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Summary. We reviewed the literature concerning the
history of determination of the ploidy of human mega-
karyocytes and its relationship with diseases. The ploidy
of rabbit megakaryocytes was analyzed by microspectro-
photometry in 1964, and the analysis of the ploidy in
human megakaryocytes was first performed in 1968.
Presently, microphotometry and flow cytometry are the
primary methods for the evaluation of the ploidy, but
they have their merits and demerits. In the ploidy of
human megakaryocytes, a peak has often been reported
at 16N in healthy individuals, and the next peaks have
been observed at 32N and 8N. The results of ploidy
analyses have been reported by many investigators to be
comparable between patients with idiopathic thrombo-
cytopenic purpura and normal subjects, but various shifts
of the peaks have also been documented. The ploidy is
often reported to shift to a larger ploidy class in poly-
cythemia vera and essential thrombocythemia, but it has
invariably been reported to shift to a smaller class in
chronic myelogenous leukemia. In reactive thrombo-
cytosis, the ploidy pattern was reported to be the same as
that in normal individuals by some investigators but to
shift to a larger ploidy by others. These differences are
considered to be due to heterogeneity of the subjects. In
myelodysplastic syndrome, the ploidy shifts mostly to a
smaller class, but it may show various patterns. We also
reviewed the ploidy in other rare hematological
disorders, the relationships of the ploidy with diabetes
mellitus and atherosclerotic disorders, and its changes in
the ontogeny. Details of the mechanism of polyploidi-
zation and its biological significance remain unknown,
and further advances in the studies of these topics are
anticipated.
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Introduction

Megakaryocytes, named by Howell in 1890, are
unique and mysterious cells that are physiologically
polyploidy. However, there have not been many studies
of qualitative differences of individual megakaryocytes,
because of their low frequency in bone marrow cells and
the wide variation in their shape and size. The ploidy of
megakaryocytes was first analyzed in 1943 by Japa
using the nuclear lobe counting method, but direct
measurement of DNA content of megakaryocytes is
considered to have been first made by Garcia in rabbits
by microspectrophotometry using the two-wavelength
method in 1964 (a,b). The measurement of megakaryo-
cyte ploidy was first applied to humans by de Leval in
1968. There have since been many studies on the ploidy
of megakaryocytes. In this article, our data and the
reports to date concerning human megakaryocyte ploidy
are reviewed.

Methods for ploidy analysis

Although there are several methods for ploidy
analysis, they may be generally categorized as
microphotometry and flow cytometry (FCM).

FCM, by which a large number of cells can be
counted instantaneously, is naturally a very useful
technique. However, the counting of megakaryocytes,
which account for only a small percent of bone marrow
cells, have large sizes and vary in shape, is difficult, and
approaches such as the enrichment of megakaryocytes
and/or the exclusive marking of megakaryocytes are
necessary. Nakeff et al. (1979) were the first
investigators to use FCM for the measurement of DNA
in mouse and rat megakaryocytes. In that study, they
observed cells after enriching megakaryocytes by
centrifugal elutriation and staining them with Hoechst
33342. In 1984, Jackson et al. and Worthington et al.
labeled rat megakaryocytes with fluorescein isothio-
cyanate (FITC) using an antiplatelet antibody and
measured the DNA content by propidium iodide (PI)
staining. Probably because human megakaryocytes are
larger than those of rats and since it is difficult to acquire
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a great enough sample volume to obtain results, the
clinical analysis of the ploidy in human megakaryocytes
using two-color FCM was not successful until 1988,
when Tomer et al. labeled glycoprotein IIb/Illa and
measured the DNA content by PI staining, although
Bessman in 1982 applied FCM using a single color.
After that, many investigators applied FCM using two
colors (Tomer et al., 1989; Conklin et al., 1990; Kanz et
al., 1990; Rabellino and Bussel, 1990; Hegyi et al.,
1991; Bath et al., 1994; Jacobsson et al., 1996; Ma et al.,
1996; Brown et al., 1997).

By microphotometry, analysis is possible even when
the frequency of target cells is low or the sample volume
is small. Additionally, microphotometry has a major
advantage of allowing comparison with the morphology.
It is therefore useful for the evaluation of the
significance of the ploidy by means of comparing the
ploidy with the size or area of a cell or nucleus, or with
the morphology or the degree of maturity of individual
megakaryocytes (Odell et al., 1965; Odell and Jackson,
1968; de Leval, 1968; Queisser et al., 1971; Queisser et
al., 1974, 1976; Mayer et al., 1978; Nomura et al., 1983;
Renner et al., 1987; Nagasawa and Nakazawa, 1988;
Renner and Queisser, 1988; Woods et al., 1990; Ridell et
al., 1990; Kobayashi et al., 1991, 1995; Maruo et al.,
1992; Hancock et al., 1993; de Alarcon and Graeve,
1996). In particular, we reported that micromegakaryo-
cytes observed in myelodysplastic syndrome (MDS) are
mature but have defects in polyploidization (Kobayashi
et al., 1995). These findings would not have been
obtained without microphotometry. However, its
precision is generally inferior to that of FCM because of
the limitation in the number of cells analyzed, and it is
more time- and labor-consuming.

Microphotometry can be classified into spectropho-
tometry and fluorometry. Spectrophotometry is liable to
distributional errors and non-specific light loss, and this
tendency is considered to be greater in cells with a large
nucleus such as megakaryocytes (Penington and Olsen,
1970; Paulus et al., 1971; Fujita et al., 1972; Goldstein,
1981). Therefore, the two-wavelength method (Ornstein,
1952; Patau, 1952), scanning microspectrophotometry
using an integrating microdensitometer (Deeley, 1955),
the two-wavelength-scanning method (Fujita et al.,
1972) and an image analysis system (Woods et al., 1990)
designed to overcome these defects are employed for
ploidy analyses. Using spectrophotometry including
these methods, many investigators have measured
human megakaryocyte ploidy (de Leval, 1968;
Penington and Weste, 1971; Queisser et al., 1971;
Lagerlof, 1972; Queisser et al., 1974, 1976; Mayer et al.,
1978; Levine, 1980; Nomura et al., 1983; Winkelmann
et al., 1984; Renner et al., 1987; Renner and Queisser,
1988; Ridell et al., 1990; Woods et al., 1990).

Fluorometry, which we use, is theoretically immune
from distributional errors and is considered to accurately
indicate the DNA level if proportionality errors are
eliminated (Bohm and Sprenger, 1968; Paulus et al.,
1971; Weste and Penington, 1972; Fujita, 1973). It has

been applied to the ploidy analysis of human
megakaryocytes (Weste and Penington, 1972; Paulus et
al., 1974; Penington et al., 1974; Haanen et al., 1975;
Mazur et al., 1988; Nagasawa and Nakazawa, 1988;
Kobayashi et al., 1988, 1991, 1995, 1997; Mori et al.,
1991; Maruo et al., 1992; Hancock et al., 1993;
Nagasawa, 1993; de Alarcon and Graeve, 1996) after
Kinet-Denoel et al. and Penington and Weste first used it
(in one normal subject) in 1971.

Methods for DNA staining are described in detail in
the review by Paulus et al. (1990); our present review
indicates that Feulgen staining is employed most
frequently. However, Feulgen staining may induce
proportionality errors depending on the staining process
or post-irradiation conditions. Moreover, the cytoplasm
of megakaryocytes may also be stained. For these
reasons, we used the 4’,6-diamidino-2-phenylindole
(DAPI) staining technique instead of the Feulgen
method for our evaluation, and found that DAPI staining
is useful in that it provides stable fluorescence and
specific staining of the nucleus by a very simple
procedure (Kobayashi et al., 1988, 1991). In addition,
since micromegakaryocytes and megakaryoblasts are
often difficult to distinguish on the basis of morphology
alone, we reported a method to examine the ploidy in
cells stained by the DAPI method after labeling CD41b
with FITC (Kobayashi et al., 1997).

A method for ploidy analysis using the morphology
antibody chromosome (MAC) technique based on in situ
hybridization with a chromosome probe has been
reported (Larramendy et al., 1994) and has attracted
attention. However, analyses by this method should be
made carefully, because megakaryocytes with small
ploidy classes are clearly more numerous.

Shifts of the ploidy in hematological disorders

In this section, shifts of the ploidy distribution of
human megakaryocytes depending on the disease are
reviewed primarily on the basis of our data.

I. Normal controls

As for the normal ploidy distribution, most reports
are in agreement in that the first peak is observed at 16N,
with the exceptions of Levine (1980) and Bessman
(1982, 1984), who reported a peak at 8N, and Mazur et
al. (1988), who reported a peak at 32N, when studies
using MAC technique (Larramendy et al., 1994) are
excluded. The second peak has been reported by some
investigators to be at 32N but by others at 8N, but this
discrepancy appears to be due more to individual
variation among subjects than to variation among
investigators. In our study also, the second peak was
observed at 32N in 9 out of 14 normal subjects and at 8N
in the others. The minimum ploidy class is 2N in some
cells, depending on the method used to identify
megakaryocytes, but the morphological identification of
these megakaryocytes is generally considered to be
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difficult in normal individuals (de Leval, 1968; Kinet-
Denoel et al., 1971; Penington and Weste, 1971;
Queisser et al., 1971, 1974, 1976; Weste and Penington,
1972; Lagerlof, 1972; Paulus et al., 1974; Penington et
al., 1974; Haanen et al., 1975; Mayer et al., 1978;
Levine, 1980; Nomura et al., 1983; Winkelmann et al.,
1984; Kobayashi et al., 1988, 1991, 1995, 1997,
Nagasawa and Nakazawa, 1988; Ridell et al., 1990;
Woods et al., 1990; Mori et al., 1991; Maruo et al., 1992;
de Alarcon and Graeve, 1996). There is no doubt that
there are 2N cells among megakaryoblasts and
precursors of megakaryocytes when cells are identified
by the immunological method (Renner et al., 1987;
Mazur et al., 1988; Renner and Queisser, 1988; Tomer et
al., 1988, 1989; Conklin et al., 1990; Kanz et al., 1990;
Rabellino and Bussel, 1990; Hegyi et al., 1991; Hancock
et al., 1993; Jacobsson et al., 1996; Ma et al., 1996;
Brown et al., 1997; Kobayashi et al., 1997). The
maximum ploidy class is reported by many investigators
to be 64N, but Mazur et al. (1988) have reported the
presence of 128N cells. Although the effect of aging has
not been directly evaluated, the ploidy pattern does not
seem to change in the elderly, according to our
evaluations (Kobayashi et al., 1991).

2. Chronic idiopathic thrombocytopenic purpura (ITP)

The ploidy of megakaryocytes has long been studied
in ITP as a representative benign thrombocytopenic
disorder, but findings regarding shifts of the ploidy
pattern in this disorder have not been consistent. The
ploidy pattern was not reported to be different compared
with normal individuals by Queisser et al. (1971) in 3
patients, by Penington and Weste (1971) in 3 patients,
and by Nomura et al. (1983) in 6 patients. We found no
difference in 5 patients (Kobayashi et al., 1988) and
subsequently also obtained the same results in 15
patients. Kinet-Denoel et al. (1971) noted a peak at 8N
in 3 out of 5 patients and at 16N in the remaining 2 with
an increase in 8N cells, indicating a shift to lower ploidy.
Paulus et al. (1974) reported that 16 out of 20 patients
had an increased percentage of 8N megakaryocytes.
However, Haanen et al. (1975) reported that a peak of
ploidy classes was observed at 32N in 11 patients and
the mean ploidy values of those patients were
significantly increased compared with 10 normal
controls, Bessman (1984) reported increases in the
ploidy in 4 patients, Mazur et al. (1988) found increases
in the ploidy in 5 out of 7 patients, but no difference
when compared with normal individuals in 2, and
Tomer et al. (1989) reported that megakaryocytes
with 32N or greater ploidy classes were increased
in 5 patients compared with normal individuals.
Conklin et al. (1990) reported increases in the ploidy in
5 patients.

Technical differences in the analytical method and
sample preparation procedure as well as the hetero-
geneity of ITP patients appear to be major causes of the
disagreement among the reports.

3. Thrombocytopenia due to liver cirrhosis (LC)

There are no reports of megakaryocyte ploidy at LC
to our knowledge. According to our data, no difference
was observed in 6 patients with thrombocytopenia due to
LC compared with normal individuals. There is
controversy as to whether thrombocytopenia due to LC
is caused by a reduction in thrombopoietin (TPO)
produced in the liver (Shimodaira et al., 1996; Martin et
al., 1997; Peck-Radosavljevic et al., 1997). The
clucidation of this mechanism and its relation to
polyploidization are anticipated.

4. Chronic myeloproliferative disorder (CMPD)
(i) Chronic myelogenous leukemia (CML)

Reports are in agreement in that the ploidy shifts to a
lower class in CML. A peak was reported to have been
observed at 8N by Lagerlof (1972) in 4 patients, by
Renner and Queisser (1988) in 10 patients, by Kanz et
al. (1990) in 10 patients and by Jacobsson et al. (1996)
in 4 patients with CML; Nagasawa (1993) observed that
the mean ploidy was smaller in 30 CML patients at
12.5N compared with 19.6N in 10 normal individuals.
Paulus et al. (1974) reported that a peak was observed at
8N in 1 patient and at 2N in 2 patients. Penington et al.
(1974) reported a shift to a smaller ploidy with a peak at
16N and an increase in 8N cells in 3 patients. The
studies concerning CML are in complete agreement,
whereas the ploidy pattern has often differed among
investigators in other disorders. These findings, which
suggest differences in the cell turnover of the
megakaryocyte series and mark clear biological
differences compared with CMPD such as polycythemia
vera (PV) and essential thrombocythemia (ET), are
worthy of attention.

(ii) Polycythemia vera (PV) and essential thrombo-
cythemia (ET)

Differences in megakaryocytes in disorders such as
PV and ET are of interest, and the ploidy in these
conditions has been evaluated. The ploidy is often
reported to be greater in PV and ET than normal:
Penington et al. (1974) in 6 myeloproliferative
syndrome; Queisser et al. (1976) in 5 PV patients; Mazur
et al. (1988) in 4 out of 5 ET patients; Tomer et al.
(1989) in 2 PV patients and 2 ET patients; Kanz et al.
(1990) in 6 PV and 8 ET patients; Ridell et al. (1990) in
4 PV and 7 ET patients; Woods et al. (1990) in 6 ET
patients; Conklin et al. (1990) in 1 ET and 2 out of 3 PV
patients; Nagasawa (1993) in 15 PV and 15 ET patients
and Jacobsson et al. (1996) in 8 PV and 17 ET patients.
Moreover, Mazur et al. (1988) detected megakaryocytes
with a ploidy class of 256N or greater in 4 out of 5 ET
patients. Woods et al. (1990) mentioned the presence of
128N megakaryocytes, which are not observed in
reactive thrombocytosis, as a characteristic of ET and
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PV. Between ET and PV, Tomer et al. (1989) and
Jacobsson et al. (1996) showed that the ploidy tends to
be greater in ET, and Nagasawa (1993) observed a larger
ploidy in PV. Kanz et al. (1990) reported no significant
difference between the two disorders.

Lagerlof (1972) found that the ploidy was the same
as that in normal individuals in 2 out of 5 PV patients,
shifted to a smaller class in 1, and shifted to a larger
class in 2. Conklin et al. (1990) reported that only 1 of 3
PV patients had a shift to smaller ploidy.

(iii) Chronic neutrophlic leukemia (CNL)

We observed no shift in the ploidy distribution in 1
patient with CNL. Similar results were obtained by Mori
et al. (1991) in 1 patient and Nagasawa (1993) in 2
patients.

5. Reactive thrombocytosis

Most studies of reactive thrombocytosis have
revealed that the ploidy is shifted to a larger class or is
not different from the normal ploidy. Mazur et al. (1988)
reported a shift to a larger ploidy in 1 patient. Kanz et al.
(1990) found that the ploidy was greater than normal but
smaller than that in PV or ET in 23 patients. Woods et al.
(1990) noted that the ploidy was greater than that in
normal individuals, with a peak being observed at 32N
in 3 patients. Lagerlof (1972) observed that the ploidy
was shifted to a larger class with a peak occurring at 32N
in 1 of 2 patients but that there was no difference
compared with normal individuals in the other patient.
Penington et al. (1974) reported that the normal pattern
or some shift to a larger ploidy was apparent in 6 out of
7 patients; only 1 patient showed a shift to a smaller
ploidy. Tomer et al. (1989) also reported that the ploidy
was not different compared with normal individuals in 6
out of 10 patients and was shifted to a larger class in the
remaining 4 patients. Conklin et al. (1990) reported a
shift to a larger ploidy in 17 out of 22 patients, no shift
in 1 and a shift to a smaller ploidy in 4. Ridell et al.
(1990) and Jacobsson et al. (1996) found that the ploidy
was not different compared with normal individuals in
all 9 and 7 patients studied, respectively. Bessman
(1984), however, noted a shift to a smaller ploidy in 3
patients.

Concerning reactive thrombocytosis, the actual
ploidy pattern may have some diversity depending on
the underlying disorder and the platelet count, in
addition to apparent differences depending on the
analytical method.

6. Myelodysplastic syndrome (MDS)

Since the concept of MDS was presented in 1982
(Bennett et al., 1982), there have been few reports
regarding the ploidy in MDS. Queisser et al. (1974)
reported a shift to a smaller ploidy in 3 out of 6 patients
and to a larger ploidy in the remaining 3 as a

preleukemic state. Paulus et al. (1974) reported a shift to
a smaller ploidy in 3 out of 4 patients with refractory
anemia and no shift in the other patient. Tomer et al.
(1989) reported that two patients showed a unique
pattern with an increase in both cells which were smaller
than 8N and cells which were larger than 32N. Conklin
et al. (1990) reported that 5 out of 7 patients had a shift
to a smaller ploidy, 1 patient had no shift and 1 patient
had a bipolar shift. We found a shift to a smaller ploidy
in 12 patients with MDS (Kobayashi et al., 1991). Our
subsequent evaluation in 23 patients using a method of
morphological identification of megakaryocytes
indicated a shift to a smaller ploidy in 91.3% of the
patients, i.e., the peak was observed at 8N in 15 and at
4N in 6, but peaks at 16N and 32N were observed in 1
patient each. These findings are considered to represent
heterogeneity of MDS, but polyploidization is thought to
be impaired in most MDS patients. No direct
relationship was observed between the degree of the
shift in the ploidy and the platelet count, clinical course,
OI pPrognosis.

7. Acute leukemia

Queisser et al. (1974) found that the ploidy was
shifted to a smaller class in 5 patients with untreated
acute leukemia and that it normalized with complete
remission. Bessman (1982) serially measured mega-
karyocyte ploidy during 17 courses of chemotherapy for
10 patients (subsequently in 13 patients (1984)) with
acute nonlymphocytic leukemia and noted that the mean
ploidy class undergoing chemotherapy was smaller than
that in normal individuals and that the changes in the
ploidy occurred before changes in the platelet volume
and platelet count. Mazur et al. (1988) also reported
shifts of the ploidy to a smaller class in 2 patients. We
have not studied the ploidy in acute leukemia, because
megakaryocytes are rarely observed in acute leukemia
before treatment, but we have confirmed normalization
of the ploidy pattern on complete remission (un-
published).

8. Megaloblastic anemia

Queisser et al. (1971) reported that the ploidy was
shifted to a smaller class in 3 patients with pernicious
anemia, but Bessman (1984) noted no difference in 2
patients with megaloblastic anemia due to folate
deficiency compared with normal individuals. Conklin et
al. (1990) reported that 2 patients had a shift to a smaller
ploidy.

9. May-Hegglin anomaly

Mayer et al. (1978) reported that the ploidy pattern
was not different and the proportion of mature
megakaryocytes was decreased in 3 patients with May-
Hegglin anomaly compared with normal individuals,
suggesting that the cytoplasmic maturation was
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disturbed. These findings are in an interesting contrast to
findings that megakaryocytes in CML (Renner and
Queisser, 1988) and MDS (Queisser et al., 1971;
Kobayashi et al., 1991, 1995) were mature and had
impaired polyploidization.

10. Aplastic anemia

Bessman (1984) reported that the ploidy was shifted
to a smaller class in 3 aplastic anemia patients. Conklin
et al. (1990) reported that 1 of 2 patients had a shift to a
larger ploidy and 1 patient had a shift to a smaller ploidy
with 64N cells increased to 3.2% compared with 0.5% in
normal controls. They suspected that some toxic process
prevented the polyploidization, while another subset that
survived or escaped the toxic process was driven toward
high ploidy classes.

Shifts of the ploidy in other disorders

Relationships of the ploidy and disorders such as
atherosclerosis and diabetes mellitus have also been
evaluated (Bath et al., 1994; Brown et al., 1997; van der
Loo and Martin, 1997). Winkelmann et al. (1984)
observed that patients with metastatic tumors had a peak
of ploidy at 32N regardless of the presence or absence of
paraneoplastic thrombosis and that their ploidy was
greater than that of normal individuals.

Others

The relationship of the ploidy with the platelet
volume is described in detail in the studies by Paulus et
al. (1974) and Bessman (1982, 1984) and reviews by
Corash (1989a,b) and Martin (1989). Hancock et al.
(1993) evaluated the relationship between the ploidy and
mRNA expression.

Concerning ontogeny, the ploidy has been reported
to increase with the growth of the fetus (Hegyi et al.,
1991; de Alarcon and Graeve, 1996; Ma et al., 1996).

Significance and mechanism of polyploidization

The polyploidy of megakaryocytes due to
endomitosis is considered to be advantageous for platelet
production. However, this has not been confirmed
directly in any study to date. The mechanism of
polyploidization also remains unknown, but some
relevant information has accumulated.

Polyploidization and megakaryocyte maturation are
considered to be regulated separately, and they appear to
be related to different factors and genes (Odell et al.,
1965; Odell and Jackson, 1968; Queisser et al., 1971;
Queisser et al., 1974, 1976; Mayer et al., 1978; Renner
and Queisser, 1988; Kobayashi et al., 1991, 1995; Maruo
et al., 1992; Kikuchi et al., 1997). GATA-1 gene
(Yoshino et al., 1996), the control of cyclins E and A,
and cdc2 activation through the down-regulation of
cdc25C protein phosphatase (Garcia and Cales, 1996),

cyclin D3 (Wang et al., 1995; Zimmet et al., 1997),
cyclin B and Cdc2 kinase (Zhang et al., 1996, 1998;
Yokoe et al., 1997), cyclin-dependent kinase inhibitor
p21 (Kikuchi et al., 1997), and rho p21 (Takada et al.,
1996) have been suggested to be involved in
polyploidization.

Prospects for the future

The discovery of TPO is expected to lead to further
increases in our understanding of megakaryocytes. The
further accumulation of information concerning the
platelet-producing ability of individual megakaryocytes
and the biological significance of the polyploidy is
anticipated.

References

Bath P.M.W., Gladwin A.-M., Carden N. and Martin J.F. (1994).
Megakaryocyte DNA content is increased in patients with coronary
artery atherosclerosis. Cardiovasc. Res. 28, 1348-1352.

Bennett J.M., Catovsy D., Daniel M.T., Flandrin G., Galton D.A.G.,
Gralnick H.R. and Sultan C. (1982). Proposals for the classification
of the myelodysplastic syndromes. Br. J. Haematol. 51, 189-199.

Bessman J.D. (1982). Prediction of platelet production during chemo-
therapy of acute leukemia. Am. J. Hematol. 13, 219-227.

Bessman J.D. (1984). The relation of megakaryocyte ploidy to platelet
volume. Am. J. Hematol. 16, 161-170.

Bohm N. and Sprenger E. (1968). Fluorescence cytophotometry: a
valuable method for the quantitative determination of nuclear
Feulgen-DNA. Histochemie 16, 100-118.

Brown A.S., Hong Y., de Belder A., Beacon H., Beeso J., Sherwood R.,
Edmonds M., Martin J.F. and Erusalimsky J.D. (1997). Mega-
karyocyte ploidy and platelet changes in human diabetes and
atherosclerosis. Arterioscler. Thromb. Vasc. Biol. 17, 802-807.

Conklin R.J., Tomer A., Friese P., Bales W. and Burstein S.A. (1990).
Flow cytometric analysis of megakaryocytes (Mks) from patients with
platelet disorders. Prog. Clin. Biol. Res. 356, 303-317.

Corash L. (1989a). The relationship between megakaryocyte ploidy and
platelet volume. Blood Cells 15, 81-107.

Corash L. (1989b). The relationship between megakaryocyte ploidy and
platelet volume. Blood Cells 15, 118-121 (Reply to commentary).

de Alarcon P.A. and Graeve J.L. (1996). Analysis of megakaryocyte
ploidy in fetal bone marrow biopsies using a new adaptation of the
Feulgen technique to measure DNA content and estimate
megakaryocyte ploidy from biopsy specimens. Pediatr. Res. 39,
166-170.

de Leval M. (1968). Quantitative cytochemical study desoxyribonucleic
acids in the course of the maturation of the megakaryocytes. Nouv.
Rev. Fr. Hematol. 8, 392-394 (in French).

Deeley E.M. (1955). An integrating microdensitometer for biological
cells. J. Sci. Instrum. 32, 263-267.

Fujita S. (1973). DNA cytofluorometry on large and small cell nuclei
stained with pararosaniline Feulgen. Histochemie 36, 193-199.

Fujita S., Fukuda M., Kitamura T. and Yoshida S. (1972). Two-wave-
length-scanning method in Fuelgen cytophotometry. Acta
Histochem. Cytochem. 5, 146-152.

Garcia A.M. (1964a). Studies on DNA in leucocytes and related cells of
mammals. IV. The Feulgen-DNA content of peripheral leucocytes,



1228

Human megakaryocyte ploidy

megakaryocytes and other bone marrow cell types of the rabbit.
Acta Histochem. 17, 246-258.

Garcia A.M. (1964b). Feulgen-DNA values in megakaryocytes. J. Cell
Biol. 20, 342-345.

Garcia P. and Cales C. (1996). Endoreplication in megakaryoblastic cell
lines is accompanied by sustained expression of G1/S cyclins and
downregulation of cdc25C. Oncogene 13, 695-703.

Goldstein D.J. (1981). Errors in microdensitometry. Histochem. J. 13,
251-267.

Haanen C., Breed W. and Wessels J.M.C. (1975). The kinetics of
megakaryocytopoiesis in chronic idiopathic thrombocytopenia (ITP).
In: Platelets. Ulutin O.N. (ed). Excerpta Medica. Amsterdam. pp 480-
484.

Hancock V., Martin J.F. and Lelchuk R. (1993). The relationship
between human megakaryocyte nuclear DNA content and gene
expression. Br. J. Haematol. 85, 692-697.

Hegyi E., Nakazawa M., Debili N., Navarro S., Katz A., Breton-Gorius J.
and Vainchenker W. (1991). Developmental changes in human
megakaryocyte ploidy. Exp. Hematol. 19, 87-94.

Howell W.H. (1890). Observations upon the occurrence, structure, and
function of the giant cells of the marrow. J. Morphol. 4, 117-130

Jackson C.W., Brown L.K.,, Somerville B.C., Lyles S.A. and Look A.T.
(1984). Two-color flow cytometric measurement of DNA distributions
of ral megakaryocytes in unfixed, unfractionated marrow cell
suspensions. Blood 63, 768-778.

Jacobsson S., Carneskog J., Ridell B., Wadenvik H., Swolin B. and Kutti
J. (1996). Flow cytometric analysis of megakaryocyte ploidy in
chronic myeloproliferative disorders and reactive thrombocytosis.
Eur. J. Haematol. 56, 287-292.

Japa J. (1943). A study of the morphology and development of the
megakaryocytes. Br. J. Exp. Pathol. 24, 73-80.

Kanz L., Hollen C., Friese P. and Burstein S.A. (1990). Analysis of
megakaryocyte ploidy in patients with thrombocytosis. Int. J. Cell
Cloning 8, 299-306.

Kikuchi J., Furukawa Y., lwase S., Terui Y., Nakamura M., Kitagawa S.,
Kitagawa M., Komatsu N. and Miura Y. (1997). Polyploidization and
functional maturation are two distinct processes during
megakaryocytic differentiation: invalvement of cyclin-dependent
kinase inhibitor p21 in polyploidization. Blood 89, 3980-3990.

Kinet-Denoel C., Bassleer R., Andrien J.M. and Paulus J.M. (1971).
Ploidy histograms in ITP. In: Platelet kinetics: Radioisotopic,
cytological, mathematical and clinical aspects. Paulus J.M. (ed).
North-Holland Publishing Co. Amsterdam, London. pp 280-284.

Kobayashi Y., Ozawa M., Maruo N. and Kondo M. (1988). Mega-
karyocyte DNA content by microfluorometry with DAPI staining after
removal of Wright-Giemsa staining - in ITP patients. Acta Haematol.
Jpn. 51, 1147-1151. (in Japanese, abstract in English).

Kobayashi Y., Kimura S., Tanaka K., Wada K., Ozawa M., Horiuchi H.,
Maruo N. and Kondo M. (1991). Shift in the megakaryocyte ploidy in
MDS patients: microcytofluorometry with DAPI staining after
destaining of Wright-Giemsa stain. Br. J. Haematol. 79, 556-561.

Kobayashi Y., Uoshima N., Kimura S., Tanaka K., Wada K., Ozawa M.,
Maruo N. and Kondo M. (1995). Relationship between
morphological classification of the degree of maturation and the
ploidy of micromegakaryocytes in myelodysplastic syndrome
patients. Int. J. Hematol. 61, 117-122,

Kobayashi Y., Takahashi Y., Chikayama S., Ikeda M., Uoshima N.,
Kimura S., Tanaka K., Wada K., Ozawa M., Sugano T., Maruo N.
and Kondo M. (1997). Comparison of the DNA content of

megakaryocytes identified immunologically with that identified
morphologically. Histochem. Cell Biol. 108, 115-120.

Lagerlof B. (1972). Cytophotometric study of megakaryocyte ploidy in
polycythemia vera and chronic granulocytic leukemia. Acta Cytol.
16, 240-244.

Larramendy M.L., Nylund S.J., Wessman M., Ruutu T. and Knuutila S.
(1994). Ploidy in bone marrow cells from healthy donors: a MAC
(morphology antibody chromosomes) study. Br. J. Haematol. 86,
203-206.

Levine R.F. (1980). Isolation and characterization of normal human
megakaryocytes. Br. J. Haematol. 45, 487-497.

Ma D.C., Sun Y.H., Chang K.Z. and Zuo W. (1996). Developmental
change of megakaryocyte maturation and DNA ploidy in human
fetus. Eur. J. Haematol. 57, 121-127.

Martin J. (1989). The relationship between megakaryocyte ploidy and
platelet volume. Blood Cells 15, 108-117 (Commentary).

Martin T.G. 3rd., Somberg K.A., Meng Y.G., Cohen R.L., Heid C.A., de
Sauvage F.J. and Shuman M.A. (1997). Thrombopoietin levels in
patients with cirrhosis before and after orthotopic liver
transplantation. Ann. Intern. Med. 127, 285-288.

Maruo N., Kobayashi Y., Horiuchi H., Kondo M. and Fujita S. (1992).
Histochemical study on the maturation of human megakaryocytes
using microfluorometry. Histochemistry 97, 141-145.

Mayer M., Sperling H., Schaefer J. and Queisser W. (1978).
Megakaryocyte polyploidization in May-Hegglin anomaly. Acta
Haematol. 60, 45-52.

Mazur E.M., Lindquist D.L., de Alarcon P.A. and Cohen J.L. (1988).
Evaluation of bone marrow megakaryocyte ploidy distributions in
persons with normal and abnormal platelet counts. J. Lab. Clin.
Med. 111, 194-202.

Mori H., Ikegami T., Shimizu T., Harada H., Miyoshi Y., Okada S.,
Takizawa Y., Niikura H., Terada H. and Fuijita K. (1991). Changes in
the megakaryocyte-platelet system in chronic neutrophilic leukemia.
Jpn. J. Clin. Hematol. 32, 1574-1576. (in Japanese, abstract in
English).

Nagasawa T. (1993). Megakaryopoiesis in chronic myeloproliferative
disorders. Jpn. J. Clin. Hematol. 34, 551-556. (in Japanese, abstract
in English).

Nagasawa T. and Nakazawa M. (1988). Quantitative studies of
megakaryokinetics in chronic myeloproliferative disorders. Acta
Haematol. Jpn. 51, 617-623. (in Japanese, abstract in English).

Nakeff A., Valeriote F., Gray J.W. and Grabske R.J. (1979). Application
of flow cytometry and cell sorting to megakaryocytopoiesis. Blood
53, 732-745.

Nomura T., Kuriya S. and Dan K. (1983). Characteristics of
megakaryocytes in relation to platelet production in idiopathic
thrombocytopenic purpura. Acta Haematol. Jpn. 46, 1541-1550.

Odell T.T. Jr. and Jackson C.W. (1968). Polyploidy and maturation of rat
megakaryocytes. Blood 32, 102-110.

Odell T.T. Jr., Jackson C.W. and Gosslee D.G. (1965). Maturation of rat
megakaryocytes studied by microspectrophotometric measurement
of DNA. Proc. Soc. Exp. Biol. Med. 119, 1194-1199.

Ornstein L. (1952). The distributional error in microspectrophotometry.
Lab. Invest. 1, 250-265.

Patau K. (1952). Absorption microphotometry of irregular-shaped
objects. Chromosoma 5, 341-362.

Paulus J.M., Breton-Gorius J., Kinet-Denoel C. and Boniver J. (1974).
Megakaryocyte ultrastructure and ploidy in human macrothrombo-
cytosis. In: Platelets: production, function, transfusion, and storage.




1229

Human megakaryocyte ploidy

Baldini M.G. and Ebbe S. (eds). Grune and Stratton, Inc. New York,
San Francisco, London. pp 131-141.

Paulus J.M., Penington D.G., Kinet-Denoel C., Jackson C.W. and Odell
T.T. Jr. (1971). Determination of megakaryocyte ploidy in human
diseases. In: Platelet kinetics: Radioisotopic, cytological,
mathematical and clinical aspects. Paulus J.M. (ed). North-Holland
Publishing Co. Amsterdam, London. pp 330-337.

Paulus J.M., Senterre J.M. and von Frenckell R. (1990). The
determination of megakaryocyte ploidy. Int. J. Cell Cloning 8, 227-
235,

Peck-Radosavljevic M., Zacherl J., Meng Y.G., Pidlich J., Lipinski E.,
Langle F., Steininger R., Muhlbacher F. and Gangl A. (1997). Is
inadequate thrombopoietin production a major cause of thrombo-
cytopenia in cirrhosis of the liver? J. Hepatol. 27, 127-131.

Penington D.G. and Olsen T.E. (1970). Megakaryocytes in states of
altered platelet production: cell numbers, size and DNA content. Br.
J. Haematol. 18, 447-463.

Penington D.G. and Weste S.M. (1971). Ploidy histograms in ITP. In:
Platelet kinetics: Radioisotopic, cytological, mathematical and
clinical aspects. Paulus J.M. (ed). North-Holland Publishing Co.
Amsterdam, London. pp 284-286.

Penington D.G., Streatfield K. and Weste S.M. (1974). Megakaryocyte
ploidy and ultrastructure in stimulated thrombopoiesis. In: Platelets:
production, function, transfusion, and storage. Baldini M.G. and
Ebbe S. (eds). Grune and Stratton, Inc. New York, San Francisco,
London. pp 115-130.

Queisser U., Queisser W. and Spiertz B. (1971). Polyploidization of
megakaryocytes in normal humans, in patients with idiopathic
thrombocytopenia and with pernicious anaemia. Br. J. Haematol. 20,
489-501.

Queisser W., Queisser U., Ansmann M., Brunner G., Hoelzer D. and
Heimpel H. (1974). Megakaryocyte polyploidization in acute
leukaemia and preleukaemia. Br. J. Haematol. 28, 261-270.

Queisser W., Weidenauer G., Queisser U., Kempgens U. and Muller U.
(1976). Megakaryocyte polyploidization in myeloproliferative
disorders. Blut 32, 13-20.

Rabellino E.M. and Bussel J.B. (1990). Human megakaryocytes. VII.
Analysis of megakaryocytes for nuclear DNA content distribution in
whole marrow cell suspensions by flow cytometry. Exp. Hematol. 18,
167-173.

Renner D. and Queisser W. (1988). Megakaryocyte polyploidy and
maturation in chronic granulocytic leukemia. Acta Haematol. 80, 74-
78.

Renner D., Propp H. and Queisser W. (1987). Diploid and tetrapioid
precursors of megakaryocytes in normal human bone marrow
detected by immunofluorescence. Blut 55, 459-466.

Ridell B., Kutti J., Revesz .P., Bergstrom S. and Enerback L. (1990).
DNA content and nuclear size of megakaryocytes in thrombo-
cythaemia. APMIS 98, 845-850.

Shimodaira S., Ishida F., Ichikawa N., Tahara T., Kato T., Kodaira H., Ito
T., Tanaka E., Sodeyama T., Kiyosawa K. and Kitano K. (1996).
Serum thrombopoietin (c-Mpl ligand) levels in patients with liver
cirrhosis. Thromb. Haemost. 76, 545-548.

Takada M., Morii N., Kumagai S. and Ryo R. (1996). The involvement of
the rho gene product, a small molecular weight GTP-binding protein,
in polyploidization of a human megakaryocytic cell line, CMK. Exp.
Hematol. 24, 524-530.

Tomer A., Harker L.A. and Burstein S.A. (1988). Flow cytometric
analysis of normal human megakaryocytes. Blood 71, 1244-1252,
Tomer A., Friese P., Conklin R., Bales W., Archer L., Harker L.A. and
Burstein S.A. (1989). Flow cytometric analysis of megakaryocytes

from patients with abnormal platelet counts. Blood 74, 594-601.

van der Loo B. and Martin J.F. (1997). Megakaryocytes and platelets in
vascular disease. Bailliere's Clin. Haematol. 10, 109-123.

Wang Z., Zhang Y., Kamen D., Lees E. and Ravid K. (1995). Cyclin D3
is essential for megakaryocytopoiesis. Blood 86, 3783-3788.

Weste S.M. and Penington D.G. (1972). Fluorometric measurement of
deoxyribonucleic acid in bone marrow cells: The measurement of
megakaryocyte deoxyribonucleic acid. J. Histochem. Cytochem. 20,
627-633.

Winkelmann M., Stockler J., Grassmuck J., Pfitzer P. and Schneider W.
(1984). Ploidy pattern of megakaryocytes in patients with metastatic
tumors with and without paraneoplastic thrombosis and in controls.
Haemostasis 4, 501-507.

Woods M.J., Greaves M. and Trowbridge E.A. (1990). Megakaryocyte
ploidy in thrombocytosis: Improved microdensitometric
measurements with a new image analysis system. Eur. J. Haematol.
44, 220-226.

Worthington R.E., Nakeff A. and Micko S. (1984). Flow cytometric
analysis of megakaryocyte differentiation. Cytometry 5, 501-508.
Yokoe H., Masumi-Fukazawa A., Sunohara M., Tanzawa H., Sato K.,
Sato T. and Fuse A. (1997). Induction of polyploidization in the
human erythroleukemia cell line (HEL) by protein kinase inhibitor
(K252a) and the phorbol-ester TPA. Leuk. Lymphoma 25, 333-343.

Yoshino T., Sakaguchi M., Masuda T., Kawakita M. and Takatsuki K.
(1996). Two regulation points for differentiation in the cell cycle of
human megakaryocytes. Br. J. Haematol. 92, 780-787.

Zhang Y., Wang Z. and Ravid K. (1996). The cell cycle in polyploid
megakaryocytes is associated with reduced activity of cyclin B1-
dependent Cdc2 kinase. J. Biol. Chem. 271, 4266-4272.

Zhang Y., Wang Z., Liu D.X., Pagano M. and Ravid K. (1998). Ubiquitin-
dependent degradation of cyclin B is accelerated in polyploid
megakaryocytes. J. Biol. Chem. 273, 1387-1392.

Zimmet J.M., Ladd D., Jackson C.W., Stenberg P.E. and Ravid K.
(1997). A role for cyclin D3 in the endomitotic cell cycle. Mol. Cell
Biol. 17, 7248-7259.

Accepted March 11, 1999



