- THE KiDNEY

8 :_PﬂYsmlogY ana Pathophysml OgY
Second’ E di sion

Vﬁlumel .

= e ; i - T g idnaaaiiy TR e e b S A ot _.."..-i:‘.f?."%l'zﬁw g
e . i AT R e S e S : G
ey o e S sty 3 S PRI E ! : - £
o 23 5 0 3 ¥ - 4 ‘ ) ! "‘.:. s .“
v . 1 ’ i 5 } ‘!
i’ S - <& 3 S | .Ir.
5 ; i3 . { o | 1
| : . ’ ] i . &
‘ ‘ . I | | | 2 o Yot
x ‘\ 3 .4 - ‘ ; | | g‘a 4:
? q > | ; ; | ﬁ’
. | Sy AR
' ' ! | ' s
. v | X 5 | ‘ {
i i | e ' 4
i | . = | . : (i
| l ' . ‘T | ' S o £ 1 '; .
& f | ‘
¥ R, 2 { = 1 . z 7 . ! ‘
' ‘ | i : | - Y 3 3
- S SISl o : | | - 1
Y !" 1 | ‘ | ;
‘. S0 3 I I .. Lm |
| | : l o
(! ! | .
2] v | .
Tik e & 3 A ! ” i : | .
& : ' PR | P ; |
St e R "
| | ; B
Y - | ‘
g v : | | .
. 2 7 7 |




THE KIDNEY

Physiology and Pathophysiology -
Second Edition

Volume 2

Editors

Donald W. Seldin, M.D.

William Buchanan Professor of I,ntemal Medicine
The University of Texas System Professor of Internal Medicine
Department of Internal Medicine
The University of Texas Southwestern Medical Center at Dallas
Dallas, Texas

Gerhard Giebisch, M.D.

Sterling Professor
Department of Cellular and Molecular Physiology
Yale University School of Medicine
New Haven, Connecticut

Raven Press & New York



Raven Press, 1185 Avenue of the Americas, New York, New York 10036

© 1992 by Raven Press, Ltd. All rights reserved. This book is protected by
copyright. No part of it may be reproduced, stored in a retrieval system, or
transmitted, in any form or by any means, electronic, mechanical,
photocopying, recording, or otherwise, without the prior written permission of
the publisher.

Made lp,the-U nited States of America

, 'L‘brary d' Congressftya]bgmg in Publication Data
1
the Kidney : physiology mvpénhophyslology / editors, Donald W.
Seldin, Gerhard Giebisch." — 2nd ed.
p. cm.

Includes, bibliographical references and index.

* ISBN 0-88167-773-6 (set)

1. Watér-electrolyte imbalances. 2. Water-electrolyte balance
(Physiology) 3. Kidneys—Diseases. 4. Kidneys. 5. Kidney
Diseases—physiopathology. - 1. Seldin, Donald W., 1920-

II. Giebisch, Gerhard H.
[DNLM: 1. Kidney—physiology. W1J 300 K458]
RC903.K54 1992
616.3'9—dc20
DNLM/DLC
for Library of Congress 91-25781
CIP

The material contained in this volume was submitted as previously
unpublished material, except in the instances in which some of the illustrative
material was derived.

Great care has been taken to maintain the accuracy of the information
contained in the volume. However, neither Raven Press nor the editors can be
held responsible for errors or for any consequences arising from the use of the
information contained herein.

Materials appearing in this book prepared by individuals as part of their
official duties as U.S. Government employees are not covered by the above-
mentioned copyright.

987 6:5:4+3:2 71



THE KIDNEY
Physiology and Pathophysiology

Second Edition

I

61528

WO



To the memory of
John P. Peters and Robert F. Pitts
for their distinguished roles as
educators and investigators.

»

o

S

% d



L L R .

Contributors

Qais Al-Awgati, M.B., Ch.B.,
Departments of Medicine and
Physiology, Columbia University
College of Physicians and Surgeons,
630 West 168th Street, New York, New _
York 10032

Allen C. Alfrey, M.D., Chief, Renal
Electrolyte Section, Department of
Medicine, Veterans Affairs Medical
Center, 1055 Clermont Street, Denver,
Colorado 80220

Robert J. Alpern, M.D., Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-8856

Thomas E. Andreoli, M.D., Chairman,
Division of Nephrology, Department of
Internal Medicine, University of
Arkansas College of Medicine, 4301
West Markham, Slot 640, Little Rock,
Arkansas 72205

Anita Aperia, M.D., Department of
Pediatrics, Karolinska and St. Géran’s
Children’s Hospitals, Karolinska
Institute, S-112 81 Stockholm, Sweden

Dennis A. Ausiello, M.D., Renal Unit,
Massachusetts General Hospital, 149
13th Street, Charlestown,
Massachusetts 02129; and Department
of Medicine, Harvard Medical School,
220 Longwood Avenue, Boston,
Massachusetts 02115

Barbara J. Ballermann, M.D., Renal
Division, The Johns Hopkins University
School of Medicine, Hunterian 207, 725
North Wolfe Street, Baltimore,
Maryland 21205-2185

Christine Baylis, Ph.D., Department of
Physiology, West Virginia University,
Health Sciences Center North,
Morgantown, West Virginia 26506

Franz Beck, M.D., Department of
Physiology, University of Munich,
Pettenkoferstrasse 12, D-8000 Munich
2, Germany

~ Julio E. Benabe, M.D., Department of

XV

Medicine, University of Puerto Rico
School of Medicine, and Renal Section,
Veterans Affairs Medical Center, San
Juan, Puerto Rico 00936

Dale J. Benos, Ph.D., Department of
Physiology and Biophysics and
Medicine, University of Alabama at
Birmingham, University Station,
Birmingham, Alabama 35294

Michel Bergeron, M.D., Department of
Physiology, Faculty of Medicine,
University of Montreal, Case postale
6208, succursale A, Montreal, Quebec,
H3C 3T8 Canada

Robert W. Berliner, M.D., Professor
Emeritus, Department of Physiology
and Medicine, Yale University School
of Medicine, 333 Cedar Street, New
Haven, Connecticut 06510

Theresa J. Berndt, M.D., Renal Unit,
Mayo Medical School, Mayo
Foundation, Rochester, Minnesota
55905

Jirg Biber, M.D., Institute of Physiology,
University of Ziirich-Irchel,
Winterthurerstrasse 190, CH-8057
Ziirich, Switzerland



XVl / CONTRIBUTORS

Daniel G. Bichet, M.D., Department of
Nephrology, Hépital de Sacré Coeur of
Montreal; and Department of Medicine,
University of Montreal, 5400 West
Gouin Boulevard Montreal, Quebec
H4J 1C5, Canada

Waliter F. Boron, M.D., Ph.D.,
Department of Cellular and Molecular
Physiology, Yale University School of
Medicine, 333 Cedar Street, New
Haven, Connecticut 06510-8026 -

Michael W. Brands, Ph.D., Department of
Physiology and Biophysics, University
of Mississippi Medical Center, 2500
North State Street, Jackson,
Mississippi 392164505

D. Craig Brater, M.D., Department of
Medicine, Indiana University School of
Medicine and Wishard Memorial
Hospital, OPW Building, Room 320,
1001 West 10th Street, WOP 316,
Indianapolis, Indiana 46202-2879

Barry M. Brenner, M.D., Director, Renal
Division, Department of Medicine,
Brigham and Women’s Hospital, 75
Francis Street, Boston, Massachusetts
02115

Josie P. Briggs, M.D., Departments of
Physiology and Internal Medicine,
University of Michigan Medical School,
Ann Arbor, Michigan 48109

Alex J. Brown, Ph.D., Renal Division,
Department of Medicine, Washington
University School of Medicine, One
Barnes Hospital Plaza, Box 8129, St.
Louis, Missouri 63110

Gerhard Burckhardt, M.D., Max-Planck-
Institut fiir Biophysik, Kennedyallee 70,
D-6000 Frankfurt am Main 70,
Germany

David A. Bushinsky, M.D., University of
Rochester School of Medicine and
Dentistry, and Chief, Renal Unit,
Strong Memorial Hospital, 601
Elmwood Avenue, Box MED,
Rochester, New York 14642

Maria Jose F. Camargo, M.D., Ph.D.,
Department of Physiology, Cornell
University Medical College, 1300 York
Avenue, New York, New York 10021

Michael J. Caplan, M.D., Ph.D.,
Department of Cellular and Molecular
Physiology, Yale University School of
Medicine, 333 Cedar Street, New
Haven, Connecticut 06510

Gianni Celsi, M.D., Department of
Pediatrics, Karolinska and St. Géran’s
Children’s Hospitals, Karolinska
Institute, S-112 81, Stockholm, Swgden

Robert L. Chevalier, M.D., Division of
Nephrology, Department of Pediatrics,
Rose F. Kennedy Center, Albert
Einstein College of Medicine, 1410
Pelham Parkway South, Bronx, New
York 10461

Jordan J. Cohen, M.D., Dean, School of
Medicine, State University of New York
at Stony Brook, Stony Brook, New
York 11794

Hector R. Cordova, M.D., Department of
Medicine, University of Puerto Rico
School of Medicine, and Renal Section,
Veterans Affairs Hospital, San Juan,
Puerto Rico 00936

Linda S. Costanzo, Ph.D., Department of
Physiology and Biophysics, Medical
College of Virginia, Box 551 MCV
Station, Richmond, Virginia 23298-0551

Tom Daniel, M.D., Nephrology Section,
Vanderbilt University School of
Medicine, Nashville, Tennessee 37232

William H. Dantzler, M.D., Ph.D.,
Department of Physiology, College of
Medicine, University of Arizona, 1501
N. Campbell Avenue, Tucson, Arizona
85724

David C. Dawson, Ph.D., Department of
Physiology, University of Michigan
Medical School, 6811 Medical Sciences
II, Ann Arbor, Michigan 48109



5 200,

Peter Deetjen, M.D., Department of
Physiology, University of Innsbruck,
Fritz-Pregistrasse 3, A-6010 Innsbruck;
Austria

e .Ralph A. DeFronzo, M.D., Chief,

- ‘Diabetes’ Division, and Dzvzs:on of
Nephrology, Department of Medicine,
University of Texas Health Science
Center, 7703 Floyd Curl Drive, San
Antonio, Texas 78284-7886

. Paul De Weer, M.D., Ph.D., Department

of Cell Biology and Physiology,
Washington University School of
Medicine, Box 8228, 660 South Euclid
Avenue, St. Louis, Missouri 63110~

- Gerald F. DiBona, M.D., Department of

P \‘
L

Baigorgy,

Fa

g
£ R siegg

Internal Medzcme, Umverszly of lowa

College of Medicine and Veterans

Administration Medical Center, lowa
" City, lowa 52242

Alain Doucet, Ph.D., Laboratory of Cellular
Physiology, College of France, 11
Place Marcelm Berthelot, 75231 Paris
Cedex 05, France. : '

Heinz Drexel, M.D., Department of Physiology,
University of Innsbruck, Fritz-
Preglstrasse 3; A-601 0 Innsbruck
Austria

‘Thomas D. DuBose, Jr., M.D., Division of

Nephrology, Department of Internal
Medicine, University of Texas Health
Science Center at Houston, 6431

* Fannin, MSB 4.136, Houston, Texas
77030

Geoffrey Gordon Duggin, M.B., F.R.A.C.P.,
* Toxicology Unit, Department of Renal
Medicine, Royal Prince Alfred
. Hospital, Missenden Road,
Camperdown, New South Wales, 2050
Australia

anchaelJ Dunn, M. D., Drrer:{or. Division s

" of Nephrology, Department of

" Médiciné, Case Western Reserve. - -

_ University and University Hospitals of
Cleveland, 2074 Abington Road,
Cleveland Ohw 44106

LE =S
o P g o A

CONTRIBUTORS

Adriana S. Dusso, Ph.D., Renal Division,
Department of Medicine, Washington
University School of Medicine, One
Barnes Hospital Plaza, Box 8129. St.
Louis, Missouri 63110

Lance D. Dworkin, M.D., Department of
Medicine, New York University
Medical Center, 550 First Avenue, New
York, New York 10016

Peter Ekblom, Ph.D., Department of Animal
Physiology, Uppsala University, P.O.
Box 560, S-751 22 Uppsala, Sweden

Garabed Eknoyan, M.D., Department of
Medicine, Baylor College of Medicine,
1200 Moursund, Houston, Texas 77030

‘Michael Eminett, M.D., Tompset:

Professor of Medicine, Baylor
University Medical Center, 3500 Gaston
Avenue, Dallas, Texas 75246

Franklin H. Epstein, M.D., Department of
Medicine, Harvard Medical School,

. and Beth Israel Hospital, 330 Brookline
Avenue, Boston, Massachusetts 02215

Louis Ercolani, M.D., Renal Unit,
Massachusetts General Hospital,
Jackson 7, Boston, Massachusetts

- 02114; and Department of Medicine.
Harvard Medical School, 220

. Longwood Avenue, Boston,
Massachusetts 02115

Jean H. Ethier, M.D., §t. Michael’s
Hospital Annex, 38 Shuter Street,
- Toronto, Ontario M5B 1A6 Canada

Leon G. Fine, M.D., F.A.C.P.,

_ Department of Medicine, Division of
Nephrology, UCLA School of
Medicine, Center for the Health
Sciences, 10833 Le Conte Avenue, Los
Angeles, California 90024-1736

James T. Fitzsimons, M.D., Se.D., F.R.S.,

The Physiological Laboratory,
University of Cambridge, Downing

. Street, Cambridge, CB2 3EG, United
Kingdom

/

XVii



xvill / CONTRIBUTORS

Robert E. Forster, M.D., Department of
Physiology, University of Pennsylvania
School of Medicine, Philadelphia,
Pennsylvania 19104-6085

Harry A. Fozzard, M.D., Departments of
Medicine and of Pharmacological and
Physiological Sciences, Pritzker School
of Medicine, The University of
Chicago, Hospital Box 440, 5841
Maryland Avenue, Chicago, Illinois
60637

Masafumi Fukagawa, M.D., First
Department of Internal Medicine,
University of Tokyo Faculty of
Medicine, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

F. John Gennari, M.D., Chief, Division of
Nephrology, Department of Medicine,
The University of Vermont College of
Medicine, Given Medical Building,
Burlington, Vermont 05405

Gerhard Giebisch, M.D., Department of
Cellular and Molecular Physiology,
Yale University School of Medicine,
333 Cedar Street, New Haven,
Connecticut 06510

J. Michael Gonzalez-Campoy, M.D.,
Nephrology Research Laboratories,
Depaitments of Physiology and
Biophysics and Medicine, Mayo Clinic
and Foundation, 200 First Street S.W.,
Rochester, Minnesota 55905

Carl W. Gottschalk, M.D., Division of
Nephrology, Departments of Medicine
and Physiology, University of North
Carolina School of Medicine, CB#
7545, Medical Sciences Research
Building, Chapel Hill, North Carolina
27599-7545

Jared Grantham, M.D., Nephrology
Division, University of Kansas Medical
Center, 39th and Rainbow Boulevard,
Kansas City, Kansas 66103

Joseph H. Gronich, M.D., Renal Unit,
Massachusetts General Hospital.,
Jackson 7, Boston, Massachusetts
02114; and Department of Medicine,
Harvard Medical School, 220
Longwood Avenue, Boston,
Massachusetts 02115

Gerhard Gstraunthaler, M,.lD.‘,i
Department of Physiology, University
of Innsbruck, A-6010 Innsbruck, Austria

Steven R. Gullans, Ph.D., Department of
Physiology, Harvard Medical, 220
Longwood Avenue, Boston,
Massachusetts 02115; and Brigham and
Women’s Hospital, 75 Francis Street,
Boston, Massachusefts 02115

John E. Hall, Ph.D., Department of
Physiology and Biophysics, University
of Mississippi Medical Center, 2500
North State Street, Jackson,
Mississippi 392164505

Stephen D. Hall, Ph.D., Department of
Medicine, Indiana University School of
Medicine ard Wishard Memorial
Hospital, OPW 320, 1001 West 10th
Street, Indianapolis, Indiana 46202-
2879

Mitchell L. Halperin, M.D., F.R.C.P.(C),
Department of Medicine, St. Michael’s
Hospital, 38 Shuter Street, Toronto,
Ontario M5B 1A6 Canada

John M. Hamlyn, Ph.D., Department of
Physiology, University of Maryland
School of Medicine, 655 West
Baltimore Street, Baltimore, Maryland
21201 .

L. Lee Hamm, M.D., Department of
Internal Medicine, Washington
University Schoel of Medicine, 660
South Euclid, St. Louis, Missouri 63110

Kevin P. G. Harris, M.D., Renal Division,
Department of Medicine, Washington
University School of Medicine, The
Jewish Hospital of St. Louis, 216 §.
Kingshighway, St. Louis, Missouri
63110 '

Matsuhiko Hayashi, M.D., Department of
Internal Medicine, Keio University
School of Medicine, 35 Shinano-machi,
Shinjuku-ku, Tokyo 160, Japan

J. Harold Helderman, M.D., Division of
Nephrology, Vanderbilt Transplant
Center, Vanderbilt University Medical
Center North $3223, Nashville,
Tennessee 37232-2372



William L. Henrich, M.D., Nephrology
Service, Dallas Department of Veterans
_Affairs Medical Center, Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-8856

Bernard M. Hitzig, Ph.D., Pulmonary and
Critical Care Unit, Massachusetts
General Hospital and Harvard Medical
School, 32 Fruit Street, Boston,
Massachusetts 02114

Else K. Hoffmann, Ph.D., Institute of Biological
Chemistry A, August Krogh Institute,
University of Copenhagen, 13
Universitetsparken, DK-2100
Copenhagen (), Denmark

Eliezer J. Holtzman, Renal Unit,
Massachusetts General Hospital,
Jackson 7, Boston, Massachusetts
02114; and Department of Medicine,
Harvard Medical School, 220
Longwood Avenue, Boston,
Massachusetts 02115

Thomas H. Hostetter, M.D., Department
of Medicine, Division of Renal Disease,
University of Minnesota, Box 736
UMHC, Minneapolis, Minnesota 55455

Randy L. Howard, M.D., Department of
Medicine, University of Colorado
Health Sciences Center, Box B-178,
4200 East Ninth Avenue, Denver,
Colorado 80262

Harry R. Jacobson, M.D., Chief,
Nephrology Section, Vanderbilt
University School of Medicine,
Nashville, Tennessee 37232

Rex L. Jamison, M.D., Department of
Medicine, University of Rochester
School of Medicine and Dentistry, 601
Elmwood Avenue, Box MED,
Rochester, New York 14642

Michael L. Jennings, Ph.D., Department
of Physiology and Biophysics,
University of Texas Medical Branch,
Galveston, Texas 77550

CONTRIBUTORS  /

Robert L. Johnson, Jr., M.D., Division of
Pulmonary Research, Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-9034 -

Robert L. Jungas, M.D., §t. Michael’s
Hospital Annex, 38 Shuter Street,
Toronto, Ontario M5B 1A6 Canada

Brigitte Kaissling, Ph.D., Institute for Anatomy,
University of Zurich,
Winterthurerstrasse 190, CH-8057
Ziirich, Switzerland

Kamel S. Kamel, M.D., Department of
Medicine, St. Michael’s Hospital, 38
Shuter Street, Toronto, Ontario M5B
1A6 Canada

Adrian I. Katz, M.D., Department of
Medicine, The University of Chicago,
Pritzker School of Medicine, 5841
South Maryland Avenue, Chicago,
Hllinois 60637

Homayoun Kazemi, M.D., Chief,
Pulmonary and Critical Care Unit,
Massachusetts General Hospital and
Harvard Medical School, 32 Fruit
Street, Boston, Massachusetts 02114

Rolf K. H. Kinne, M.D., Director, Max-
Planck-Institut fiir Systemphysiologie,
Rheinlanddamm 201, D-4600 Dortmund
1, Germany

Kevin L. Kirk, Ph.D., Departments of
Physiology and Biophysics and
Medicine, Nephrology Research and
Training Center, University of Alabama
at Birmingham, University Station,
Birmingham, Alabama 35294

Saulo Klahr, M.D., Renal Division,
Department of Medicine, Washington
University School of Medicine, The
Jewish Hospital of St. Louis, 216 South
Kingshighway, St. Louis, Missouri
63110

Ridiger Kluge, M.D., Nephrology Group
Practice, Mérikestrasse 5, 7199
Heilbronn, Germany

X1X



xX / CONTKIBUTORS

Aaron Knecht, M.D., Depariment of Medicine,

Division of Nephrology, UCLA School
of Medicine, UCLA Center for the
Health Sciences, 10833 Le Comte
Avenue, Los Angeles, California 90024-
1736 .

James P. Knochel, M.D., Chairman,
Department of Internal Medicine,
Presbyterian Hospital of Dallas, 8200
Walnut Hill Lane, Dallas, Texas 75231,
and Department of Internal Medicine,
University of Texas Southwestern
Medical Center, 5323 Harry Hines
Boulevard, Dallas, Texas 75235-9030

Franklyn G. Knox, M.D., Ph.D.,
Nephrology Research Laboratories,
Departments of Physiology and
Medicine, Mayo Medical School and
Mayo Foundation, 200 First Street
S.W., Rochester, Minnesota 55905

Bruce M. Koeppen, M.D., Ph.D.,
Department of Medicine and
Physiology, University of Connecticut
Health Center, 263 Farmington
Avenue, Farmington, Connecticut
06032

Orly F. Kohn, M.D., Division of
Nephrology, University of Connecticut
School of Medicine, Farmingion,
Connecticut 06032

Juha P. Kokko, M.D., Ph.D., Chairman,
Department of Medicine. Emory
University School of Medicine, 1364
Clifton Road, N.E., Atlanta, Georgia
30322

Ulla C. Kopp, Ph.D., Department of
Internal Medicine, University of Iowa
College of Medicine and Veterans
Administration Medical Center, lowa
City, lowa 52242

Nancy S. Krieger, Ph.D., Departments of
Medicine and Pharmacology,
University of Rochester School of
Medicine and Dentistry, 601 Elmwood
Avenue, Box MED, Rochester, New
York 14642«

G. Gopal Krishna, M.D., Section of
Nephrology, Department of Medicine,
University of Pennsylvania,
Philadelphia, Pennsylvania 19104

Poul Kristensen, Ph.D., Institute of
Biological Chemistry A, August Krogh
Institute, 13 Universitetsparken, DK-
2100 Copenhagen @, Denmark

Wilhelm Kriz, M.D., Institute for Anatomy

and Cell Biology, University of Heidelberg,

Im Neuenheimer Feld 307, D-6900
Heidelberg 1, Germany

Dean A. Kujubu, M.D., Department of

. Medicine, Division of Nephrology,
UCLA School of Medicine, UCLA
Center for the Health Sciences, 10833
Le Conte Avenue, Los Angeles,
California 90024-1736

Kiyoshi Kurokawa, M.D., Chairman, First
Department of Internal Medicine,
University of Tokyo Faculty of
Medicine, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

John H. Laragh, M.D., Chief, Cardiology -
Division, Department of Medicine, The
New York Hospital-Cornell Medical
Center, 525 East 68th Street, New
York, New York 10021

Harold E. Layton, Ph.D., Department of
Mathematics, Duke University,
Durham, North Carolina 27706

Alexander Leaf, M.D., Department of
Preventive Medicine, Harvard Medical
School, Massachusetts General
Hospital, Boston, Massachusetts 02114

Jacob Lemann, Jr., M.D., Chief,
Nephrology Division, Department of
Medicine, Medical College of
Wisconsin, Milwaukee, Wisconsin
53226; and Froedtert Memorial
Lutheran Hospital, 9200 West
Wisconsin Avenue, Milwaukee,
Wisconsin 53226

Moshe Levi, M.D., Department of
Internal Medicine, University of Texas
Southwestern Medical Center at Dallas,
5323 Harry Hines Boulevard, and
Dallas Veterans Administration
Medical Center, Dallas, Texas 75236

Norman G. Levinsky, M.D., Renal Unit,
The University Hospital, Boston
University Medical Center, 88 East
Newton Street, Boston, Massachusetts
02118



Mortimer Levy, M.D., F.R.C.P.(C),
Department of Medicine and
Physiology, McGill University, Room
1228, 3655 Drummond Street,
Montreal, Quebec, H36 1Y6 Canada

Wilfred Lieberthal, M.D., Renal Unit, The
University Hospital, Boston University
Medical Center, 88 East Newton Street,
Boston. Massachusetts 02118

Marshall D. Lindheimer, M.D., Section of
Nephrology, Department of Medicine,
Pritzker School of Medicine, University
of Chicago, 5841 South Maryland
Avenue, Box 453, Chicago, Illinois
60637

James H. Ludens, Ph.D., Cardiovascular
Diseases Research, Upjohn
Laboratories, 7000 Portage Road,
Kalamazoo, Michigan 49001

Thomas Maack, M.D., Department of
Physiology, Cornell University Medical
College, 1300 York Avenue, New York,
New York 10021

Anthony D. C. Macknight, M.D., Department
of Physiology, Universiry of Otago
Medical School, P.O. Box 913,

Dunedin, New Zealand

David A. Maddox, Ph.D., Division of
Nephrology, Department of Medicine,
The University of Vermont College of
Medicine, Given Medical Building,
Burlington, Vermont 65405 v

Nicolaos E. Madias, M.D., Tufts
University School of Medicine, and
Division of Nephrology, New England
Medical Center, Boston, Massachusetts
02111

Lazaro J. Mandel, Ph.D., Department of
Cell Biology, Division of Physiology,
Duke University Medical Center, Box
3709, Durham, North Carolina 27716

Bradley J. Maroni, M.D., Renal Division.
Department of Medicine, Emory
University Hospital, 1364 Clifton Road,
N.E.. Atlanta, Georgia 30322

Manuel Martinez-Maldonado, M.D.,
Medical Service, Veterans Affairs
Medical Center (111), 1670 Clairmont
Road, Decatur, Georgia 30033

CONTRIBUTORS

Karl S. Matlin, Department of Anatomy
and Cellular Biology, Harvard Medical
School, 220 Longwood Avenue, Boston,
Massachusetts 02115 3

T. Dwight McKinney, M.D., Department
of Medicine, Indiana University School
of Medicine, Fesler Hall, Room 108,
1120 South Drive, Indianapolis, Indiana
46202-5113

Thomas R. McCune, M.D., Division of
Nephrology, Vanderbilt Transplant
Center, Vanderbilt University Medical
Center North §3223, Nashville,
Tennessee 37232-2372

Paolo Mene, M.D., Cattedra di Nefrologia
Medica, Universita degli Studi ‘‘La
Sapienza,”’ Rome, Italy

C. Charles Michel, Ph.D., Department of
Physiology and Biophysics, St. Mary's
Hospital Medical School, Norfolk
Place, London W2 IPG, England

David S. Miller, Ph.D., Intracellular
Regulation Section, Laboratory of
Cellular and Molecular Pharmacology,
NIH/NIEHS, P.O. Box 12233, T. W.
Alexander Drive, Research Triangle
Park, North Carolina 27709

William E. Mitch, M.D., Renal Division,
Department of Medicine, Emory
University Hospital, 1364 Clifton Road,
N.E., Atlanta, Georgia 30322

Francois Morel, M.D., Ph.D., Laboratory of
Cellular Physiology, College of France, 11
Place Marcelin Berthelot, 75231 Paris
Cedex 05, France

‘Salim K. Mujais, M.D., Department of v

Medicine, Northwestern University and
VA Lakeside Medical Center, 303 East
Chicago Avenue, Chicago, Illinois
60611

Heini Murer, M.D., Institute of
Physiology, University of Ziirich-Irchel,
Physiologisches Institut der Universitit
Ziirich, Winterthurerstrasse 190, CH-
8057 Ziirich, Switzerland

Robert G. Narins, M.D., Nephrology
Section, Department of Medicine,
Henry Ford Hospital. Detroit,
Michigan 48202

! <%



xxil / CONTRIBUTORS

Jill T. Norman, Ph.D., Department of Medicine,

Division of Nephrology, UCLA School
of Medicine, UCLA Center for the
Health Sciences, 10833 Le Conte

Avenue, Los Angeles, California 90024-

1736

Charles Y. C. Pak, M.D., Section of
Mineral Metabolism, Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-8885

Biff F. Palmer, M.D., Department of
Medicine, Division of Nephrology,
University of Texas Southwestern
Medical Center, 5323 Harry Hines
Boulevard, Dallas, Texas 75235-8856

Lawrence G. Palmer, Ph.D., Departments
of Physiology and Biophysics, Cornell
University Medical College, 1300 York
Avenue, New York, New York 10021

C. Hyung Park, Ph.D., Department of
Physiology, Cornell University Medical
College, 1300 York Avenue, New York,
New York 10021

John B. Pritchard, Ph.D., Comparative
Membrane Pharmacology Section,
Laboratory of Cellular and Molecular
Pharmacology, NIH/INIEHS, P.O. Box
12233, T. W. Alexander Drive,
Research Triangle Park, North
Carolina 27709

Gary A. Quamme, Ph.D., D.V.M.,
Department of Medicine, University of
British Columbia, University Hospital—
UBC Site, 2211 Wesbrook Mall,
Vancouver, British Columbia, V6S 2B5
Canada

Murugappan Ramanathan, Ph.D., Division
of Pulmonary Research, Department of
Internal Medicine, University of Texas,
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-9034

Stephen T. Reeders, M.D., Department of
Medicine, Yale University School of
Medicine, 333 Ceda¥ Street, New
Haven, Connecticut 06510

W. Brian Reeves, M.D., Division of
Nephrology, Department of Internal
Medicine, University of Arkansas
College of Medicine, 4301 West
Markham, Slot 501, Little Rock,
Arkansas 72205 i

Luis Reuss, M.D., Department of
Physiology and Biophysics, University
of Texas Medical Branch, Galveston,
Texas 77550-2781

Louis J. Riley, Jr., M.D., Section of
Nephrology, Department of Medicine,
Temple University School of Medicine,
Philadelphia, Pennsylvania 19140

Gary L. Robertson, M.D., Department of
Medicine and Neurology, Northwestern
University Medical School, 303 East
Chicago Avenue, Chicago, Illinois
60637

Robert M. Rosa, M.D., Department of
Medicine, Northwestern University
School of Medicine, 303 East Chicago
Avenue, Chicago, Illinois 60637

Mark E. Rosenberg, M.D., Department of
Medicine, Division of Renal Disease,
University of Minnesota, Box 736
UMHC, 516 Delaware Street S.E.,
Minneapolis, Minnesota 55455

Bernard C. Rossier, M.D., Institute of
Pharmacology, University of Lausanne,
Rue du Bugnon 27, CH-1005 Lausanne,
Switzerland

John W. Rowe, M.D., Department of
Medicine and Geriatrics, Mount Sinai
Medical Center, 1 Gustave Levy Place,
New York, New York 10029

Denis R. Roy, M.D., Royal Victoria
Hospital, 687 Pine Avenue West,
Montreal, Quebec, J8Y IW7 Canada

Henry Sackin, Departments of Physiology
and Biophysics, Cornell University
Medical College, 1300 York Avenue,
New York, New York 10021

Jeff M. Sands, M.D., Department of
Medicine, Emory University School of
Medicine, 1364 Clifton Road, N.E.,
Atlanta, Georgia 30322



Takao Saruta, M.D., Department of =
Internal Medicine, Keio University
School of Medicine, 35 Shinano-machi,
Shinjuku-ku, Tokyo 160, Japan

James A. Schafer, Ph.D., Departments of
Physiology and Biophysics and :
Medicine, Nephrology Research and
Training Center, University of Alabama
at Birmingham, P.O. Box 10, SDB,
Birmingham, Alabama 35294

Francis X. Schloeder, M.D., Section of
Nephrology, Department of Internal
Medicine, Baylor College of Medicine,
and The Methodist Hospital, 6550 y
Fannin, Suite 1273, Houston, Texas
77030

Jiirgen Schnermann, M.D., Departments
of Physiology and Internal Medicine,
University of Michigan Medical School,
Ann Arbor, Michigan 48109

Robert W. Schrier, M.D., Chairman,
Department of Medicine, University of
Colorado Healthchiences Center, Box
B-178, 4200 East Ninth Avenue,
Denver, Colorado 80262

Stanley G. Schultz, M.D., Department of
Physiology and Cell Biology, University
of Texas Medical School, P.O. Box
20708, 6431 Fannin, Houston, Texas
77225

Victor L. Schuster, M.D., Division of
Nephrology, Department of Medicine,
Albert Einstein College of Medicine,
1300 Morris Park Avenue, Bronx, New
York 10461

Charles R. Scriver, M.D., DeBelle
Laboratory for Biochemical Genetics,
Montreal Children’s Hospital, 2300
Tupper Street, Montreal, Quebec, H3H
1P3 Canada

Donald W. Seldin, M.D., Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-9030

CONTRIBUTORS

Stephen R. Shorofsky, M.D., Ph.D., Departments

of Medicine and of Pharmacological and
Physiological Sciences, Pritzker School
of Medicine, The University of

Chicago, Hospital Box 440, 5841
Maryland Avenue, Chicago, Illinois
60637

Stefan Silbernagl, Dr. Med., Department
of Physiology, University of Wiirzburg,
Rontgenring 9, D-8700 Wiirzburg,
Germany

Eduardo Slatopoisky, M.D., Renal
Division and Division of Bone and
Mineral Metabolism, Washington
University School of Medicine, One
Barnes Hospital Plaza, Box 8129, St.
Louis, Missouri 63110

Paul P. Sokol, Ph.D., Departments of
Medicine and Pharmacology, Indiana
University School of Medicine, Fesler
Hall, Room 108, 1120 South Drive,
Indianapolis, Indiana 46202-5113

Eric J. Sorscher, M.D., Department of
Physiology and Biophysics and
Medicine, University of Alabama at
Birmingham, University Station,
Birmingham, Alabama 35294

Adrian Spitzer, M.D., Division of
Nephrology, Department of Pediatrics,
Rose F. Kennedy Center, Albert
Einstein College of Medicine, 1410
Pelham Parkway South, Bronx, New
York 10461

Jerry L. Spivak, M.D., Division of
Hematology, Department of Medicine,
The Johns Hopkins Hospital, University
School of Medicine, 720 Rutland
Avenue, Baltimore, Maryland 21205

Kenneth R. Spring, D.M.D., Ph.D.,
Laboratory of Kidney and Electrolyte
Metabolism, National Heart, Lung,
and Blood Institute, Building 10, Room
6N307, National Institutes of Health,
Bethesda, Maryland 20892

Bruce A. Stanton, Ph.D., Department of
Physiology, Dartmouth Medical School,
604 Remsen Building, Hanover, New
Hampshire 03756



xX1V / CONTRIBUTORS

-Philip R. Steinmetz, M.D., Division of
Nephrology, University of Connecticut
School of Medicine, Farmington,
Connecticut 06032

Andrew F. Stewart, M.D., Chief,
Endocrinology, West Haven Veterans
Affairs Medical Center, 950 Campbell
Avenue, West Haven, Connecticut
06516; and Yale University School of
Medicine, New Haven, Connecticut
06510

Bobby J. Stinebaugh, M.D., Section of
Nephrology, Department of Internal
Medicine, Baylor College of Medicine,
and the Methodist Hospital, 6550
Fannin, Suite 1273, Houston, Texas
77030

Wadi N. Suki, M.D., Renal Section,
Department of Medicine, Baylor
College of Medicine, and The
Methodist Hospital, 6550 Fannin, Suite
1275, Houston, Texas 77030

Jeffrey R. Thompson, M.D., Division of
Nephrology, Department of Internal
Medicine, University of Texas :
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235

Klaus Thurau, M.D., Department of
Physiology, Umverszty of Munich,
Pettenkoferstrasse 12, D-8000 Munich
2, Germany

Robert D. Toto, M.D., Department of
Internal Medicine, University of Texas
Southwestern Medical Center, 5323
Harry Hines Boulevard, Dallas, Texas
75235-8856

Hans R. Ulfendahl, M.D..Départraént of
“‘Physiology and Medical Biophysics,#
Biomedical Center, Uppsala University,

Box 572, §-751 23 Uppsala, Sweden

Hans H. Ussing, M.D., Institute of Biolaéical

Chemistry A, August Krogh Institute,
13 Universitetsparken, DK-2100
Copenhagen @, Denmark

Hans von Baeyer, M.D., Department of
Physiology, University of Innsbruck,
Fritz-Preglstrasse 3, A-6010 Innsbruck,
Austria

Robert James Walker, M.B., M.D., Ch.B.,
F.R.A.C.P., Department of Medicine,
University of Otago Medical School,
P.O. Box 913, Great King Street,
Dunedin, New Zealand

Mackenzie Walser, M.D., Department of -
Pharmacology and Molecular Sciences,
Johns Hopkins University School of
Medicine, 725 North Wolfe Street,
Baltimore, Maryland 21205

Alan J. Watson, M.D., Division of
Nephrology, Department of Medicine,
The Johns Hopkins University School
of Medicine, 720 Rutland Avenue,
Baltimore, Maryland 21205 e e Wt e

Alan M, Weinstein, M.D., Department of
Physiology and Medicine, Cornell
University Medical College, The New
York Hospital, 1300 York Avenue, New
York, New York 10021

Guillermo Whittembury, M.D.,
Venezuelan Institute of Scientific
Investigations, P.O. Box 21827,
Caracas 1020-A, Venezuela; and
International Institute of Advanced
Studies, P.O. Box 21827, Caracas
1020A, Venezuela

Christopher S. Wilcox, M.D., Ph.D.,
Division of Nephrology, Depar tment of
Medicine, University of Florida, Box J-
224 JHMHC, Gainesville, Florida
32610-0224

Mark E. Williams, M.D., Department of
Medicine, Harvard Medical School and
Deaconness Hospital, Boston,
Massachusetts 02115

Erich E. Windhager, M.D., Departmentof v ...,

Physiology and Biophysics, Cornell
University Medical College, The New
York Hospital, 1300 York Avenue, New
York, New York 10021 -

e



Charles S Wingo, M.D., Division of
- Nephrology, Department of Medzcme,
University of Fl(mda, Box J-224
JHMHC, Gameswlle Florida 32610-
0224

Mals Wolgast, Ph.D., Department of Physwlogy :

and Medical Biophysics, Biomedical
Center, Uppsala University, Box 572,
S-751 23 Uppsala, Sweden

Rol!ert L Wortmann, M.D., Department
of Medzcme, Medical College of

- i Wisconsin, and Medical Service,

- Clement J: Zablockt. Veterans .

“ - < Administration Medical Centér, > >0 w,
by ’:Mtlwaukee. Wtsconsm 3295 ¢ T

LEEN N ™
b T i .
i
Sl =
- S
. Rad oo CY
Y
Ty
* 2 B,
Fik o
v 3 Ry
» kg
* Vre m g
” "
- . . "
o, ‘.
"
.
~éhs LR
oy
‘“. .
LT
> ‘ >
S
& = .,
X o
RS
4 - 2¢
“o, :
= § T
« . 2 oen

Sl P

CONTmm'Tmzc 1

- Fred S. anht, M.D., Departments of

Internal Medicine and C. ellular and

- Molecular Physiology, Yale University

- School of Medicine, New Haven,
Connecticut 06510; and Veterans
‘Administration Medical Center, West
Spring Street, West Haven,

Connecticut 06516

Mark L. Zeidel, M.D., Brigham and
Women's Hospital/West Roxbury DVA
Medical Center, 1400 VEW Parkway, °
West Roxbury, Massachusetts 02132

XXV

N b 4



Preface to the First Edition

Before the Second World War, an understanding of kidney function in broad outline had gradually
emerged. The filtration—reabsorption theory formulated by Cushny and based on earlier proposals
by Ludwig was placed on firm footing by the pioneering micropuncture studies of Richards, Wearn,
Walker, and their associates. Marshall and his school, resurrecting the earlier views of Heidenhain,
demonstrated the participation of tubular secretion in urine formation. It became clear that three
processes, glomerular filtration, tubular reabsorption, and tubular secretion mediated the urinary
excretion of water and electrolytes.

Two great methodologic advances facilitated the translation of this conceptual framework into
quantitative terms  Smith, Rehberg, and their associates successfully elaborated and then applied
noninvasive technigues to the measurement of renal hemodynamics in both animals and human
subjects.. As a consequence, it became possible to assess quantitatively glomerular filtration rate,
renal blood flow, and tubular secretion under normal and abnormal circumstances. At the same
time, Peters and Van Slyke developed and consolidated a precise methodology for measurement
of the composition of body fluids and urine. '

The initial studies emanating from these conceptual and methodological developments were
utilized principally for a static portrayal of the chemical composition of body fluids and urine.
The function of the kidney as a regulatory organ governing the maintenance of the volume and
composition of body fluids was only dimly perceived. The mechanisms responsible for the ad-
justments. of renal function under the impact of physiologic disturbances or frank disease states
were almost wholly unknown. In part, this focus on chemical anatomy was the inevitable expres-
sion of technical limitations: Analytic methods were painfully cumbersome and time-consuming,
and usually required substantial amounts of material; furthermore, many critical constituents
simply could not be measured. In part, this narrow preoccupation with static steady state mea-
surements reflected the relatively primitive conceptual system: The kidney was conceived in the
main as a black box, so that input in the form of glomerular filtration and output as urine flow
constituted the principal analytic framework.

It was the application to biologic systems of the methods and principles of the generalizing
sciences, physics and chemistry, after World War 11, that transformed renal physiology from a
crude empirical enterprise into a formidable discipline of explanatory power and technical so-
phistication. Powerful analytic methods—typified early by the flame photometer and later by
sensitive micromethods involving isotopes, microchemistry, immunoassay, microelectrodes, elec-
tron microscopy, optics, nuclear magnetic resonance, and the like—paved the way for truly novel
advances. At first, the newer analytic armamentarium was utilized by Albright, Peters, Pitts, and
many others in balance and clearance studies to investigate the adaptations in renal function under
the impact of physiologic and pathologic derangements. Then, the reintroduction of micropuncture
and the development of microperfusion of isolated tubules permitted an assessment of segmental
function which Richards and his associates, a decade earlier, had just begun. At the same time,
the introduction by Ussing and his associates of an isolated two-membrane epithelial system, the
frog skin, provided an enormously fruitful model for the exploration of the transport properties
of the renal tubule. Later still, the study of membrane vesicles in vitro, coupled with micromethods
of exquisite sensitivity, permitted the formulation of principles of cellular and epithelial function.
As a result, the investigation of renal physiology could progress from the analysis of the whole
organ to the level of the nephron and finally to the basic domains of epithelial and cellular function.
The fundamental mechanisms underlying changes in overall renal function were now available
for study and began to provide a conceptual framework for powerful theories of renal regulation.
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