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Preface

Megakaryocytes are unique cells. They occur only in mammals and their main
function is to produce platelets as first demonstrated by Wright in 1906 (Boston
Med. Surg. J. 154:643-645). Each one gives rise to a few thousand enucleate
platelets by a precisely controlled cytoplasmic division (Behnke, J. Ultrastr. Res.
24:412-433, 1968). Megakaryocytes are polyploid, resulting from repeated mitoses
without cell divisions (Jolly, Traité Technique d’ hématologie, Paris: Maloine,
1923). The nature of these mechanisms and their consequences are still poorly
understood. The cells are of interest to cell biologists and physiologists for these
unusual mechanisms, to hematologists for their involvement in various disease
processes, and more recently to experimental pathologists and others for their
perspective on platelet contributions to hemostasis and arteriosclerosis.

Study of the biology of megakaryocytes and the regulation of their development
from uncommitted stem cells to platelets has been severely limited by the extremely
low incidence of megakaryocytes in the bone marrow (0.01-0.3% of all nucleated
cells, depending on the age and species). In the last five years, in vitro techniques
have become available which have permitted megakaryocytes to be isolated in
reasonable yields (Levine and Fedorko, J. Cell Biol. 69:159-172, 1976) and their
precursor cells to be studied and monitored in cioning assays (Metcaif et al., Proc.
Nat. Acad. Sci. USA 72:1744, 1948, 1975).

This book and the conference from which it was drawn were planned to provide
a forum for presentation of new data derived from these in vitro techniques. Although
specific topics such as morphology, thrombopoietin, etc., have been the subjects
of review articles, no single comprehensive source on megakaryocytes has been
available. We have brought together in this volume a wide spectrum of information
and have included discussions in an attempt to reconcile possible differences of
interpretation. More than that, we hoped to provide a synthesis of all that has been



done in this field, to reach a common understanding not only of terms but also
some of the mechanisms in which these cells are involved. The in vitro work of
the last five or six years has been clarified and the remaining problems are better
defined. The highlights below illustrate some of the new perspectives achieved, but
it is left to the reader to survey the rich complexity contained herein.

In this book, the definitions of stages involved in the maturation sequence have
been more clearly described than ever before. Megakaryocytes are found in sizes
down to 5 um in diameter, but are recognized by routine microscopy down to only
10 pm. The smaller cells are detectable by specific markers such as acetylcholin-
esterase activity in the mouse and rat or fluorescent antibody detection of platelet
antigens in the human. These cells were previously thought to be a separate class
of progenitors, but with the presence of these biochemical markers they are now
thought to be newly differentiated megakaryocytes. Little is known of the length
of this stage or of the events which encompass it, but it does appear to be important
in ploidy amplification in response to platelet demand.

Several chapters are devoted to data on qualitative or biochemical contributions
of megakaryocytes to platelets. It now seems likely that all of the substances found
in platelets are synthesized in the megakaryocytes. The one exception is serotonin,
for which megakaryocytes have the same uptake capacity as do platelets.

Analysis of megakaryocytes using objective criteria has permitted the conclusion
that, contrary to earlier reports, 8N megakaryocytes are the most frequent mega-
karyocyte class in the bone marrow. Furthermore, it was reported that each in vitro
colony contained megakaryocytes of different rather than uniform ploidy levels.

Megakaryocytopoiesis appears to be controlled at two levels. A compartment of
precursor cells was shown to proliferate in response to various conditioned media,
but was not influenced by platelet levels. These pre-megakaryocytes are identifiable
only by measuring their progeny, with the above biochemical substances as useful
identifying markers. Ploidy amplification in the differentiated megakaryocyte com-
partment occurs in a positive feedback control mechanism in response to platelet
demand and is mediated by thrombopoietin. Thus, separate factors independently
influence proliferation and maturation events. It is not known whether only a single
factor is involved at each level.

No attempt has been made to recommend particular nomenclature. The authors
in this text and elsewhere have used different terms to describe similar factors or
cell populations: thrombopoietin, thrombocytopoiesis stimulating factor, or me-
gakaryocyte potentiator; CFU-M or Meg-CFC; and Meg-CSF, Meg-CSA, or MK-
CSF.

Many useful observations about the biology and physiology of mcgakaryocytes
have been assembled in this book from in vitro studies. It should be stressed,
however, that the information gained is meaningful only in an in vivo context. For
example, following induction of thrombocytopenia in animals, the increase in dif-
ferentiated megakaryocytes precedes, not follows, the increase in clonable precursor
cells (Meg-CFC). Data derived from both these approaches further our understand-
ing of the normal development of megakaryocytes and thus provide a basis for
exploring abnormalities in states of perturbed thrombocytopoiesis.



Acknowledgments

The editors of this book are deeply indebted to Dr. Kathryn Kellar for her editorial
assistance and for the countless hours she spent in effectively shepherding the man-
uscripts through the editorial process. In addition, we are grateful for the services of
Claudia Lewis and Nancy Cooey who were responsible for the word processing
which produced the copy in final form, and to our capable secretaries, Mrs. Evelyn
DuVal and Mrs. Peggy Fett, for their efforts in the initial stages of the editorial
process.

This volume is the edited proceedings of a symposium entitled ‘‘Megakaryocytes
In Vitro®’ held in Atlanta on May 1 and 2, 1980. The symposium was sponsored by
the Centers for Disease Control and by Hemophilia of Georgia, Inc. The symposi-
um organizing committee was comprised of Drs. Bruce L. Evatt, Richard Levine,
and Neil Williams.

The committee is grateful to the following companies whose participation greatly
enhanced the success of the symposium: Beckman Instruments, Inc., Becton-Dick-
inson Co., Coulter Electronics, Inc., E. Leitz, Inc., Ortho Instruments, and Vick-
ers Instruments, Inc. In addition, the committee is indebted to the members of the
Hematology Division, CDC. They spent tireless hours assisting in the organization
of the symposium and it was their efforts that made the meeting run smoothly. We
extend our special thanks to Dr. Kathryn Kellar, Mrs. Neile McGrath, Rosemary
Ramsey, Peggy Fett, Evelyn DuVal, and to Mr. Walter Scheffel of the Instruction-
al Media Division.



Contributors

Janine Breton-Gorius, M.D.
Unité de Recherches sur les Anémies
INSERM U.91

Hopital Henri Mondor

9401 Creteil, FRANCE

Paul A. Bunn, Jr., M.D.
NCI-VA Medical Oncology Branch
VA Medical Center

S0 Irving Street, N.W.

Washington, D.C. 20422

Samuel A. Burstein, M.D.
Harbor View Medical Center
Harbor View Hall

Division of Hematology, 6th Floor
325 Ninth Street

Seattle, Washington 98104

Hugo Castro-Malaspina, M.D.

Sloan-Kettering Institute for Cancer Research

1250 First Avenue
New York, New York 10021

Peter P. Dukes, Ph.D.
Hematopoiesis Research Laboratory
Childrens Hospital of Los Angeles
P.O. Box 54700

Terminal Annex

Los Angeles, California 90054

Shirley N. Ebbe, M.D.

Lawrence Berkeley Laboratory, Bldg. 55

University of California
Berkeley, California 94720

Bruce L. Evatt, M.D.
Director, Hematology Division
Centers for Disease Control
1600 Clifton Road, N.E.
Atlanta, Georgia 30333

Jerome E. Groopman, M.D.
Division of Hematology-Oncology
UCLA Medical Center

Los Angeles, California 90024

Guigun D. Kalmaz, M.D.

University of Tennessee Memorial Research Center

1924 Alcoa Highway
Knoxville, Tennessee 37920

Kathryn L. Kellar, Ph.D.
Division of Hematology
Centers for Disease Control
1600 Clifton Road, N.E.
Atlanta, Georgia 30333

Robert M. Leven
Department of Anatomy

School of Medicine

University of Pennsylvania
Philadelphia, Pennsylvania 19104



Xiv

Jack Levin, M.D.
Hematology Division
Johns Hopkins Hospital
Baltimore, Maryland 21205

Richard F. Levine, M.D.
VA Medical Center

50 Irving Street, N. W.
Washington, D.C. 20422

Michael W. Long, Ph.D.
Sloan-Kettering Institute for Cancer Research
145 Boston Post Road

Rye, New York 10580

Dr. Med. Manfred Mayer
Facult. f. clin. Medicine, I. Med.
Postfach 23, 6800 Mannheim
GERMANY

Ted P. McDonald, Ph.D.

University of Tennessee Memorial Research Center
1924 Alcoa Highway

Knoxville, Tennessee 37920

Eric M. Mazur, M.D.

Yale University School of Medicine
333 Cedar Street

New Haven, Connecticut 06510

Hans A. Messner, M.D.
Ontario Cancer Institute

500 Sherbourne Street
Toronto, M4X 1K9, Ontario
CANADA

Hideaki Mizoguchi, M.D.
Division of Hematology
Department of Medicine

Tokyo Women’s Medical College
Kawadacho 10

Shinjuku-ku, Tokyo, 162, Japan

Alexander Nakeff, Ph.D.
Section of Cancer Biology

4511 Forest Park Blvd., Ste. 401
St. Louis, Missouri 63108

Jean-Michel Paulus, M.D., Ph.D.
Institut de Pathologie Cellulaire

Hopital de Bicetre

Le Kremlin-Bicétre, FRANCE

Sigurdur R. Petursson, M.D.
University of Pittsburgh

School of Medicine

931 Scaife Hall

Pittsburgh, Pennsylvania 15261

Enrique Rabellino, M.D.
Cornell University School of Medicine
1300 York Avenue

New York, New York 10021

Paul K. Schick

Department of Physiology and Biochemistry
Medical College of Pennsylvania
Philadelphia, Pennsylvania 19129

Barbara P. Schick, Ph.D.

Temple University Health Sciences Center
3400 North Broad Street

Philadelphia, Pennsylvania 19140

N. Raphael Shulman, M.D.
Bldg. 10, Rm. 9N-250

9000 Rockville Pike

Bethesda, Maryland 20205

Howard M. Steinberg, Ph.D.
Beth Israel Hospital

330 Brookline Avenue

Boston, Massachusetts 02215

Neil T. Williams, Ph.D.
Sloan-Kettering Institute for Cancer Research
145 Boston Post Road

Rye, New York 10580



The Following Includes

Those Participating in the Discussions

Bentfeld-Barker, M. E., Berkeley, CA
Bussel, J. B., New York, NY
Chervenik, P. A., Pittsburgh, PA
Dombrose, F. A., Chapel Hill, NC
Dukes, P. P., Los Angeles, CA
Groopman, J. E., Los Angeles, CA
Hempling, H. G., Charleston, SC
Hoffman, R., New Haven, CT
Jackson, C. W., Memphis, TN
Kalmaz, G. D., Knoxville, TN
Inoue, S., Detroit, MI

Leven, R. M., Philadelphia, PA
Long, M. W., Rye, NY

Mayer, M., Mannheim, W. Germany

Mazur, E. M., New Haven, CT
Miller, J. L., Syracuse, NY
Mizoguchi, H., Tokyo, Japan
Paulus, J-M., Paris, France
Petursson, S. R., Pittsburgh, PA
Schick, P., Philadelphia, PA
Shulman, N. R., Bethesda, MD
Steinberg, R. M., Boston, MA
Vigneulle, R. M., Bethesda, MD
Walz, D. A., Detroit, MI
Warheit, D., Detroit, MI

Weil, S., Boston, MA
Zuckerman, K., Ann Arbor, MI



MEGAKARYOCYTE BIOLOGY AND PRECURSORS:
IN VITRO CLONING AND CELLULAR PROPERTIES



Introduction



Contents

Preface
Acknowledgments
Contributors

INTRODUCTION

- Megakaryocytopoiesis In Vivo
Shirley Ebbe

GROWTH FACTORS

Evolution of Techniques for the Study of Megakaryocyte Growth

Factors
Bruce L. Evatt and Kathryn L. Kellar

Stimulation of DNA Synthesis in Megakaryocytes by

Thrombopoietin In Vitro
Kathryn L. Kellar, Bruce L. Evatt, Comelia R. McGrath, and Rosemary B. Ramsey

Thrombopoietin and Its Control of Thrombocytopoiesis and
Megakaryocytopoiesis

Ted P. McDonald

The Separate Roles of Factors in Murine Megakaryocyte Colony

Formation
Neil Williams, Heather M. Jackson, Richard R. Eger, and Michael W. Long

The Effects of Thrombopoietin on Megakaryocytopoiesis of Mouse

Bone Marrow Cells In Vitro
G. D. Kalmaz and T. P. McDonald

ix
Xi
Xiii

15

21

39

59

77



vi

Modulation of Megakaryocyte Colony Formation by Protein

Fractions from the Urine of Normal and Anemic Individuals
Peter P. Dukes, Edward Gomperts, and Parvin Izadi

Megakaryocyte Progenitor Cells in the Nude Mice Transplanted with
Colony-Stimulating Factor-Producing Tumor
H. Mizoguchi, Y. Miura, T. Suda, K. Kubota, and F. Takaku

MEGAKARYOCYTE COLONIES

Megakaryocyte Progenitor Cells In Vitro
Neil Williams

Examination of Culture Conditions for Optimizing the Growth of

Megakaryocyte Colonies
Alexander Nakeff

Regulation of Murine Megakaryocytopoiesis

Samuel A. Burstein, John W. Adamson, Susan K. Erb, and Lawrence A. Harker

Induction of Human Megakaryocyte Colonies /n Vitro and

Ultrastructural Aspects of the Maturation
W. Vainchenker, J. Breton-Gorius, and J. Chapman

Megakaryocytes in Human Mixed Hemopoietic Colonies
Hans A. Messner and Axel A. Fauser

Ploidization of Megakaryocyte Progenitors In Vitro
J. M. Paulus, M. Prenant, J. Maigne, M. Henry-Amar, and J. F. Deschamps

The Effects of Acute Thrombocytopenia Upon Megakaryocyte
Granulocyte-Macrophage-CFC in the Bone Marrow and Spleen of
Mice: With Studies of Ploidy Distribution in Megakaryocyte

Colonies
Jack Levin, Francine C. Levin, Donald Metcalf, and David G. Pennington

Murine Megakaryocytopoiesis: The Effect of Thrombocytopenia
S. R. Petursson, P. A. Chervenick, and T. P. McDonald

ISOLATED MEGAKARYOCYTES

The Biology of Isolated Megakaryocytes
Richard F. Levine

Criteria for the Identification of Megakaryocytes
Richard F. Levine

Analysis of Megakaryocyte DNA Content: Comparison of Feulgen

Microdensitometry and Flow Cytometry
Paul A. Bunn, Richard F. Levine, Mark L. Schlam and Karen C. Hazzard

Studies of Human Marrow Megakaryocytes
Enrique M. Rabellino, Leslie Goodwin, James Bussel, Richard B. Levene, and Ralph
L. Nachman

87

97

101

111

127

139

161

171

180

191

197

203

217

233



Megakaryocyte Lipids
Barbara P. Schick and Paul K. Schick

Response of Cultured Megakaryocytes to Adenosine Diphosphate
R. M. Leven and V. T. Nachmias

Megakaryocyte Maturation Indicated by Methanol Inhibition of an

Acid Phosphatase Shared by Megakaryocytes and Platelets
Olivera S. Markovic and N. Raphael Shulman

Identification of Two Classes of Human Megakaryocyte Progenitor

Cells
Eric M. Mazur, Ronald Hoffman, Edward Bruno, Sally Marchesi, and Joel Chasis

Relationship of Small Acetylcholinesterase Positive Cells to

Megakaryocytes and Clonable Megakaryocyte Progenitor Cells
Michael W. Long and Neil Williams

A New Method for the Analysis of Megakaryocyte Kinetics by the

Fluorescence Activated Cell Sorter
M. Mayer, W. Queisser, and M. Stohr

Study of In Vitro Megakaryocytopoiesis in a Permanent Candidate

Rat Megakaryocyte Cell Line
Jerome E. Groopman, Christine C. Haudenschild, Eugene Goldwasser, Charles D.
Stiles, and Charles» D. Scher

In Vivo Studies of a Rat Bone Marrow Cell Line, A Bipotential

Stem Cell
Howard N. Steinberg, Martha Tracy, Robert Weinstein, Thomas Maciag, Michael
Steinerman, and Stephen Robinson

Serotonin Storage in Megakaryocytes
Paul K. Schick and Mitchell Weinstein

Abnormalities in Megakaryocytopoiesis in W/WY Mice
Sigurdur R. Petursson and Paul A. Chervenick

Human Megakaryocyte Derived Growth Factor(s) Studies in 3T3

Cells and Human Bone Marrow Fibroblasts
Hugo Castro-Malaspina, Enrique M. Rabellino, Andrew Yen, Richard Levene, Ralph
L. Nachman, and Malcolm A. S. Moore

CONCLUDING REMARKS AND SUMMARY

Concluding Remarks
Jack Levin

Summary
Bruce L. Evatt, Richard F. Levine, and Neil Williams

Index

vii

251

261

271

281

293

299

305

313

321

323

329

335

343

347



Published 1981 by Elsevier North Holland, Inc.

Evatt, Levine, and Williams, Editors
MEGAKARYOCYTE BIOLOGY AND PRECURSORS:
IN VITRO CLONING AND CELLULAR PROPERTIES

Megakaryocytopoiesis In Vivo

Shirley Ebbe

Donner Laboratory, Lawrence Berkeley Laboratory, University of California, Berkeley
and Department of Laboratory Medicine, University of California, San Francisco,
California

Technological advances have profoundly influenced hemopoietic research in recent
years by providing capabilities to isolate blood forming cells, study their physiology
and chemistry, and grow clones of recognizable differentiated hemopoietic cells
from morphologically unrecognizable stem cells. These new techniques should
advance our understanding of hemopoiesis and its regulation, but it will be vital
to determine how the findings in culture apply to hemopoiesis in intact organisms.
Therefore, as a preamble to the first major conference on megakaryocytes in vitro,
it is appropriate to review some of our knowledge and speculations about behavior
of megakaryocytes in vivo.

Observations of platelet production and megakaryocytopoiesis in experimental
animals and in human beings have led to certain concepts about the way that
megakaryocytes develop from pluripotential stem cells (Fig. 1). The data are con-
sistent with a model in which the cells become committed to megakaryocytopoiesis,
but do not immediately differentiate further or enter into active proliferation. This
compartment will be referred to as non-proliferating with the understanding that
this terminology allows either for a small portion of cells to be in cycle or for all
cells to be in cycle with a long generation time. Thereafter, the megakaryocyte
precursors appear to undergo cellular proliferation and initiate nuclear replication
without cell division before becoming recognizable as megakaryocytes. Nuclear
replicative capacity persists in the most immature recognizable cells (Feinendegen
et al., 1962), but the major activities in the recognizable compartment are related
to cytoplasmic growth and development. Recognizable megakaryocytes are poly-
ploid, and, in the normal steady state, the major classes of cells have 4, 8, and 16
times the normal diploid amount of DNA (Odell et al., 1965). Size of mega-
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Fig. 1. Annotated model of megakaryocytopoiesis. Sites of major actions of cytotoxic agents
are indicated (VC = vincristine; OHU = hydroxyurea). The area labeled AChE— + in-
dicates cells that in rats or mice stain for the enzyme acetylcholinesterase; the ? indicates
that some of the small cells undergoing nuclear proliferation may be small AChE - + cells.

karyocytes is proportional to ploidy (Odell et al., 1970), but the relationship of size
and ploidy of a megakaryocyte to the number and size of platelets it produces is
not clear (Paulus et al., 1979a).

It is convenient to think of these cells as compartmentalized, of the compartments
as having well-defined boundaries, and to consider that the cells march through the
compartments like soldiers. Such artificial notions are, in fact, consistent with some
experimental observations. However, it is likely that the cells behave more in a
civilian than military fashion and the lack of regimentation may become more
apparent after perturbations than it is in the normal steady-state.

Platelet production has been found to be regulated, in part, by the number or
mass of circulating platelets, but the relative importance of these two parameters
of platelet concentration has not been established. It has been suggested that the
total body mass of platelets may be a more important homeostatic parameter than
is the number or mass of platelets in a given volume of circulating blood (Aster,
1966). In spite of these uncertainties, it is clear that deficiency of circulating platelets
is associated with stimulation of megakaryocytopoiesis (Craddock et al., 1955) and
an excess with its suppression (Cronkite, 1957). The homeostatic mechanisms affect
megakaryocytic precursor cells, rather than recognizable megakaryocytes them-



selves, and this finding is consistent with the localization of proliferative activity
largely to the precursor compartments. Cytotoxic agents that show their effect on
proliferating cells also affect predominantly the precursor cells. By analyzing the
ways in which homeostatic perturbations and cytotoxic agents, alone or in com-
bination, ultimately affect recognizable megakaryocytes and platelet production,
information about the precursor compartments can be gained.

It is known that pluripotential stem cells participate in the homeostatic response
to thrombocytocytopenia. Their numbers increase in the spleens of thrombocyto-
penic mice, but not in the bone marrow (Ebbe et al., 1971). However, other
observations suggest that homeostatic regulation of platelet production is mediated
by committed precursor cells, thus implying that pluripotential stem cell changes
may be secondary. For example, W/W" mice are known to have a severe defect
of pluripotential stem cells. Nevertheless, they respond to and recover from im-
munothrombocytopenia normally (Shreiner, 1976; Ebbe and Phalen, 1978). More
convincing evidence that the homeostatic mechanisms do not affect the pluripotential
stem cells directly comes from the experiments of Goldberg et al. (1977). They
found that prevention of thrombocytopenia (by platelet transfusion) in lethally ir-
radiated recipients of bone marrow transplants inhibited splenic megakaryocyto-
poiesis as measured 10 days later. This effect was found when platelet transfusions
were given for the full 10-day period of observation or for only the final 4 days;
it was not found when platelets were administered only on the first 2 days after
irradiation and transplantation, a period when pluripotential stem cell seeding and
proliferation occurs. Thus, suppression of megakaryocytopoiesis by high platelet
" counts, in these experiments, appeared to affect differentiation of precursor cells
into recognizable megakaryocytes rather than pluripotential stem cell proliferation.

After exposure to sublethal doses of ionizing radiations, mouse platelet counts
show characteristic changes (Ebbe and Stohlman, 1970). They are maintained at
a normal level for 4 days, corresponding to continued production of platelets by
radioresistant recognizable megakaryocytes and their immediate precursors. There
is a subsequent 4-day period, corresponding to the mouse platelet survival time,
during which the platelet count drops because production is reduced as a result of
radiation-induced damage to a sensitive precursor compartment. Thereafter, recov-
ery gradually occurs. It is noteworthy that onset of thrombocytopenia is preceded
by megakaryocytopenia in the bone marrow, but that the recovery of platelet counts
occurs while megakaryocytopenia persists (Ebbe and Phalen, 1979). The initial
recovery may be mediated, in part, by the stimulatory effect of thrombocytopenia
on the recovering megakaryocytes.

If megakaryocytopoiesis is acutely stimulated by induction of thrombocytopenia
immediately before or after sublethal irradiation of the mice, the radiation-induced
thrombocytopenia is reduced in severity and duration (Ebbe and Stohlman, 1970).
Therefore, the stimulus of acute thrombocytopenia on day 0 must affect a population
of precursor cells that was not heavily damaged by the radiation; the response of
this population of cells appears to result in an earlier repopulation of the mega-
karyocytes. It seems likely that such a compartment of cells would be one that was



