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INTRODUCTION

Each type of blood cell is replenished from hemato-
poietic stem cells located in the red bone marrow and
the spleen. This pluripotential stem cell compartment re-
mains stable in size under homeostatic conditions. When
the specific stimulator is provided, the stem cell will
become committed to megakaryocytopoiesis, but does not
immediately differentiate further or enter into active
proliferation (1). The committed procursor cells (colony
forming unit-megalkaryocytes:CrU-IT) are low in nunmber,
about 1/104 bone marrow cells, and slow cycling, 7-20%
are in DNA synthesis. Thereafter, the CIFU-M appear to
underso cellular proliferation and initiate nuclear rep-
lication without cell division before becoming recogniz-
able as megakaryocytes. Therefore, megakaryocytes are
polyploid, and, in the normal steady state they have 4,
6, and 16 times the normal diploid amount of DNA (2).
The size of megakaryocytes is proportional to ploidy,
but the relationship of size and ploidy of a megakaryo-
cyte to the nunber and the size of platelets it pro-
duces is not clear (3). Each cell normally produces a
few thousand enucleate platelets by precisely controll-
ed cytoplasnmic frasmentations (4).

A major reason for studying megakaryvocytopoiesis

is to understand and to quantitate platelet production.



However, the nature of these mechanisms and their conce-
quences are poorly understood. The megakaryocytes are of
interest to cell biologists and physiologists because of
these unusuval mechanisms, and to experimental patholosists
and hematologists for their perspective on platelet con-
tributions to hemorrhagic and thrompotic diseases. Futher-
nore, there is increasing evidence of the importance of
blood platelets in the pathosenesis of atherosclerosis.
The participation of platelets in immune processes and
in the spread of cancer is also receiving attention.
Finally, a lively and productive interest in platelet
pharmacology has developed, in the hope of conceiving
and developing new drugs for the control of thrombosis
and atherosclerosis.

In vivo studies of megakaryocytopoiesis in humans
have been limited because of ethical questions related
to a lack of suitable subjects for experimentations,
and the limited nature of experiments that could be
done on these subjects. The development of in vitro cul-
ture systems provided an alternative method for charac-
terizing reculatory activities and analyzing the role of
these activities in the proliferation of megakaryocytes.
In the last nine years, both agar (5,6,7,8) and plasma
clot (9,10,11,12) culture systcms have been applied to
the study of the biology of megakaryocytes. The applica-
tion of in vitro culture systems to assay for CFU-II
from mouse (10) and human (11) bone marrow have renewed
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interest in the cellular and huwnoral mechanisms that re-
gulate megakaryocytopoiesis and thrombopoiesis. These
cloning assays have also allowed megalkaryocytes to be
isolated (13) and their precursor cells to be studied
and monitored.

Although the application of semi-solid culture tech-
niques to the study of megaiiaryocytes is not relatively
new, culture conditions must still be further defined.
This is especially in light of stimulation of megalkaryo-
cytic precursor cells by prerequisite conditioned media,
the average small colony size, and the presence of nwner-
ous single megakaryocytes amnong the colonies (14). It
still remains to be determined whether these proserties
reflect the limited proliferative caracity of megekaryo-
cyte progenitors in vivo, or are caused by less than op-
timal culture conditions. However, a comparison of the
different techniques (Table 1) used to culture CPFU-II
clearly presented numerous, potenticlly important differ-
ences (20). These differences include the use of different
culture media, different conditioned media or other sti-
mulators, and different sources and concentrations of
serum. Some of the uncertainities may be due to the un-
characterized components used and the complexity of cur-
rent culture systems. The first part of this project ap-

proached this question of defining culture conditions by
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By

developing a simpler plasma clot culture system. A dif-

ferent species, namely the rat, Retus norvegicus, was

used as a donor of bone marrow cells, spleen cells condi-
tioned medium, citrated plasma and serum,

Changes in marrow megalkaryocytes which occur with
experimentally induced thrombocytosis indicate that plate-
let production is subject to nesative feedback regulation
(21, 22, 23). Recent studies have shown that there are at
least two levels of regulation of megalkaryocytopoiesis
and platelet production (24, 25, 26). At the first level,
a conmpartment of precursor cells was shown to proliferate
in response to cell derived products promoted by mitogen
stimulation, recognition of decrecased marrow megalkaryo—
cytes, and/or modulation of the concentration of cholin-
ergic agonists (27). At the second level, however, ploidy
amplification in the differentiated megakaryocyte compart-
ment may be promoted by acute changes in platelet demand.
In spite of some uncertainties, it is clear that a defi-
ciency of circulating platelets is associated with the
stimulation of megakaryocytopoiesis (28) and an excess
with its suppression (29). There is some suggestive evi-
dence which supports the idea that ploidy amplification
is mediated by the hormone thrombopoietin (30, 31). Thus,

separate factors independently influence proliferation

and maturation events, but it is not kxnown whether only
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a single factor is involved at each level. Therefore, it
is possible that platelets themselves and/or their pro-
ducts may well be involved in controlling production and
release of platelets from mesakaryocytes (32, 33).

A number of investigators have shown that extracts
of erythrocytes, granulocytes and lymphocytes have sone
specific effects on thie maturation of these_cells (34,35,
36). These extracts have frequently been called "chalones"
and their specificity of action for cells of their own
kind has been demonsitrated. The extracts of these cell
types do not appear to affect the expansion and differ-
enciation of their respective progenitor cells, rather
these components modulate the late events of the cell di-
vision and maturation stages. Similarly, platelet extracts
might influence the ternminal stages of megalaryocyte matu-
ration, including endomitosis, cell size, and cytoplasmic
maturation. In support of this hypothesis, platelet ex-
tracts did not appear to affect the number of CFU-I in
vivo, or their growth in vitro (37).

Human platelets contain a growth promoting factor
called platelet-derived growth factor (PDGF) that stimu-
lates the growth of smooth muscle cells, glial cells
and fibroblasts as well as avian, monkey and murine fibro-
blastic cell lines (38). PDGF is a cationic polypeptide
that is synthetized by megakaryocytes and stored in the
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alpha granules of platelets (39). It has been purified
and characterized as a 23,000-30,C00 dalton polypeptide
that is heat stable (40). Although PDGF has been exten-
sively studied in investigations concerning inflammatory
and repair processes at the site of blood vessel injury,
PDGF might also play an important role in the genesis of
atherosclerosis. It is a major nmitogenic protein in the
serun for cells of mesenchymal origin (41).

In the second part of this aroject, the effects of
platelet extract and hwnan PDGIF on rat bone marrow cells
in plasmwa clot cultures were investirated. Changes in
the numbers of AChil+ cells, the meaon diameters of these
cells, and white blood cells (WBC) colony numbers were
studied. Different concentrations of platelet extracts
increased the detectability and the mean diameters of
AChE+ cells, but decreased the number of WBC colonies in
one series of experiments. PDGF also caused an increase

in the cell numpber, but it had no effect on the cell size.



MATERIALS and KHETHODS

Bone marrow cells, spleen cells, plasma, serum and
platelets were obtained from untreated Wistar rats. Bone
marrow was flushed with Leibovitz mediuwn (L-15, from
Gibco, Grand Island, M.Y.) into plastic tubes from both
femurs of 3-4 month-old female rats. Nucleated bone
marrow cells were counted by a Coulter Counter. Blood
was drawn into plastic syrinces containing 3.06 (wiv)
sodiwa citrate (1l:9 citrate:whole blood) by cardiac
cuncture from 8-12 month-old male rats. The blood was
centrifuzed at 4 °C at 1100 x g for 15 min in an anzle-
nead centrifuge to yield plasma. The same procedure was
followed for collecting serum except that the anticoagu-
lant was not used, and the blood was allowed to clot in
the refrigerator. Both plasma and serum were filtered
throuzh 0.45 pm pore size Iiillipore filters after collec-
tion and stored at ~70 °C until use.

A modification of the method of Goldberg et al (42)
was used for the collection of platelets from similar
rats that were lightly anastethized with ether. Platelet-
rich plasma was obtained by centrifugation of the citrat-
ed blood at 500 x g for 4-5 min at room temperature. The
remaining red blood cells (RBC) were resuspended in ster-
ile isotonic saline to a total volume of 15 ml, and were
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centrifugzed at 500 x g for 3-4 min. This platelet suspen-
sion in saline was combined with the platelet-rich plasma
and was sedimented at 1240 x g for 1C min. This yielded

a platelet pellet containing visible RBC in the center

of the pellet. The supernatant solution were decanted
with a polypropylene plastic Pastur pipet and the plate-
lets were removed from the tubes, leaving most of the

RBC behind. The platelets were resuspended in saline in
fresh plastic tubes. The platelet suspensions were cen-
trifuged at 2200 x g for 12 min, the platelets were
decanted as before, and resuspended in saline in order

to renove the remaining RBC., The latter step was repeat—
ed four more times. The finel platelet pellet, without
visible RBC, was resuspended in sterile saline. Platelet
nunvers were determined by the use of both the Coulter
Counter and the phase contrast microscoge. The total nwa-
ber of platelets was determined from the platelet count
and the volume of the final suspension. This suspension
was then stored overnight at -2C °C. The platelets were
disrupted by four cycles of freezing at -7C °¢ for 45
min, followed by thawing at 37 °C (43). The thawed sus—
pension was finally sedimented at 3500 x g for 30 min,

and the supernatant fraction was used as platelet extract.

Calculated amounts of PE in saline were added to the cul-

tures at the bepgining of each incubation.



Pokeweed mitogen (Gibco)-stimulated rat spleen
cells conditioned medium (RSCCM) was prepared by the
method of Nakeff (14). The spleens of 2-4-month-old
female rats were minced in a culture dish and homogeniz-—
ed in a plastic test tube with a 10 ml plastic syringe
and a 22 G, 3.0 cm needle. Nucleated cells were counted
and cultured in 35 mm culture dishes for two days. Lach
dish contained the following ingredients: (a) 60 L-15;
() 1% bovine embrvo extract diluted 1:4 (v/v) with
L-15; (c¢) 1% rat serwa; (d) 105 pokeweed mitogen (1/300
final dilution); (e) 10% rat spleen cells (2 x 106/ml)
in L-15. The mediun was collected and filtered through
0.22 pum Nillipore filters. Bach conditioned media was
tested for potency before its final use and then stored
at -70 °C for no longer than two months.

Receptor grade PDGF (Seragen, Inc., Boston, NA)
isolated in pure forwm (95%) from human platelets was
disolved in 1.0 M acetic acid. Sterile filtered tissue
culture grade sodium bicarvonate (Gibco) was added to
all the cultures.in order to readjust the pH to 7.4
following the addition of acetic acid.

Ten percent citrated rat plasma was used in this
study instead of the commonly used 10¢% citrated bovine

plasma. These two plasmnas were not compared experimental-

-

y.



A aodification of a previously described method (3)
was used to culture the bone marrow cells in 96-well
round bottom plastic plates. Each 0.3 ml plasma clot
culture contained the following percentages (v/v) of
these ingredients: (1) 40% 1-15; (2) 1G5 RSCCM; (3) 104
bovine embryo extraoct diluted 1:4 with L-15; (4) 165

rat bone marrow cells (106/m1 in L-15); (3) Bither 204

2

horse serum (Gibco), L¢3, 155 or 205 rat serum, or 10k,
1555 or 20% rat plasma; (6) 5% or 10H szline when 135% or

1070 plasma or serwrn, respectively, were used, or either

O

105 PR or 1(¢%5 PDGF; (7) 105 rat plasma (in addition to

the 105 to 2Ch plasma or serum).

The bone marrow cells were cultured for one hour
to 3 days in an incubator at 37 °¢ in an atmosphere of
655 CO, in air and 974 relative humidity. At daily inter-
vals, plasma clois were rimmed and transferred to glass
slides. The clots were partially denydrated by placing
pieces of filter papers on their surfaces. A second piece
of filter paper was applied to the first filter paper
and allowed to remain long enough for this paper to be~
come moist. With the aid of forceps, the top piece of
filter paper was removed and 3 drops of 5% glutaraldehyde
(in 0.01 M phosphate buffer, pH 7.0) were placed on the
remaining filter paper with a pipet. The first paper

with glutaraldehyde was left in place for 10 min and
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then gently pressed with a thumb. After removing the re-
maining filter paper, the slides with fixed plasma clots
were rinsed in 0.1 M sodiwa phosphate buffer, pH 6.C for
one min and air dried with a blower. The fixed and dried
clots were stained by the use of the "direct-coloring”
thiocholine method for acetylcholinesterase activity (44).
For staining, the clots were incubated for 3-~4 hours at
room temperature in a solution containing: (a) 600 mg of
acetylthiocholine iodide, (b) 9C ml of C.1 M sodiwn phos-
phate, pH 6.0, (c) 6 ml of C.1 M sodium citrate, (d) 12

ml of 30 mM copper sulphate, (e) 12 ml of distilled water,
and (f) 12 ml of 5 mM potasiwm ferricyaznide. Following

a one min rinse in C.1 M sodium phosphate, postfixation
in absolute methanol for 10 min, and 50% methanol for 30
sec, the cells were counterstained in Harris' hematoxyline
for 4-6 min, and then rinsed twice in tap water. The
slides were then blued by dipping in a 2% ammonium hydrox-—

ide solution, clarified in tap water and mounted.

It was recently hypothesized that the totzal nun-
ber of megakaryocytic cells in plasma clots could be
used to estimate the number of negakaryocyte colonies,
and was a good index of the rate of megaliaryocytopoiesis
(15). Therefore, the number of AChE+ cells, rather than
AChE+ cell colonies, was scored in some of these experi-
ments. Otherwise, an AChE+ cell colony was defined as

three or more cells in close proximity. Aggregates of
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16 or more cells with horseshoe- or doughnut-shaped nuclei
were considered to be a WBC colony.

The final preparations were examined under the light
microscope at magnifications of 200X, 300X and 430X to
determine the number of AChE+ cells, the number of AChB+
cell colonies and the number of WBC colonies. The measure-
ment of AChE+ cell size was done by use of an occular
micrometer at magnifications of 3U0X and 430X. Two areas
that were each the width of one microscope field in the
middle of each clot were examined from the top to the
bottom of the slide. All the megakaryocytic cells in
these areas were measured. The average of the lengthwise
diameter =nd the crosswise diameter was scored.

The Student t test was used Tor statistical signi-

ficance,.
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RESULTS

In each experiment that produced conditioned :medium,
two sets of spleen cells were incubated with pokeweed mi-
togen at the same time under identical culture conditions.
The conditioned mediz were then immediately tested for
their ability to promote mitotic activity of rat bone
marrow cells.Cultures treated with some gpreparations of
the conditioned mediwa (RSCCIw) showed a 725 sreater
wiber of megakaryocytic cells, scored as AChE+ cells/
clot, than the controls at day 4 (Fig 1). This was highly
5)

showed about 417% greater mitotic activity than the iso-

significant (P <0.C01). Other preparations (RSCCH

tonic saline controls (P<C.CC5). However, a few pre-
parations (RSCCMl) showed nc greater mitotic activity
than the control groups, which showed 4(4 increase in
cell nunbers (Pig 1). Generally, rat bone nmarrow m
karyocytes formed colornies, matured fully, and produced
cytoplasmic frasmentation when RSCCIl was in the mediwn.
Typical small megakaryocyte colonies with varying sizes
could be seen as early as 2 to 3 days. lMost colonies
consisted of 3-6 cells, but at day 5 and later, loose
colonies varied between 4 and more than 32 cells in
number. Most of the colonies on days 2-4 were tight and
0

small, containing about ¢ cells, but they became loose
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and laerger on days 5-7. The number of single megakaryo-
cytes in the cultures increzsed as the incubation time
increased.

The effects of using 1C%, 15% or 20 concentra-
tions of rat serwa were compared in Fig 2. The number
of AChE+ cells counted was nighest on day 4 in all ex-
periments. ¥When the number of AChE+ cells in the 1090
rat serumn group were compared to the 154 and 20% ra
serwa groups on day 4, the cultures containing 104
serwa showed 175 (P<{$.01) and 285 (P<0.01) more cell
growth, respectively.

The number of AChIE+ cell colonies was also deter-
mined when three concentrations of rat serum were used
(Fig 3). The largest number of colonies was detected
on day 4 for all concentrations of serum. When the
maximum cell numbers (Fig 2) were divided by the maximum
colony numbers (Fisz 3) for all serum concentrations, 10,
11, and 12 were the mean cell numbers/colony for cul-
tures containing 10%, 15/ or 20% rat serum,respective-
ly. However, the average number of cells in each colony
on day 4 for all concentrations of serum ranged between
4 to 8, and increased further to 16 to 32 cells/colony
on day 6. The difference between the actual and the cal-
culated mean number of cells in the colonies emphasized

the presence of single cells in the cultures. Tight co-
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lonies were rarely sceen, since 2nost of the colonies were
spread out.

Horse serum, widely uscd as a supplement in cell
culture media, was compared to rat serum in another
study (Fiz 4). Ten percent rat serun caused 22% more
cell growth than 20 horse serum (P<0.0l), as deter-
mined by the increase in AChE+ cell numbers on day 4.
There were no noticeable differences in the appearance
of these cells in any of these cultures. Since these re-
sults seemed conclusive, 1(% rat serum was ﬁsed in all
future experiments that had serum. Furthermore, 104 rat
serum replaced 20% horse serum in RSCCM production.

The effects of using 10:%, 15% or 20b citrated rat
plasma as a substitute for 105, 15% or 205 rat serunm
were investigated. These three plasma concentrations
were added in addition to the original 10% plasma that
was routinely used in plasma clot cultures. Thus, the
total amount of plasma in these cultures was 2Ch, 25%
or 305%. Three waves of cell proliferation appeared on
days 3, 6 and 9 (Fig 5). Maximum cell numbers were noted
on day 3 for all three concentrations, and the increases
in a2ll numbers relative to day 0, were 75%, 65% and 40%
respectively. There again was a gradual increase in the
cell numbers, as the concentrations of rat plasma dec-
reased. The differences between 1% and 15% plasma, and

15



107% and 20% plasma on day 3 were significant (P<(0.02
and P<0.01l, respectively). In general, the cells were
smaller when plasma was substituted for serum, and cell
shapes were oval to round. However, occasional elonzated
and irregular shapes were seen when serum was used. Some-
times a few AChE+ cells showed formation of pseudopods,
and cytoplasmic‘budding with formation of platelets, but
the number of such cells scecem to be higher in the serun
cultures.

A linear increcase in the number of AChi+ cell co-
lonies, with decreased concentrations of plasma was seen
(Fig 6). Peaks were noted on days 4 and 8. The size of
the colonies on day 9 was relatively larger than on pre-
vious days, but all the cells degenerated on days O and
9. The presence of single cells in these clots was a
1ittle higher than in the serus cultures, except on day
9, when the colonies consisted of more than 32 degenerat-
ed cells.

The number of WBC colonies in these cultures was
also guantitated in order to coumpare the occurrance of
WBC colonies with AChI+ cell colonies in the plasma
studies (Fig 7). The only peak was on day 4 in all
croups. Thig implied that the successive increases and
decreases in numbers was unique to AChE+ cells and co-
lonies, and occurred only in cultures that used plasma

16



as a supplement.

The effects on AChE+ cell proliferation of the
addition of either 1054 rat serum or 10% rat plasma,
were compared (FPig 3). Laximun cell proliferation
occurred on day 4, using 1G5 serum, and on day 3 when
104 plasma was added. The increase in the cell numbers
from day O to day 4 when serum was added to the mediunm
was 38% greater than the increase in cell numbers found
from day O to day 3, when plasma was added.

A normal, 10-12 month-o0ld male rat has approxi-
mately 3900 x 106 vlatelets/ml of circulating blood.
Therefore, it was readily possible to prepare PE fron
the following concentrations of platelets: 450 x 166
(p8,), 675 x 10° (B,), 900 x 10° (PE4) and 1800 x 10
(PE4) platelets/ml isotoric saline. These concentrations
of PEl—PE2 were used to study their effects on rat vone

marrow cells. The same volume of saline was added to the

Hy
HJ

control groups instead o E. During the first trial,

cultures at day 0. The

@]
ct
ha)
[}
[¢]

PEl and PE, were added 1
largest number of AChE+ cells was detected on day 4. The
increase in the number of AChE+ cells induced by PEl and
PE, over the control groups was 3¢t and 108%, respective-—
ly (Fig 9) (P< 0.001 for both groups). Figure 10 shows
the results obtained from the second set of experiments,
when PE3 and PE4 were added on day O. The increases .in

17



the number of AChE+ cells over the controls on day 4 were
10275 and 40%, respectively (P< 0.001 for both grougs).
The effects of different doses of PE on AChE+ cell num-
bers on day 4 was compared (Fig 11). This comparison

6 platelets/ml)

implied that PE, (prepared from 675 x 10
was the optimal concentration, since the largest number
of AChE+ cells was detected. Larcer amounts of PE were
less effective for maintaining maximal nuwabers of these
cells in plasma cultures.

The PDGF, known to be present in PE, was investi-
gated to determine whether it was responsible for the
increased number of AChE+ cells in cultures that con-
tained PE. Six and 12 ng PDGF/ml culture mediwa were
added to two separate groups of cultures on day O of
incubation. The control groupys had the same volune of
1.0 M acetic acid adjusted to pH 7.4 with sodiua bicar-
bonate, instead of PDGF. The numnber of AChE+ cells
scored on day 4, in the cultures contained 6 ng and 12
ng PDGF/ml medium, were 235 and 20 hicsher than the
control groups, respectively (Fig 12) (P<0.005 for
both groups). Two dosage levels of PDGF were about
equally effective in cauvsing an increased number of
AChE+ cells.

In order to compare the maximun effects of PE
and PDGF, results of two series of experiments were
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plotted in TFigure 13. It was clear that the total in-
crease in the number of AChE+ cells scored on day 4
was 85% higher in cultures containing PEQL than in the
cultures that contained 6 ng PDGF/ml medium (P< 0.001).

The presence of WBC colonies in the exXperiments
with PE was also quantitated in order to compare their
occurrance to that of AChE+ cells. In both sets of P&
experiments, the largest number of WBC colonies wes
scored on day 5. In the first set (PEl and PEQ) the dif-
ference in the numbers .of WBC colonies between the ex-
perimental and the control groups was not statistical-
ly significant (Table 2). In the second series using
PE3 and PE4, the number of WBC colonies/clot was lower
in both groups than in the control group (Table 3). These
differences were highly significant on day 5 (P< 0.005
for both groups). However, the number of WBC colonies in
the PE3 group did not differ significantly from the PE4
group. The number of WBC/colony in the control groups
of both sets sometimes exceeded 64 cells/colony on day
6, but there were never more than 64 cells/colony in
all of -the groups that received PE.

The mean diameters of megakaryocytic (AChE+) cells
were measured in order to determine the effect of dif-
fereﬁt concentrations of PE and PDGF on the size of
these cells. On day 3, there were significant increases
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in the mean cell dismeters of 1U» and 14.5% in the cul-

tures receiving P2, and PE,, respectively (Fig 14), waen

1
compared to the control groups on day 3 (P<0.05 and
P <0.03, resvcectively). However, the differences bet-
ween the PEl and PE, groups was not significant. The

results obteined from the second series using PE, and PE4

3
were shown in Figzure 15. Significant increases of 13.8%
and 7.45 were noted when the mean diameters of AChE+
cells in the PE3 and PE4 groups were compared to the con-
trol zroups on day 3 (P<0.001 and P<{.005, respective-
lv). The difference Dbetween the PE3 and PE4 sroups

gain was not significant. The dose dependent effect of
PE on the cell size was similar to the results obfained

-

from the counts of the numbers of AChE+ cells. Agein,
PE2 was the optimal concentration for producing an in-
crease in the mean cell diameters.

Exanination of the cultures in the experimental
series that received 6 ng and 12 ng PDGF/ml medium show-

ed no significant differences in the mean diameters of

AChE+ cells, when compared with the controls (Table 4).
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DISCUSSION

llegakaryocyies have been ~srown in plasma clot cul-
tures using poleweed mitosen-stinulated mouse spleen cell
conditioned mediuwm (9,11,14). In addition conditioned ne-
dia have bpeen obtained from Z2-mercaptoethanol (5) and
phytohemagglutinin (PHA)-stinulated mouse splecn cells
(14), a mixbture from a leukemiz cell line (45), from
PliA-stimulated leukocytes (16,19), and from a rat liver
cell line (13). Humean urinary and sheep erytaropoietin
have also been successfully used for this purpose (10)
(Table 1). Althoush the target cell(s) and the role of the
mitogens in conditioned media production, and the relation-—
ship of conditioned media to physiological reculator(s)
remain elusive, data were presented here indicating that
pokxeweed mitogen-stimulated RSCCH could also be used for
the stimulation of CPFU-Il. However, it was essential to
produce substantial amounts of conditioned media, since
individual lots varied considerably in potency. The rea-
son for this variation has not bpeen explained. The in
vitro stimulation of megakaryocyte progenitors by vari-
ous non-specific conditioned media raised the possibili-
ty that these factors might not be of physiological im-
portance. Perhaps they were operating at significantly

higher concentrations than would have occurred in vivo,
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and a minor degree of hormone receptor cross-reactivity
could then have accounted for the stimulation of mega-
karyocyte growth. .

It nhas been stated that in vitro srowth of mouse
megalkaryocytes depended on the presence of conditioned
mediun in the cultures (14). It was interesting that
megakeryocyte growth occurred in the absence of condi-
tioncd medium in this study (Fig 1). An approximate in-
crease of 405 in the number of megakaryocytes relative
to day 0 was detected in those cultures that d4id not
have RSCCM. lore precise studies would be needed before
the relevance of the in vitro finding to the physiolo-
gical regulation of megakaryocytopolesis could be re-
garded as conclusive.

The cyclic growth of megalkaryocyte colonies, with
peak numbers on days 4 and 3, in the presence of plasma,
but not serum, brings about speculations. Studies with a-
gar cculiures revealed that the average increase in big
cell colony size was due to the appearance between days
5 and 7, of previously unrecognized larger colonies (46).
This might have occurred in our cultures. However, pre-
cursor cells might have continued to multiply, or per-
haps colonies might have resulted from a subset of
CFU-M that was slower in cycling status. Furthermore,
this slower cycling status might have been due to the
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absence of some stimulatory substance(s) in plasma.

Fetal calf, human, bovine, guinea pig and horse
sera at varying concentrations ranging from 2% to 3054
have been used in semi-golid cultures of megzkaryocytes
(9,10,11,12,16,17,19,47,43). We have determined that =
maximal concentration of 105 rat serwn was optimal for
plasma clot cultures of rat mezclicryocytes in our studies
and should be used in future experiments. A medium con-
taining 1035 rat serum was shown to be 179 and 284 more
effective for supvnort of cell ~rowth and development,
than 15% and 2C% rat serum, respectively. Various con-
centrations of rat plasma without any serum were zlso
tested. It was found that 10% rat plasma was more effec-
tive than concentrations of 15% or 20% plasma. Thus,
it appeared that rat serum and plasma concentrations
hisher than 10% had an inhibitory effect on megalkaryo-
cyte proliferation. Similarly, an inhibitory effect of
hunpan serum on the growth of megakaryocyte colonies was
reported at low cell concentrations (16). The determina-
tion that this inhibitor might be specific for negakaryo-
cytes would require further investizations.

The substitution of fetal calf serum for horse se-
rum resulted, in an earlier study (49), in greater
growth of megakaryocytes. This present study also conc-

luded that a 10% concentration of rat serum induced a
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22 greater cell proliferation than 20/ horse serum. Ten
percent horse serum was not tested. However, the sreater
cell zsrowth, when 10 rat serum was used, "implied that
cross-species components like scrun and plasma mignt be
less compatible to the cultures, then sera or plasma de-—
rived from the same species, and might require larger
amounts of sera or wnlasma to bde used. The respcnse(s) of
cells to foreign proteins present in serum and plasma
might also play an important role in the generalized
effects of serum and plasma.

Adenosine diphoschate (ADP) is released from plate-
lets durinz blood coagulation as rart of the release re-
action (50). Serum is the fluid part of coasulated blood
and contains platelet products. Thus, considerably more
ADP may be available in serwa than in plasma. It was
shown that 10 pM ADP caused spherical megakaryocytes to
spread and flatten to several times their normal size
(51). The smaller size of AChI+ cells and their oval to
round shapes in the plasma-zlone study might have been
caused by the smaller amourt of ADP, or by some other com-
ponent(s) present in serum but not present in plasna.

A major difference between serum and plasma is the
absence of several clotting factors in serum. Therefore,
105 extra plasma was added to the cultures to substitute
for the 105 rat serum, in the hope of simplifying the
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system. However, the nwaber of megakaryocytes in each
clot was 30% greater, when 100 plasma plus 10/ serum were
used, instead of 20% plasma alone. Since platelets break
open during hemostasis (52), the greater stimulation of
cell growth caused by plasma plus serum, rather than
plasma alone, implied that the presence of stimulatory
factor(s) in the serum or of inhibitory factor(s) in the
plasma. It was likely that the factor(s) came from the
platelets.

The consistancy of the concept of inhibition of
hematopoietic stem cells by their end products depends
on the type and contents of the nmature offspring of
these cells. This same concept does not also exclude the
possibility of a positive feedback mechanism involving
factors directly elaborated from the end product of the
hematopoietic stem cell. There is at least one clear
example of the existence of both positive and negative
feedback control systems for granulocyte-macrophage stem
cells (colony forming unit-culture, CFU-C) involving a
monocyte—derived colony stimulating factor (CSF) and
prostaglandin E (PGE) respectively (53). The present
study demonstrated that PE and human PDGF significantly
increased the numbers and the mean diameters of rat
AChE+ cells in vitro.

The effect of hydroxyurea on tre cyclic status
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of the CFU-Il is an open question because of different ex-
perimental techniques which resulted in differences in
exposure of the cells to toxic levels of the druz (1),
and the CPFU-Il were less sensitive to the druz than were
the CFU-C (12), Furthermore, only 7-20» of CFU-I had been
shown to be in DA s;ynthesis (1). Nevertheless, Willioms
et al (37) have reported thet mouse bone marrow CrU-II
were not put out of cell cycle by platelets or PL as
compared to hydroxyvurea treatments in vitro and in vivo.
Their results implied that the slow cycling CrU-ii com-
partment cells were not responsive to PE, but did not
eleminate the posible resnonsiveness of small AChE+ or
subsequent cell populations to PL and PDGF.

The increase in megmaxaryocytes as a function of
time in culture is a complex function balancing megakaryo—
cyte loss through platelet formation and cell deati
against new megaxarvocyte production from progenitor
cells. It has not been easy at this moment to delinezate
how and where PE influenced the production of new megakar-
yocytes or inhipited the cell loss through cell death or
differentiation. Lither of which could lead to a net in-
crease in megakaryocytes/clot. However, it has been pre-
viously suggested that the numbers of megakaryocytes and
thelr colonies were likely to be increased by factors that
affected endomitosis and cytoplasmic maturation of mega-

caryocytes (37). A number of these factors might exist in
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PE; one of the best known was PDGF. All of them certain-
ly deserve further investigation.

Studies with acute thrombocytopenia dinduced by
platelet antiserum (54) and cyclophosphamide (55) in-
dicated that changes in CFU-M and CFU-C misht have
occurred in parallel fashion. Therefore, the number of
WBC colonies was quantitated in these studies. Previous
investigators concluded that PGE inhibited the growth of
WBC colonies in vitro (53). Since the synthesis of PGE
by platelets was well documented (96), the decrease in
the number of WBC/colony and WBC colonies/clot with the
hizher concentrations of PE in the medium could be ex-—
plained.

Odell et al (2) denonstrated that the size of nega-
karyocytes was proportional to their ploidy. Althouszh
the gloidy of the cells in this study was not examined,
the increase in the mean cell diameters implied a dose de-
pendent increase in cell ploidy with PE in the mediwm.
The nature of the substance(s) and the type of the cells
affected are not clear at the present time. However, the
relative increase in the cell size for 3 days suggested
that the substance(s) present in PE did not act on CFU-M
but rather on the successive megekaryocyiic generations,
as suszested previously (33,37). Otherwise, the increase

in the mean cell diameters would have been continuously
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detected after day 3, since most mature megakaryocytes
in colonies increased in area from days 4 to 7 of cul-
ture (11). In these experiments, the relatively small in-
crease in the cell size could be explained, if there
were a reciprocal relationship between cell size and
the number of AChE+ cells; increases in cell nuaber
decrease the size, or vice versa. Ilore direct studies
are necessary in this regard.

The present study with PDGF indicated that a
commercial preparation of purified human PDGT marked-
1y increased fhe nunmbers of megaliaryocytes in plasma
clot cultures. Althoush plevtelets have a rudimentary
biosynthetic apparctus, recent findings suggested theat
megalkaryocytes nmight be the site of synthesis of PDGF
(38). Primary liyelofibrosis (PHF) is a chronic myelo-
proliferative disorder characterized by an abnormal
accumulation of collagen in bone marrow and an excessive
proliferation of marrow fibroblasts in bone marrow and.
in extramedullary sites. The pathophysiological mecha-
nisms leading to marrow fibrosis are unknown, but growth
promoting activity of PDGF on human marrow fibroblasts
has been well characterized (33). Platelet kinetic
studies have demonstrated that ineffective thrombo-
poiesis occurred in PLF, with a highly increased death

rate of megakaryocytes (57). The ineffective thrombo-
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poiesis due to highly increased death rate of megalzaryo-
cytes in PIIF might possibly have been due to the presence
of PDGTF that was elaborated from the dead megakarvocytes
in the bone marrow.

Recently it has been reported in 3T3 cells that
PDGF acts in GO phase, rendering cells competent to re-
spond to other serum growth factors, such as somatomedins
(53). Also at the ouset of Gl phasc immediately after
mitosis, PDGT prevented cells from enterinsg the GO phase
(59). However, the question of whether the effect of
PDGI on rat bone marrow mezakarvocytes is similar to
that of 373, or sonrie more complex phenomenon is involv-
ed, still remains unresolved.

The total percentage increase in the nwiber of
megakaryocrites/clot was higher in the PE experiments
than in the PDGF experiments. This difference indicat-
ed possible effects of (an)other platelet factor(s),
in addition to PDGF, in PE. These include ADP, epineph-
rine, cations, plavelet factors 1 through 10, cyclo-
oxygenase, lipids, thromboxane A2 and prostaglandins
Ey, E, and F, alphs (60). Kurland et at (53), in
studies of human granulopoiesis, have shown thet PGE
inhibited CFU-C growith and PGF2 alpha enhanced murine
CFU-C growth (61). Recently\it has been demonstrated

that nine PGs added to human bone marrow cell cultures
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increased the number of erythroid colonies up to 995,

in the presence of erythropoietin, and also that

PGF2 alvhe consistently innibited erythropoiesis over

a wide range of concentrations (62). These results
clearly indicated that PGs modulate granulopoiesis and
erythropoiesis, and might also be involved in the con-
trol of megakaryocytopoiesis. More precise and extensive

research is anticipated in this area.
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SUMMARY

An inproved plasma clot culture systom wes devel—
oped for the growth of rai megakaryocytic cells. These
cells were characterized histochiemically by an acetyl-
cholinesterase positive (AChE+) staining reszction. The
cornditioned nmediunm, obtained from pokeweed mitosen-—-stimu-
lated rat spleen cells, induced megakaryocyite colony
formation and full iweturation of megaikaryocytes to cyto-
clasmic frasmentation. Ten percent rat serwn was more
effective than 2¢5 horse serum in supporting cell growbh.
Greater stimulation of cell'growth was provided when

] f

notn serum and plasnma were added to the culture mediwa,

-

t

Lar

b

s
-

when plasma was added alone. The use of a single
species as the donoxr of bone marrow cells, spleen cells
conditioned mediwn, plasma, and serun provided a less
conplex culture mediwa for the study of megakaryocyte
development.

Rat platelet extract and human PDGF were assayed
in this culture system, in order to study the ability of
these materials to modify the proliferation and/or ma-—
turation of megakaryocytic cells, Extracts prepared from
075 % 106 platelets or 6 ng PDGF/ml caused maximum in-
creases over the controls of 108% or 23%, respectively,

in the number of AChE+ cells. Higher concentrations of

31



platelet extracts were found to be less eilfective in
stimulating the matvration of megakaryocytic cells. It
was also found that this éame dose of F&E caused an in-
crease of 14.5% in the mean dimmeters of AChE+ cells.
PDGF had no effect on cell size. The PL also caused
reduction in the number of WBC colonies in one series

of experiments. It was not clear now and where FPZ or

PDGF stimulatec the production of new meprakaryocytic

3

cells, or inhibited the loss of thege cells by cell

death or by differentiation into platelets. However,

the increase in the numbers and dianmeters of AChIn+ cells

induced by PE implied that substance(s) released by

platelets might play a physiological role in the control

of megalcaryocytopoiesis.
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Fizure 1. The response of rat bore narrow cells
to different lous oFf rat spleen cells conditioned me-
dium (RSCCM). The contrel medium contained 105 iso-
tonic saline instecad of RSCCH. The nuiber of negsalar-
vocytic cells, scored as acetylcholinesterase positive
(AChE+) cells/3 x 10° nucleated bone marrow cells,
was siinmificantly greater then the controls when
RSCCM3 (P< ¢.C01) and RSCCHM, (P<0.0C5) were used,
but was not sizgnificant when RSCCMl was used. Bach
point was the aversze of 3 to 4 cultures/day combin-
ed from 2 to 5 different experiments. The standard

errors of the mean were shown bty verticel lines in

this and all the following figures.
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Tigure 2. The eFffect of culture media contain-
ing 10%, 15% or 2¢h (v:v) rat serum on rat megakaryo-
cytic (AChE+) cell growth. The cultures containing
105 and 15% serum also contained 1% and 5% isotonic
saline,respectively, to compensate for the 20% serum.
The results of the zroups containing 10G% and 15/% se-
rum were combined froun three different experiments.
The data from the 20% serum group was the average of

two different experiments (P<0.001 for both 104 vs.

15% and 10% vs. 20% serum groups).
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Figure 3. The effect of culture media contain-
ing 107, 15% or 2C% rat serum on the number of nega-
karyvocytic (AChE+) cell colonies. This was from the
sane experiments as in Tigure 2. The number of col-
onies was significantly greater on day 4, when 1Uh

rat serum was used, than when 155 or 20% rat serun

wess used (P<(C.l and 0.05 respectively).
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Figure 4. A - comparison of 2C% horse scrum and

104 rat serum on the growth of megakaryocytic (AChE+)
rat bone marrow cells. Ten percent rat seruvm resuli-
ed in a 229 greater increase in cell nwnbers on day
4 than 20% horse serum (P<(0.01l). The results were

avereged frowm two different experiments.
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Figure 5. The effects of different concentra-
tions of rat plesme in the mediuvm on the growth of
megakaryocytic (AChZ+) cells. Serum was not added to
the mediuwm. The differences between 105 znd 15%
plasma, and 10% and 204 plasma on day 3 were si:mifi-
cant (P<0.02 and P< 0.01, resyectively). The results

were cortbined from two to three different experiments.
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Pigure 6., The nwiber of mesakaryocytic (AChI+)

cell colonies from the same experiments as Pigure 5

‘were shown. The number of cell colonies were maxi-

mun at days 4 and 8 (P« 0.02 for 1CH vs. 15% plesma

groups and P<<0.005 for 1i% vs. 2C%h plasma grouns).
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Fizure 7. The number of white blood cell col-
onies from the same experiments as Figure 5 were
shown (P<0.01 for 10% vs. 15% plasma groups and

P<0.001 for 10¢% vs. 20% plasma groups).
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Figure 8. The effects of the 10% rat serun
from Figure 2 and the 10% rat plasma from Fisure 5
on stimulation of the growth of megakaryocytic
(AChE+) cells were compared statisticaly (P< 0.001
Tor serum groups at day 4 and plasma groups at

day 3).
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Figure 9. The effect of extracts prepared from

450 x 16° (PE;) and 675 x 10° (PE,) platelets/nl
saline on nucleated bone marrow cells. The control
medium contained the same volume of isotonic sa-
line instead of PE. Bach plasma clot was 0.3 ml of
culture medium with 3 x 105 nucleated bone marrow
cells. The results represented the averase number
of megakaryocytic (AChE+) cells from two (with PEl)
and three (with PE2) different experiments. The
number of AChE+ cells were increased 30% with PEl
in the mediuwmn (P<0.001l) and 108% with PE, in the

medium (P< 0.001) over the control groups at day 4.
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FPigure 10. The response of 3 x 103 nucleat-
ed bone nmarrow cells/0.3 ml clot to extracts pre-
vared fron S00 x 106 (PEB) and 1800 x 106 (PE4)
platelets/i1l isotonic saline. The control medium
contained the samne volume of saline instead of
PE. The results were the mean number of megakar-
yocytic (AChE+) cells from two (with PE4) and
three (with PE3) different experiments. Three to
four plesma cloits were examined on eacn day of
incubation. The increases in the number of de-
tectable AChE+ cells at day 4, over the controls,

were 102% with PE, in the medium (P< 0.001) and

3
4C% with PE4 in the medium (P<0.001).

51



Control

101D/ 81130 +3Y4JV 40 JqunN

2 3 4 5 6 7 8

0]

Days in Culture



Fisure 11. A comparison of the effect of
different doses of platelet extracts on the nuwi-
ber of AChE+ cells scored at day 4. The data
were obtained from the same experiments present-

cd in Figures 9 and 10.
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Fisure 12. The effects of 6 ng and 12 ng
platelet-derived srowth factor/ml mediwa on nuc-
leated bone marrow cells. The control medium con-
tained the same volume of 1.0 M acetic acid neu-
tralized with sodium bicarbonate. The results
represented the average nunber of megakaryocytic
(AChL+) cells from three different experiments.
The increases in the detectable cells were 23%
with 6 ng PDGF/ml and 2C% with 12 nz PDGF/ml
(P ©.005 for both groups), when compared to the

control group at day 4.
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Figure 13. The comparison of the responses
of megakaryocytic (AChi+) cells to the extracits
prepared from 675 x 106 nlatelets/ml and 6 ng
PDGF/ml scored at day 4. The data were oblained
from the same experiments presented in Ficures

g and 12.
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Figure 14. The changes in the mean diaumeters
of mesgalkaryocytic (AChE+) cells in response to
450 x 106 (PEl) and 679 x 106 (PEZ) vlatelet ex-—
tracts/ml saline on successive days. The results
were obtained from the sawme clots as in Figure 9.
One hundred to 140 cells of each sroup were iea-
sured every day. Ten percent and 14.%% increases
in the cell size with the presence of PE, and
PE,, respectively, were calculated over tae con-
trol sroups at day 3 (P<<0.05 and P<0.03, res-
oectively). The differences between P&y and PL,

was not significant.
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Fipure 15. The effects of 300 x 106 and 1800
= 06 PE/ml medium on the mean dianmeters of mega-
xaryocytic (AChE+) cells in plasma clot cultures
ot days O to 7. The results came from the same ex-
reriments as in Pigure 10, One hundred to 140 cells
of each group were measured every day. The increases
in the mean cell diameters were 13.8% with PE3 in
the medium and 7.4% with PE, in the medium, when
compared to the control groups at day 3 (P<(.C01

and P<«0.005, respectively).
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Table 1. Culture conditions for megakaryocylte srowth.

PLASIMA CLOT

Cell Culsure Ref-
source medium Serum Stinulators erence
llouse~-BM I-15 2055 HS LS -FUN 9
llouse-3Bk NCTC-103 2055 TCS Human and 10
sheep-0Lp -
Mouse-Bll ICTC-1C9 155 HS LIS -2l 11
Human-BH  Alphe 2U7% human Huaen-Ep 12
medium
louse-Bl1 L-15 205 PC3 TST 15
Human~-Bl  Alpha 2.5-205  Leukocyte- 16
mediun hunan PIHA
Ilouse-3BL NCNC-109 2G5 FCS Humen urine 17
AGAR
Rat-Bii Dulbecco's 20,5 ¥CS Rat liver-CHN 15
llouse-BlI Easzle's 155 PCS I'S— Z-KE 5
llouse-Bi IlicCory's 5A 155 FCS  VEBEHI-3 + BM 5
Ilouge-Bll Eagzgle's 205 TGS 1IS-PiM 7
IEOUSG-— " " n "
spleen
House- ) " n "
hlood
METHYLCLLLULOSE
Hunman-33 Alpna 3C% I'CS Leukocyte-PHA 19
medium
Bli= Bone NMarrow CM= Conditioned ledium
'CS= Fetal Calf Serun IS= Horse Serum
IIS= licuse Spleen cells 2-liE= 2-lercaptoethanol
Ep= Erythropoietin PHA= Phytohemagglutinin
Pyll= Pokeweed HMitogen TSF= Thrombocytopoiesis-Sti-~

mulating Factor.
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Table 2. The effect of platelet extracts on white vlood

cell colonies/culture.

Number of white blood cell colonies/clotb

Dayg in _ 6 o 6
Culture Control 450 x 10~ PE/ml 0675 = 10~ PE/ml
3 4.7 £ 0.0 17.0 + 0.6 16.7 + 1.5
4 21.7 + 1.7 25.2 + 2.2 26.0 + 2.1
5 39.2 + 3.7 41.6 + 4.0 42.0 + 2.0
o 26.0 + 1.4 28,5 + 2.1 24.5 £ 0.7
7 20.3 + 2.3 22.3 + 1.5 18.3 + 2.5
o) 15.5 + 0.7 16.5 + C.7 12.5 + 0.7

The data were obtained frowm the same experiments as in
Figure 9. Mean + SEM of 3 to 4 cultures from each of 2

to 3 experiments.
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Table 3. The effect of platelet extracts on white blood

cell colonies/culture.

Number of white blood cell colonies/clotd

Days in

Culturce Conitrol QC0 X 106 PL/ml 138C0C x 106 Pi/ml
2 11.3 + 1.5 11.0 + 1.C 10.3 + 1.1
3 18.0 + 2.1 7.7 + 2.7 13.6 + 1.9
b 30.2 + 1.2 23.2 + 2.0 26.7 + 1.7
5 42,7 + 1.7 36.2 + 1.7 34.7 £ 1.7
6 33.0 + 1.4 29.5 + 2.1 28.0 + 1.4
7 23.0 + 1.4 21.0 + 0.6 19.5 £ 0.7

The data were obtained from the same experiment as in
Figure 10. Ilean + SIM of 3 to 4 cultures from each of

2 to 3 experiments.
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Table 4. The effect of platelet-derived growth factor

on the mean size of megakaryvocytic cells.

lean size of me~akaryocvitic cells (um)

Days in

Culture Control 6 ng PDGF/ml 12 nz PDGF/ml
0] 23.9 + 0.3 23.5 + 0.8 23.2 + 0.8
1 22.3 + 0.0 22.7 + 0.8 22.9 + 0.7
P nm.T N.T N,T
3 23.0 + 0.8 22.8 + C.8 23.2 + 0.7
4 21.5 + 0.0 21.4 + 0.7 21.3 + 0.7
5 20.6 + 0.7 21.0 + 0.7 20.6 + 0.6
6 20.9 + 0.7 20.0 + 0.7 19.9 + 0.7
7 20.0 + 0.6 19.9 + 0.6 19.5 + 0.6
3 19.2 + 0.5 19.8 + C€.06 19.0 + 0.6
S 17.4 + 0.6 16.7 + C.5 16.8 + 0.5

The data were obtained from the same experimenis as
in Ficure 12, HMean i'SEM of 3-4 cultures from each
of three experiments. One hundred to 140 cells of

each group were measured every day. N.T. = Not tested.
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