
Ion Channels in the 
Cardiovascular 

System: 
Function and Dysfunction 

edited by 

Peter Μ. Spooner 
Arthur Μ. Brown 

William A. Catterall 
Gregory J. Kaczorowski 

Harold C. Strauss 

F U T U R A 

Futura Publishing Company, Inc. 
Armonk, New York 



// XG {zw £m 
Library of Congress Cataloging-in-Publication Data 

I o n channels i n the cardiovascular system / Peter Μ. Spooner . . . [et 
a l . ] , editors, 

p. cm. 
Includes b ib l iograph ica l references and index. 
1. Hear t—Pathophysiology. 2. I o n channels. 3. A r r h y t h m i a . 

4. Cardiac arrest. 5. Hea r t conduc t ion system. I . Spooner, Peter M . 
[ D N L M : 1. I o n Channels—physiology. 2. Cardiovascular System— 

physiology. 3. Ar rhy thmia—phys iopa tho logy . 4. Death , Sudden, 
Cardiac—pathology. W G 102 164 1993] 
RC682.9.I584 1993 
6 1 6 . Γ 2 0 7 — d c 2 0 
D N L M / D L C 
for L ib ra ry o f Congress 93-37793 

Futura Publ ish ing Company, Inc . / 
135 Bedfo rd Road 
A r m o n k , N Y 10504-0418 

L C #: 93-37793 
ISBN #: 0-87993-591-X 

Every effort has been made to ensure that the i n f o r m a t i o n i n this book 
is as up to date and as accurate as possible at the t ime o f pub l i ca t i on . 
However, due to the constant developments i n medic ine , ne i the r the 
author , no r the edi tor , nor the publ isher can accept any legal o r any 
other responsibil i ty for any errors o r omissions that may occur. 

A l l rights reserved. 
No part o f this book may be translated or r ep roduced i n any f o r m 
w i t h o u t wr i t t en permission o f the publisher. 

Pr in ted i n the U n i t e d States o f Amer ica . 

This book is printed on acid-free paper. 

CIP 

Copyr igh t 1994 

Futura Publ ish ing Company, Inc . 

Published by 

Original cover graphics contributed by Khanh Nguyen, NHLBI, Bethesda, MD. 



Table of Contents 

List of Contributors ix 

Preface xv 
Peter M. Spooner 

Acknowledgments xix 
Peter M. Spooner 

Introduction: Ion Channels and Cardiology— xxiii 
The Need for Bridges Across a 
Widening Boundary 
Arnold M. Katz 

Part 1—Ion Channels and Cardiac Disease: 
Dimensions of the Problem 

Arthur M. Brown and Peter M. Spooner 

1 A n t i a r r h y t h m i c Impl ica t ions f r o m the CAST 3 
T r i a l : Impetus for New Direc t ions 
Harold C. Strauss 

2 Epidemio logy o f Sudden Cardiac Death: 15 
Popula t ion Characteristics, C o n d i t i o n i n g Risk 
Factors, a n d Dynamic Risk Factors 
Robert J. Myerburg, Kenneth M. Kessler, and 
Agustin Castellanos 

3 A u t o n o m i c Markers for Sudden Cardiac Death 35 
Peter J. Schwartz 

4 A u t o n o m i c Mechanisms U n d e r l y i n g 61 
Arrhythmogenesis and Sudden Cardiac Death i n 
Ischemic Hear t Disease 
Douglas P. Zipes 

Part 2—Ion Channels and Cardiovascular Function 
Arthur M. Brown and Peter M. Spooner 

5 Cardiac Electrogenesis a n d the Sod ium Channe l 81 
Harry A. Fozzard 



6 Ca lc ium Channels as Biosensors o f Cel lu lar 101 
Energy Metabol i sm: Effects o f Magnes ium and 
M g A T P 
Βήαη ORourke, Peter Η. Backx, Rafael MejiaAlvarez, 
Gordon Tomaselli, John H. Lawrence, H. Bradley 
Nuss, and Eduardo Marban 

7 Delayed Rectifier Potassium Channels o f 121 
Cardiac Muscle 
M. C. Sanguinetli and Ν. K. Jurkiewicz 

8 Cardiac Inward Rectifier Potassium Channe l 145 
Carol A, Vandenberg 

9 Molecu la r Physiology o f cAMP-Dependent 169 
Ch lo r ide Channels i n Hea r t 
Joseph R. Hume, Paul C. Levesque, PadraigJ. Hart, 
Stephen S. Tsung, Todd Chapman, and 
Burton Horowitz 

10 Cardiovascular Gap Junct ions: Ga t ing Properties, 185 
Func t ion , and Dysfunct ion 
David C. Spray, Μ. B. Rook, A. P. Moreno, / C. Suez, 
G. J. Christ, A. C. Campos de Carvalho, and 
G. I . Fishman 

Part 3—Channel Modulation and 
Autonomic Control 

Arthur M. Brown and Peter M. Spooner 

11 α , - A d r e n e r g i c Effects on Potassium Currents and 221 
Membrane GTPase in Single Rabbit Cardiac Cells 
A. P. Braun, Μ. P. Wedsh, R. B. Clark, and 
W. R. Giles 

12 ß - A d r e n e r g i c M o d u l a t i o n o f Cardiac Ca lc ium 237 
Channe l Gat ing 
Bruce P. Bean 

13 P rob ing Potassium Channe l Pores 253 
Manella De Biasi and Arthur M. Brown 

Part 4—Structure and Function of Ion Channels 
Arthur M. Brown and Peter M. Spooner 

14 Mechanisms o f Potassium Channe l Ga t ing Probed 271 
by Site-Directed Mutagenesis 
Jan Tytgat and Peter Hess 

vi 



15 Molecu la r Physiology o f Voltage-Gated Potassium 287 
and Sod ium Channels: I o n Channe l Diversity 
w i t h i n the Cardiovascular System 
Michael M. Tamkun, Timothy J. Knittle, Karen Κ 
Deal, Melissa H. House, Steven L . Roberds, Sunny Po, 
Paul B. Bennett, Alfred L . George, Jr., and 
Dirk J. Snyders 

16 Structure and M o d u l a t i o n o f Voltage-Gated 317 
Sod ium Channels 
William A. Catterall, Todd Scheuer, James W. West, 
Randal Numann, D. Earl Patton, Henry J. Duff, and 
Alan L . Goldin 

17 Extracel lular Potassium Modulates a Trans ien t 341 
Potassium Cur r en t i n Rat A t r i a l Cells 
L . A. Par do and W. Stühmer 

18 Physiological and M o l e c u l a r Insights i n t o 355 
Exci ta t ion-Cont rac t ion C o u p l i n g i n Cardiac and 
Skeletal Muscle 
Jesus Garcia and Kurt G. Beam 

19 Func t iona l Expression o f Cardiac and S m o o t h 369 
Muscle Ca lc ium Channels 
F. Hofmann, M. Biel, Ε. Bosse, V. Flockerzi, P. Ruth, 
and A. Welling 

Part 5—Molecular Pharmacology 
Arthur M. Brown and Peter M . Spooner 

20 Confo rma t ion -Dependen t D r u g B i n d i n g to 387 
Cardiac Potassium Channels 
Randall L . Rasmusson, Donald L . Campbell, 
Yusheng Qu, and Harold C. Strauss 

21 Block o f Myocard ia l Potassium Channels 415 
by A n t i a r r t h y m i c Drugs: Dependence o n 
Channe l Gat ing 
Thomas J. Colatsky, Walter Spinnelli, and 
Issam F. Moubarak 

22 D i h y d r o p y r i d i n e M o d u l a t i o n o f Cardiovascular 425 
L-Type Ca lc ium Channels: Molecu la r and 
Cel lular Pharmacology 
Robert S. Kass 

23 Calc ium Antagon is t B i n d i n g Domains o f L-Type 441 
Ca lc ium Channels 
Jörg Striessnig, Steffen Hering, Wolfgang Berger, 
William A. Catterall, and Hartmut Glossmann 

vii 



Part 6—Drug Discovery 
Arthur M. Brown and Peter M. Spooner 

24 Strategies to Discover Nove l I o n Channe l 
Modu la to r s 
Gregory J. Kaczorowski, Robert S. Slaughter, and 
Maua L . Garcia 

25 T h e Design o f New Ca lc ium Antagonists 
S. David Kimball, Joel C. Banish, John T. Hunt, 
David M. Floyd, Jack Z. Gougoutas, and Wan F. Lau 

26 I n h i b i t o r s o f Cardiac-Delayed Rectifying 
Potassium Currents as Potent ia l Novel 
A n t i a r r h y t h m i c Agents 
William C. Lumma, Jr. 

27 Role o f I o n Channels i n A n t i a r r h y t h m i c and 
A n t i f i b r i l l a t o r y D r u g A c t i o n 
Benedict R. Lucchesi, Liguo Chi, Shawn C. Black, 
Andrew C. G. Upnchard, Gregory S. Friednchs, 
Peter J. Manley, and Jeanne Y. Oh 

Part 7—Research Recommendations 
Research Assessment Panel 

28 Repor t o f the Research Assessment Panel 
Convened by the Na t iona l Hear t , L u n g , and 
B l o o d Ins t i tu te , Chant i l ly , V A , Conference: ' T o n 
Channels i n the Cardiovascular System'' 
(September 12-15, 1992) 
Arnold M. Katz, Arthur M. Brown, William A. 
Catterall, Gregory J. Kaczorowski, Harold C Strauss, 
August M. Watanabe, Thomas W. Smith, and 
Peter Μ. Spooner 

index 



List of Contributors 

Peter H . Backx, Division o f 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Baltimore, M D 

Joel C . Banish, Bristol-Myers 
Squibb, Pharmaceutical Research 
Institute, New York, NY 

Kurt Beam, Department o f 
Physiology, Colorado State 
University, Ft. Collins, CO 

Bruce Bean, Department o f 
Neurobiology, Harvard Medical 
School, Boston, M A 

Paul B. Bennett, Departments o f 
Pharmacology and Medicine, 
Vanderbilt School o f Medicine, 
Nashville, T N 

Wolfgang Berger, Institut für 
Biochemische Pharmakologie, 
University o f Innsbruck, A-6020 
Innsbruck, Austria 

M. Biel, Institut für Pharmakologie 
und Toxikologie, Technische 
Universi tät M ü n c h e n , D-8000 
Munich 40, Germany 

Shawn C . Black, Department o f 
Pharmacology, University of 
Michigan Medical School, 
Ann Arbor, M I 

E . Bosse, Institut für Pharmakologie 
und Toxikologie , Technische 
Univers i tä t M ü n c h e n , D-8000 
M u n i c h 40 Germany 

A. P. Braun, Department o f Medical 
Physiology, University o f Calgary 
School o f Medicine, Calgary, 
Alberta, Canada 

Arthur M. Brown,* Department o f 
Molecular Physiology and 
Biophysics, Baylor College o f 
Medicine, Houston, T X 

Donald L . Campbell, Department o f 
Pharmacology, Duke University 
Medical Center, Durham, NC 

A. C . Campos de Carvalho, 
Department o f Neuroscience, Alber t 
Einstein College o f Medicine, 
Bronx, NY, and Federal University o f 
Rio de Janiero, 
Rio de Janiero, Brazil 

Agustin Castellanos, Division o f 
Cardiology, Department o f 
Medicine, University o f Miami 
School o f Medicine and the, Miami 
VA Medical Center, Miami , FL 

William A. Catterall,* Department o f 
Pharmacology, University of 
Washington, Seattle, WA 

*Member o f the Research Assessment Panel. 



Todd Chapman, Depar tment o f 
Physiology, University o f Nevada 
School o f Medicine, Reno, N V 

Liguo Chi, Department o f 
Pharmacology, University o f 
Michigan Medical School, 
A n n Arbor , M I 

G . J . Christ, Department o f Urology, 
Alber t Einstein College o f Medic ine , 
Bronx, NY 

R. B. Clark, Depar tment o f Medical 
Physiology, University o f Calgary 
School o f Medicine, Calgary, 
Alberta, Canada 

Thomas J . Colatsky, Division o f 
Cardiovascular and Metabolic 
Disorders, Wyeth-Ayerst Research, 
Princeton, NJ 

Karen K. Deal, Depar tment o f 
Pharmacology, Vanderbi l t Medical 
School, Nashville, T N 

Mariella De Biasi, Depar tment o f 
Molecular Physiology and 
Biophysics, Baylor College o f 
Medicine, Houston, T X 

Henry J . Duff, Depar tment o f 
Pharmacology, University o f 
Washington, Seattle, W A 

G . I . Fishman, Departments o f 
Molecular Genetics and Medicine , 
Albert Einstein College o f Medicine, 
Bronx, NY 

V. Flockerzi, Inst i tut fur 
Pharmakologie und Toxiko log ie , 
Technische Univers i tä t M ü n c h e n , 
D-8000 Munich 40, Germany 

David Μ. Floyd, Bristol-Myers 
Squibb, Pharmaceutical Research 
Institute, New York, NY 

Harry A . Fozzard, Cardiac 
El e c tr ο ρ hysi ol ogy Labo ra to ri e s, 
Departments o f Pharmacological 8c 
Physiological Sciences and Medicine, 
and University of Chicago, Chicago, I L 

Gregory S. Friedrichs, Department 
of Pharmacology, University o f 
Michigan Medical School, 
A n n Arbor , M I 

Jesus Garcia, Department o f 
Physiology, Colorado State 
University, Ft. Collins, CO 

Maria L . Garcia, Membrane 
Biochemistry and Biophysics, Merck 
Research Laboratories, Rah way, NJ 

Alfred L . George, Jr . , Departments 
o f Pharmacology and Medicine, 
Vanderbi l t School o f Medicine, 
Nashville, T N 

W. R . Giles, Department o f Medical 
Physiology, University o f Calgary 
School o f Medicine, Calgary, 
Alberta, Canada 

Hartmut Glossmann, Institut für 
Biochemische Pharmakologie, 
University o f Innsbruck, A-6020 
Innsbruck, Austria 

Alan L . Goldin, Department o f 
Microbiology and Molecular 
Genetics, University o f 
Cal ifornia-Irvine, Irvine, CA 

Jack Z. Gougoutas, Bristol-Myers 
Squibb, Pharmaceutical Research 
Institute, New York, NY 

PädraigJ. Hart, Department o f 
Physiology, University o f Nevada 
School o f Medicine, Reno, NV 

Steffen Hering, Insitut für 
Biochemische Pharmakologie, 
University o f Innsbruck, A-6020 
Innsbruck, Austria 

Peter Hess, Department o f Cellular 
and Molecular Physiology, Program 
in Neuroscience, Harvard Medical 
School, Boston, M A 

F . Hof man, Insti tut für 
Pharmakologie und Toxikologie , 
Technische Univers i tä t M ü n c h e n , 
D-8000 M u n i c h 40, Germany 

χ 



Burton Horowitz, Department o f 
Physiology, University o f Nevada 
School of Medicine, Reno, N V 

Melissa H . House, Department o f 
Molecular Physiology and 
Biophysics, Vanderbil t Medical 
School, Nashville, T N 

Joseph R. Hume, Department o f 
Physiology, University of Nevada 
School o f Medicine, Reno, NV 

John T . Hunt, Bristol-Myers Squibb, 
Pharmaceutical Research Institute, 
New York, NY 

N . K- Jurkiewicz, Department o f 
Pharmacology, Merck Research 
Laboratories, West Point, PA 

Gregory J . Kaczorowski,* Membrane 
Biochemistry and Biophysics, Merck 
Research Laboratories, Rahway, NJ 

Robert S. Kass, Department o f 
Physiology, University o f Rochester 
School o f Medicine and Dentistry, 
Rochester, NY 

Arnold M. Katz,* Cardiology 
Division, Department of Medicine, 
University o f Connecticut, 
Farmington, CT 

Kenneth M. Kessler, Division o f 
Cardiology, Department o f 
Medicine, University o f Miami 
School of Medicine and the M i a m i 
VA Medical Center, Miami , FL 

S. David Kimball, Bristol-Myers 
Squibb, Pharmaceutical Research 
Institute, New York, NY 

Timothy J . Knittle, Department o f 
Molecular Physiology and 
Biophysics, Vanderbil t Medical 
School, Nashville, T N 

Wan F. Lau , Bristol-Myers Squibb, 
Pharmaceutical Research Institute, 
New York, NY 

John H . Lawrence, Division o f 
Cardiology, Department of 
Medicine, The Johns Hopkins 
University, Balt imore, M D 

Paul C . Levesque, Department o f 
Physiology, University o f Nevada 
School o f Medicine, Reno, NV 

Benedict R. Lucchesi, Department 
o f Pharmacology, University o f 
Michigan Medical School, 
A n n Arbor , M I 

William C . Lumma, Jr . , Merck 
Research Laboratories, West Point, PA 

Peter J . Manley, Department o f 
Pharmacology, University o f 
Michigan Medical School, 
A n n Arbor , M I 

Eduardo Marban, Division o f 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Balt imore, M D 

Rafael Mejia-Alvarez, Division o f 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Balt imore, M D 

A. P. Moreno, Department of 
Neuroscience, Alber t Einstein 
College o f Medicine, Bronx, NY 

Issam F . Moubarak, Division o f 
Cardiovascular and Metabolic 
Disorders, Wyeth-Ayerst Research, 
Princeton, NJ 

Robert J . Myerburg, Division o f 
Cardiology, Department o f 
Medicine, University o f Miami 
School of Medicine, and the Miami 
V A Medical Center, Miami , FL 

Randal Numann, Department o f 
Pharmacology, University of 
Washington, Seattle, WA 



Η. Bradley Nuss, Division of 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Baltimore, M D 

Jeanne Y . Oh , Department o f 
Pharmacology, University o f 
Michigan Medical School, 
A n n Arbor , M I 

Brian O'Rourke, Division of 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Baltimore, M D 

L . A. Pardo, Max-Planck-Institut für 
Experimentelle Medizin, D-3400 
Gottingen, FRG 

D. Earl Patton, Department o f 
Microbiology and Molecular 
Genetics, University o f 
California-Irvine, I n ä n e , CA 

Sunny Po, Department o f 
Pharmacology, Vanderbil t School o f 
Medicine, Nashville, T N 

Yusheng Qu, Department o f 
Pharmacology, Duke University 
Medical Center, Durham, NC 

Randall L . Rasmusson, Department 
of Biomedical Engineering, Duke 
University Medical Center, 
Durham, NC 

Steven L . Roberds, Department of 
Pharmacology, Vanderbilt School o f 
Medicine, Nashville, T N 

Μ. Β. Rook, Department of 
Neuroscience, Alber t Einstein 
College o f Medicine, Bronx, NY 

P. Ruth, Institut für Pharmakologie 
und Toxikologie, Technische 
Universi tä t M ü n c h e n , D-8000 
Mun ich 40, Germany 

J . C . Saez, Department o f 
Neuroscience, Albert Einstein 
College o f Medicine, Bronx, NY 

Μ. C . Sanguinetti, Department o f 
Pharmacology , Merck Research 
Laboratories, West Point, PA 

Todd Scheuer, Department o f 
Pharmacology, University o f 
Washington, Seattle, W A 

Peter J . Schwartz, Department o f 
Medicine, University of Pavia , Pavia, 
Italy, and Istituto di Clinica Medica 
I I , University o f Mi lan , Mi lan , Italy 

Robert S. Slaughter, Membrane 
Biochemistry and Biophysics, Merck 
Research Laboratories, Rah way, NJ 

Thomas W. Smith,* Cardiovascular 
Division, Department of Medicine, 
Brigham and Women's Hospital , 
Boston, M A 

Dirk J . Snyders, Departments o f 
Pharmacology and Medicine, 
Vanderbil t School o f Medicine, 
Nashville, T N 

Walter Spinelli, Division o f 
Cardiovascular and Metabolic-
Disorders, Wyeth-Ayerst Research, 
Princeton, NJ 

Peter M. Spooner,* Cardiac 
Functions Branch, Division o f Heart 
and Vascular Diseases, National 
Heart, Lung, and Blood Institute, 
National Institutes of Health, 
Bethesda, M D 

David C . Spray, Department o f 
Neuroscience, Alber t Einstein 
College o f Medicine, Bronx, NY 

Harold C . Strauss,* Departments o f 
Pharmacology and Medicine, Duke 
University Medical Center, 
Durham, NC 

X l l 



Jörg Striessnig, Institut fur 
Β i ο chemische Ρ harm ako 1 ogi e, 
University o f Innsbruck, A-6020 
I η η sbru ck, Aus tria 

W. Stühmer, Max-Planck-Institut für 
Experimentelle Medizin, D-3400 
Gottingen, FRG 

Michael Μ. Tamkun, Departments o f 
Pharmacology, and Molecular 
Physiology and Biophysics, 
Vanderbil t Medical School, 
Nashville, T N 

Gordon Tomaselli, Division of 
Cardiology, Department o f 
Medicine, The Johns Hopkins 
University, Baltimore, M D 

Stephen S. Tsung, Department o f 
Physiology, University o f Nevada 
School o f Medicine, Reno, NV 

Jan Tytgat, Department o f Cellular 
and Molecular Physiology, Program 
in Neuroscience, Harvard Medical 
School, Boston, MA 

Andrew C . G . Uprichard, 
Department of Pharmacology, 
University o f Michigan Medical 
School, Ann Arbor , M I 

Carol A. Vandenberg, Department 
o f Biological Sciences and 
Neuroscience Research Institute, 
University o f California—Santa 
Barbara, Santa Barbara, CA 

Μ. P. Walsh, Department o f Medical 
Biochemistry, University o f Calgary 
School of Medicine, Calgary, 
Alberta, Canada 

August M. Watanabe,* Li l ly Research 
Laboratories, Eli Li l ly 8c Company, 
Indianapolis, I N 

A. Welling, Institut für 
Pharmakologie und Toxikologie, 
Technische Universität; M ü n c h e n , 
D-8000 Munich 40, Germany 

James W. West, Department of 
Pharmacology, University of 
Washington, Seattle, WA 

Douglas P. Zipes, Department o f 
Medicine, Krannert I η si tute of 
Cardiology, Indiana University 
School of Medicine and, Roudebush 
VA Medical Center, Indianapolis, I N 

x i i i 



19 
Functional Expression of 

Cardiac and Smooth Muscle 
Calcium Channels 

F. Hofmann, M. Biel, Ε. Bosse, V. Flockerzi, 
P. Ruth, and A. Welling 

Η o rmones and neurotransmit ters play an i m p o r t a n t role i n regulat­
i n g the force o f cont rac t ion i n heart and smooth muscle. T h e force o f 
cont rac t ion o f the heart is p r imar i l y con t ro l l ed by the ca lc ium i n f l u x across 
the cell membrane d u r i n g the act ion potent ia l , whereas that o f smooth 
muscle is in i t ia l ly con t ro l l ed by the release o f ca lc ium f r o m int racel lu lar 
stores fo l lowed by a ca lc ium i n f l u x f r o m the extracel lular space t h r o u g h 
voltage-dependent ca lc ium channels. T h e best-characterized pathway for 
ca lc ium entry i n b o t h cell types are voltage-dependent L-type ca lc ium chan­
nels, wh ich activate at membrane po ten t ia l a r o u n d —30 mV, inactivate 
slowly, and are expressed i n many dif ferent cell tissue (1 ) . These channels 
are readily b locked by classical organic ca lc ium channel blockers (CaCBs) 
n i fed ip ine [a 1,4-dihydropyridine ( D H P ) ] , verapamil [a phenyla lkylamine 
( P A A ) ] , and d i l t iazem (a benzod iazep ine ) ( 2 - 4 ) . 

Cardiac and smooth muscle ca lc ium channels have c o m m o n electro­
physiological characteristics, yet they are regulated dis t inct ly by CaCBs 
and hormones. T h e ß - a d r e n e r g i c receptor agonist i soproterenol increases 
cardiac calc ium cur ren t 3- to 7-fold ei ther by cAMP-dependent phosphoryla­
t ion o f the channel (5, 6 ) , o r t h r o u g h the activated α - s u b u n i t o f the t r imer ic 
glutamyl transpeptidase (GTP) b i n d i n g p ro t e in G s (7, 8 ) , or by the com­
b ined action o f G a s and the catalytic subuni t o f c A M Ρ kinase (9) . T h e L -
type calc ium cu r r en t o f isolated tracheal smooth muscle cells is s t imulated 
also by the act ivat ion o f the ß - a d r e n e r g i c receptor (10) . This ß - r e c e p t o r 
effect is no t media ted by c A M P kinase, bu t by the d i rec t effect o f a G-
p ro t e in . These and fur ther results (11) lead to the conclus ion that the 
smooth and cardiac muscle ca lc ium channels maybe regulated i n vivo by the 
α - s u b u n i t o f a G-protein, bu t only the cardiac channel by cAMP-dependent 
phosphory la t ion . T h e p r imary sequences o f the cardiac and a putative 
smooth muscle ca lc ium channel have been iden t i f i ed by c l o n i n g the i r 
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cDNAs. T h e sequences o f these clones are very similar, and they d i rec t the 
expression o f L-type ca lc ium channels o f very s imilar propert ies . 

Molecular Identity of Cardiac and Smooth Muscle 
Calcium Channels 

General Composition of the Calcium Channel 
In i t ia l ly , the L-type ca lc ium channel was pu r i f i ed f r o m skeletal muscle. 

T h e p u r i f i e d c o m p l e x c o n t a i n s f o u r p r o t e i n s (F ig . 1 ) : the a r s u b u n i t 
(212,018 D a ) , w h i c h contains the b i n d i n g sites for all k n o w n CaCBs and 
the ca lc ium c o n d u c t i n g pore; the in t race l lu la r located ß - s u b u n i t (57,868 
D a ) ; the t ransmembrane 7-subunit (25,058 D a ) ; and the a r / 6 - s u b u n i t , a 
disulf ide- l inked d i m e r o f 125,018 Da ( 2 - 4 and references c i ted there) . 
Reconst i tu t ion o f the pu r i f i ed complex i n t o p h o s p h o l i p i d bilayers resulted 
i n func t iona l ca lc ium channels that are reversibly b locked by CaCBs and 

Figure 1. Proposed structure of the cardiac calcium channel. The putative 
transmembrane configuration of individual subunits is based on hydropathicity 
analysis of the deduced primary sequences, I, II, III, and IV, proposed repeats of 
calcium channel a r subunit ; + , transmembrane amphipathic α-helix, respectively, 
the proposed voltage-sensing helix of the channel; ( £ ) , putative cAMP kinase 
phosphorylation sites; only two of several phosphorylation sites are shown in the 
sequence of the α,-subunit; s, disulfide bridge between the transmembrane δ and 
the extracellular-located a2-subunit; SS1-SS2, suggested part of the channel pore. 
The extracellular space is above the horizontal lines. Note that a 7-subunit that is 
present in the skeletal muscle calcium channel has not been identified in cardiac 
tissue. 
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are m o d u l a t e d by cAMP-dependent phosphory la t ion ( 1 2 - 1 5 ) . T h e pr imary 
sequences o f these proteins have been deduced by c l o n i n g the i r corres­
p o n d i n g cDNAs f r o m rabbit skeletal muscle ( 1 6 - 2 0 ) . Us ing these cDNAs 
as probes, different α Γ and ß - s u b u n i t s have been c loned f rom heart and 
smooth muscle. 

The Calcium Conducting α] -Subunit 
T h e L-type calc ium channel a r s u b u n i t s are encoded by three dif ferent 

genes ( C a C h l - 3 ) (see refs. 21 and 22 for nomencla ture , and Fig. 2 ) . T h e 
p r o d u c t o f the C a C h l gene occurs i n skeletal muscle; the p roduc t o f the 
CaCh2 gene is expressed i n heart, smooth muscle, endocr ine , and neurona l 
cells, and that o f the CaCh3 gene is present i n neuroendocr ine and neu­
rona l cells. The a r s u b u n i t s f r o m cardiac (CaCh2a) (23) and smooth muscle 

Ancestral Calcium Channel 

DHP-
sensitive 

DHP-
insensitive 

CaChl 
skeletal 

CaCh2 
a) cardiac 
b) smooth muscle 

CaCh3 
neuronal 
endocrine 

L-type 
DUtydrapyridmes 
PheoylaifylamiBee 

CaCh4 
neuronal 

P-type 
ω-Aga-IVA 

CaCh5 
neuronal 

N-type 
ü>-Cöoc4oxin GVIA 

Figure 2. Developmental tree of cloned and functionally expressed calcium 
channel a r subunits. The identification of the calcium channel a r subunits follows 
the order of publication and includes only those clones that have been expressed 
functionally (21, 22, 25). The Snutch nomenclature (52) for the brain calcium 
channels does not include the CaChl gene. The CaCh2, CaCh3, CaCh4, and 
CaCh5 genes correspond to Snutch genes C, D, A, and B, respectively. 
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(CaCh2b) (24) are splice products o f the second gene (CaCh2) (Fig. 3) . 
T h e CaCh2b sequence is 95% ident ica l w i t h the CaCh2a sequence and 
differs only at four sites. T h e use o f alternative exons (25) results i n different 
IVS3 segments (Fig. 3, site D ) . D i e b o l d and coworkers (26) r epo r t ed thai 
the two exons are different ia l ly expressed d u r i n g cardiac development . 
N o r t h e r n blots using the CaCh2a and CaCh2b specific 5'-sequences as 
p r o b e s , a n d p o l y m e r a s e c h a i n r e a c t i o n analysis o f the n o n i d e n t i c a l 
sequences, showed that the sequence o f cardiac site A is present on ly in 
cardiac muscle p o l y A + m R N A , whereas the sequences o f the smooth muscle 
sites A , B, and C are present i n tracheal, l u n g , and cardiac po lyA* m R N A 
(27) . This d i s t r ibu t ion o f the CaCh2a and CaCh2b sequences s trongly favors 
the conclusion that the CaCh2a p ro t e in is a cardiac muscle-specific α Γ 

subuni t , whereas the CaCh2b p r o t e i n is a smooth muscle-specific a r sub -
u n i t (27) . 

c D N A o f the t h i r d gene (CaCh3) was isolated f r o m neu rona l and 
endocr ine tissues and represents a neuroendocr ine specific L-type ca lc ium 
channel (28, 29) , whereas the gene products o f the f o u r t h and fifth gene 
(CaCh4 and CaCh5) have been f o u n d exclusively i n neurona l tissues. Cal­
c i u m channels transiently expressed f r o m cRNA o f CaCh4 induce h igh-
voltage-activated, ca lc ium currents insensitive to n i fed ip ine and ω-cono-
t o x i n , bu t i n h i b i t e d by a m i x t u r e o f toxins f r o m the funne l web spider, 
thus character izing this channel as a P-type calc ium channel (30) . The 
gene p roduc t o f CaCh5 binds and is irreversibly b locked by p i comola r 
concentrat ions o f ω - c o n o t o x i n iden t i fy ing the CaCh5 p ro t e in as a neurona l 
N-type ca lc ium channel (31 , 32) . 

Additional Subunits 

a278-Subunit 

T h e skeletal muscle a 2 - / ö - s u b u n i t is a glycosylated membrane p ro t e in 
o f 125,018 Da (17) that is apparently h i g h conserved i n most tissues. I n 

I II I I I IV 

Figure 3. Sequence differences between the CaCh2a (cardiac) and CaCh2b 
(smooth muscle) α,-subunit. The sequences that are different in the smooth 
muscle clone are shown in black and are identified by A, B, C, and D. 
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skeletal muscle the p r imary p r o t e i n p r o d u c t o f the a 2-/8-gene is processed 
pos t - t rans la t ional ly by proteolysis r e su l t i ng i n an a 2 - p r o t e i n c o n t a i n i n g 
a m i n o acids 1 t h r o u g h 934, and a δ - p r o t e i n con ta in ing a m i n o acids 935 
t h r o u g h 1080 (33) (see Fig. 1) . T h e t ransmembrane 8-subunit anchors the 
extracel lular located a 2 -p ro te in by disulfide bridges to the plasma mem­
brane (34) . I m m u n o b l o t (35) and N o r t h e r n b l o t (17, 27) show that similar 
or iden t ica l a 2 - /8-subunits exist i n skeletal muscle, heart , b ra in , vascular, 
and intest inal smooth muscle. Coexpression o f the cardiac α , - s u b u n i t wi th 
the skeletal muscle a ^ / δ - p r o t e i n i n Xenopus oocytes increases slightly the 
cu r r en t density (23, 26) and decreases 2-fold channel activation t ime (36) . 
I t is n o t clear whether these modu la to ry effects are physiologically relevant 
propert ies o f the a 2 - /8 -p ro te in or restr icted to the Xenopus oocyte expres­
sion system. 

-y-Subunit 

N o r t h e r n blots and screening o f cardiac c D N A libraries failed to 
ident ify the presence o f the y-subunit i n cardiac or smooth muscle p o l y A + 

m R N A , suggesting that this p ro t e in may be specific for skeletal muscle. 

ß-Subunit 

T h e skeletal muscle ß - s u b u n i t ( C a B l ) is an in t race l lu lar located mem­
brane p ro t e in consist ing o f 524 a m i n o acids (18) . Its deduced amino acid 
sequence contains stretches o f hep tad repeat structure that are characteris­
tic o f cytoskeletal proteins. T w o o ther genes (CaB2 and CaB3) encod ing 
ß - p r o t e i n s di f ferent f r o m the skeletal muscle ß - s u b u n i t have been isolated 
f r o m a cardiac c D N A l ibrary (37) . T h e i r deduced amino acid sequences 
show an overall homology to C a B l o f 7 1 % (CaB2) and 66.6% (CaB3). 
Dif ferent ia l sp l ic ing o f the p r imary transcript o f C a B l results i n at least 
four isoforms: C a B l a t h r o u g h C a B l d (18, 32, 38) . C a B l a is expressed in 
skeletal muscle, whereas the o ther isoforms are expressed i n b ra in . Four 
d i f ferent splice variants have been characterized for the CaB2 gene (CaB2a 
t h r o u g h CaB2d); CaB2a and CaB2b have been isolated f rom a rabbi t cardiac 
c D N A library, whereas CaB2c and CaB2d have been c loned f r o m rabbi t 
and rat bra in l ibraries (37, 39) . L i k e the C a B l gene, the CaB2 and CaB3 
genes are expressed tissue specifically, w i th transcripts o f CaB2 exist ing 
abundant ly i n heart and to a lower degree i n aorta, trachea, and l ung . 
Transcripts o f CaB3 genes are expressed i n b ra in and smooth muscle-
con ta in ing tissues, such as aorta, trachea, and l u n g (37) . This suggests that 
the CaB3 gene p roduc t may be expressed p redominan t ly i n neurona l and 
smooth muscle cells. T h e deduced a m i n o acid sequence o f the skeletal 
muscle ß - s u b u n i t ( C a B l ) contains several phosphory la t ion sites. Two o f 
these sites, Ser-182 and Thr-205, are phosphoryla ted i n v i t ro by cAMP-
dependent p ro t e in kinase (18, 40) . T h e equivalent to Thr-205 is conserved 
in the "ca rd iac" ß - s u b u n i t (Thr-165 i n CaB2a and Thr-191 i n CaB2b) , bu t 
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is no t present in the " s m o o t h muscle" ß - s u b u n i t , CaB3. T h e sequence 
fo l l owing this potent ia l phosphory la t ion site is h igh ly variable and deter­
mines several splice variants (37) . T h e absence o f a putative cAMP kinase 
p h o s p h o r y l a t i o n site i n the va r i ab l e r e g i o n o f the " s m o o t h " musc le 
ß - s u b u n i t and its presence i n the "ca rd iac" muscle ß - s u b u n i t maybe respon­
s ible f o r the tissue-specific r e g u l a t i o n the L- type c a l c i u m c u r r e n t s by 
cAMP kinase. 

Expression of the Cloned Cardiac and Smooth Muscle 
Calcium Channel ατ-Subunits 

T h e two alternative splice variants CaCh2a and CaCh2b have been 
expressed transiently i n Xenopus oocytes (23, 24, 36) and stably i n Chinese 
hamster ovary ( C H O ) cells (41 ,42) . I n e i ther system they di rect the synthesis 
o f func t iona l L-type calcium channels. C H O cells transfected wi th e i ther 
CaCh2a or CaCh2b c D N A express 1,4-dihydropyridine b i n d i n g sites that 
b i n d isradipine stereospecifically w i t h an affinity o f 0.1 n M (Table 1). 
B i n d i n g o f isradipine is modu la t ed allosterically by rf-m-diltiazem (41) . 
Nontransfected cells, or C H O cells transfected w i t h a c D N A unrela ted to 

Table 1. Electrophysiological properties of the expressed cardiac (CaCh2a) and 
smooth (CaCh2b) muscle a r subunit of the calcium channel. 

cell line 
CaCh2a 
(heart) 

CaCh2b 
(smooth muscle) 

DHP binding sites (fmol/mg) 73.5 ± 5.4 (3) 141 + 3 (3) 
Affinity (nM) 0.2 0.1 0.04 (3) 

Current density (μΑ/cm 2 ) 
- B a y Κ 8644 - 1 5 . 2 ± 4.4 (9) - 1 3 . 3 1.9 (11) 
+ Bay Κ 8644 - 6 8 . 2 ± 16.i 6 (8) - 4 6 . 7 5.4 (14) 

Increase with Bay Κ 8644 at 10 mV (fold) 9.3 ± 2.6 (8) 5.5 ± 0.8 (11) 

9 0 % ttp (msec) 7.9 ± 0.8 (9) 12.5 ± 1.5 (12)* 

dec,oo (%) 87.1 ± 2.7 (9) 84.7 ± 1.8 (11) 

Vo.5inact (mV^ + 5.2 ± 3.6 (9) + 5.1 ± 4.0 (5) 

V0.5act (mV) + 8.3 ± 0.8 (9) + 9.5 + 0.8 (5) 

CHO cells were stably transfected and inward currents were measured as described 
in Fig. 4 legend. The current is the maximum current from the current-voltage 
relation divided by the cell capacitance. The increase in lB < 3 caused by Bay Κ 8644 
was calculated for each cell at a membrane potential of 10 mV. 9 0 % ttp, time for 
\B a to reach 90% of its peak amplitude at 10 mV; dec 1 0 0 / decrease in l B a from peak 
to the level observed 100 msec after the beginning of depolarization to 10 mV; 
V 0 5 inact, half-maximal inactivation voltage, V0.5act, half-maximal activation voltage. 
Values are given as mean ± SEM, with the number of cells in parentheses. The DHP 
binding sites were determined with (3H)isradipine. 

*Significantly different from the CaCh2a value at P< 0.05. 
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the ca l c ium channel , do no t possess D H P b i n d i n g sites or L-type calc ium 
cur ren t , whereas cells expressing the cardiac or smooth muscle a r s u b u n i t 
have L-type ca lc ium cu r r en t (Fig. 4 ) . The basic electrophysiological charac­
teristics o f these two splice variants o f the CaCh2 gene are almost ident ica l 
(Table 1) . Bo th channels are b locked by isradipine and are s t imulated 5-
to 10-fold by Bay Κ 8644 at 10mV (Table 1). Act iva t ion o f the channel by 
Bay Κ 8644 shifts the m a x i m a l inward cu r ren t by 10 m V to 10 mV. I n the 
presence o f Bay Κ 8644 and 30 m M BaCL, half-maximal activation (V 0 .5 a a ) 
occur red at 9.5 and 8.3 m V for the smooth and cardiac muscle, respectively. 
U n d e r the same condi t ions , half-maximal steady-state inact ivat ion (Vo.5 i n. i a) 
occur red at 5.1 and 5.2 mV, respectively. B o t h channels inactivate faster 
i n the presence o f C a 2 + than B a 2 + (i.e., inact ivat ion o f the CaCh2 channel 
is voltage- and calc ium-dependent as k n o w n for the native L-type ca lc ium 
channe l ) . T h e only difference no ted was faster activation for cardiac than 
for smoo th muscle channels i n the absence and presence o f the Bay Κ 
8644. Func t iona l expression o f chimeras o f the skeletal and the cardiac 
muscle α , - s u b u n i t showed that repeat I determines the activation t ime o f 
the ch imer i c channel ; that is, a slow activation u p o n membrane depolariza­
t ion w i t h the repeat f r o m skeletal muscle, and rap id activation wi th that 
f rom cardiac muscle (43) . I t is possible that the difference i n activation 
times between the cardiac and smooth muscle channels is caused by the 
difference in the IS6 sequence (site Β i n Fig. 3 ) . T h e open probabi l i ty o f 
the expressed smooth muscle channel increases wi th membrane depolariza­
t ion . T h e channel has a single-channel conductance o f 26 pS i n 80 m M 
BaCL (41) . These data show that the a r s u b u n i t alone is sufficient to f o r m 
a physiologically relevant ca lc ium channel that has the propert ies o f a 
smooth or cardiac muscle L-type ca lc ium channel . 

Stable expression o f the CaCh2b channel w i t h the skeletal muscle 
ß - g e n e ( C a B l ) , increased i n paral le l the n u m b e r o f D H P b i n d i n g sites and 
the a m p l i t u d e o f whole-cell b a r i u m curren t suggesting that the ampl i tude 
o f t he i n w a r d c u r r e n t is d i r e c t l y r e l a t e d to the dens i ty o f expressed 
oi |-protein (35) . In add i t i on the coexpression o f the ß - s u b u n i t decreased 
channel activation t ime 2-fold and shifted the voltage dependence o f steady-
state inac t iva t ion by 18 mV, to — 13 m V , wi thou t affecting sensitivity to the 
ca lc ium channel agonist Bay Κ 8644. 

Modulation of the Expressed Calcium Channel 
I n heart, ß - a d r e n e r g i c s t imula t ion leads to activation o f cAMP kinase 

and an increase in L-type ca lc ium current . Two subunits o f the pur i f i ed 
skeletal muscle ca lc ium channel , the α Γ and ß - s u b u n i t s , are substrates for 
cAMP-kinase i n v i t ro (4, 18, 40, 4 4 - 4 6 ) . Similar potent ia l c A M P kinase 
phosphory la t ion sites are present in the CaCh2 ca lc ium channel sequence 
of b o t h splice variants. T h e poten t ia l impor tance o f these phosphory la t ion 
sites is suppor ted by exper iments that showed that the L-type ca lc ium 
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(nA) 

Figure 4. Electrophysiology of expressed smooth (a, c) and cardiac (b, d) muscle 
a r subunit of the calcium channel. (Top) Barium currents (ΙΒι1) were elicited by a 
140-msec depolarization pulse from a holding potential of - 8 0 mV to 10 mV 
before (a, b) and during the exposure to 2 μ Μ Bay Κ 8644 (c, d). The dashed line 
represents the 0 current level. (Bottom) Current-voltage relationships were 
determined by stepping the membrane potential from - 8 0 mV to the potentials 
indicated. l B a was measured in the absence (a, b) and presence (c, d) of 2 μ Μ Bay 
Κ 8644. CHO cells were stably transfected (41) with the cDNA of the smooth 
muscle α,-subunit of the calcium channel (24) in a p91023(B) expression vector 
or with the cDNA of the cardiac α,-subunit (23) in a pKNH expression vector 
(53). Positive clones were selected for the expression of dihydrofolate reductase or 
with the neomycine derivative G418. Whole-cell current was recorded at room 
temperature in a solution containing (in mM) 82 NaCI, 20 tetraethylommonium-
chloride, 30 BaCI2, 5.4 CsCI, 1 MgCU, 5 HEPES, and 10 glucose, pH 7.4 (NaOH), 
with a pipette solution containing (in mM) 112 CsCI, 1 MgCI>, 3 Na?ATP, 10 
EGTA, and 5 HEPES, pH 7.4 (CsOH). 
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cur ren t expressed i n Xenopus oocytes after the in jec t ion o f rat cardiac 
p o l v ( A + ) R N A is modu la t ed by cAMP-clependent phosphory la t ion (47) . 
However, perfus ion o f a C H O cell expressing the CaCh2b gene wi th 8Br-
c A M P for 5 m i n d i d n o t increase significantly the inward cu r ren t (Fig. 5 ) , 
a l though C H O cells con ta in a func t iona l aclenylyl cyclase, G s , and cAMP-
dependen t p r o t e i n kinase. T h e inward b a r i u m cur ren t was no t affected 
signif icantly w h e n the pipet te so lu t ion conta ined 3 m M ATP7Salme; 3 m M 
ATP7S + 10; or 100 μ Μ 8Br-cAMP or 3 m M ATP7S + 10 μ Μ GTP7S. 
I sopro te reno l failed to increase the b a r i u m cur ren t i n a C H O cell l ine that 
expressed the ß^-aclrenergic receptor at a concent ra t ion o f 1 p m o l / m g 
p ro t e in and the CaCh2b ca lc ium channel . These negative findings suggest 
that the α , - s u b u n i t alone is n o t sufficient to restore h o r m o n a l regula t ion 
o f the native ca lc ium channel . Similar conclusions were reached by Klöck-
ner et al. (48 ) , who injected the cardiac a r s u b u n i t alone or together wi th 
the skeletal muscle ß - s u b u n i t i n t o Xenopusoocyctes. These authors repor ted 

Τ i m e ( s e c ) 

0 6 0 1 2 0 1 8 0 2 4 0 3 0 0 
0 - I 1 1 1 1 . 1 1 1 1 1 

- 5 0 0 J 

Figure 5. 8Br-cAMP has no effect on the barium current. The cell was transfected 
stably with the CaCh2b clone. The barium inward current was measured as 
described in Table 1 footnote. Cells were superfused with (in mM) 79.0 NaCI, 20 
tetraethylammonium, 30 BaCI2/ 5.4 CsCI, 1 MgCI 2 / 10 glucose, and 10 HEPES, pH 
7.4. The pipette solution contained (in mM) 107 CsCI, 3 MgCI 2, 10 EGTA, and 10 
HEPES, pH 7.4, 3 mM ATP7S, and 1 0 μ Μ 8Br-cAMP. The inward current at 10 
mV is shown. The inset shows two current traces taken at time points a and b. 
The small increase in inward current occurring within the first minute was 
observed also in all cells perfused in the absence of ATP7S and 8Br-cAMP and is 
caused most likely by the chelation of calcium by EGTA. 
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that cAMP increased b a r i u m currents only i n Xenopus oocytes expressing 
the card iac a ] - a n d the ske le ta l musc le ß - s u b u n i t ( 4 8 ) . H o w e v e r , the 
repor ted inward currents were small and the i r sensitivity toward Bay Κ 8644 
or a 1,4-dihydropyridine b locker was no t tested. Therefore , these authors 
d i d n o t exclude the possibility that the ß - s u b u n i t associated w i t h the endoge­
nous Xenopus oocyte ca lc ium channel (36, 49) , w h i c h is insensitive to the 
1,4-dihydropyridines, is s t imulated by c A M P i n the presence o f the skeletal 
musc le s u b u n i t s ( 5 0 ) . P e r f u s i o n o f C H O cells e x p r e s s i n g t h e CaCh2 
o t r subun i t and the skeletal muscle ß - s u b u n i t w i t h cAMP or 8Br-cAMP had 
no effect o n the size o f the inward current , suggesting that at least i n C H O 
cells the c o m b i n a t i o n o f these two subunits, w h i c h are n o t expressed i n 
vivo in the same tissue, does n o t restore h o r m o n a l c o n t r o l o f the cardiac 
ca lc ium channel . These negative results are unexpla ined , so far. T h e cAMP 
kinase activity o f Xenopus oocytes is h ighe r than i n most cells and cou ld 
phosphorylate constantly the a r s u b u n i t i n vivo. 

Dif ferent results were obta ined w i t h p r o t e i n kinase C. T h e cardiac 
L-type ca lc ium cur ren t is enhanced and subsequently i n h i b i t e d by the 
activation o f p ro t e in kinase C (51) . Act iva t ion o f p r o t e i n kinase C has been 
proposed to mediate the potent ia l effects o f angiotensin I I o n the calc ium 
cur ren t i n heart. T h e skeletal muscle α , - s u b u n i t is rapidly phosphorylatecl 
by p r o t e i n k inase C ( 4 4 ) . C u r r e n t s t h r o u g h t h e C a C h 2 a a r s u b u n i t 
expressed i n Xenopus oocytes were biphasically modu la t ed by activation o f 
p r o t e i n kinase C (49) . In i t i a l ly the cu r ren t increased fo l lowed by a marked 
i n h i b i t i o n . T h e biphasic m o d u l a t i o n was no t m o d i f i e d s ignif icant ly by coex-
pression o f the cardiac a r s u b u n i t w i th the α 2 - / δ - , β-, and y-subunits f r o m 
skeletal muscle, suggesting that p ro t e in kinase C affected the current by 
phosphory la t ion o f the a r s u b u n i t . 

Conclusions 

T h e cardiac and the smooth muscle, high-voltage-act ivated, L-type 
ca lc ium channels are o l igomer ic complexes o f three d i f fe ren t subunits: 
αϊ , α 2 / δ , and β. T h e a r s u b u n i t s are splice products o f the CaCh2 gene. 
T h e a 2 - /o-subuni t may be ident ica l w i t h the skeletal muscle subunit . T h e 
ß - s u b u n i t s are encoded by dif ferent genes. T h e expression o f a tissue-
specific subuni t c o m b i n a t i o n most l ikely results i n the differences i n phar­
macology and func t ion o f the channel . This genetic p o l y m o r p h i s m may 
expla in also the di f ferent regulatory mechanisms and possibly offers a 
chance for ref ined d r u g therapy i n the future . 
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