this primitive intervillous
space, later to be followed by blood, thus establishing the primitive
intervillous circulation.! At the same time, the trophoblastic cells can
be seen to differentiate into a central cellular type (cytotrophoblast
and extravillous trophoblast, and into the future Langhans layer) and
peripheral syncytiotrophoblast (Fig. 2-9). The syncytial nuclei never
undergo mitosis and grow only by the incorporation of cytotropho-
blastic nuclei and cytoplasm; only the latter cells are capable of
mitosis.”"** Recent studies indicate that the formation of the syncytium
from cytotrophoblast is very complex. Thus, Debieve and Thomas®™
provided evidence that inhibin is involved; others have identified that
it requires a protein (“syncytin”) derived from a genetic contribution
of a retroviral envelope gene.”*?*

On day 13, the first connective tissue may be observed in the central
portion of the future villi. It will rapidly expand peripherally into the
cell columns of trophoblast. Evidence suggests that this connective
tissue core derives from the mesoderm of the extraembryonic space
and perhaps the body stalk (see Fig. 2-4) and not by central “delamina-
tion” from trophoblast. By the 30th day, a truly villous ovum is formed,
and the basic future development of the villous structure is delineated.
Villi are found around the entire circumference at first, only to atrophy
over the pole later. Commencing almost simultaneously, on the 14th
day and subsequently, is the development of villous capillaries. More-
over, fetal macrophages (the Hofbauer cells) infiltrate the villi. Although
in 1968 Hertig' discussed in great detail how villous capillaries also
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derive from delaminated trophoblastic cells by the internal detachment
of angioblastic cells, more likely their origin is from fetal mesoderm or
endoderm. These are not idle problems of the embryologist but pertain
directly to an understanding of the genesis of hydatidiform moles. If
villous connective tissue and vessels are definitely derived from the
embryo (rather than the trophoblast), hydatidiform moles must at one
time have had an embryo. Occasionally, complete hydatidiform moles

FIGURE 2-9 Trophoblastic shell of a 13-day-old ovum. Cell
columns composed of solid cytotrophoblast are covered by
syncytiotrophoblast lining the entire intervillous space, which is still
devoid of maternal blood. H&E, x300.

have been shown to contain degenerated embryos, but in most cases
the embryo and its vessels have disappeared.””** Villous vessels coalesce
and connect to the omphalomesenteric and later allantoic vessels
of the embryonic body stalk, and a true fetal circulation is active
by 21 days.” The initial fetal blood cells come from yolk sac, and
only after the 2nd month do they issue from fetal hematopoietic
islands. With an established circulation, the villi are now called tertiary
villi.?

The villous structure changes appreciably during further develop-
ment, and the gestational age can be crudely estimated from the his-
tologic appearance of the villi. In young placentas, the mesenchymal
core of villi is extremely loosely structured, appearing almost edema-
tous (Fig. 2-10). Capillaries are filled with nucleated cells and lie very
close to the villous surface. This surface is uniformly covered by an
inner layer of cellular cytotrophoblast, which contains numerous
mitoses and in turn is covered by a thick layer of syncytium that con-
tains abundant organelles in its metabolically active cytoplasm. The
syncytium is functionally the most important part of the placenta.
With advancing age the villi elongate, lose their central edema, branch
successively, and decrease in diameter. At term they contain little mes-
enchyma and are filled with distended capillaries. Cytotrophoblastic
mitoses are rare after 36 weeks in normal placentas. The syncytium
tends to form buds and “knots,” many of which break loose and are
swept into the intervillous circulation, by which they reach the mater-
nal lung. They are destroyed in the lung as they have no mitotic capa-
bility, and they are presumably the source of the large quantities of
“free DNA” in the maternal circulation that is now used for genotyp-
ing.” Fibrin and fibrinoid, also eosinophilic but composed of a variety
of novel protein compounds, are normally accumulated in ever-
increasing quantities on the surface of villi, in the subchorionic area,

FIGURE 2-10 Placental villi. Left: Villi of 16-week-old placenta. Note the very loosely structured
mesenchymal core containing isolated macrophages, the thin-walled fetal capillaries filled with nucleated red
blood cells, and the double-layered trophoblastic surface. Langhans cells (L) at arrow (cytotrophoblast);
syncytial “buds” begin to form. Right: A section of villi of a term placenta reveals dark syncytial buds and

fibrinoid deposits. H&E, x160.
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and along the floor of the placenta, where the Rohr and Nitabuch fibrin
layers mingle with the decidua basalis. Fibrinoid of the placenta is a
complex admixture of true fibrin and a variety of proteins such as
laminins and collagens.” Near term, some of these fibrin deposits
become calcified in a normal process that may become excessive in the
postmature placenta. The amount of calcium varies greatly but has no
deleterious influence on placental function. The placental septa, com-
posed of cellular extravillous trophoblast (“X cells” or intermediate
trophoblast) and decidua, often undergo cystic change as a sign of
maturity.

The X cell, now more commonly called the extravillous trophoblast,
has recently been the focus of attention. It is a separate lineage of tro-
phoblast that is intimately related to fibrinoid deposition, the produc-
tion of the major basic protein and placental lactogen. Most so-called
placental site giant cells are X cells and are often confused with decidual
stromal elements.”””* From these basal trophoblastic elements come a
variety of enzymes, especially stromelysin-3, to prepare for the inva-
sion of the decidual floor and blood vessels.”” These cells also infiltrate
into the orifices of basal decidual spiral arterioles (Fig. 2-11). Hustin
and colleagues™™ offered evidence that these extravillous trophoblas-
tic cells completely occlude these vessels in early pregnancy, thus allow-
ing only a filtrate of maternal blood to enter the intervillous space. This
hypothesis was challenged with studies using Doppler flow in rhesus
monkeys.” These investigations showed an early vascular connection
of the maternal arterial circulation with the intervillous space, although
flow was of low resistance and pulsatility from day 20 on. The popula-
tion of Hofbauer cells derives from circulating fetal blood, increases in
the first 36 weeks, and falls thereafter."” Although their precise function

FIGURE 2-11 Term placental floor with infiltration of extravillous
cytotrophoblast into a spiral arteriole. The walls of the arteriole
have been transformed with fibrin deposits. The dark cells in the
endometrial stroma are also extravillous trophoblast. H&E, x128.

is not well understood, immunohistochemical studies show that this
large population of cells represents fully differentiated phagocytes.”
After hemolysis, they are seen to produce hemosiderin; in the chorionic
surface, they actively transport meconium after its discharge, and it is
speculated that they remove antifetal antibodies.

At the site of implantation, trophoblastic cells intermingle exten-
sively with decidua basalis; indeed, they penetrate into the superficial
portions of myometrium. These areas are often characterized by scat-
tered lymphocyte infiltration and decidual necrosis.” Cytotrophoblas-
tic cells enter the opened mouths of maternal arterioles and penetrate
deeply along their endothelial linings; indeed, packets of villi “herniate”
into open maternal vessels.”” Some trophoblastic cells infiltrate the
decidua and myometrium, often fusing to form placental giant cells
(Fig. 2-12); others invade the spiral arterioles from the outside. They
cause considerable local change, including fibrin deposition, and alter
the normally contractile vessels to presumably rigid uteroplacental
arteries. Thrombosis is not found normally but is a common finding
when hypertensive changes are superimposed.

Electron microscopic study of placental villi in general supports the
findings made by light microscopy, but it adds significant new details.

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 2-12 Implantation site of first-trimester placenta. The
anchoring villi are composed of cytotrophoblast, and diffusely
infiltrated placental giant cells can be seen. H&E, x40. (From
Benirschke K, Kaufmann P, Baergen RN: The Pathology of the Human
Placenta, 5th ed. New York, Springer-Verlag, 2006.)
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Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 2-13 Scanning electron micrograph of mature villi at the
periphery of the cotyledon. Note the fine uniform structure, rare
adherence, and microvillous velvety surface of the terminal villi
(x100). (From Sandstedt B: The placenta and low birth weight. Curr
Top Pathol 66:1, 1979.)

The arborization of villi and their complexity are best appreciated in
scanning electron micrographs (Fig. 2-13). In the more peripheral
areas of cotyledons, the villi appear histologically more mature (i.e.,
they are smaller and have more branches and less stroma). The syncy-
tial surface is covered by numerous minute microvilli, and syncytial
bridges are occasionally seen. In the central portion of the cotyledon,
the villi are plump and less branched. Freeze-fracture scanning elec-
tron microscopy discloses the proximity of fetal vessels to the base-
ment membrane and the profusely microvillous surface of the
syncytium (Fig. 2-14). With advancing maturity, the Langhans cyto-
trophoblastic layer not only becomes less prominent but also is inter-
rupted in many more places. Here, then, the fetal capillaries abut
a thin layer of syncytium, presumably the most efficient site of
transfer.

These electron micrographic features of maturity are also found
more frequently in the periphery of cotyledons than in their more
immature-appearing centers, but qualitative differences do not exist.*
The slightly different electron micrographic features of villi in part
relate to the state of contraction of fetal capillaries (Fig. 2-15), and they
may in part be the result of oxygen supply. Desmosomes have been
identified by scanning and transmission electron microscopy in tro-
phoblast.* They interlock syncytium with cytotrophoblast, and when
found with free membranes in the cytoplasm of the syncytium, they
presumably represent the remnants of the fusion-incorporation process
of cytotrophoblast into syncytium. The structure of the syncytio-
trophoblastic cytoplasm is extremely complex. It is filled with minute
vacuoles, ribosomes, mitochondria, and the other usual cytoplasmic
components. On the other hand, the cytotrophoblastic cytoplasm is
relatively simple, reflecting its presumed primary function as precursor
cells for syncytium.

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 2-14 Term placental villus. The freeze-fracture scanning
electron microphotograph (x250) shows the microvillous surface,
often in rows (arrowhead), grayish trophoblast cytoplasm, and
proximity of the fetal capillary (FC) to the black intervillous space.
(From Sandstedt B: The placenta and low birth weight. Curr Top
Pathol 66:1, 1979.)

FIGURE 2-15 Transmission electron micrograph (x5000) of two
placental villi at 30 weeks' gestation. The fetal capillary (Fc) at left is
contracted. At right, several capillaries are dilated (Fd). Note microvilli
and shortest maternal-fetal exchange distance (indicated by ban.
(Courtesy of Dr. R. M. Wynn, Department of Obstetrics, Gynecology,
and Pathology, SUNY Health Sciences Center, Brooklyn, NY.)
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Chapter 3

Amniotic Fluid Dynamics

Marie H. Beall, MD, and Michael G. Ross, MD, MPH

Amniotic fluid (AF) is necessary for normal human fetal growth and
development. It protects the fetus from mechanical trauma, and its
bacteriostatic properties may help to maintain a sterile intrauterine
environment. The space created by the AF allows fetal movement and
aids in the normal development of both lungs and limbs. Finally, AF
offers convenient access to fetal cells and metabolic byproducts and
therefore has been used for fetal diagnoses more often than any other
gestational tissue.

The existence of AF has been appreciated since ancient times. Leon-
ardo drew the fetus floating in the fluid, and William Harvey hypoth-
esized that the fetus was nourished by it. Only in the late 19th century,
however, did AF become available for study other than at delivery, and
fluid sampling by amniocentesis was rarely performed until the second
half of the 20th century. Genetic amniocentesis for fetal sex determina-
tion was first performed in 1956." Research on the characteristics of
AF is therefore a relatively recent development. This chapter reviews
the current state of knowledge regarding the volume, composition,
production, resorption, and volume regulation of AF.

Volume of Amniotic Fluid

In the first trimester of pregnancy, the amnion does not contact the
placenta, and the amniotic cavity is surrounded by the fluid-filled
exocoelomic cavity.” The exocoelomic fluid participates in the exchange
of molecules between mother and fetus; at this stage, the function of
the AF is uncertain.

By the end of the first trimester of human gestation, the exocoe-
lomic cavity has been progressively obliterated, and the amniotic cavity
becomes the only significant deposit of extrafetal fluid. AF volumes in
the first half of pregnancy have been directly measured and are found
to increase logarithmically.” AF volumes were first estimated in the
latter two thirds of pregnancy using dilution techniques, and these
original quantitative findings were supported by semiquantitative
measurements performed with ultrasound (Fig. 3-1).* All methods
demonstrate that AF volume increases progressively between 10 and
30 weeks of gestation. Typical volumes increase from less than 10 mL
at 8 weeks® to 630 mL at 22 weeks, and to 770 mL at 28 weeks of gesta-
tion.” After 30 weeks, the increase slows, and AF volume may remain
unchanged until 36 to 38 weeks, after which the volume tends to
decrease. If the pregnancy proceeds after the term date, AF volume
decreases sharply, averaging 515 mL at 41 weeks. Subsequently, there
is a 33% decline in AF volume per week,*® consistent with the increased
incidence of oligohydramnios in post-term gestations.

The rate of change of AF volume depends on the gestational age.
The rate of AF volume increase is 10 mL/wk at the beginning of the
fetal period, and it increases to 50 to 60 mL/wk at 19 to 25 weeks’ gesta-
tion before undergoing a gradual decrease until the rate of change
equals zero (i.e., volume is at maximum) at 34 weeks. Thereafter, AF
volume falls, with the decrease averaging 60 to 70 mL/wk at 40 weeks.
Although the basic mechanisms that produce these alterations in AF
volume throughout gestation are unclear, it is important to note that,
when expressed as a percentage of total AF volume, the rate of change
decreases consistently throughout the fetal period. Thus, the decrease
in AF volume near term represents a natural progression rather than
an aberration.

The volume of AF may be dramatically altered in pathologic states.
Excessive AF (polyhydramnios) may total many liters, and the volume
of AF in conditions of reduced fluid (oligohydramnios) may be near
zero. Fetal anatomic abnormalities such as renal agenesis or esophageal
atresia may impact on the normal processes for production and resorp-
tion of AF, leading to abnormal fluid volumes. In addition, transient
changes, such as maternal dehydration or fetal anemia, may alter AF
production or resorption and therefore AF volume. Abnormalities of
AF volume may also occur without apparent cause and have been
associated with poorer perinatal outcomes”; specifics are discussed
elsewhere in the text.

Production of Amniotic Fluid

The AF in the first trimester of pregnancy has rarely been the subject
of study. It appears that in the first trimester, human AF is isotonic
with maternal or fetal plasma" but contains a minimal amount of
protein. First-trimester AF also demonstrates an extremely low oxygen
tension and exhibits an increased concentration of sugar alcohols, the
product of anaerobic metabolism." It is thought that early AF arises
as a transudate of plasma, either from the fetus through non-keratin-
ized fetal skin, or from the mother across the uterine decidua or pla-
centa surface, or both, although the actual mechanism is unknown."

In the second half of pregnancy, the human fetus produces dilute
urine, which is a major component of AF and causes its composition
to be different from that of serum. In particular, human AF osmolality
decreases by 20 to 30 mOsm/kg with advancing gestation, to levels that
are approximately 85% to 90% of maternal serum osmolality."® In the
same period, amounts of AF urea, creatinine, and uric acid increase,
resulting in AF concentrations of urinary byproducts two to three
times higher than in fetal plasma.'
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fluid volume changes throughout pregnancy. Gestational age (weeks)
Am J Obstet Gynecol 161:382-388, 1989.)

AF production and resorption have been extensively studied in the
latter half of pregnancy, most commonly in the sheep model. Evidence
suggests that the entire volume of AF turns over on a daily basis,”
making this a highly dynamic system. The volume of AF is influenced
by a complex interplay of productive and absorptive mechanisms
(Fig. 3-2)." These mechanisms act to maintain the AF volume, and
there is some evidence that they may be regulated to normalize AF
volume in pathologic conditions.

The major contributors to AF volume in the latter portion of preg-
nancy are fetal urine and fetal lung fluid. In addition, minor contribu-
tions occur from transudation across the umbilical cord and skin, and
from water produced as a result of fetal metabolism. Although some
data on these processes in the human fetus are available, the bulk of
our information about fetal AF circulation is derived from animal
models, primarily the sheep.

The largest contributor to late-gestation AF volume is the fetal
urine. Although the mesonephros can produce urine by 5 weeks of
gestation, the metanephros (the adult kidney) develops later, with
nephrons formed at 9 to 11 weeks," and at this point urine is excreted
into the AF. The amount of urine produced increases progressively
with advancing gestation, and it constitutes a significant proportion of
the AF in the second half of pregnancy.”® Human fetal urine produc-
tion has been estimated by the use of ultrasound assessment of fetal
bladder volume.*" Although there continues to be uncertainty about
the accuracy of noninvasive measurements, human fetal urine output
appears to increase from 110 mL/kg/24 hr at 25 weeks to almost
200 mL/kg/24 hr at term,”"* in the range of 25% of bodyweight per
day or nearly 1000 mL/day near term.”"” In near-term fetal sheep, with
direct methods used for measuring urine production rates, similar
high values have been found.**® There may be a tendency for the urine
flow rate to decrease after 40 weeks™ gestation, particularly if oligo-
hydramnios is present.”’

Amniotic fluid

Lung fluid

Swallowing

Placenta

Intramembranous

pathway

Amnion

Chorion
laeve

FIGURE 3-2 Circulation of amniotic fluid water to and from the
fetus. (Modified from Seeds AE: Current concepts of amniotic fluid
dynamics. Am J Obstet Gynecol 138:575, 1980.)
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Reduction or absence of fetal urine flow is commonly associated
with oligohydramnios, indicating that urine flow is very likely neces-
sary to maintain normal AF volume. The mature fetus can also respond
to changes in internal fluid status by modulating urine flow. In sheep,
increased fetal blood pressure stimulates fetal secretion of atrial
natriuretic factor® and an accompanying diuresis,” whereas increased
plasma osmolality stimulates fetal arginine vasopressin (AVP) secre-
tion and an antidiuretic response.””! These findings indicate that AF
volume could be regulated through the mechanism of altered fetal
urine flow. Whereas human fetal hypoxia has been associated with
oligohydramnios,” ovine fetal hypoxia is associated with increased
urine flow,” during which AF volume is maintained. These data suggest
that regulation of AF volume is mediated by other mechanisms in
addition to changes in urine production.

The major secondary source of AF volume is fluid derived from the
fetal lung. It appears that all mammalian fetuses secrete fluid from their
lungs into the AF. The secretion of fetal alveolar phospholipids (leci-
thin, sphingomyelin, and phosphatidylglycerol) into the AF, used to
predict human fetal lung maturity, is evidence that human fetuses are
not exceptions to this statement. As the rate of fluid production by the
human fetal lungs has not been directly measured, available data are
derived from the ovine fetus. During the last third of gestation, the
fetal lamb secretes an average of 100 mL/day/kg fetal weight from the
lungs. Under physiologic conditions, half of the fluid exiting the lungs
enters the AF and half is swallowed™; therefore, total lung fluid produc-
tion approximates one-third that of urine production, whereas the net
AF fluid contribution is only one-sixth that of urine. Fetal lung fluid
flow is mediated by active transport of chloride ions across the lung
epithelium,* and the lung fluid is isotonic to plasma, unlike the hypo-
tonic urine. Lung fluid production is affected by a diversity of fetal
physiologic and endocrine factors. Increased AVP,” catecholamines,”
and cortisol” decrease lung fluid production, effects that may help
explain enhanced clearance of lung fluid in fetuses delivered after labor,
as compared with those delivered by elective cesarean section.*®*!
Nearly all active stimuli, including arginine vasopressin,” catechol-
amines,” and cortisol,” have been demonstrated to reduce fetal lung
liquid secretion. Modulation of lung fluid production is therefore
unlikely to be a significant regulator of AF volume. Current opinion is
that fetal lung fluid secretion is probably most important in providing
for pulmonary expansion, which promotes airway and alveolar
development.

Other proposed sources for AF water include transudation across
fetal skin before keratinization, transudation across the umbilical cord,
saliva, and water produced as a byproduct of fetal metabolism. Fetal
skin keratinizes at the beginning of the third trimester, making it an
unlikely source for AF in the latter part of pregnancy.*>* Petal oral and
nasal secretions do not appear to be a significant source of AF water.*
Little is known about the value of other sources of AF water, but they
are not thought to be important contributors to AF volume.

Resorption of Amniotic Fluid

One major route of resorption of AF is fetal swallowing. Studies of
near-term pregnancies suggest that the human fetus swallows 190 to
760 mL/day.**® This is considerably less than the volume of urine
produced each day, although these estimates may be unreliable, as fetal
swallowing may be reduced beginning a few days before delivery.”” In
fetal sheep, the daily volume swallowed increases from approximately
130 mL/kg/day three-quarters of the way through gestation to over
400 mL/kg/day near term,* in contrast to a relatively constant urine

production of 300 to 600 mL/kg/day,* again suggesting that the fluid
produced exceeds the swallowed volume.

A series of studies have measured ovine fetal swallowing activity
with esophageal electromyograms, and have measured swallowed
volume using a flow probe placed around the fetal esophagus.”® These
studies demonstrate that near-term fetal swallowing increases in
response to dipsogenic (e.g., central or systemic hypertonicity’' or
central angiotensin IT**) or orexigenic (central neuropeptide Y**) stim-
ulation, and decreases with acute arterial hypotension™ or hypoxia.”*
Thus, near term, fetal swallowed volume is subject to periodic in-
creases as mechanisms for “thirst” and “appetite” develop functionality.
However, despite the fetal ability to modulate swallowing, this modula-
tion is unlikely to be responsible for AF volume regulation. Fetal sheep
subject to hypoxia maintain normal AF volume,” despite decreased
swallowing and increased urine flow, suggesting that another mecha-
nism is responsible for AF volume regulation.

The amount of fluid swallowed by the fetus does not equal the
amount of fluid produced by the kidneys and lungs in either human or
ovine gestation. As the volume of AF does not greatly increase during
the last half of pregnancy, another route of fluid absorption is implied.
The most likely route is the intramembranous (IM) pathway.

The IM pathway refers to the route of absorption from the amniotic
cavity across the amnion into the fetal vessels. Injection of distilled
water into the AF is followed by a lowering of fetal serum osmolality,”’
indicating absorption of free water. This occurs before any change in
maternal osmolality, suggesting absorption directly to the fetus. In
sheep, the permeability of the amnion to inert solutes such as techne-
tium and inulin is greater from the AF to the fetal circulation than in
the other direction. This asymmetry of membrane permeability is not
seen in vitro. These findings suggest that a continuous flow of water
and solutes from AF to the fetal circulation (IM flow) occurs in vivo,*®
and bidirectional (diffusional) flow is seen both in vivo and in vitro.
Other experiments support the thesis that solutes can cross directly
from the AF to the fetal circulation, as both vasopressin® and furose-
mide® are taken up into the fetal circulation and are biologically active
when injected into the AF after fetal esophageal ligation. Experimental
estimates of the net IM flow range from 200 to 400 mL/day in fetal
sheep.”"** This, combined with fetal swallowing, approximately
equals the flow of urine and lung liquid under homeostatic conditions.
Although it has never been directly detected in humans, indirect
evidence supports the presence of IM flow. For example, studies of
intra-amniotic chromium-51 injection demonstrated appearance of
the tracer in the circulation of fetuses with impaired swallowing.” In
nonhuman primates, IM flow would explain the absorption of AF
technetium® and vasopressin® in fetuses after esophageal ligation.
Mathematical models of human AF dynamics also suggest significant
IM water and electrolyte flows.***> Other routes of absorption of AF
have been investigated but were not found to be important in the
movement of water out of the AF. In particular, transmembranous
water flow (AF to maternal blood) is extremely small in comparison
with IM flow.**” In the following discussion, IM flow will be assumed
to be the mechanism for fluid resorption from the AF by nonswallow-
ing mechanisms, understanding that there is the potential for other
pathways as yet undiscovered.

As just described, fetal urine and lung output and fetal swallowing
can all be modulated, but there is little evidence that this modulation
serves as a mechanism for the maintenance of normal AF volume. By
contrast, some experimental observations suggest that IM flow rates
may be regulated to normalize AF volume. In the following description
of membrane water flow and fetal membrane anatomy, some pro-
posals for the mechanism and regulation of IM flow are offered.
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Membrane Water Flow

The AF serves as a fetal water compartment. Water ultimately derives
from the mother via the placenta, making cell membrane water perme-
ability of interest in the accumulation and in the circulation of AF. The
water permeability of biologic membranes can be described mathe-
matically, and values of membrane permeability thus defined can be
used to compare one membrane with another. To discuss the possible
mechanisms of water flux in pregnancy, a review of the basics of mem-
brane water permeability is provided.

Five major routes of membrane transfer (of any moiety) can be
distinguished as follows: (1) simple diffusion of lipophilic substances
(e.g., oxygen), (2) diffusion of hydrophilic substances through trans-
membrane channels (the common mechanism for membrane water
flow), (3) facilitated diffusion (as occurs with D-glucose), (4) active
transport (as for certain electrolytes), and (5) receptor-mediated endo-
cytosis (a mechanism of transfer of large molecules, such as IgG).” In
addition to transcellular flow across the cell membrane, water and
solutes may cross biologic membranes between cells (paracellular
flow).

Except for the specific active transport systems, simple diffusion of
any compound (moles per second) across the membrane along physi-
cal gradients can be described as follows:

(c1—6)-(1-0) thI
=PS(, )+ =) 0=0) L
] a-a) In(ci/c,) F

where it is assumed that ¢, and ¢, in mol/m’ represent the unbound
solute concentrations on opposite sides of the membrane, with ¢,
greater than c,. P represents the solute permeability of the membrane
in m/sec, S stands for the surface area for diffusion in m’ o is the
reflection coefficient (dimensionless, a measure of the exclusion of the
solute by the membrane), J, is the volume (water) flux in m*/sec, " is
defined as the cationic transfer number, without dimension, with I as
the electrical current in coulomb/sec and F as the Faraday constant in
coulomb/equivalent.” ], is influenced by the solubility of the com-
pound under investigation, so lipid-insoluble compounds have low
flow and, in turn, low permeability in the absence of membrane chan-
nels. Importantly, however, the mathematical description presented
here makes no assumption about the route of passive membrane flow.
The volume (water) flow can be simplified to become the well-known
Starling equation, with R being the gas constant in Nm/kmol and T
being the temperature in degrees Kelvin:

J, = LpS[AP — 6RT(c, - )],

where the flow depends on the magnitude of the hydrostatic and
osmotic pressure difference.””!

Experimental studies on biologic membranes often report the mem-
brane permeability (P) (usually in cm/sec) or the flux (J) (mL/sec/cm?).
At times, the filtration coefficient (LpS) (mL/min per unit of force [mm
Hg or mOsm/L] per specimen [kilogram or organ]) is also reported.
Flux is used when the reflection coefficient of the solute responsible
for the osmotic force is unknown. The filtration coefficient is used
when the surface area of the membrane being tested is unknown; this
is often the case, for example, in whole-placenta preparations.”” Mem-
brane water permeabilities are reported as the permeability associated
with flow of water in a given direction, and under a given type of force,
or as the (bidirectional) diffusional permeability. As one membrane

may have different osmotic, hydrostatic, and diffusional permeabili-
ties,”” an understanding of the forces driving membrane water flow is
critical in understanding flow regulatory mechanisms (see later).

Understanding the forces driving membrane water flow may have
real clinical relevance. There is evidence that maternal dehydration is
associated with oligohydramnios, presumably on an osmotic basis,”*”
and that rehydration can increase fetal urine flow and AF volume.
Hypoproteinemia, with decreased maternal plasma oncotic pressure,
may be associated with an increase in AF.”® In addition, water flow
considerations have been used to describe the physiology of twin-twin
transfusion syndrome, with an accurate prediction of the success of
various treatment modalities.”*** Finally, knowledge of the natural
mechanisms regulating AF volume may yield insights into possible
therapies for abnormalities of AF volume.

The anatomy of the fetal membranes suggests mechanisms for IM
flow. In sheep, an extensive network of microscopic blood vessels is
located between the outer surface of the amnion and the chorion,®
presumably providing the surface area for IM flow. In primates, includ-
ing humans, IM flow most likely occurs across the fetal surface of
the placenta, where fetal vessels course under the amnion. In vivo
studies of ovine IM flow suggest that membrane water flow is propor-
tionate to the AF volume, and that water flow can be independent of
the clearance of other molecules.** In sheep, the filtration coefficient
of the amnion has been estimated to be 0.00137 mL/min/mm Hg per
kilogram fetal weight,”* although IM flow rates under control condi-
tions in vivo have not been directly measured. In the human, fetal
membrane ultrastructural changes are noted with polyhydramnios or
oligohydramnios,* suggesting that alterations in IM flow may contrib-
ute to idiopathic AF clinical abnormalities, or that marked changes in
AF volume or pressure may have an impact on fetal membrane
structure.

IM flow is presumably dependent on the water permeability of the
fetal membranes and blood vessels. Despite the relative ease of mea-
surement, chorioamnion permeability to water in vitro has rarely been
assessed. In one experiment, human amnion overlying the chorionic
plate was studied in a Ussing chamber at 38° C. The membrane diffu-
sional permeability (P) to water was measured at 2.2 X 10™* cm/sec.*
Another experiment found an osmotic permeability of 1.5 X 107> cm/
sec in human amnion.” These values are similar to values obtained in
renal tubular epithelium¥* and would indicate that the amnion is a
“leaky” epithelium with the potential for significant water flux, which
would then be subject to modulation. When human amnion and
chorion were both tested, the amnion appeared to be a more effective
barrier to the diffusion of water.” Similarly, in the sheep, the permea-
bility of amniochorion was 2.0 £ 0.3 x 10™* cm/sec, not different from
the permeability of amnion alone, which was 2.5 £ 0.7 X 10™* cm/sec.”
This, coupled with the fact that the fetal vessels occur between the
amnion and chorion, would suggest that the amnion is the more likely
to be involved in regulating IM water flow.

Studies in the ovine model suggest that flow through the IM
pathway can be modulated to achieve AF volume homeostasis, specifi-
cally under conditions potentiating excess AF volume. Because fetal
swallowing is a major route of AF fluid resorption, esophageal ligation
would be expected to increase AF volume significantly. Although AF
volume did increase significantly 3 days after ovine fetal esophageal
occlusion,” longer periods (i.e., 9 days) of esophageal ligation reduced
AF volume in preterm sheep despite continued production of urine.*
Similarly, esophageal ligation of fetal sheep over a period of 1 month
did not increase AF volume.” In the absence of swallowing, with con-
tinued fetal urine production, normalized AF volume suggests an
increase in IM flow. In addition, AF resorption increased markedly

76,77



CHAPTER 3 Amniotic Fluid Dynamics

after infusion of exogenous fluid to the AF cavity” or after increased
fetal urine output stimulated by a fetal intravenous volume infusion.*
Collectively, these studies suggest that IM flow may be under feedback
regulation. That is, AF volume expansion increases IM resorption,
ultimately resulting in a normalization of AF volume. Importantly,
however, factors downregulating IM flow are less well characterized;
there is no evidence of reduced IM resorption as an adaptive response
to oligohydramnios. Downregulation of IM flow is possible, as prolac-
tin reduces the upregulation of IM flow caused by osmotic challenge
in the sheep model,”* and it may reduce diffusional permeability to
water in human® and guinea pig” amnion.

The specific mechanism and regulation of IM flow are probably the
key to AF homeostasis. Bulk water flow across an epithelial membrane
requires a motive force. IM flow may be driven by the significant
osmotic gradient between the hypotonic AF and isotonic fetal plasma®
in the human and sheep, although in rats and mice the osmotic gradi-
ent does not favor AF-to-plasma flow.”** One explanation may be that
solute concentration at the membrane surface may differ significantly
from that in the plasma or AF as a whole, a phenomenon known as
the “unstrirred layer” effect.'® Gross hydrostatic forces are unlikely to
drive AF-to-fetal flow, as the pressure in the fetal vessels exceeds that
in the amniotic cavity. Hydrostatic forces could be developed between
the AF and the interstitial space, with another force promoting water
flow into the bloodstream. Local changes in hydrostatic or osmotic
pressure have been proposed to drive IM flow, but none of these has
been demonstrated in vivo.

A variety of mechanisms have been proposed for the regulation of
IM flow. As esophageal ligation of fetal sheep resulted in upregulation
of fetal chorioamnion vascular endothelial growth factor (VEGF) gene
expression,'”" it was proposed that VEGF-induced neovascularization
could potentiate AF water resorption. Those authors further specu-
lated that fetal urine or lung fluid, or both, may contain factors that
upregulate VEGF, although their recent work demonstrates no effect
of lung liquid on the rate of IM flow (J. Jellyman, personal communi-
cation). The association of increased VEGF, and presumably vessel
growth and permeability,'”” with increased IM flow, coupled with the
difference noted between the asymmetrical flow in vivo and the sym-
metrical permeability of amnion in vitro, have also led to the sugges-
tion that the rate of IM flow is regulated by the fetal vessel endothelium,
rather than by the amnion.”

In animals in which the fetal urine output had been increased by
an intravenous volume load, an increase in AF resorption occurred,
despite a constant membrane diffusional permeability to technetium.*
In addition, artificial alteration of the osmolality and oncotic pressure
of the AF revealed that IM flow was highly correlated with osmotic
differences; however, there was a component of IM flow that was not
osmotic dependent. As this flow pathway was also permeable to protein,
with a reflection coefficient of near zero, this residual flow was felt
to be similar to fluid flow in the lymph system.'” These findings, in
aggregate, have been interpreted to indicate active transport of bulk
fluid (i.e., water and solutes) from the AF to the fetal circulation, either
in the amnion or in the fetal vessel wall. Daneshmand and colleagues®
have proposed that this fluid transport occurs via membrane vesicles,
and they point out the high prevalence of intracellular vesicles seen on
electron microscopy of the amnion.'” This theory has not been widely
accepted, as vesicle water flow has not been demonstrated in any other
tissue and would be highly energy dependent. Rather, most authors
believe that IM flow occurs through conventional para- and trans-
cellular channels, driven by osmotic and hydrostatic forces, perhaps
modulated through an unstirred layer effect. Mathematical modeling
indicates that relatively small IM sodium fluxes could be associated

with significant changes in AF volume, suggesting that active transport
of sodium may be a regulator of IM flow.®® The observation that a
portion of IM flow was independent of osmotic differences, however,
suggests that other forces may also be significant.'”

Importantly, upregulation of VEGF or sodium transfer alone
cannot explain AF composition changes after fetal esophageal ligation,
because AF electrolyte composition indicates that water flow increases
disproportionately to solute (i.e., electrolyte) flow.*' The passage of free
water across a biologic membrane is a characteristic of transcellular
flow, a process mediated by cell membrane water channels (aquaporins
[AQPs]). AQPs are hydrophobic intramembranous proteins.'*'% They
organize in the cell membrane as tetramers, but each monomer forms
a hydrophilic pore in its center and functions independently as a water
channel.'” Although the majority of AQP structural studies have been
performed on AQP1, similarities in sequence suggest that the three-
dimensional structure of all AQPs is similar, although in addition to
water, some AQPs also allow passage of glycerol, urea, and larger mol-
ecules. Multiple AQPs have been identified (up to 13, depending on
the species). Some are widely expressed throughout the body; others
appear to be more tissue specific.

Regulation of water flux depends on the location and concentration
of AQPs in the cell membrane. In the kidney, AQP3 and AQP4 are both
present in the basolateral membrane of the collecting-duct principal
cells, whereas AQP2 is present in the apical portion of the membrane
of these cells.'”” The presence of different AQPs on different portions
of the same cell is thought to regulate water transfer across the cell by
differentially promoting water entry from the collecting duct lumen
and from the interstitial fluid. AQP concentration in the membrane
may be influenced by the insertion or removal of AQP into the mem-
brane from the intracellular compartment, or by the promotion of
AQP production. Both of these events may be the result of cellular
stimulation by hormones or by the external environment. In the renal
tubule, AQP2 is transferred from cytoplasm vesicles to the apical cell
membrane in response to AVP'® or forskolin (a stimulator of cAMP
production).'” AQPS is similarly transferred from hepatocyte vesicles
to the cell membrane in response to dibutyryl cAMP and glucagon.'’
In longer time frames, expression of various AQPs may be induced by
external conditions. For example, AQP3 expression in cultured kerati-
nocytes is increased in hypertonic medium.'" In the intact organism,
AQP3 expression in the kidney is upregulated by dehydration,'” an
effect mediated by AVP. Together with permeability data, these findings
indicate that AQPs are important in the regulation of water flow across
biologic membranes, and that their expression and activity are regu-
lated according to the needs of the organism.

Studies have demonstrated AQPI, -3, -8, and -9 mRNA (gene)
expression in fetal membrane and placenta in a variety of species. In
addition, recent data suggest that membrane AQP1 may specifically
regulate AF volume. Mice lacking the AQP1 gene have been reported
to have significantly increased AF volume.'” Furthermore, AQP1
expression was increased in human amnion derived from patients with
increased AF volumes'"; this upregulation was postulated to be a com-
pensatory response to polyhydramnios. AQP1 protein increased in
ovine chorioallantoic membranes when the fetus was made hypoxic,
suggesting a mechanism for the increased IM flow associated with
ovine fetal hypoxia.""* AVP levels may be higher in the AF of fetuses
with oligohydramnios,'"® and some work suggests that AVP and cAMP
may upregulate AQP expression in cultured human amnion."*'"’
Upregulation of amnion AQP1 by AVP is a possible explanation for
oligohydramnios resulting from increased IM flow. These results
suggest that AQP1, and possibly -3, -8, and -9, could participate in the
regulation of gestational water flow.
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Summary

AF is an important component of successful gestation. When present
in normal amounts, it provides an environment for normal develop-
ment and an extrafetal water store. It also serves as a convenient source
of diagnostic material. Normal AF volumes can vary widely between
individuals, and a variety of pathologic conditions may be associated
with frankly abnormal AF volume. Early in gestation, AF appears to be
a transudate of fetal serum, although the specifics of AF production
and resorption are little studied. In the second half of pregnancy,
human AF is hypo-osmolar to serum and contains increased con-
centrations of urea and creatinine. Although the formation of AF
is reasonably well described, the mechanisms for establishing and
maintaining AF volume are poorly understood. Similarly, the cause of
abnormal AF volumes in certain pathologic conditions is unknown.
Although all of the major mechanisms for production and resorption
of AF can be modulated by the near-term fetus, modulation of IM flow
appears today to be the most likely to serve as a mechanism for normal-
izing AF volume. Regulation of AF volume remains an active area of
investigation, as the ability to therapeutically alter the production or
resorption of AF would represent an important advance in the man-
agement of pregnancy.
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Chapter 4

Multiple Gestation
The Biology of Twinning

Kurt Benirschke, MD

Incidence of Twinning

The incidence of twinning is increasing as our population ages and a
new technology—assisted reproductive technology (ART)—is becom-
ing widely used. Not only have artificial reproductive techniques led to
a marked increase in higher-order multiple births (triplets, quadru-
plets) but also they are followed by an increase in prematurity rates
and congenital anomalies.” The statistics, which are usually derived
from national or regional birth records and rely on reporting by physi-
cians or other personnel attending births, do not accurately reflect the
occurrence of twins at conception because the much higher prenatal
mortality of twins (as abortion or fetus papyraceus) is not taken into
account. Thoughtful reviews of the multiple gestation “epidemic” are
available.*® Some countries have chosen to deny transfer of more than
one blastocyst.” An additional finding of interest is that there appears
to be an increase in monozygotic twinning (identified as being mono-
chorionic) when various ART procedures are used; also, placental
abnormalities are more frequent.®

Guttmacher’ suggested that 1.05% to 1.35% of pregnancies were
twins, the reason for this wide variation being that the frequency of
the twinning process varies widely among different populations. Data
collated from various countries reveal that the variability relates largely
to the ethnic stock of the population under consideration. Moreover,
although the dizygotic (DZ) twinning rate varies widely under differ-
ent circumstances, the monozygotic (MZ) twinning rate is considered
to be “remarkably constant,” usually between 3.5 and 4 per 1000,"
although Murphy and Hey'! found the rate to have slightly increased
in recent years. In recent national statistics, of 4 million births in the
United States, 3.3% were multiple, or 1 in 30 gestations.

When the twinning rate of a population is known, the frequencies
of triplets, quadruplets, and so on can be roughly calculated by Hellin’s
hypothesis, which states that when the frequency of twinning is , that
of triplets is ’, of quadruplets n’, and so on. The highest number
recorded so far is nine offspring.'* Since 1973, there has been a steady
rise in the incidence of twins and triplets, so that currently at least 1
in 43 births is a twin and 1 in 1341 pregnancies results in triplets.”"
In part, this increase was attributed to delayed childbearing, but the
use of ovulation-enhancing drugs has also been implicated. Although

acknowledging the increased DZ twinning frequency attributed to clo-
miphene, Tong and coworkers' found that the DZ-to-MZ ratio has
significantly declined from 1.12 (1960) to 0.05 (1978) and suggested
adverse environmental factors as a possible cause.

Types of Twins

Twins who possess characteristics that make them virtually indistin-
guishable are referred to as identical, whereas twins who are unlike are
considered fraternal. Identical twins always have the same sex, but
fraternal twins may be of different sexes. The terms identical and fra-
ternal, although popular, are scientifically less useful and are best
replaced by the terms monozygotic and dizygotic, respectively, to indi-
cate the mechanism of origin of the two types of twins. An important
reason for this preference is that MZ twins with discordant phenotypes
(e.g., cleft lip) would be misclassified as fraternal.

To assess the frequency of MZ and DZ twins, investigators have
commonly used the Weinberg differential method. This method sug-
gests that the frequency of MZ twins can be deduced from a twin
sample when the sex of the twin pairs is known. Thus, if the numbers
of male and female conceptuses were approximately equal and all twins
were fraternal (DZ), there would be 50 male-female pairs, 25 male-
male pairs, and 25 female-female pairs in every 100 pairs of twins. Any
excess of like-sex twins is therefore assumed to be the population of
MZ twins. This number then can be calculated by using the following
formula:

MZ twins = like-sex pairs — unlike-sex pairs +
number of pregnancies

When this formula is applied to national birth statistics, approxi-
mately one third of twins in the United States are MZ, although it
must be said that the tautology of Weinberg, as Boklage" calls it, has
often been criticized. Moreover, the very high twinning rate of the
Yoruba tribe in Nigeria results from a higher frequency of double
ovulation, whereas the low twinning rate in Japan is the result of a
lower frequency of double ovulation. This formula also supports the
notion that MZ twinning occurs with a relatively uniform incidence
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in different populations and rises only slightly with advancing mater-
nal age."’ In contrast, the rate of DZ twinning increases with maternal
age to about 35 years and then falls abruptly. The rate also increases
with parity, is higher in conceptions that occur in the first 3 months
of marriage, and decreases in periods of malnutrition, such as during
World War II. James'® deduced that DZ twinning also increases with
coital frequency, and numerous studies indicate that DZ twins occur
in certain families, presumably because of the presence of genetic
factors leading to double ovulation. These factors are expressed in the
mother but may be transmitted through males. Only a few pedigrees
suggest that MZ twinning is inherited, and most authorities have con-
cluded that it is a random event. There is also some, occasionally dis-
puted, evidence that assisted reproductive technology has increased the
frequency of MZ twin births as well, perhaps because of damage to the
blastocyst.'”*!

Much has been written about the possible occurrence of “third
twins,” or the uncommon twins that may arise from possibly irregular
ovulation events, such as polar body fertilization. Bulmer'® concluded
that such an event is unlikely to have been described. Bieber and col-
leagues,” however, suggested that the development of an acardiac trip-
loid twin (a malformed MZ twin without a heart) represents such an
example. As explained later, the topic is important only because the
evidence that DZ twins come from two ovulations does not rest on
very firm knowledge. Goldgar and Kimberling® developed a genetic
model to discriminate between DZ and polar body twins. They found
that only near-centromeric genetic loci can be confidently used to
make such a crucial distinction.

Twins may also originate from fertilization by sperm of two fathers,
and the suggestion by James'® that DZ twinning is influenced by coital
rates relates to this phenomenon of superfecundation. Few cases have
been verified. In the ninth reported case, one white male twin and one
African-American male twin were presumably conceived by two docu-
mented events 1 week apart.”*

Causes of Twinning

The causes of both MZ and DZ twinning are incompletely understood.
It is commonly assumed that DZ twinning occurs because of double
ovulation, and occasional case descriptions support this assumption.
Meyer and Meyer” described two 14-day implantation sites with
two corpora lutea of similar age in contralateral ovaries. Moreover,
multiple pregnancy can be induced by hormonal induction of ovula-
tion, and the polyovulation can be followed via ultrasonography.”*”
Serum gonadotropin levels in twin-prone Nigerian women are higher
than in control subjects,” and lower levels are found in Japanese
women, who are less likely to produce fraternal twins.”’ For these and
other reasons, it is reasonable to assume that DZ twinning is the result
of somewhat elevated serum gonadotropin levels, leading to double
ovulation. Moreover, it is assumed that gonadotropin levels are influ-
enced by maternal age, nutrition, parity, and, among other factors,
maternal genotype. It has now also been found that DZ twinning cor-
relates with a mutation on chromosome 3 that codes for a receptor
gene,” whereas Healey and colleagues® questioned a relationship to
the fragile X syndrome. More recently, a number of additional factors
have been found to affect the ovulation rate. Thus, in sheep and cattle,
specific mutations have been correlated with multiple ovulation,’ and
insulin-like growth factor-1 has been found to interact with ovulation
and folliculogenesis.”

Although these assumptions may be correct, they are not proven,
and the existence of two corpora lutea is rarely ascertained when

twins are born. It is of interest to learn that the use of ovulation-
enhancing agents has also led to an increase in MZ twins, but this is
most easily identified in triplets.”* We observed the same phenomenon
in placental examination of triplets and quadruplets. This finding
seems at first contradictory, but accidents in preservation of the zona
pellucida have been witnessed in assisted reproduction of domestic
animals, and these accidents are presumably also the basis for these
unexpected events. In addition, the occurrence of two ova in one
follicle is well documented, as are many abnormal fertilization
events.

More important questions about the validity of this concept of DZ
twinning are statistical, however, and they are as yet unanswered. Non—
right handedness is found not only in MZ and DZ twins but also in
their close relatives at a higher rate than would be expected in the
general population.”® The same observations have been made with
respect to certain forms of schizophrenia, suggesting that the tradi-
tional MZ and DZ divisions may be incorrect, a full spectrum may
exist between the two classes, and the MZ twinning process relates to
a factor interfering with the brain symmetry development of the
embryo. It has indeed been suggested that there is a continuum between
the MZ and DZ twinning propensity.

The mechanism leading to MZ twinning is even more obscure. That
such twins exist can be verified not only by their physical similarity
but also by their identity in genetic characters. Exhaustive blood group
analysis, finding no differences in the face of different parental markers,
was formerly used to verify identity. Chromosomal markers had been
used for the diagnosis of MZ twins with apparently greater assur-
ance,”®”” but most recently the direct comparison of DNA variations
is being used for zygosity diagnosis. The determination of restriction
fragment length polymorphism compares fragments of DNA and is
decisive. Moreover, this technique can use a variety of tissues, including
blood and placenta.’®* This methodology has now been greatly simpli-
fied and automated so that zygosity diagnosis can be achieved quickly,
reliably, and inexpensively.*” The facts that MZ twins occur slightly
more frequently with advancing maternal age," that discordant mal-
formations often occur, that conjoined twins develop, and that MZ
twinning can be induced by teratogens*' have led to the hypothesis that
MZ twins result from a teratologic event. Boklage™ suggested a distur-
bance in the process of symmetry development in the embryo. It has
been possible to produce MZ twins by the separation of early blasto-
meres in a few animal genera (e.g., Triturus, Ovis, Bos, Mus), but such
physical events do not occur in early human embryonic stages. On the
other hand, there is some evidence that MZ twinning may be more
frequent after ART procedures although some have disputed this.
Nevertheless, Steinman and Valderrama,***’ who have had an interest
in the mechanism, have suggested that the possible reduction of
calcium ions (needed for cell adhesion) may be causative because of
the composition of the culture fluids and length of exposure in in vitro
fertilization.

Because of these uncertainties, it has been convenient to speak of
the “twinning impetus,” an external and perhaps teratogenic agency,
that is randomly distributed and that may lead to twins only up to a
certain stage before the embryonic axis is established. Experiments in
mice with vincristine support this hypothesis.”' If teratogens had their
effect later, twins would not be resulting; rather, anomalies in the sin-
gleton might develop. It is further assumed that this twinning impetus
may lead to separation of only the embryonic cells but that it will not
lead to the splitting of already formed cavities. Therefore, when the
embryonic events are plotted against embryonic age, one may deduce
from the placental configuration the approximate timing of the twin-
ning process (Fig. 4-1).
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FIGURE 4-1 Schematic representation of monozygotic twinning event superimposed on temporal
events of embryogenesis. The embryonic events in the upper portion are sketched according to the
publications of early human embryos by Hertig (1968). The twinning event is depicted in the lower portion,
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with resulting placental types indicated. DiDi, diamniotic dichorionic; DiMo, diamniotic monochorionic; MoMo,
monoamniotic monochorionic. (From Benirschke K, Kim CK: Multiple pregnancy. N Engl J Med 288:1276,

1973. Reprinted by permission from The New England Journal of Medicine.)

Placentation in Twinning

There are two principally different placental types, monochorionic
and dichorionic placentas (Fig. 4-2), and it is essential that they be so
identified at birth. Indeed, it is also desirable to differentiate these
placentas prenatally by ascertaining the thickness of the “dividing
membranes” sonographically. Winn and associates* established crite-
ria for this measurement and suggested that, with an 82% accuracy, a
maximal thickness of 2 mm is diagnostic of monochorionicity. More
recent studies have shown the reliability of this methodology, especially
in the mid-trimester. Oligohydramnios is its most serious limita-
tion."* Numerous surveys of placental types of twins have shown that
heterosexual (assuredly DZ) twins virtually always have a dichorionic
placenta, and that monochorionic twins have always been of the same
sex. These basic facts led us to assume that all monochorionic twins
are MZ; however, exceptions have also been reported on very rare
occasions.*”*

Some MZ twins may be endowed with dichorionic placentas (i.e.,
twins that separated in the first 2 days after fertilization) (see Fig. 4-1).
Most MZ twins, however, have a placenta with diamniotic and mono-
chorionic membranes (Fig. 4-3). Monoamniotic twins, which are by
necessity also monochorionic, occur least commonly (approximate
incidence, 1%). Conjoined twins are monoamniotic and are less
common still, because it probably becomes increasingly difficult for a
rapidly growing embryo to submit to the twinning impetus.

Amnion
Chorion

A

Amnion
Chorion

Vi

Amnion Amnion
Chorlon
T ‘V

Diamnionic, monochorionic
twin placenta

Diamnionic, dichorionic
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FIGURE 4-2 The two principal types of twin placentation. Left,
Diamniotic monochorionic placenta, always monozygotic. Right,
Diamniotic dichorionic placenta, which may or may not be fused.

DZ twins always have dichorionic placentation. Their placentas
may be separated or intimately fused (Figs. 4-4 and 4-5). If the placen-
tas are fused, a ridge develops in the central fusion plane that allows
easy distinction from the monochorionic placenta. With rare excep-
tions,**** blood vessels never cross from one side to the other in dicho-
rionic twin placentas, and when the dividing membranes (that portion
separating the two sacs) are carefully dissected, four separate layers can
be identified: one amnion on either side and two chorions in the
middle. Between the two chorions, one finds degenerated trophoblast
and atrophied villi, features that render the dividing membranes of a
diamniotic dichorionic twin pair opaque. Differential expansion of the
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fetal sacs often causes the membranes of one placenta to push away
those of the other (Fig. 4-6), a feature that must not be confused with
monochorionic placentation. It is referred to as irregular chorionic
fusion. Very few verified DZ twins with monochorionic placenta have
occurred, even with occasional anastomoses and with consequent
blood chimerism. They are so rare that perhaps most have not been
reported because they are not ascertained.

Although 20% to 30% of MZ twins have a dichorionic placentation,
most often the placentas of monozygotic twins are monochorionic.

FIGURE 4-3 Diamniotic monochorionic twin placenta with
numerous vascular anastomoses.

The latter type is invariably fused, and the dividing membranes consist
of two translucent amnions only. When these amnions are separated
from each other, the single chorion on the placental surface is evident.
The chorion carries the fetal blood vessels and various types of inter-
fetal vascular communications that occur regularly in monochorionic
twins.

The two principal types of membrane relationships are shown
in Figure 4-2. Monoamniotic twins are least common and carry
a mortality rate of approximately 50% to 60% because of the
frequent encircling of the cords, and knotting may lead to cessation
of umbilical blood flow. Fetal demise usually occurs in the first
part of pregnancy; after 32 weeks’ gestation, no further mortality
can be expected from entangling,’™*> which can then be identified
sonographically.” The chronic stasis induced by cord entanglement
can lead to stillbirth and also to thrombosis with calcification of
fetal vessels (Fig. 4-7). The possibility also exists that formerly diam-
niotic membranes become disrupted during gestation, with increased
fetal mortality ensuing.>* The perinatal mortality rate of diamniotic
monochorionic twins is next highest (approximately 25%), because of
the high frequency of the interfetal twin-to-twin-transfusion syn-
drome. The mortality rate is lowest for dichorionic twins (approxi-
mately 8.9%). This has been verified by a large study of twins in
Belgium.”

The relationship of placentas among triplets, quadruplets, and
higher-orders multiple births generally follows the same principles,
except that monochorionic and dichorionic placentations may coexist
(Fig. 4-8). With these higher numbers, there is more frequent associa-
tion of placental anomalies, particularly marginal and velamentous
insertions of the umbilical cord (see Figs. 4-8 and 4-9) and single
umbilical artery (Fig. 4-9). The etiology of these anomalies may be
related to the crowding of placentas and competition for space, or to
primary disturbances of blastocyst nidation.

8 weeks ol DiDi
2cm r? AL

FIGURE 4-4 Twin gestations in utero, both at 8 weeks. Left, Monochorionic diamniotic twins. Right,

Dichorionic diamniotic twins.



FIGURE 4-5 Diamniotic dichorionic twin placenta, fused. The
umbilical cord on the left had a single umbilical artery. Note the close
approximation of two placental disks with ridge formed by
membranes in center.

FIGURE 4-6 Diamniotic dichorionic (separate) twin placenta. The
membranous sac of the left twin has pushed away the right
membranes so that fusion of dividing membranes occurs over the
right placenta (“irregular chorionic fusion”).

Velamentous Insertion of Umbilical
Cord and Vasa Praevia

With the six- to nine-times-higher incidence of velamentous umbilical
cord insertion in twin placentas and an even higher incidence in
higher-order multiple births, the presence of vasa praevia in multiple
pregnancy must be anticipated. It is a serious complication and often
lethal because of exsanguination during delivery (see Fig. 4-10). Mem-
branous vessels originating from a cord with velamentous insertion
radiate toward the placental surface and are not protected by
Wharton’s jelly. Therefore, they may thrombose or may be compressed
during labor. When the membranes are ruptured during delivery and
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FIGURE 4-7 Monoamnionic twin placenta. There is marked
encircling of the umbilical cords and fetal demise of dark cord’s twin.
The other twin died also and had massive CNS damage. Note the
thrombosis of surface vessels and calcifications (yellow) of organized
thrombi (white arrows).

FIGURE 4-8 Placenta of quadruplets at 28.5 weeks. A, C, and D
are female; B is male. Placenta is tetrachorionic and intimately fused.
Birth order is indicated by letters. Cord A is marginally inserted.
Despite intimate fusion, there are no anastomoses.

these vessels accidentally have a transcervical position (vasa praevia),
the rupture may lead to exsanguinating hemorrhage. Not only may the
first twin exsanguinate but, as has been described, the second twin may
exsanguinate through interfetal placental anastomoses if the placenta-
tion is monochorionic. Vasa praevia may exist not only over the cervi-
cal os but also over the dividing membrane when the second twin’s
cord has a velamentous insertion on the dividing membranes. Fetal
hemorrhage leading to death within 3 minutes has been observed when
the diamniotic dichorionic membranes of the second twin were rup-
tured.” In nine cases collected by Antoine and colleagues,” no first
twin survived and 62.5% of the second twins eventually succumbed as
the result of this hemorrhage. The clinical management of vasa praevia
is discussed in detail in Chapter 37.



m CHAPTER 4 Multiple Gestation: The Biology of Twinning

Rights were not granted to include this figure in electronic media.
Please refer to the printed publication.

FIGURE 4-9 Immature monochorionic quintuplet placenta. All
infants died from hyaline membrane disease and one had a single
umbilical artery. There are numerous anastomoses. (From Benirschke
K, Kaufmann P, Baergen RN: The Pathology of the Human Placenta.
New York, Springer-Verlag, 2006.)

Exsanguination in 3 minutes after
rupture of membranes; velamentous cord
insertion

- )

FIGURE 4-10 Fatal vasa praevia in twin A of an intimately fused
diamniotic dichorionic twin placenta. The disrupted vessel is
indicated by arrows. The mother was admitted 4 hours after rupture
of membranes with no history of significant bleeding. Twin A had an
Apgar score of 1 and could not be resuscitated. Twin B lived. The left
half of the placenta had marked pallor (on maternal surface) because
of fetal hemorrhage.

Monoamniotic Twins

Monoamniotic twins are all MZ, and all must also have a single
chorion. Monoamniotic twins are the least common. Their occurrence
is variably recorded as from 1 in 33 to 1 in 661 twin births. In the
series reported by Benirschke and coworkers,” 3 of 250 pairs had this
type of placenta, and three of the six fetuses died from various
complications.

The most common complication is encircling and knotting of cords
with cessation of umbilical blood flow (see Fig. 4-7). The extent of the
knotting of cords is at times astonishing and testimony to the degree

of fetal movements. In the past, double survival of monoamniotic
twins was so uncommon that such cases were deemed worthy of
report.”® Preterm delivery, at 32 to 34 weeks’ gestation, has led to
increased survival of monoamniotic twins. Locking of the twins during
delivery is rarely observed with monoamniotic twins, because almost
all are delivered by cesarean section.

Most monochorionic twins have interfetal placental anastomoses,
but such vessel communications are not invariably found. It was for-
merly believed that blood was exchanged between the twins through
these anastomoses, and that if one twin succumbed before birth,
thromboplastin, possibly originating in the macerating fetus, might
lead to disseminated intravascular coagulation in the surviving twin.
This phenomenon would be restricted to monochorionic placentation
and was thought to occur in triplets as well. An alternative view for the
demise of the second twin, and one that now has assumed greater
likelihood, is that severe and acute hypotension develops through
exsanguination into an already dead twin via large anastomoses,”*
very much like that which led to the demise of Eng when Chang of the
notorious Siamese twins died.

Because of the high mortality rate, it is imperative to make an
antepartum diagnosis. With such a diagnosis, a clear course of action
awaited accumulation of adequate statistics that would delineate
exactly when in the course of pregnancy one or both twins are likely
to succumb from cord encircling. Rodis and colleagues® provided
some of these data; they showed a 90% survival when adequate ante-
natal care was provided.

The umbilical cords of monoamniotic twins usually arise near each
other on the placenta, and in rare circumstances they are partially
fused. Less often, they are velamentous. The fusion of cords represents
a gradual transition to the invariably monoamniotic conjoined twins
that are thought to form only slightly later, at the end of the twinning
spectrum shown in Figure 4-1. Conjoined twins may have two cords
with three vessels each, forked cords, anomalous vessels, or, at the other
end of the spectrum, one cord with only one artery and one vein.
Congenital anomalies, although more common among twins in
general, are particularly common in monoamniotic and conjoined
twins. The more frequent occurrence of sirenomelia—100 to 150 times
more common in twins than in singletons—has led to insights into the
relationship of this anomaly with pulmonary hypoplasia, a regular
finding in sirens because of a deficient urinary tract. When one mono-
amniotic twin is a siren and the other is normal, the amniotic fluid
produced by the second twin apparently protects the siren from expe-
riencing pulmonary hypoplasia. When the placenta is diamniotic, this
protection does not occur.®

Diamniotic Monochorionic Twins

Diamniotic monochorionic twins are MZ, the placenta is fused, and
the umbilical cords often have a marginal or velamentous insertion.
The diagnosis is readily apparent from the absence of a ridge at the
base of the dividing membranes (see Figs. 4-3 and 4-4) and the trans-
lucency of the dividing membranes. When the membranes are dis-
sected, one amnion can be readily stripped from the other, leaving a
single (placental) chorionic plate that carries the fetal blood vessels.
The amnions do not necessarily meet at the vascular equator of the
two placental beds but may shift irregularly from one side to the other,
presumably because of fetal movements and the relative fluid contents
of the two sacs. The diamniotic monochorionic placenta is the most
common type seen in MZ twins; approximately 70% have this
conformation (see Fig. 4-1), and a recent review details all its major
complications.”
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DiMo — A/A

FIGURE 4-11 Diamniotic monochorionic (DiMo) twin placenta.
One large direct A/A (artery-to-artery anastomosis) after injection with
milk is shown.

The diamniotic monochorionic placenta and, less commonly, the
monoamniotic twin placenta nearly always possess interfetal blood
vessel communications (Fig. 4-11, and see Fig. 4-12). The anastomosis
is more often an artery-to-artery (arterioarterial) (see Fig. 4-11) than
a vein-to-vein communication, and sometimes both types are present
and multiple. These vessels allow blood to shift readily from one side
to the other, equalizing volumes and pressures. They are most readily
demonstrated, after the amnion has been removed, by careful inspec-
tion, by stroking blood from one side to the other, or by injection. It
is generally impractical to inject the entire placenta from the cord
vessels, because rather large volumes are needed and the placental
blood must not have been clotted. One can verify the existence of
anastomoses more readily by first cutting off the cords and then inject-
ing water or milk into those vessels that are thought to be anastomotic
(see Fig. 4-12).

The large anastomoses have important practical clinical implica-
tions. Through these communications, the second twin may exsangui-
nate if vasa praevia of the first twin are ruptured or, of course, if the
cord of the first twin is not clamped. In the rare event that the diagnosis
of a twin gestation is not made until the time of delivery, the practice
of permitting placental transfusion to occur, or removing umbilical
cord blood, should be done only when it is confirmed that twins do
not exist. Otherwise, the second twin may rapidly exsanguinate through
these commonly large-caliber vessels (Fig. 4-13).

It must also be realized that the interfetal anastomoses of larger
caliber may lead to significant shifts of blood between fetuses. This is
particularly important when one fetus dies. The vascular bed of the
dead twin relaxes, and a substantial amount of blood from the survivor
may enter the dead twin, causing anemia in the survivor, possibly with
destructive consequences. It now appears likely that the appreciable
frequency of cerebral palsy of a surviving monochorionic twin results
from acute hypotension after one twin dies, because of major blood
shifts between the twins through placental anastomoses.”* This
feature is then grossly similar to the appearance of the twins shown in
Figure 4-14, who died from the transfusion syndrome due to an arte-
riovenous anastomosis. One twin has much more blood than the other,
and when this is the result of large blood vessel anastomoses rather

FIGURE 4-12 Placenta of twin-to-twin transfusion syndrome. Milk
is being injected into the arteries of the donor twin. Several
arteriovenous shared cotyledons can be seen. A, artery; V, vein; Y,
remains of yolk sac.

FIGURE 4-13 Diamniotic monochorionic twin placenta showing a
portion of the vascular equator. The amnions have been stripped
off; only the chorionic surface is seen. Arteries lie on top of veins.
Twin A (top) displays a normal cotyledonary supply at left, with an
artery feeding the cotyledon and a vein returning it to the same fetus.
Toward the right (right to the yellow patch of subchorionic fibrin) is an
artery-to-artery (A/A) anastomosis. An arteriovenous shunt (A-V) is
demonstrated at the right. These twins came to term because the
A/A anastomosis immediately compensated for any irregularity of
blood volume arising from the A-V shunt shown at the right.

than the arteriovenous shunt to be described next, such twins have
been erroneously said to have the classic transfusion syndrome. Twins
with such marked differences in blood content near term are never the
result of the twin-to-twin transfusion syndrome (TTTS).

The Twin-to-Twin
Transfusion Syndrome

The most important anastomosis, the arteriovenous shunt, is also the
most difficult to diagnose at inspection of the placenta after delivery.
It is not a direct communication; instead, it occurs when one cotyledon
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FIGURE 4-14 Diamniotic monochorionic twins. The plethoric twin
(right) had died earlier and as a consequence, the larger fetus (left)
bled back, through the shared vessels, into the now plethoric fetus.
The smaller fetus had a velamentous cord insertion.

is fed by an artery from one twin and the blood is then drained by a
vein into the other twin. The arteriovenous shunt is diagrammatically
shown in Figure 4-15, and the common vascular relationships at a twin
vascular equator are seen in Figure 4-13. To recognize such a shared
cotyledon, one must follow all terminal arterial branches (arteries cross
over veins) and ascertain whether a vein is returning to the same twin,
as is normally the case (see Fig. 4-13, left) or whether the cotyledon is
drained to the other twin (see Fig. 4-13, right). To verify the existence
of a common or shared cotyledon, one may inject the artery with
water; the shared cotyledon rises and blanches, and the water then
drains from the vein of the other twin, thus blanching the common or
shared cotyledon (Fig. 4-16). This arrangement has been referred to as
the third circulation. It is incorrect, however, to assume that there are
other “deep” anastomoses, as are often discussed. Villi are never con-
nected only deep in the placenta, and they can exchange blood only
through common shared cotyledons. The situation is different after
laser surgery, as has recently been demonstrated (Fig. 4-17).%
Arteriovenous shunts may exist singly or may be multiple, and they
may be in opposing directions. When they are not accompanied by
artery-to-artery or vein-to-vein anastomoses, then one fetus continu-
ously donates blood into the recipient (Figs. 4-18 through 4-20). This
is the basis of the twin-to-twin transfusion syndrome, which leads to
plethora and hypervolemia (hypertension) of the recipient and anemia
(hypotension) of the donor. Cardiac compensation (hypertrophy in

Recipient

Shared cotyledon

FIGURE 4-15 Diagram of the basis for the twin-to-twin
transfusion syndrome.

FIGURE 4-16 Immature placenta. In this cross section of an
immature placenta, one cotyledon had been injected with water and,
consequently, the villous tissue blanched. This “shared cotyledon” is
the basis for the twin-to-twin transfusion syndrome.

FIGURE 4-17 Monochorionic twin placenta of a laser-treated,
twin-to-twin transfusion syndrome pregnancy. The laser-occluded
districts are indicated by arrows. After laser therapy the pregnancy
lasted another 2 months and the twins did well.

the recipient) ensues first and can be seen in abortuses afflicted by the
TTTS; this is followed by a wide spectrum of bodily growth differences
(Fig. 4-21, and see Fig. 4-18). A common symptom is rapid uterine
expansion resulting from hydramnios of the recipient, presumed to be
secondary to excessive fetal urination. The hydramnios usually mani-
fests between 20 and 30 weeks of pregnancy, may reach enormous
quantities, and is frequently the cause of preterm labor. The amniotic
sac of the donor may be dry, and amnion nodosum may develop. The
donor fetus is referred to as being “stuck.” The severity and time of
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DiMo with TTTS
R: Donor - 340 g (Ht. 3.7 g)
L: Recipient - 640 g (Ht. 12.5 g)

FIGURE 4-20 Placenta of diamniotic monochorionic twins with
twin-to-twin transfusion syndrome (TTTS). A single arteriovenous
anastomosis (A-V) with common district is present. The donor side
had amnion nodosum; the diamnionic dividing membranes are seen
at left. Y, remains of yolk sac.

FIGURE 4-18 Diamniotic monochorionic twin abortus resulting
from twin-to-twin transfusion syndrome. The recipient (right) is
plethoric and larger, and the donor (left) is anemic and smaller. The
monochorionic twin placenta is shown below, and its maternal side is
seen in Figure 4-13.

R FIGURE 4-21 Aborted monochorionic twins with twin-to-twin
FIGURE 4-19 Twin placenta of twins with twin-to-twin transfusion transfusion syndrome at 11 weeks’ gestation. The recipient (left)

syndrome, maternal side. This is the set of twins seen in Figure has a heart size of 440 mg; the donor’s heart was 193 mg.
4-18. Note the smaller quantity and anemia of the donor villous Otherwise, the growth differential at this young gestational age is

tissue. less significant (31 versus 20 g).
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noted growth discrepancy probably depends on the size and the
number as well as the direction of arteriovenous shunts. On occasion,
the syndrome first becomes symptomatic when a formerly balanced
blood exchange becomes unstable because of spontaneous thrombosis
of a placental vein.*

At times, one twin dies in utero, the hydramnios disappears, and
the pregnancy goes to term with one twin normal and the other a fetus
papyraceus.” When the twins are born, usually prematurely, they may
differ remarkably in size; indeed, they may be so discordant that they
seem to be DZ twins. Catch-up growth occurs postnatally but often
is incomplete, and the twins remain discordant even though they
are MZ.

Clinical management of the various complications of twin gesta-
tion described here are outlined in detail in Chapter 25.

Abnormalities of
Twin Gestation

Fetus Papyraceus

When one or more of the fetuses in a multiple gestation dies before
birth and the pregnancy continues, the fluid of the dead twin’s tissues
is gradually absorbed, the amniotic fluid disappears, and the fetus is
compressed and becomes incorporated into the membranes (Fig.
4-22). Hence, it is called a fetus compressus, fetus papyraceus, or mem-
branous twin. The condition occurs in both DZ and MZ twins and is
a regular finding when multiple gestations are surgically reduced. This
has become much more common in recent years as many fetuses are
conceived with ART."

The existence of the fetus papyraceus has important practical and
theoretical implications. First, a birth with such an association is not
usually entered into statistics as a twin gestation; hence, the frequency
of twinning is underestimated. Furthermore, the presence of a fetus
papyraceus is often not recognized at birth. Figure 4-23 shows a twin

FIGURE 4-22 Diamniotic dichorionic twin pregnancy with one
fetus papyraceus. This fetus had died because of cord
entanglement around the leg.

placenta from what was thought to be an abruptio placentae of a sin-
gleton birth. One placenta was normal and the other was a shriveled,
diminutive, and separate organ of a DZ fetus papyraceus. The small
embryo presumably died early, but the preservation of the cord is
remarkable. It is possible that this fetus papyraceus was a chromosom-
ally abnormal conceptus that would ordinarily have been aborted had
it not been for the normal twin. This would support one hypothesis
for the rapid fall in the rate of twin gestations in women over age 35
years. Another less well understood hypothesis purports ovarian failure
in older women to be the cause of the decline."” Such a fetus papyraceus
in diamniotic monochorionic twins is also often overlooked. The
example illustrated in Figure 4-23 was small and compressed. This
fetus papyraceus is particularly interesting because it was associated
with aplasia cutis of the surviving twin. The diffuse form of this
unusual skin condition has always been associated with MZ twins, one
a fetus papyraceus, in cases in which the placenta has been examined.”
The inference is that diffuse patchy aplasia cutis (in contrast to that in
the scalp midline) is the result of a prenatal insult associated with the
death of one MZ twin.

Another insight into prenatal life afforded by the fetus papyraceus
relates to the mechanism that leads to amnion nodosum. When one
twin dies, so does the amnion of its sac. This occurs earliest on the
diamniotic dividing membranes (Fig. 4-24). Because the amnion does
not possess blood vessels, its growth and maintenance must be sup-
ported by nutrients and oxygen from adjacent tissues. The large area
of dividing membranes, which are in contact only with amniotic fluid,
must be maintained by this fluid. The amnion dies because of the dis-
appearance of fluid or deficiency of its oxygen content. Amnion
nodosum, or impaction of vernix, occurs secondarily after epithelial
death.

Acardiac Twin

The most bizarre malformation recorded, acardiac twin, occurs only
in one twin of a pair of MZ twins. The normal twin maintains the
acardiac twin by perfusion through two anastomoses, one artery to
artery and one vein to vein. The circulation of the acardiac twin is

FIGURE 4-23 Placenta of a 35-year-old woman thought to have
abruptio placentae. Diamniotic dichorionic separate twin placentas.
Fetus papyraceus is attached to cord. Embryo was golden-yellow,
about 1 cm. Surviving twin associated with this pregnancy had aplasia
cutis.



FIGURE 4-24 Cross section of diamnionic dividing membranes.
The left twin had died and with it the entire amniotic epithelium.

therefore reversed, and most authors have assumed that this reversal
of circulation may also be the cause of the malformation.”” This
concept is challenged by the occasional observation of an acardiac twin
with different chromosomal constitution from that of the always
diploid normal twin. Two trisomic acardiac fetuses and one triploid
acardiac have been described, findings that suggest major errors in
fertilization.””" Genetic study in the case of Bieber and colleagues
indicated the likelihood of origin by fertilization of a polar body for
the triploid embryo. It is then remarkable that for every acardiac twin
for which adequate placental examination has been made, a monocho-
rionic (usually monoamniotic) placenta has been found, thought to be
diagnostic of monozygosity.

Occasionally, an acardiac fetus is also a fetus papyraceus (Fig. 4-25),
and only radiographs disclose its identity. Acardiac fetuses usually have
no heart, as the name implies. Occasionally, however, a misshapen
heart is found, commonly two chambered. The wide range of sizes and
shapes among acardiac twins has led to a complex taxonomy. Most
often, acardiac twins possess legs but lack arms and often have no head
or have a head that is markedly abnormal. An acardiac fetus may look
like an inside-out teratomatous mass (Fig. 4-26), although the fetus
can be distinguished from a teratoma by the presence of an umbilical
cord. The cord is almost invariably short, betraying the immobility of
the acardiac fetus, and it usually possesses only one artery. Occasion-
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FIGURE 4-25 Triplet pregnancy with two survivors and one
macerated acardiac fetus. This is a triamniotic dichorionic placenta,
and the umbilical cord of the acardiac fetus had been interrupted by
laser ablation 3 months earlier.

FIGURE 4-26 Diamniotic monochorionic term twin placenta. The
(amorphus) acardiac twin is at right. It was a skin-covered ball of fat

with few bones. The umbilical cord was very short. (Courtesy of the
late N. Eastman, Johns Hopkins School of Medicine, Baltimore.)

ally, however, acardiac fetuses have been witnessed to move, and then
their cord may be quite long (Fig. 4-27).

Acardiac fetuses are often referred to as representing the twin
reversed arterial perfusion syndrome; they can now be detected prena-
tally by the absence of cardiac activity and reversal of flow by Doppler
sonography.”” Because the normal twin perfuses this acardiac fetus in
areversed fashion, cardiac hypertrophy and failure may develop in the
donor. Healey” identified a 35% mortality rate for the so-called pump
twin, and prenatal removal, cord ligation, and other therapies have
been advocated.

Other Anomalies

It has long been known that malformations occur more commonly in
twins than in singletons; this increase results from the higher incidence
of structural defects in MZ twins.”* These anomalies may be concor-
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FIGURE 4-27 Monoamniotic twin pregnancy with plethoric
acardiac fetus. The acardiac fetus has an unusually long umbilical
cord. It had been seen to move sonographically; it had a spinal cord
but no brain.

dant but more frequently are discordant, even in MZ twins. The reasons
for the genesis of some anomalies are more readily comprehended than
for others, such as the discordant development of conjoined twins and
perhaps the acardiac anomaly and aplasia cutis that may be associated
with sudden drops in blood pressure before birth. It is plausible
that some other disruptions, such as porencephaly, occur as a result
of interfetal vascular embolization or coagulation, and that other
deformations are caused by crowding. In a large number of structural
defects, however, the pathogenesis appears to be linked in some way to
the twinning process itself. Thus, anencephaly and sirenomelia occur
inexplicably commonly as discordant anomalies in MZ twins. These
data suggest that further studies may provide significant insight into
not only the poorly understood twinning process itself but also the
pathogenesis of many congenital anomalies.”

Perhaps the most perplexing discordance occurs in the so-called
heterokaryotic MZ twins (i.e., MZ twins with different karyotypes and
phenotypes). On first impression, the idea of MZ twins with different
karyotypes appears to be contradictory. If chromosomal nondisjunc-
tion of cells occurs just before or at the time of twinning, however, the
process that causes mosaicism in a singleton may lead to MZ twins
with different chromosome sets. Most often this has been described for
the sex chromosomes, and XO/XXX, XO/XX, and even XO/XY twins

have been reported with appropriate divergence of phenotypes. Sixteen
such cases of divergence in gonadal dysgenesis were described by
Pedersen and colleagues,” to which cases of discordance for trisomy
21 and some cases of acardiac twins must be added. These are the
exceptional events, but they indicate the complexities of the twinning
process.

“Disappearance” of a Twin

A word may be said about the apparent frequency of twins detected in
early pregnancy by ultrasonography and their “disappearance” in later
development. Figure 4-23 clearly indicates that even early embryonic
death can be recognized in term placentas. A relevant inquiry resulted
in the following findings—spontaneous reduction in twin pregnancies
observed sonographically occurred in 36%, of triplets in 53%, and of
quadruplets in 65%.”

Another reason for a vanishing twin, of course, is the selective fetal
reduction of multifetal pregnancies. These multiple pregnancies are
often hormonally induced, and selective reduction from triplets to
twins improves the outcome of pregnancy.”® The “reduced” twin may
be detected in the placental membranes, but more often it is repre-
sented merely by a small amount of necrotic tissue. The many compli-
cations of selective reduction have been summarized by Berkovitz and
associates.”

Chimeras

On rare occasions, blood grouping or lymphocyte karyotype examina-
tion of fraternal twins has shown the coexistence of two genetically
dissimilar cell types. This state is referred to as blood chimerism
because the solid tissues may not participate in the admixture of geno-
types. Blood chimerism is best explained by the existence of transpla-
cental anastomoses in fraternal twins that allowed migration of the
bone marrow-like blood cell precursors, circulating in one embryo, to
settle in the other twin. Because blood chimerism happens so early in
embryonic life, this graft is tolerated as “self” and survives permanently
without any ill effect. Although blood chimerism occurs with regular-
ity in marmosets and frequently in twin cattle, where it may cause
freemartinism, it must be very uncommon in humans, in whom such
anastomoses between the presumably dichorionic twins have been
identified only rarely.

Identification of
Twin Zygosity

The zygosity of twins is of interest to the twins, their parents, physi-
cians who may treat the children in the future, and to scientists. An
attempt should be made to establish the zygosity at birth and to register
the objective findings in the chart. Performing this task at the birth is
particularly appropriate because of the availability of the placenta,
examination of which can aid materially in the process. A good example
for this need was provided by St. Clair and colleagues,” who treated
presumed DZ twins for renal transplantation. DNA tests established
“identity” only 15 years later when the transplant had been successful;
immunosuppressive therapy was discontinued only then.

The most efficient way to identify zygosity is as follows: Gender
examination allows the classification of male-female pairs as fraternal
or DZ. The twins should also have a dichorionic placenta that may be
separated or fused. Next, the placenta is studied in detail, and twins
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FIGURE 4-28 Fused twin placenta. Transverse-section at point of
dividing membranes in diamniotic (A) dichorionic (C) fused twin
placenta showing degenerated villi (V) and trophoblast (dark area)
between the membranes. Inflammation of the chorial vessel is
present (left).

with a monochorionic placenta (monoamniotic or diamniotic) can be
set aside as being of MZ (“identical”) origin, whether or not they have
dissimilar phenotypes. If doubt exists on gross examination of the
dividing membranes, a transverse section (see Figs. 4-2 and 4-28)
should be studied histologically. There then remain the like-sex twins
with dichorionic placental membranes whose zygosity cannot instantly
be known. They must be studied genetically, and the study of DNA
polymorphism is currently the best way to approach these difficult
problems.”®* Cameron® examined sex, placentas, and genotypes of
668 consecutive twin pairs in Birmingham, England, and found the
following distribution:

m 35% DZ, because they were male and female

m 20% MZ, because they were monochorionic (and had the same
sex)

m 45% of the same sex but with dichorionic membranes; when
these last were genotyped, 36% were DZ because of genetic
differences

m 8% MZ, because of genetic identity
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Chapter 5

Biology of Parturition

Errol R. Norwitz, MD, PhD, and Stephen J. Lye, PhD

Labor is the physiologic process by which the products of conception
are passed from the uterus to the outside world, and it is common to
all viviparous species. The timely onset of labor and birth is an impor-
tant determinant of perinatal outcome. Considerable evidence suggests
that the fetus is in control of the timing of labor, although maternal
factors are also involved. Our progress in understanding of the molecu-
lar and cellular mechanisms responsible for the onset of labor is slow
primarily because of the lack of an adequate animal model and because
of the autocrine and paracrine nature of the parturition cascade in
humans, which precludes direct investigation. This chapter summa-
rizes the current state of knowledge on the biologic mechanisms
responsible for the onset of labor at term in the human.

Morphologic Changes in
the Reproductive Tract
during Pregnancy

Pregnancy is associated with gestational age—dependent morphologic
changes in all tissues of the reproductive tract. The most important
changes occur in the uterus and cervix.

The Uterus

The uterus undergoes a dramatic increase in weight (from 4 to 70 g in
the nonpregnant state to 1100 to 1200 g at term) and volume (from
10 mL to 5L) during pregnancy. The number of myometrial cells
increases in early pregnancy (referred to as myometrial hyperplasia),
but thereafter it remains stable. Myometrial growth in the latter half
of pregnancy results primarily from the increase in cell size (hypertro-
phy) that occurs under the influence of the sex steroids, especially
estrogen.' This is accompanied by an increase in fibrous and connec-
tive tissue as well as blood vessels and lymphatics. In the latter half of
pregnancy, distention leads to gradual thinning of the uterine wall.
However, this thinning is not uniform throughout the uterus. For
example, the lower portion of the uterus (the isthmus) does not
undergo hypertrophy and becomes increasingly thin and distensible as
pregnancy progresses, thereby forming the lower uterine segment.’
The increase in size of the uterus is accompanied by a 10-fold
increase in uterine blood flow—from 2% of cardiac output in the
nonpregnant state to 17% at term.>* Moreover, pregnancy is associated
with a redistribution of blood flow within the uterus. In the nonpreg-
nant state, uterine blood flow is equally divided between myometrium

and endometrium. As pregnancy progresses, 80% to 90% of uterine
blood flow goes to the placenta, with the remainder distributed equally
between the endometrium and myometrium.” Although the cellular
mechanisms responsible for the increase in uteroplacental blood flow
in pregnancy are not fully understood, the increase in flow parallels
the increase in placental size and decrease in placental vascular resis-
tance, most likely related to the sensitivity of the uterine vasculature
to circulating levels of estrogen.® However, a number of other biologi-
cally active hormones may be involved at the level of the uterine arter-
ies, including vascular endothelial growth factor,” angiotensin II,*’
nitric oxide,”"" and prostacyclin (also known as prostaglandin I,
[PGL,]).!""?

The Cervix

In contrast to the uterus, which is made up primarily of smooth muscle
cells, the cervix is composed of fibrous connective tissue containing
an extracellular matrix (collagen, elastin, and proteoglycans) and a
number of different cell types (smooth muscle cells, fibroblasts, blood
vessels, and epithelial cells). The cervix undergoes extensive remodel-
ing during pregnancy. The amount of collagen decreases progressively,
and the collagen fibrils become increasingly dispersed and disorga-
nized, probably because of an increase in the amount of decorin, a
low-molecular-weight dermatan sulfate proteoglycan, which coats and
separates collagen fibrils.” Ongoing pregnancy is associated with enzy-
matic degradation of the cervical extracellular matrix caused by the
increased activity of matrix metalloproteinases and elastases. Finally,
the hormonal influence of estrogen, progesterone, and relaxin may
result in increased collagenase activity as well as increased glycosami-
noglycan content of the cervix."*'®

For several weeks before delivery, the connective tissues of the
cervix undergo biochemical modifications in preparation for labor
that result in changes to its elasticity and tensile strength. These include
alterations in water, collagen, elastin, and proteoglycan composition.
Advancing gestational age is associated with an increase in hyaluronic
acid content within the cervix, which leads to increased water content
and loosening and dispersal of collagen fibers.'®"” These changes are
mediated through the coordinated effort of a number of mechanical
factors (such as cervical stretch and pressure of the fetal presenting
part) and hormones, including oxytocin, relaxin, nitric oxide, and
prostaglandins.'® Thus, the factors responsible for cervical effacement
(softening and shortening) and dilation during labor are most likely a
combination of biochemical changes, the mechanical forces of traction
caused by myometrial contractions, and pressure resulting from
descent of the fetal head.'
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Diagnosis of Labor

Labor is a clinical diagnosis. It is characterized clinically by regular,
painful uterine contractions increasing in frequency and intensity and
associated with progressive cervical effacement and dilation, leading,
ultimately, to expulsion of the products of conception. In normal labor,
there appears to be a time-dependent relationship between these
factors. Biochemical connective tissue changes in the cervix usually
precede uterine contractions and cervical dilation, which, in turn,
occur before spontaneous rupture of the fetal membranes. Similarly,
pro-contractile biochemical changes in the uterus precede active and
effective uterine contractions. Cervical dilation in the absence of
uterine contractions is seen most commonly in the second trimester
and is suggestive of cervical insufficiency. Similarly, the presence of
uterine contractions in the absence of cervical change does not meet
criteria for the diagnosis of labor and should be referred to as preterm
contractions.

Timing of Labor

The timely onset of labor and birth is an important determinant of
perinatal outcome. The mean duration of a human singleton preg-
nancy is 280 days (40 weeks) from the first day of the last menstrual
period. Term is defined as the period from 37 weeks of gestation to 42
weeks of gestation. Both preterm (defined as delivery before 37 weeks
of gestation') and post-term births (delivery after 42 weeks of
gestation'”) are associated with increased neonatal morbidity and
mortality.

Considerable evidence suggests that, in most viviparous animals,
the fetus is in control of the timing of labor.**” During the time of
Hippocrates, it was believed that the fetus presented head first so that
it could kick its legs up against the fundus of the uterus and propel
itself through the birth canal. We have moved away from this simple
and mechanical view of labor, but the factors responsible for the initia-
tion and maintenance of labor at term are still not well understood.
The past few decades have seen a marked change in the nature of the
hypotheses to explain the onset of labor. Initial investigations centered
on changes in the profile of circulating hormone levels in the maternal
and fetal circulations (endocrine events). More recent studies have
focused on the biochemical dialog that occurs at the fetal-maternal
interface (paracrine and autocrine events) in an attempt to understand
in detail the molecular mechanisms that regulate parturition.

Genetic Influences on the
Timing of Labor

Horse-donkey crossbreeding experiments performed in the 1950s
resulted in a gestational length intermediate between that of horses
(340 days) and that of donkeys (365 days), suggesting an important
role for the fetal genotype in the initiation of labor.”>” Moreover,
fetuses who fail to trigger labor at the appropriate gestational age,
thereby allowing the pregnancy to continue after term, have an
increased risk of both antepartum stillbirth and of unexplained death
in the first year of life,”®*" suggesting that such fetuses may have subtle
abnormalities in their hypothalamic-pituitary-adrenal (HPA) axis.
Familial clustering,’* racial disparities,”*” and the high incidence
of recurrent preterm birth*** all suggest an important role for mater-
nal genetic factors in the timing of labor. For example, black (including
African-American, African, and Afro-Caribbean) women in the United

States have a preterm birth rate that is twofold higher than that
observed in whites.””” Even after adjusting for potential confounding
demographic and behavioral variables, the rate of premature deliveries
in black women remains higher than that in white women, and this is
especially true of extremely premature deliveries before 28 weeks’ ges-
tation.” Interestingly, the risk of preterm birth in interracial (black-
white) couples is significantly different and intermediate between that
of white-white (8.6%) and black-black (14.8%) couples.*’

Taken together, these data suggest that genetic influences of both
the mother and the fetus may be involved in the timing of labor. More
recent studies suggest that genetic factors—or more correctly, gene-
environment factors—may account for up to 20% of preterm births."*
For example, maternal carriage of the 308(G>A) polymorphism in
the promoter region of the tumor necrosis factor o (TNF-a) gene is
associated with an increased risk of spontaneous preterm birth (odds
ratio [OR] = 2.7; 95% confidence interval [CI], 1.7 to 4.5),"* which
is further increased in the presence of bacterial vaginosis (OR = 6.1;
95% CI, 1.9 to 21.0).**¢ Interestingly, the risk of spontaneous preterm
birth is increased even further if the woman with the TNFo. gene pro-
moter polymorphism and bacterial vaginosis also happens to be black
(OR=17).*

The Hormonal Control
of Labor

The hypothesis that the fetus is in control of the timing of labor has
been elegantly demonstrated in domestic ruminants, such as sheep and
cows, and involves activation at term of the fetal HPA axis.*” In such
animals, a sharp rise in the concentration of adrenocorticotropic
hormone (ACTH) and cortisol in the fetal circulation 15 to 20 days
before delivery*® results in an increased expression in the rumi-
nant placenta of the trophoblast cytochrome P450 enzyme 170.-
hydroxylase/C, 5-lyase, which catalyzes the conversion of pregnenolone
to 17a-hydroxypregnenolone and dehydroepiandrostenedione. The
resultant fall in progesterone and rise in estrone and 17f-estradiol
levels in the maternal circulation stimulate the uterus to produce pros-
taglandin F,, (PGF,,), which provides the impetus for labor.*>**’
Human placentas, however, lack the glucocorticoid-inducible 170
hydroxylase/17,20-lyase enzyme,” and thus this mechanism does not
apply. Despite these observations, recent data suggest that there may
be more similarities than differences between these species. In both
species, fetal adrenal C19 precursors are used to form estrogens.
Androstenedione and dehydroepiandrosterone sulfate (DHEAS) are
secreted by the fetal adrenal gland, and their secretion is stimulated by
ACTH and hypoxia; DHEAS and androstenedione infused into the
fetus can be metabolized into estrone and estradiol, respectively. The
result is a progressive increase in conjugated estrogens in maternal
plasma during the latter part of gestation, which precedes the sharp
rise in estrogen that occurs just before delivery in response to cortisol-
mediated induction of the cytochrome P450 enzyme in ruminants and
other nonprimate species.

Recent studies in mice suggest that surfactant protein-A (SP-A)
secreted from the lungs of near-term pups may provide an additional
trigger for parturition in that species.” Whether SP-A has a compara-
ble role in humans remains to be determined. As explained in the first
paragraph of this chapter, we lack an adequate animal model for study
of these events in humans.

It is likely that a parturition cascade (Fig. 5-1) exists in humans that
is responsible for the removal of mechanisms maintaining uterine
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FIGURE 5-1 Proposed parturition cascade for labor induction at term. The spontaneous induction of labor at
term in the human is regulated by a series of paracrine and autocrine hormones acting in an integrated parturition
cascade. A, The factors responsible for maintaining uterine quiescence throughout gestation are shown. B, The
factors responsible for the onset of labor are shown. They include the withdrawal of the inhibitory effects of
progesterone on uterine contractility and the recruitment of cascades that promote estrogen (estriol) production
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quiescence and for the recruitment of factors acting to promote uterine
activity.”® Given its teleologic importance, such a cascade is likely to
have multiple redundant loops to ensure a fail-safe system of securing
pregnancy success and ultimately the preservation of the species. In
such a model, each element is connected to the next in a sequential
fashion, and many of the elements demonstrate positive feed-forward
characteristics typical of a cascade mechanism. The sequential recruit-
ment of signals that serve to augment the labor process suggest that it
may not be possible to identify any one signaling mechanism as being
uniquely responsible for the initiation of labor. It may therefore be
prudent to describe such mechanisms as being responsible for promot-
ing, rather than initiating, the process of labor.”

In brief, human labor is a multifactorial physiologic event involving
an integrated set of changes within the maternal tissues of the uterus
(myometrium, decidua, and uterine cervix) and fetal membranes,
which occur gradually over a period of days to weeks. Such changes
include, but are not limited to, an increase in prostaglandin synthesis
and release within the uterus, an increase in myometrial gap junction
formation, and upregulation of myometrial oxytocin receptors (i.e.,
uterine activation). Once the myometrium and cervix are prepared,
endocrine and/or paracrine/autocrine factors from the fetal mem-
branes and placenta bring about a switch in the pattern of myometrial
activity from irregular contractures to regular contractions (i.e., uterine
stimulation).” The fetus may coordinate this switch in myometrial
activity through its influence on placental steroid hormone pro-
duction, through mechanical distention of the uterus, and through
secretion of neurohypophyseal hormones and other stimulators of
prostaglandin synthesis. The roles of several specific hormones and
pathways involved in the timing of labor will now be discussed
further.

Fetal Hypothalamic-Pituitary-Adrenal Axis

In virtually every animal species studied, there is an increase in the
concentration of the major adrenal glucocorticoid product in the fetal
circulation in late gestation (cortisol in the sheep and human; corti-
costerone in the rat and mouse). As in other viviparous species, the
final common pathway toward parturition in the human appears to be
maturation and activation of the fetal HPA axis. The result is a dra-
matic increase in the production of the C19 steroid DHEAS from the
intermediate (fetal) zone of the fetal adrenal. As noted, DHEAS is
directly aromatized in the placenta to estrone, and it can also be 16-
hydroxylated in the fetal liver and converted in the placenta to estriol
(16-hydroxy-17B-estradiol) (see Fig. 5-1). This is because the human
placenta is an incomplete steroidogenic organ, and estrogen synthesis
by the placenta requires C19 as a steroid precursor.”***

The cellular and molecular factors responsible for the maturation
of the fetal HPA axis, although not completely understood, are associ-
ated with the gestational age—dependent upregulation of a number of
critical genes within each component of the HPA axis: corticotropin-
releasing hormone (CRH) in the fetal hypothalamus, proopiomelano-
cortin in the fetal pituitary, and ACTH receptor and steroidogenic
enzymes in the fetal adrenal gland. Animal studies have shown that
undernutrition of the mother around the time of conception leads to
precocious activation of the fetal HPA and preterm birth,”**’ suggest-
ing that—although maturation of the fetal HPA axis is developmen-
tally regulated and the timing of parturition may be determined by a
“placental clock” set shortly after implantation—stress may accelerate
this clock.” Thus, the length of gestation for any individual pregnancy
appears to be established early in gestation, but some degree of flexibil-
ity may be possible. For example, rapid and profound activation of the
fetal HPA axis has been demonstrated in the setting of experimentally

induced fetal hypoxemia in the sheep, probably representing a func-
tional adaptation and an effort by the fetus to escape a hostile intra-
uterine environment.*

Levels of CRH in the maternal circulation increase from between
10 and 100 pg/mL in nonpregnant women to between 500 and 3000 pg/
mL in the third trimester of pregnancy, and then they decrease pre-
cipitously after delivery.” The source of this excess CRH is the placenta,
and—in contrast to the situation in the hypothalamus, where cortico-
steroids suppress CRH expression in a classic endocrine feedback inhi-
bition loop—the production of CRH by the placenta is upregulated by
corticosteroids produced primarily by the fetal adrenal glands at the
end of pregnancy.® Under the influence of estrogen, hepatic-derived
CRH-binding protein (CRH-BP) concentrations also increase in
pregnancy. CRH-BP binds and maintains CRH in an inactive form.
Importantly, circulating CRH levels increase and CRH-BP levels
decrease before the onset of both term and preterm labor, resulting in
a marked increase in free (biologically active) CRH.®' In addition to
stimulating the production of ACTH by the fetal pituitary, CRH may
also act directly on the fetal adrenal glands to promote the production
of C19 steroid precursor (DHEAS).®*® For these reasons, some author-
ities have proposed that CRH may prime the placental clock that con-
trols the duration of pregnancy, and that measurements of plasma
CRH levels in the late second trimester may predict the onset of labor.®
In support of this hypothesis, circulating levels of CRH have been
shown to be increased in pregnant women with anxiety and depres-
sion, which may account for the increased incidence of preterm birth
in such women.** However, recent studies have shown that measure-
ments of maternal CRH are not clinically useful because of substantial
intrapatient and interpatient variability,” " which most likely reflects
the mixed endocrine and paracrine role of placental, fetal membrane,
and decidual CRH in the initiation of parturition.

At a molecular level, CRH acts by binding to specific nuclear recep-
tors and affecting transcription of target genes. A number of CRH
receptor isoforms have been described, and all have been identified in
the myometrium, placenta, and fetal membranes.*® During pregnancy,
high-affinity CRH receptor isoforms dominate, and CRH promotes
myometrial quiescence by inhibiting the production and increasing the
degradation of prostaglandins, increasing intracellular cAMP, and
stimulating nitric oxide synthase activity.®** At term, CRH acts pri-
marily through its low-affinity receptor isoforms, which promote myo-
metrial contractility by stimulating prostaglandin production from the
decidua and fetal membranes” and potentiating the contractile effects
of oxytocin and prostaglandins on the myometrium.”!

In addition to preparing organ systems for extrauterine life, endog-
enous glucocorticoids within the fetoplacental unit have a number of
important regulatory functions. They regulate the production of pros-
taglandin at the maternal-fetal interface by affecting the expression of
the enzymes responsible for their production and degradation—amni-
onic prostaglandin H synthase (PGHS) and chorionic 15-hydroxy-
prostaglandin dehydrogenase (PGDH), respectively.”””* Theyupregulate
placental oxytocin expression’ and interfere with progesterone signal-
ing in the placenta.”” Last, they regulate their own levels locally within
the placenta and fetal membranes by affecting the expression and
activity of the 11B-hydroxysteroid dehydrogenase (113-HSD) enzyme.
This enzyme exists in two isoforms: 11B-HSD-1 acts principally as a
reductase enzyme, converting cortisone to cortisol, and is the pre-
dominant isoform found in the fetal membranes; 113-HSD-2, which
predominates in the placental syncytiotrophoblast, serves as a
dehydrogenase that primarily oxidizes cortisol to inactive cortisone.
It has been proposed that placental 113-HSD-2 protects the fetus
from high levels of maternal glucocorticoids.”””” Placental 113-HSD-2
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expression and activity is reduced in the setting of hypoxemia and in
placentas from preeclamptic pregnancies, leading to increased passage
of maternal cortisol into the fetal compartment, which may contribute
to intrauterine growth restriction as well as fetal programming of
subsequent adult disease.”®

Progesterone

Progesterone is a steroid hormone that plays an integral role in each
step of human pregnancy. It acts through its receptor, a member of the
family of ligand-activated nuclear transcription regulators. Progester-
one produced by the corpus luteum is critical to the maintenance of
early pregnancy until the placenta takes over this function at 7 to 9
weeks of gestation—hence its name (progestational steroid hormone).
Indeed, surgical removal of the corpus luteum” or the administration
of a progesterone receptor (PR) antagonist such as mifepristone (RU-
486) readily induces abortion before 7 weeks (49 days) of gestation.
The role of progesterone in later pregnancy, however, is less clear. It
has been proposed that progesterone may be important in maintaining
uterine quiescence in the latter half of pregnancy by limiting the pro-
duction of stimulatory prostaglandins and inhibiting the expression of
contraction-associated protein genes (ion channels, oxytocin and pros-
taglandin receptors, and gap junctions) within the myometrium.*>”’

In most laboratory animals (with the noted exception of the guinea
pig and armadillo), systemic withdrawal of progesterone is an essential
component of parturition.” In humans, however, circulating proges-
terone levels during labor are similar to levels measured 1 week before
labor, and levels remain elevated until after delivery of the placenta,”®'
suggesting that systemic progesterone withdrawal is not a prerequisite
for labor at term. However, circulating hormone levels do not neces-
sarily reflect tissue levels. In the 1960s, Csapo and Pinto-Dantas put
forth the idea of a “progesterone blockage,” which suggested that the
myometrial quiescence of human pregnancy was maintained by steady
levels of progesterone, just as in pregnancies of other species.”” The
earliest studies looking at progesterone levels in labor were done sepa-
rately in the 1970s by Csapo and colleagues® and Cousins and cowork-
ers** and described a relative progesterone deficiency and an increase
in the ratio of 17B-estradiol to progesterone in patients presenting in
preterm labor, regardless of etiology. These and other findings have
prompted extensive research into the potential mechanisms of proges-
terone action on the uterus and the possibility of progesterone therapy
to prevent preterm birth.

Although systemic progesterone withdrawal may not correlate
directly with the onset of labor in humans, there is increasing evidence
to suggest that the onset of labor may be preceded by a physiologic
(functional) withdrawal of progesterone activity at the level of the
uterus.””* The evidence in support of this hypothesis is mounting.
For example, the administration of a PR antagonist (such as RU-486)
at term leads to increased uterine activity and cervical ripening.*
Moreover, antenatal supplementation with progesterone from 16 to 20
weeks through 34 to 36 weeks of gestation has been shown to reduce
the rate of preterm birth in approximately one third of women judged
to be at high risk by virtue of a prior spontaneous preterm birth.**

The molecular mechanisms by which progesterone is able to main-
tain uterine quiescence and prevent preterm birth in some high-risk
women are not clear. However, six putative mechanisms have been
proposed in the literature both by us and by other investigators. These
are summarized briefly under the following headings:

Functional Progesterone Withdrawal before Labor May Be
Mediated by Changes in PR-A and PR-B Expression with an
Increase in the PR-A/PR-B Expression Ratio. The single-copy
human PR gene uses separate promoters and translational start sites

to produce two distinct isoforms, PR-A (94 kD) and PR-B (116 kD),
which are identical except for an additional 165 amino acids that
are present only in the amino terminus of PR-B.*** Although PR-B
shares many of its structural domains with PR-A, they are two func-
tionally distinct transcripts that mediate their own response genes and
physiologic effects, with little overlap. PR-B is an activator of proges-
terone-responsive genes, whereas PR-A acts, in general, as a repressor
of PR-B function.”” The onset of labor at term is associated with an
increase in the myometrial PR-A/PR-B expression ratio, resulting in a
functional withdrawal of progesterone action.”””® The factors respon-
sible for this differential expression with the onset of labor are not
known, but they may include prostaglandins (both PGE, and PGF,,),
inflammatory cytokines (such as TNFa), and estrogen activation. The
changes seen in the PR-A/PR-B ratio in the myometrium are also
seen in the cervix” and fetal membranes.” Recent studies indicate that
there may be an additional PR isoform (PR-C) that contributes to
the onset of labor by inhibiting progesterone-PR signaling in the
myometrium.”

Progesterone as an Anti-inflammatory Agent. Inflammation
has a well-established role in the initiation and maintenance of parturi-
tion, both at term and preterm. Progesterone has been shown to inhibit
the production and activity of key inflammatory mediators at the
maternal-fetal interface, including cytokines (such as interleukin [IL]-
1B and IL-8) and prostaglandins.'”'* Recent data suggest that proges-
terone may also exert an anti-inflammatory effect at the level of the
myometrium. For example, expression of the chemokine, monocyte
chemoattractant protein-1 (MCP-1), increases in human myometrium
during labor, both at term and preterm, and in association myometrial
stretch.'” In other model systems, MCP-1 has been shown to induce
an influx of peripheral monocytes that differentiate into macrophages
and secrete cytokines, matrix metalloproteinases, and prostaglandins,
thereby contributing to an enhanced inflammatory state. Interestingly,
myometrial MCP-1 expression can be inhibited by the administration
of progesterone, both in vivo and in vitro.'”

Progesterone Receptor Cofactors Mediate a Functional
Withdrawal of Progesterone in the Myometrium at Term. The
ability of progesterone to bind its receptor and affect transcription of
target genes is reduced in uterine tissues obtained after, compared with
before, the onset of labor.'” Condon and colleagues'” have shown that
the PR coactivators cAMP-response element-binding protein (CREB)-
binding protein and steroid receptor coactivators 2 and 3, as well as
acetylated histone H3, are decreased in the myometrium of women in
labor as compared with women not in labor. These data suggest that
the decline in PR coactivator expression and histone acetylation in the
uterus near term and during labor may impair progesterone-PR func-
tioning. Progesterone-PR function may also be antagonized directly
through the increased expression of PR co-repressors. Dong and
coworkers'” reported that polypyrimidine tract binding protein—asso-
ciated splicing factor (PSF) blocked PR binding to its DNA response
element, thereby preventing the progesterone-PR complex from regu-
lating the transcription of target genes. Interestingly, PSF appears to
be expressed at higher levels in myometrium collected from the fundus
than myometrium from the lower uterine segment,107 and, at least in
the rodent model, its expression is increased before the onset of labor.'*
Modulation of PR function by coactivators and co-repressors may
therefore explain, at least in part, how it is possible to have a functional
withdrawal of progesterone action at the level of the uterus without a
significant change in circulating progesterone levels.

Progesterone May Interfere with Cortisol-Mediated Regula-
tion of Placental Gene Expression. Cortisol and progesterone
appear to have antagonistic actions within the fetoplacental unit. For
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example, cortisol increases, and progesterone decreases, prostaglan-
din” and CRH gene expression.'® These data suggest that the cortisol-
dominant environment of the fetoplacental unit just before the onset
of labor may act locally through a series of autocrine and paracrine
pathways to overcome the efforts of progesterone to maintain uterine
quiescence and prevent myometrial contractions.

Progesterone May Act Also through Nongenomic
Pathways. In addition to its well-described genomic effects, proges-
terone may also act through nongenomic (DNA-independent) path-
ways. For example, several investigators have shown that select
progesterone metabolites (such as 53-dihydroprogesterone)—but not
progesterone itself—are capable of intercalating themselves into the
lipid bilayer of the cell membrane, binding directly to and distorting
the heptahelical oxytocin receptor, thereby inhibiting oxytocin binding
and downstream signaling.'”"'"" A functional withdrawal of this
progesterone metabolite—-mediated inhibition of oxytocin action on
the myometrium at term would promote myometrial contractility and
labor.

Possible Role for Cell Membrane-Bound PR in
Myometrium. Recent studies have identified a specific membrane-
bound PR in a number of human tissues, including uterine tissues, but
the function of this receptor in pregnancy and labor has yet to be fully
elucidated.

Estrogens

In the rhesus monkey, infusion of a C19 steroid precursor (androstene-
dione) leads to preterm delivery.'” This effect is blocked by concurrent
infusion of the aromatase inhibitor 4-hydroxyandrostenedione,'”’
demonstrating that conversion of C19 steroid precursors to estrogen
at the level of the fetoplacental unit is important. However, systemic
infusion of estrogen failed to induce delivery, suggesting that the action
of estrogen is most likely paracrine or autocrine, or both."">"* Levels
of estrogen in the maternal circulation are significantly elevated
throughout gestation and are derived primarily from the placenta. In
contrast to the situation in many animal species (such as the sheep),
the high circulating levels of estrogens in the human are already at the
dissociation constant (Kg) for the estrogen receptor, which explains
why there is no need for an additional increase in estrogen production
at term.

At the cellular level, estrogens exert their effect by binding to spe-
cific nuclear receptors and effecting the transcription of target genes.
Two distinct estrogen receptors are described: ERo. and ERP. Each is
coded by its own gene (ESRI and ESR2, respectively), and requires
dimerization before binding to its ligand. At the level of the uterus,
ERo appears to be dominant. Expression of ERo. increases in concert
with an increase in the PR-A/PR-B expression ratio with increasing
gestational age in nonlaboring myometrium.">"® These findings
suggest that functional estrogen activation and functional progester-
one withdrawal are linked. For most of pregnancy, progesterone
decreases myometrial estrogen responsiveness by inhibiting ERo
expression. Such an interaction would explain why the human myo-
metrium is refractory to the high levels of circulating estrogens for
most of pregnancy. At term, however, functional progesterone with-
drawal removes the suppression of myometrial ERot expression, leading
to an increase in myometrial estrogen responsiveness. Estrogen can
then act to transform the myometrium into a contractile phenotype.
This model may explain why disruption of progesterone action alone
can trigger the parturition cascade. The link between functional
progesterone withdrawal and functional estrogen activation may be a
critical mechanism for the endocrine and paracrine control of human
labor at term.

Prostaglandins

Endogenous levels of prostaglandins in the decidua are lower in preg-
nancy than in the endometrium at any stage of the menstrual cycle,'”"'"’
primarily because of a decrease in prostaglandin synthesis.'” This is
true also of prostaglandin production in other uterine tissues. These
findings, along with the observation that the administration of exoge-
nous prostaglandins, intravenously, intra-amniotically, or vaginally, in
all species examined and at any stage of gestation, has the ability to
induce abortion,"*'** support the hypothesis that pregnancy is main-
tained by a mechanism that tonically suppresses prostaglandin synthe-
sis, release, and activity throughout gestation.

Overwhelming evidence suggests a role for prostaglandins in the
process of labor, both at term and preterm,’®” which is probably
common to all viviparous species. For example, mice lacking a func-
tional PGF,, receptor, cytosolic phospholipase A, (PLA,), or prosta-
glandin H, synthase type 1 (PGHS-1) protein all demonstrate a delay
in the onset of labor."' In the human, exogenous prostaglandins stim-
ulate uterine contractility both in vitro and in vivo,'” and drugs that
block prostaglandin synthesis can inhibit uterine contractility and
prolong gestation.” All human uterine tissues contain receptors for
the naturally occurring prostanoids and are capable of producing pros-
taglandins,™ although their production is carefully regulated and
compartmentalized within the uterus: the fetal membranes produce
almost exclusively PGE,, the decidua synthesizes mainly PGF,, but also
small amounts of PGE, and PGD,, and the myometrium mainly pro-
duces prostacyclin (PGI,). This is because, although these compounds
are structurally similar, they can have different and often antagonistic
actions. For example, PGF,,, thromboxane, PGE,, and PGE; promote
myometrial contractility by increasing calcium influx into myometrial
cells and enhancing gap junction formation,'**"'** whereas PGE,, PGD,,
and PGI, have the opposite effect and inhibit contractions.'**

Prostaglandin levels increase in maternal plasma, urine, and amni-
otic fluid before the onset of uterine contractions,"**"*”'** suggesting
that it is a cause and not a consequence of labor. Regulation of pros-
taglandin synthesis occurs at several different levels of the arachidonic
acid cascade (Fig. 5-2). Prostaglandins are synthesized from unesteri-
fied (free) arachidonic acid released from membrane phospholipids
through the action of a series of phospholipase enzymes, the most
important of which appears to be phospholipase A, (PLA,). Expression
of PLA, increases gradually in the fetal membranes throughout gesta-
tion, but it does not appear to show further increase at the time of
labor. Thereafter, arachidonic acid is metabolized to the intermediate
metabolite (PGH,) by PGHS enzymes, which have both cyclooxygen-
ase and peroxidase activities. PGHS exists in two forms, each a product
of a distinct gene: PGHS-1 (which is constitutively expressed) and
PGHS-2 (also known as cyclooxygenase-2 [COX-2]), the inducible
form that can be upregulated by growth factors and cytokines. Several
studies have suggested that the transcription factor, nuclear factor
kappa B (NF-kB), is an important regulator of PGHS-2 expression.”’

PGH, is rapidly converted to one of the primary (biologically
active) prostaglandins through different prostaglandin synthase
enzymes (see Fig. 5-2). These hormones act locally in a paracrine or
autocrine fashion (or both) by binding to specific prostaglandin recep-
tors on adjacent cells. In addition, unesterified arachidonic acid can
diffuse into the cell and interact directly with nuclear transcription
factors to regulate the transcription of target genes, including cytokines
and other hormones. The primary prostaglandins are then metabo-
lized and excreted. The major pathway in the degradation of PGE,,
and PGF,, involves the action of a nicotinamide adenine dinucleotide
(NAD)"-dependent PGDH that oxidizes 15-hydroxy groups, resulting
in the formation of 15-keto and 13,14-dihydro-15-keto compounds
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FIGURE 5-2 Schematic representation of the eicosanoid cascade. Dietary linoleic acid (18:3 ®-6)
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phospholipid, which can then be enzymically converted
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cyclooxygenase; PG, prostaglandin; PGHS, prostaglandin H synthase.

with markedly reduced biologic activity. PGDH is abundantly expressed
in the human chorion. In this way, the chorion serves as a protective
barrier, preventing the transfer of the primary prostaglandins from the
fetoplacental unit to the underlying decidua and myometrium.'”
Interestingly, the cells that express PDGH (chorionic trophoblasts) are
decreased in preterm labor associated with chorioamnionitis resulting
in a loss of this metabolic barrier."” The expression of PGDH is regu-
lated by a variety of factors, including cytokines and steroid hormones.
For example, progesterone tonically stimulates PGDH expression,”
whereas cortisol increases prostaglandin production by the placenta
and fetal membranes by upregulating PGHS-2 expression (in amnion

and chorion) and downregulating PGDH expression (in chorionic
trophoblast), thereby promoting cervical ripening and uterine con-
tractions.”**’* In the myometrium, the onset of labor, both at term
and preterm, is associated with a significant decrease in PGDH but no
change in PGHS-1 or -2 expression, suggesting that levels of prosta-
glandins in the myometrium may depend largely on catabolism rather
than synthesis."'

Oxytocin
Maternally derived oxytocin is synthesized in the hypothalamus and
released from the posterior pituitary in a pulsatile fashion. It is rapidly
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inactivated in the liver and kidney, resulting in a biologic half-life of 3
to 4 minutes in the maternal circulation. During pregnancy, oxytocin
is degraded primarily by placental oxytocinase. Concentrations of oxy-
tocin in the maternal circulation do not change significantly during
pregnancy or before the onset of labor, but they do rise late in the
second stage of labor."”>'”* Studies on fetal pituitary oxytocin produc-
tion, the umbilical arteriovenous difference in oxytocin concentration,
amniotic fluid oxytocin levels, and fetal urinary oxytocin output
demonstrate conclusively that the fetus secretes oxytocin toward the
maternal side."”™* Furthermore, the calculated rate of oxytocin secretion
from the fetus increases from a baseline of 1 mU/min before labor
to approximately 3 mU/min after spontaneous labor, which is similar
to the amount normally administered to women to induce labor at
term.

Specific receptors for oxytocin are present in the myometrium, and
there appear to be regional differences in oxytocin receptor distribu-
tion, with large numbers of receptors in the fundal area and few recep-
tors in the lower uterine segment and cervix."”>"** Myometrial oxytocin
receptor concentrations increase 50- to 100-fold in the first trimester
of pregnancy compared with the nonpregnant state, and they increase
an additional 200- to 300-fold during pregnancy, reaching a maximum
during early labor."**"*"*""*>%7 Thyis is mediated primarily by the sex
steroid hormones, with estrogen promoting and progesterone inhibit-
ing myometrial oxytocin receptor expression.””® This rise in receptor
concentration is paralleled by an increase in myometrial sensitivity to
circulating levels of oxytocin."**** Activation of myometrial oxytocin
receptors results in interaction with the guanosine triphosphate
binding proteins of the G0y, subfamily of G-proteins that stimulate
phospholipase C activity resulting in increased production of inositol
triphosphate’*® and calcium influx of calcium.'

Specific high-affinity oxytocin binding sites have also been isolated
from amnion and decidua parietalis, but not from decidua vera."”>'*
However, neither amnion nor decidual cells are contractile, and the
action of oxytocin on these tissues remains uncertain. It has been sug-
gested that oxytocin plays a dual role in parturition. It may act directly
through both oxytocin receptor-mediated and nonreceptor, voltage-
mediated calcium channels to affect intracellular signal transduction
pathways that promote uterine contractions. It may also act indirectly
through stimulation of amniotic and decidual prostaglandin produc-
tion."”>"””"*" Indeed, induction of labor at term is successful only when
the oxytocin infusion is associated with an increase in PGF,, produc-
tion, in spite of seemingly adequate uterine contractions in both
induction failures and successes.'”

Myometrial Contractility

Regulation of Electrical Activity within
the Uterus

During pregnancy, the pattern of electrical activity in the myometrium
changes from irregular spikes to regular activity. As with other types
of muscle, action potentials must be generated and propagated in the
myometrium to effect contractions, in a process known as electrome-
chanical coupling.'*"'** The generation of action potentials of +12 to
+25 mV from a normal resting potential of =65 to =80 mV in pregnant
myometrial cells relies on the rapid shifts of ions (especially calcium)
through membrane ion channels,*>'** the most important of which
appear to be voltage-sensitive calcium channels and, at the end of
pregnancy, fast sodium and potassium channels.”®'*'* Autonomous
pacemaker cells exist in the uterus. These cells have a higher resting

transmembrane potential and spontaneously initiate action poten-
tials.”™” Action potentials in the uterus occur in bursts, and the strength
of contractions relies on their frequency and duration. This, in turn,
determines the number of myometrial cells recruited for action. The
action potential results in a rapid rise in intracellular calcium derived
from both extracellular and intracellular sources, which trigger myo-
metrial contractions by encouraging the relative movement of thick
(myosin) and thin (actin) filaments within the contractile apparatus,
resulting in shortening of the contractile unit. In this way, the electrical
activity is translated into mechanical forces that are exerted on the
intrauterine contents (Fig. 5-3).

The frequency of contractions correlates with the frequency of
action potentials; the force of contractions correlates with the number
of spikes in the action potential and the number of cells activated
together; and the duration of contractions correlates with the duration
of the action potentials. As labor progresses, electrical activity becomes
more organized and increases in amplitude and duration. The strength
of contractions, which is best measured as intrauterine pressure in
millimeters of mercury (mm Hg), depends on the stage of labor. Early
labor contractions have a peak intensity of +25 to +30 mm Hg, and
this increases to +60 to +65 mm Hg during active labor."”” A number
of factors influence the strength of the uterine contractions, including
parity, cervical status, exogenous oxytocin, and labor analgesia (espe-
cially epidural analgesia). For example, the more rapid labor observed
in multiparous than in nulliparous women is caused not by increased
intrauterine pressures during labor (indeed, multiparous women have
lower intrauterine pressures than nulliparas)'®* but to a reduction in
the resistance of the pelvic floor.

Mechanics of Myometrial Contractions

The structural basis for contractions is the relative movement of thick
and thin filaments in the contractile apparatus, which allows them to
slide over each other with resultant shortening of the myocyte. Although
this movement is similar in all muscles, several structural and regula-
tory features are unique to smooth muscle including the myome-
trium.'*"** In smooth muscle, the sarcomere arrangement of thick and
thin filaments seen in striated muscle is present on a much smaller
scale, and intermediate filaments of the cytoskeletal network maintain
the structural integrity of these mini-sarcomeres. The thin filaments
insert into dense bands linked by the cytoskeletal network, thereby
allowing the generation of force in any direction within the cell. This
allows smooth muscle cells to generate greater force (greater shorten-
ing) than striated muscle cells, and with relatively little energy
expenditure.

Myosin makes up the thick filaments of the contractile apparatus.
Smooth muscle myosin is a hexamer consisting of two heavy chain
subunits (~200 kDa) and two pairs each of 20- and 17-kDa light chains
(Fig. 5-4). Each heavy chain has a globular head that contains actin
binding sites and sites with adenosine triphosphate (ATP) hydrolysis
(ATPase) activity. A neck region connects the globular head to the
o-helical tail, which interacts with the tail of the other heavy-chain
subunits. In this way, multiple myosin molecules interact through
their o-helical tails to make a coiled-coil rod, which forms the thick
filament. Thin filaments are composed of actin, which polymerizes
into a double-helical strand in association with a number of proteins.
When the myosin head interacts with actin, the ATPase activity in
the myosin head is activated. The energy generated from the hydrolysis
of ATP allows the myosin head to move in the neck region, thereby
changing the relative position of the thick and thin filaments with
shortening of the contractile unit. The myosin head then detaches
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FIGURE 5-3 Uterine electrical activity during pregnancy and labor. A, During pregnancy, the pattern of
electrical activity in the myometrium changes from irregular spikes to regular activity. Labor is associated
with a further increase in the frequency, amplitude, and duration of action potential pulses. B, Electrical
activity recorded noninvasively from two separate sites on the maternal abdomen is shown, which
confirms electrical synchrony within the myometrium during labor. These electrical pulses correlate with
uterine contractions as measured using an intrauterine pressure (IUP) catheter. (Modified from Buhimschi
C, Buhimschi IA, Malinow AM, et al: The forces of labour. Fetal Matern Med Rev 14:273-307, 2003.)
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FIGURE 5-4 Mechanics of muscle contraction. A, The appearance of the contractile unit is illustrated. The
thick filament refers to myosin; the thin filament is actin. Myosin-binding sites on the actin filaments are
covered by a thin filament known as tropomyosin that obscures the myosin-binding sites, therefore preventing
the myosin heads from attaching to actin and forming cross-bridges. Adenosine triphosphate (ATP) binds to the
myosin head. The troponin complex is attached to the tropomyosin filament. B, The hydrolysis of ATP into
adenosine diphosphate (ADP) and inorganic phosphate (Pi) allows the myosin head to assume its resting
position. C, The binding of calcium to the troponin complex results in a conformational change that allows
binding sites between actin and myosin to be exposed with the formation of actin-myosin cross-bridges.

D, The formation of actin-myosin cross-bridges results in release of Pi and ADP, causing the myosin heads to
bend and slide past the myosin fibers. This “power stroke” results in a shortening of the contractile unit and
the generation of force within the muscle. At the end of the power stroke, the myosin head releases the actin-
binding site, is cocked back to its furthest position, and binds to a new molecule of ATP in preparation for
another contraction. The binding of myosin heads occurs asynchronously (i.e., some myosin heads are binding
actin filaments while other heads are releasing them), which allows the muscle to generate a continuous
smooth force. Cross-bridge formations must therefore form repeatedly during a single muscle contraction.

and, when reactivated, can reattach at another site on the actin
filament.

Actin-myosin interaction is regulated by the intracellular calcium
concentration, which is mediated through the calcium-binding protein
calmodulin (CaM).""*"**!* The calcium-CaM complex binds to and
increases the activity of myosin light-chain kinase (MLCK), an enzyme
responsible for phosphorylating the 20-kDa myosin light chain on a
serine residue near the N-terminus."**"”” This results in an increase in
myosin ATPase activity, thereby increasing flexibility of the head-neck
junction and increasing uterine contractility.”” A further increase in
intracellular calcium concentration triggers a negative-feedback loop
with activation of calcium-CaM-dependent kinase II, an enzyme that
phosphorylates MLCK, leading to a decrease in affinity of MLCK for
calcium-CaM, a decrease in MLCK activity, and thereby a decrease in
myometrial contractility.'**'**

A number of intracellular proteins interact with actin and further
regulate actin-myosin interactions. Tropomyosin does so by binding to
calcium-CaM, making it less available for binding to MLCK; calponin
directly inhibits myosin ATPase activity; and caldesmon acts through

both of these mechanisms. The phosphatase group of enzymes also
plays an important role in determining the sensitivity of the contractile
apparatus to electrical stimuli and changes in intracellular calcium
concentrations."”'*> Phosphatases can be regulated by direct effects on
catalytic subunits or by targeting regulatory proteins."*”'*"'> For
example, MLCK phosphatase is responsible for dephosphorylating
and thus inactivating MLCK; phosphatases also remove phosphate
groups from and relieve the inhibitory actions of the actin-associated
regulatory proteins calponin and caldesmon."”'® A number of
external stimuli also affect myometrial contractility. For example,
myometrial stretch (tension) leads to an increase in intracellular
calcium concentration and MLCK phosphorylation.'”"** The increase
in intracellular calcium concentration typically precedes MLCK phos-
phorylation, and maximal phosphorylation is evident before maximal
force is achieved. For the same amount of tension, less phosphoryla-
tion occurs in myometrium from late pregnant than from nonpreg-
nant myometrium,'® and this effect is seen without an increase in
actin-myosin or phosphatase protein content with increasing gesta-
tional age.'”
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Multiple mechanisms are therefore responsible for the spontaneous
contraction-relaxation cycles in human myometrium, including
changes in intracellular calcium concentrations, alteration in mem-
brane potential, phosphorylation and dephosphorylation (activation
and inhibition) of MLCK, activation of phosphatases, and recruitment
of a number of distinct intracellular signal transduction path-
ways, P8I This may explain why smooth muscle contrac-
tions can occur in response to external stimuli without a change in
membrane potential or intracellular calcium concentration.'>'**

Hormonal Regulation of
Myometrial Contractility

As in other smooth muscles, myometrial contractions are mediated
through the ATP-dependent binding of myosin to actin. In contrast
to vascular smooth muscle cells, however, myometrial cells have a
sparse innervation that is further reduced during pregnancy.'® The
regulation of the contractile mechanism of the uterus is therefore
largely humoral or dependent on intrinsic factors within myometrial
cells (or both). During pregnancy, the contractile activity of the uterus
is maintained in a state of functional quiescence through the action of
various putative inhibitors including, but not limited to, progesterone,
prostacyclin (PGI,), relaxin, parathyroid hormone-related peptide,
nitric oxide, calcitonin gene-related peptide, adrenomedullin, and
vasoactive intestinal peptide. The onset of uterine contractions at term
is a consequence of release from the inhibitory effects of pregnancy on
the myometrium as well as recruitment of uterine stimulants such as
oxytocin and stimulatory prostaglandins (e.g., PGF,,, PGE,)."*

Not surprisingly, investigation of the control of myometrial con-
tractility during pregnancy has focused on the physiologic, endocrine,
and molecular events that occur a few days before the onset of labor,
both at term and before term. Traditionally it was thought that, during
the majority of pregnancy, the myometrium was a relatively inert
organ whose role was limited to growing and protecting the products
of conception. However, recent studies, primarily on rats, have chal-
lenged this notion and suggested that the myometrium undergoes a
tightly regulated program of differentiation throughout pregnancy. In
this model, labor can be viewed as the terminal differentiation state of
the myometrium, with downregulation of inhibitory pathways and
activation of contractile processes. This model explains why tocolysis
in the setting of active preterm labor is largely ineffective.”

The program of myometrial differentiation includes four distinct
states or phenotypes: proliferative, synthetic, contractile, and labor. In
early pregnancy, uterine myocytes exhibit a high level of proliferation,
as evidenced by increased expression of cell cycle markers and anti-
apoptotic factors such as BCL2."” Myocyte proliferation during this
phase is mediated in large part by estrogen-induced expression of
insulin-like growth factor-1 (IGF-1).'" In the rat, the proliferative
phenotype ends abruptly on day 14 of 23 of gestation, and the myo-
cytes differentiate to a synthetic phenotype. The switch from a prolif-
erative to a synthetic phenotype mostlikely results from stretch-induced
hypoxic injury to the myometrium that induces expression of stress-
activated caspases.'” The synthetic phase of myometrial differentiation
is maintained by progesterone and tension on the uterine wall exerted
by the expanding conception. During this phase, the myometrium
expresses contractile protein isoforms typical of undifferentiated
cells'® and there is extensive tissue remodeling leading to loss of focal
cell-matrix adhesion."”” Growth of the myometrium during the syn-
thetic period results not from cell proliferation but from myocyte
hypertrophy and secretion of interstitial matrix proteins such as col-
lagen I and fibronectin."”'

At around day 19 of 23 in the rat, the myometrium switches to a
contractile phenotype in preparation for labor. This change appears to
be mediated by increased tension on the myometrium and a reduction
in circulating progesterone levels, which together lead to an increased
expression of more differentiated contractile protein isoforms in myo-
cytes'® and a switch from the synthesis of interstitial matrix proteins
to basement membrane matrix proteins (such as laminin and collagen
IV)."" This serves to stabilize focal adhesions and allows myocytes to
anchor more firmly into the underlying matrix,"”° which is critical to
enable contraction and retraction (shortening) of the myometrium
during labor. The slowdown in myocyte growth and continued growth
of the fetus during this phase significantly increases myometrial tension
which, in the setting of low circulating levels of progesterone (or an
increase in the estrogen-to-progesterone ratio), is believed to provide
the signal for terminal differentiation of the myometrium.'®® The resul-
tant labor phenotype of the myometrium is associated with the upreg-
ulation of a series of “labor genes” or contraction-associated proteins
(CAPs) associated with contractile activity, including ion channels that
increase myocyte excitability, gap junctions (connexin 43) that increase
the synchronization of contractions (Fig. 5-5), and receptors for utero-
tonic agonists (such as oxytocin and the stimulatory prostaglandins).

At a cellular and molecular level, the upregulation of the CAPs
appears to be mediated at the level of gene transcription resulting
from increased expression of cFos and other members of the activating
protein (AP)-1 family of transcription factors (Fra-1, Fra-2) within
myometrial cells caused by uterine stretch and hormonal factors, pri-
marily estrogen.'”” There also appear to be regional differences in gene
expression within the myometrium. For example, genes that promote
contractile activity (such as connexin 43, oxytocin receptors, and the
prostaglandin receptors EP1/4 and FP) are more highly expressed in
the uterine fundus, whereas genes associated with contractile inhibi-
tion (EP2/4, CRH receptor subtype 1) are expressed more highly in the

adjacent myometrial cells. The transition of the uterus from a
quiescent entity to a dynamic, contractile one comes through the
recruitment of and communication between myometrial cells through
gap junctions. An increase in gap junctions allows action potentials
to be propagated between adjacent myometrial cells, thereby
establishing electrical synchrony within the myometrium and allowing
more effective coordination of contractions. (Reprinted from
Buhimschi C, Buhimschi IA, Malinow AM, et al: The forces of labour.
Fetal Matern Med Rev 14:273-307, 2003.)
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lower uterine segment.””>"”* The molecular mechanisms responsible
for the regionalization of gene expression within the uterus have yet
to be determined, although recent reports of higher levels of the PR
co-repressor, PSF, in the uterine fundus suggests the possibility of
regionalized differences in functional withdrawal of progesterone.'”’

The role of a number of specific stimulants and relaxants involved
in myometrial contractility during labor is discussed under the follow-
ing headings:

Uterine Stimulants

Table 5-1 summarizes uterine stimulants implicated in uterine con-
tractions during labor. Oxytocin is a potent endogenous uterotonic
agent (discussed earlier) that is capable of stimulating uterine con-
tractions if given exogenously at intravenous infusion rates of 1 to
2 mU/min at term. Prostaglandins (discussed earlier) cause uterine
contractions and cervical effacement and dilation, and can be used
clinically for induction of labor. A number of other less well recognized
uterine factors have also been implicated in the generation of uterine
contractions:

Endothelin. Endothelin is a 21-amino acid peptide with potent
vasoconstrictor properties that binds to specific receptors on vascular
endothelial cells to regulate vascular hemostasis. Endothelin receptors
have been isolated in amnion, chorion, endometrium, and myome-
trium,"**'"7* and they increase in the myometrium during labor."”*!”
Endothelin promotes uterine contractility directly by increasing
intracellular calcium concentrations'**'”® and indirectly by stimulating
prostaglandin production by the decidua and fetal membranes.'”*

Epidermal Growth Factor. Epidermal growth factor (EGF) is a
ubiquitous growth factor that plays an important role in the regulation
of cell growth, proliferation, and differentiation. It acts by binding to
specific cell-surface tyrosine-kinase receptors that have been identified
also in decidua and myometrium, and it appears to be upregulated by

TABLE 5-1

ENDOGENOUS AND EXOGENOUS
FACTORS AFFECTING
MYOMETRIAL CONTRACTILITY
DURING LABOR

Uterine Stimulants

Endogenous Exogenous
Oxytocin Oxytocin
Prostaglandins Prostaglandins
Endothelin
Epidermal growth

factor

Uterine Relaxants

Endogenous Exogenous
Relaxin B-Adrenergic agonists (ritodrine
Nitric oxide hydrochloride, terbutaline sulfate,
L-Arginine salbutamol, fenoterol)
Magnesium Oxytocin receptor antagonist
Corticotropin-releasing (atosiban)
hormone Magnesium sulfate

Parathyroid hormone—
related protein
Calcitonin gene-
related peptide
Adrenomedulin
Progesterone

Calcium channel blockers (nifedipine,
nitrendipine, diltiazem, verapamil)
Prostaglandin inhibitors (indomethacin)

Phosphodiesterase inhibitor
(aminophylline)

Nitric oxide donor (nitroglycerin,
sodium nitroprusside)

estrogen.'” EGF appears to promote uterine contractility directly by
increasing intracellular calcium concentrations'”’” and indirectly by
mobilizing arachidonic acid and increasing the synthesis and release
of prostaglandins by the decidua and fetal membranes.'”*

Uterine Relaxants

A number of endogenous uterine relaxants have been described (see
Table 5-1), although their role in labor and delivery are not well
understood.

Relaxin. Relaxin is secreted by the corpus luteum, placenta, and
myometrium, and relaxin binding sites have been identified on
myometrial cells.'”® Relaxin acts in several ways to inhibit myometrial
contractile activity: it decreases intracellular calcium concentrations by
promoting calcium efflux and inhibiting agonist-mediated activation
of calcium channels, and it directly inhibits MLCK phosphoryla-
tion."**"*>'”® Unfortunately, exogenous administration of relaxin has
not been shown to consistently inhibit uterine contractile activity.'”

Parathyroid Hormone-Related Protein. Parathyroidhormone—
related protein (PTHrP) is produced by many tissues, and it has several
functions both during development and in adult tissues, including
regulation of vascular tone, bone remodeling, placental calcium trans-
port, and myometrial relaxation. In rat myometrium, levels of PTHrP
mRNA increase during late gestation and are higher in gravid than in
nongravid myometrium.'* In pregnant rats, administration of PTHrP-
(1-34) inhibits spontaneous contractions in the longitudinal layer of
the myometrium; in nonpregnant rats, PTHrP-(1-34) inhibits both
oxytocin- and acetylcholine-stimulated uterine contractions'™"'® and
delays but does not completely abrogate the increase in connexin 43
and oxytocin receptor gene expression.'™ PTHrP-(1-34) has been
shown to exert a significant relaxant effect on human myometrium
collected from late gestation tissues obtained before but not after the
onset of labor.'™ Taken together, these data suggest that the onset of
labor is associated with a removal of the ability of PTHrP to exert its
myometrial relaxant effect.

Calcitonin Gene-Related Peptide and Adrenomedullin.
Circulating levels of calcitonin gene—related peptide (CGRP) and adre-
nomedullin are increased during pregnancy, and both have been impli-
cated in the maintenance of myometrial quiescence throughout
gestation."™"¥” CGRP has been shown to inhibit myometrial contrac-
tility in rats," humans,'®® and mice'® during pregnancy. However, this
effect disappears after the onset of labor, suggesting that progesterone
may be required to mediate CGRP activity."® Adrenomedullin has
been shown to inhibit spontaneous as well as bradykinin- and galanin-
induced uterine contractions in rats,"™'* but its role in human preg-
nancy is not well established.

Nitric Oxide. Nitric oxide and its substrate, L-arginine, as well as
nitric oxide donors (such as sodium nitroprusside) have been shown
to cause relaxation of myometrial contractile activity both in vitro and
in vivo, and this effect is reversed by the nitric oxide synthase inhibitor,
L-nitro-arginine methyl ester (I-NAME)."”" Nitric oxide activates
the guanylate cyclase pathway leading to the production of cyclic
guanosine monophosphate (cGMP), which decreases intracellular
calcium concentrations and interferes with myosin light chain
phosphorylation."*>'

Magnesium. Magnesium is present in the extracellular fluid of
the myometrium in very high concentrations (10 nM), which results
in increased intracellular magnesium levels, inhibition of calcium
entry into myometrial cells via L- and T-type voltage-operated calcium
channels, and enhanced sensitivity of potassium channels,””*'* all of
which lead to hyperpolarization and myometrial cell relaxation. More-
over, because they are both cations, magnesium competes with calcium
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within the cell for calmodulin binding, resulting in decreased affinity
of calmodulin complexes for MLCK, which further favors myometrial
relaxation."*

Non-naturally Occurring Uterine Relaxants. In addition to
naturally occurring uterine relaxants, a number of such agents have
been developed in an attempt to stop preterm labor (see Table 5-1).
Unfortunately, the ability of these tocolytic agents to prevent preterm
birth has been largely disappointing.*®

B.-Adrenergic receptor agonists act through specific receptors on
myometrial cells to activate cAMP-dependent protein kinase A, which
inhibits myosin light-chain phosphorylation'”” and decreases intra-
cellular calcium concentrations,”®'* thereby leading to myometrial
relaxation.

Synthetic competitive oxytocin receptor antagonists such as atosiban
(which has mixed vasopressin and oxytocin receptor specificity) inhibit
uterine contractility both in vitro and in vivo."**'*® The relative absence
of oxytocin receptors in other organ systems suggests that such agents
should have few side effects, and this has been borne out by a number
of clinical trials.'*?"!

Calcium channel blockers function primarily by inhibiting the entry
of calcium ions via voltage-dependent L-type calcium channels, which
causes uterine relaxation but can also have adverse effects on the atrio-
ventricular conduction pathway in the heart.

Prostaglandin synthesis inhibitors inactivate the cyclooxygenase
enzyme responsible for the conversion of arachidonic acid to the inter-
mediate metabolite (PGH,), which is subsequently converted to PGE,
and PGF,,. Aspirin causes irreversible acetylation of the cyclooxygen-
ase enzyme, whereas indomethacin is a competitive (reversible) inhibi-
tor. Although relatively effective, the adverse effects of these agents
on the developing fetus (including premature closure of the ductus
arteriosus and persistent pulmonary hypertension) have significantly
limited their use. Moreover, these adverse effects can be seen with both
nonselective cyclooxygenase inhibitors (such as indomethacin) and
those that are selective for the inducible isoform, cyclooxygenase-2
(meloxicam, celecoxib).

Achieving a Successful
Delivery

Labor is not a passive process in which uterine contractions push a
rigid object through a fixed aperture. The ability of the fetus to suc-
cessfully negotiate the pelvis during delivery depends on the complex
interaction of three critical variables: the forces generated by the
uterine musculature (the powers), the size and orientation of the fetus
(the passenger), and the size, shape, and resistance of the bony pelvis
and soft tissues of the pelvic floor (the passage). Because of the asym-
metry in the shape of both the fetal head and the maternal pelvis, the
fetus needs to undergo a series of orchestrated rotations (referred to
as the cardinal movements) to allow it to negotiate the birth canal
successfully. Further discussion of the mechanics of labor and delivery
are beyond the scope of this chapter, but they have been reviewed in
detail elsewhere.'* Suffice it to say, the timely onset of labor does not
guarantee an uneventful delivery and a healthy, undamaged child.

Conclusions

Labor is a physiologic and continuous process. The factors responsible
for the onset and maintenance of normal labor at term are not com-

pletely understood and continue to be actively investigated. A better
understanding of the mechanisms responsible for the onset of labor at
term will further our knowledge about disorders of parturition, such
as preterm and prolonged (post-term) labor, and will improve our
ability to secure a successful pregnancy outcome.
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