
Journal of Cellular
Biochemistry

ARTICLE
Journal of Cellular Biochemistry 109:774–781 (2010)
Immature and Mature Megakaryocytes Enhance Osteoblast
Proliferation and Inhibit Osteoclast Formation
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ABSTRACT
Recent data suggest that megakaryocytes (MKs) play a role in skeletal homeostasis. In vitro and in vivo data show that MKs stimulate

osteoblast (OB) proliferation and inhibit osteoclast (OC) formation, thus favoring net bone deposition. There are several mouse models with

dysregulated megakaryopoiesis and resultant high bone mass phenotypes. One such model that our group has extensively studied is GATA-1

deficient mice. GATA-1 is a transcription factor required for normal megakaryopoiesis, and mice deficient in GATA-1 have increases in

immature MK number and a striking increase in bone mass. While the increased bone mass could simply be a result of increased MK number,

here we take a more in depth look at the MKs of these mice to see if there is a unique factor inherent to GATA-1 deficient MKs that favors

increased bone deposition. We show that increased MK number does correspond with increased OB proliferation and decreased OC formation

that stage of maturation does not alter the effect of MKs on bone cell lineages beyond the megakaryoblast stage, and that GATA-1 deficient

MKs survive longer than wild-type controls. So while increased MK number in GATA-1 deficient mice likely contributes to the high bone mass

phenotype, we propose that the increased longevity of this lineage also plays a role. Since GATA-1 deficient MKs live longer they are able to

exert both more proliferative influence on OBs and more inhibitory influence on OCs. J. Cell. Biochem. 109: 774–781, 2010. � 2010 Wiley-Liss, Inc.
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C ells of the hematopoietic and mesenchymal lineage both

reside in the bone marrow cavity and are thus intimately

related in space, and recent research shows that these two systems

originally studied in isolation are in fact functionally connected.

Megakaryocytes (MKs) are platelet progenitor cells, and their

reciprocal relationship with bone cells is one of the burgeoning areas

of research just described. Multiple studies have now provided in

vitro and in vivo evidence showing that MKs stimulate osteoblast

(OB) proliferation and development, and inhibit osteoclast (OC)

development.

In vitro studies show that MKs can influence bone mass by the

secretion of bone matrix proteins and growth factors, by directly

increasing osteoblastogenesis, and by affecting OB differentiation.

MKs or their platelet products secrete multiple bone matrix proteins

and growth factors crucial for bone remodeling [Breton-Gorius

et al., 1992; Kelm et al., 1992; Thiede et al., 1994; Wickenhauser

et al., 1995; Vannucchi et al., 2002; Sipe et al., 2004]. Therefore MKs

could directly impact bone formation and bone remodeling,

potentially in the setting of increased high local concentrations.
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MKs have a direct affect on osteoblastogenesis mediated by direct

cell-to-cell contact, with co-cultures of MKs and OBs showing a

three- to sixfold increase in OB proliferation [Kacena et al., 2004;

Miao et al., 2004]. There is also in vitro evidence that MKs alter OB

differentiation. Bord et al. [2005] demonstrated that when MKs are

co-cultured with OBs for 1–2 days, OB expression of collagen (COL1

A1) and osteoprotegerin (OPG) was increased. We recently reported

that in long-term co-cultures (14 days), MKs inhibited all measured

markers of OB differentiation studied, including expression of type I

collagen, osteocalcin, and alkaline phosphatase, as well as

functional measures of alkaline phosphatase activity and miner-

alization [Ciovacco et al., 2009]. Overall, the data clearly show that

MKs alter OB proliferation and differentiation.

MKs also have the ability to directly and indirectly affect

osteoclastogenesis. Directly, in vitro OC formation is significantly

inhibited, up to tenfold, by MKs or MK conditioned medium (CM)

[Beeton et al., 2006; Kacena et al., 2006]. The latter suggests a

soluble factor(s) is responsible for inhibiting osteoclastogenesis

[Kacena et al., 2006]. MKs also indirectly influence osteoclastogen-
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esis by stimulating OB and fibroblast proliferation [Schmitz et al.,

1995, 1999; Gao et al., 1998; Udagawa et al., 1999; Kacena et al.,

2004; Miao et al., 2004; Nakano et al., 2004; Mitani et al., 2005; Wei

et al., 2005]. Fibroblasts and OBs could contribute to osteoclasto-

genesis as they both secrete OPG, a known inhibitor of

osteoclastogenesis. In addition to increasing OB and fibroblast

proliferation, MKs also indirectly inhibit OC development by

increasing OB expression of OPG [Bord et al., 2005; Kacena et al.,

2006].

Thus there is growing body of evidence that MKs cultured from

wild-type mice influence bone lineage cells in vitro. Additional in

vivo evidence of MK influence on skeletal homeostasis comes from

the study of mouse models with dysregulated megakaryopoiesis and

a resultant high bone mass phenotype. At least four mouse models

have been described in which MK number is significantly elevated

with a concomitant increase in bone mass. Mice overexpressing

thrombopoietin (TPO), the main MK growth factor, have approxi-

mately a fourfold increase in MK number and an osteosclerotic bone

phenotype [Yan et al., 1995, 1996; Villeval et al., 1997; Frey et al.,

1998a,b]. We previously demonstrated that mice deficient in

transcription factors required for the development of mature MKs

(GATA-1 or NF-E2) have elevated numbers of abnormally immature

MKs and exhibit a striking increase in bone mass [Shivdasani

et al., 1995, 1997; Kacena et al., 2004, 2005]. More recently, a

mouse model of platelet-type von Willebrand disease, a gain-

of-function mutation, has also been shown to result in increased

numbers of MKs and a high bone mass phenotype [Suva et al.,

2008].

Overall, these findings demonstrate the complex regulatory

interactions at play between MKs and bone cells. The in vivo data

show that the in vitro observations are not just an artifact of an

artificial environment forcing cell lineages to interact, but that MKs,

OBs, and OCs may affect each other in their natural environment, as

dysregulation of the MK lineage corresponds with bone pathology

both in mice and in humans [Lennert et al., 1975; Thiele et al., 1999;

Chagraoui et al., 2006a,b]. But until now, most theories explaining

the high bone mass phenotype in the aforementioned mouse models

focused on the increase in MK number, with the logical assumption

that if MKs favor bone deposition, more MKs equates to a higher

bone mass. However, here we probe further into one of these models,

and examine MKs cultured from GATA-1 deficient mice to see if

there is an inherent quality about the cell lineage itself, such as stage

of maturation or increased viability that favors net bone formation

more than wild-type MKs.

MATERIALS AND METHODS

MICE

For these studies GATA-1 deficient and C57BL/6 mice were used.

Generation and breeding of mutant mice with selective loss of

GATA-1 was described previously [McDevitt et al., 1997; Shivdasani

et al., 1997]. In brief, a DNAse I-hypersensitive region (HS) was

identified upstream of the GATA-1 promoter and was subsequently

knocked-out by insertion of a neomycin-resistant cassette. This

resulted in mice with reduced levels of GATA-1 mRNA and protein

(three- to fivefold reduction in protein), a functional knock-down
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[McDevitt et al., 1997; Shivdasani et al., 1997]. GATA-1 deficient

mice are maintained on the C57BL/6 background.

PREPARATION OF FETAL LIVER DERIVED MKS

Murine MKs were prepared as previously described [Kacena et al.,

2004, 2006]. In brief, fetuses were dissected from pregnant C57BL/6

mice at E13-15. The livers were removed and single cell suspensions

made by forcing cells thru sequentially smaller gauge needles (18G,

20G, 23G). Cells were washed 2� with DMEMþ 10% FCS and then

seeded (5 fetal livers/100 mm dish) in 100 ml culture dishes, in

DMEMþ 10% FCSþ 1% murine TPO [Villeval et al., 1997]. After 3–

5 days, MKs were obtained by separating them from the

lymphocytes and other cells using a one-step albumin gradient to

obtain a 90–95% pure MK population [Drachman et al., 1997]. The

bottom layer was 3% albumin in PBS (Bovine Albumin, protease

free, fatty acid poor, Serologicals Proteins, Inc., Kankakee, IL), the

middle layer was 1.5% albumin in PBS, and the top layer was serum

free media containing the cells to be separated. All of the cells

sedimented through the layers at 1 g for approximately 40 min at

room temperature. The MK fraction was collected from the bottom of

the tube.

PREPARATION OF MK CM

To generate MK CM, 1� 106 MKs/ml was cultured in a-media

containing no serum for 3 days. After 3 days CM was collected,

sterile filtered, and stored at�808C until use. For the studies here CM

was used at 3%, 10%, and 30% (v/v).

PREPARATION OF NEONATAL CALVARIAL CELLS (OB)

Murine calvarial cells were prepared as previously described

[Horowitz et al., 1994]. Our technique was a modification of the

basic method described by Wong and Cohn [1975]. Briefly, calvaria

from C57BL/6 mice less than 48 h old were pretreated with EDTA in

PBS for 30 min. The calvaria were then subjected to sequential

collagenase digestions. Cells were collected following incubation in

collagenase. Fractions 3–5 were used as the starting population.

These cells were >95% OB or OB precursors by a variety of criteria

[Jilka and Cohn, 1981; Simmons et al., 1982; Horowitz et al., 1994].

Freshly prepared OBs were used for all studies.

PROLIFERATION ANALYSIS

To examine the proliferative capacity of OBs (2,500 OBs/well,

optimal, pretested) cultured with and without MKs (2,500 or

5,000 MKs/well, optimal, pretested), cells were seeded in triplicate

into 96-well tissue culture plates and incubated for up to 6 days at

378C in a-MEM supplemented with 10% FCS. Proliferation was

measured every 2–3 days by the incorporation of 3H-thymidine

(1mCi/well; 5–8 Ci/mmol) added during the last 16 h of culture

[Centrella et al., 1991]. To assess OB proliferation alone, MK were

removed from wells (four washes) prior to measuring incorporation

of 3H-thymidine [Kacena et al., 2004].

IN VITRO OSTEOCLAST-LIKE CELL FORMATION MODELS

OC-like cells were generated by three previously described methods

[Udagawa et al., 1989; Yasuda et al., 1998; Horowitz et al., 2004;

Kim et al., 2005]. First, co-cultures containing 2� 106 bone marrow
MEGAKARYOCYTE MATURATION IMPACTS BONE CELLS 775



Fig. 1. Affect of MK number on OB proliferation. Increasing numbers of

GATA-1 deficient and C57BL/6 MKs similarly enhanced OB proliferation. A

significant, greater than 90% increase in OB proliferation was observed when

OBs were cultured with either 2,500 C57BL/6 or GATA-1 deficient MKs.

Culturing OBs with 5,000 MKs further enhanced OB proliferation. � Denotes

a significant difference in proliferation compared to the OB alone control

group (P< 0.05).
(BM) cells/ml and 20,000 primary calvarial OB/ml were grown in a-

MEM supplemented with 10% FCS and 10�8 M 1,25(OH)2D3. The

media were changed every other day for 6–8 days. Second,

2� 106 BM cells/ml were cultured in a-MEM supplemented with

10% FCS and 30 ng/ml of recombinant murine M-CSF (Research

Diagnostics, Inc., Flanders, NJ) and 50 ng/ml of recombinant human

RANKL (Research Diagnostics, Inc.). Media were changed every third

day for 6–9 days (until OC were visible). Third, a new OC generation

model, using a Pax5�/� spleen cell line (SCL) as the source of OC

precursors, was used as has been previously described [Horowitz

et al., 2004]. In brief, the Pax5�/� SCL is highly enriched in

OC precursors and when cultured with M-CSF and RANKL, OC

develop in a shorter time (3–4 days) than C57BL/6 BM cell cultures

(6–8 days). As detailed by Horowitz et al. [2004] the Pax5�/� SCL is

97% CD11bþ (Mac-1), 96% CD16/32þ (FcgR), and >90% CD115þ

(c-fms) as demonstrated by FACS analysis. In addition, the Pax5�/�
SCL does not express CD19, CD45R (B220), CD117 (c-kit), Ly-6A/E,

Ly-6C, Ly-6G (Gr-1), NK1.1, or TCRab (TCR). These data indicate

that the Pax5�/� SCL expresses a monocyte/macrophage-like

phenotype with no T or B cells present [Horowitz et al., 2004]. For

experiments using the Pax5�/� SCL, 100,000 cells/ml was cultured

with M-CSF and RANKL (as above) and if necessary the media were

changed on the third day. Cells were usually fixed at day 4 or 5,

stained for TRAP, and TRAPþ cells (> 3 nuclei) were counted as

previously described [Kacena et al., 2006].

FLOW CYTOMETRY

Fetal liver cells were removed from dishes prior to BSA gradient

separation as described above and washed with PBS containing 2%

FCS. Staining was performed in PBS with 2% serum. Anti-CD41,

CD61, CD49b, and CD49d, were purchased from PharMingen. Anti-

CD42d was purchased from Research Diagnostics, Inc. Light scatter

and fluorescence of individual cells were measured by a Facstar Plus

flow cytometer, and cells were sorted base on their antigen

expression as described here. Cells were sorted into three separate

subpopulations (in order of increasing maturity): megakaryoblast,

immature MKs, and mature MKs. Megakaryoblasts are CD61þ

CD41� cells [Vainchenker et al., 1994; Bojko et al., 1998]. Immature

MKs are CD41þ CD49dþ cells [Mossuz et al., 1997]. Mature MKs are

CD41þ CD49bþ [Mossuz et al., 1997] or CD41þ CD42dþ [Sato et al.,

2000] cells. These three subpopulations of cells were then analyzed

for their ability to induce OB proliferation or inhibit OC formation as

described above.

LONGEVITY STUDIES

C57BL/6 and GATA-1 deficient MKs (4,000 cells/ml) were cultured

in the presence or absence of TPO (100 ng/ml) and with or without

OBs (20,000 cells/ml). Thus, there were four groups examined for

each type of MK: (1) MK alone; (2) MKþ TPO; (3) MKþOB; and (4)

MKþOBþ TPO. Cells were cultured in 24-well culture plates and

the media used in these studies were a-MEM supplemented with

10% FCS. As MKs can be removed with normal feedings, media were

replenished 1/week (if counts were performed, feeding followed

counting). Specifically, for the first feeding, an additional 1 ml of

medium was added to cultures. On the second feeding 1 ml of

medium was carefully removed from the top on the well using a
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pipette and an additional 1 ml of fresh medium was added to the

cultures. All subsequent feedings were done as described for the

second feeding. Fresh TPO was added to the cultures indicated

(100 ng/ml). Number of MKs present in these cultures was recorded.

STATISTICS

Unless otherwise stated, all data are presented as the Mean� SD. For

studies where type of MK population alone was studied (Figs. 3

and 4), one-way ANOVA was used to determine significant

differences (P< 0.05). Two-way factorial analyses of variances

were used to compare groups, with MK cell number and type (e.g.,

GATA-1 deficient or C57BL/6) being the independent variables. In

the event of a significant interaction, pair-wise Bonferroni

comparisons were made to explore individual group differences

while controlling for the elevated family-wise error associated with

performing multiple comparisons. All analyses were performed with

the Statistical Package for Social Sciences (SPSS 6.1.1; Norusis/

SPSS, Inc., Chicago, IL) software and were two-tailed with a level of

significance set at 0.05. Experiments are always repeated, in some

cases multiple times. Within individual experiments, data points are

based on a minimum of triplicate samples.

RESULTS

EFFECT OF MK NUMBER ON OB PROLIFERATION

To determine if MK number affected the degree of OB proliferation

we cultured increasing numbers of C57BL/6 and GATA-1 deficient

MKs (0, 2,500, and 5,000) with 2,500 OBs, and OB proliferation was

determined by relative tritium incorporation as outlined above

(n¼ 9). The results at day 3 are shown in Figure 1. When OBs were

co-cultured with 2,500 MKs, derived from either C57BL/6 or GATA-

1 deficient mice, OB proliferation was similarly elevated by 92% and

91%, respectively. When OBs were co-cultured with 5,000 MKs,

derived from either C57BL/6 or GATA-1 deficient mice, OB

proliferation was enhanced by 127% and 171%, respectively. It

should be noted that OB proliferation was significantly increased
JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Affect of MK maturation stage on OB proliferation. 2,500 BSA

separated C57BL/6 MKs or flow cytometry separated immature and mature

MKs all similarly enhanced OB proliferation, while 2,500 megakaryoblasts did

not alter OB proliferation. � Denotes a significant difference in proliferation

compared to the OB control group (P< 0.05).
when co-cultured with either C57BL/6 or GATA-1 deficient MKs (as

compared to OBs cultured alone) at both concentrations. Impor-

tantly, although it appears that OB proliferation is further elevated

when co-cultured with 5,000 GATA-1 deficient MKs as compared to

5,000 C57BL/6 MKs, no significant difference was detected

(P¼ 0.11). Thus, these results show that as MK number increases,

OB proliferation increases regardless of whether C57BL/6 or GATA-

1 deficient MKs are used.

EFFECT OF MK NUMBER ON OC INHIBITION

To determine if MK number affected the degree of OC inhibition we

cultured 100,000 OC progenitor cells/ml with increasing concen-

trations of C57BL/6 and GATA-1 deficient MK CM (0%, 3%, 10%,

and 30%, v/v), and mature multi-nucleated OC number was

determined (n¼ 9). The results are shown in Figure 2. Of note, the OC

data presented here utilize the Pax5�/� SCL model system as OCs

develop in the shortest time with this system and for the flow

cytometry, we required a model system where OCs were generated in

the shortest amount of time (fewer media change mean fewer sorted

MKs required to generated enough CM). We did however

demonstrate that in all the OC generation models described,

GATA-1 deficient and C57BL/6 MK CM similarly inhibited OC

formation (data not shown and Kacena et al. [2006]). When Pax5�/

� OC progenitors were cultured with 3% C57BL/6 MK CM or 3%

GATA-1 deficient MK CM, there was a 66% and 80% reduction,

respectively, in OC formation as compared to OC progenitors

cultured without CM. Like with OB proliferation, no significant

difference was detected between the ability of 3% GATA-1 deficient

MK CM and 3% C57BL/6 CM to inhibit OC formation (P¼ 0.14).

With 30% MK CM no OCs were detectable in cultures containing

C57BL/6 or GATA-1 CM. These results show that just as with OB

proliferation, MK number plays a critical role in the inhibition of OC

formation.

EFFECT OF MK MATURATION STAGE ON OB PROLIFERATION

To determine whether the stage of MK maturation influenced OB

proliferation, C57BL/6 MKs were sorted into three subpopulations
Fig. 2. Affect of MK CM concentration on osteoclastogenesis. Increasing

concentrations of GATA-1 deficient and C57BL/6 MK CM similarly inhibited

OC development. A significant, greater than 65% reduction in the number of

OCs formed was observed with just 3% CM. With 30% CM from either C57BL/6

or GATA-1 deficient MKs, complete inhibition in OC formation was seen. �

Denotes a significant difference (P< 0.05) in OC number compared to control

groups cultured without CM (0%).

JOURNAL OF CELLULAR BIOCHEMISTRY
(megakaryoblasts, immature MKs, and mature MKs) based on

antibody binding to cell surface markers characteristic of each

subpopulation (flow cytometry). 2,500 MKs from each individual

population, as well as 2,500 MKs from a mixed MK population

(�90–95% pure, BSA separated MK population harvested from fetal

livers as outlined above [Drachman et al., 1997]), were added to

cultures containing 2,500 OBs, and OB proliferation was determined

(n¼ 6). The results are shown in Figure 3. Like before, we examined

OB proliferation on day 3. Interestingly, the megakaryoblasts had no

significant effect on OB proliferation. However, the BSA separated

MK population, the immature MK population, and the mature MK

population all had a similar effect on OB proliferation (no significant

differences were detected between these groups). Importantly these

results show that while megakaryoblasts have no effect on OB

proliferation, immature and mature MKs have virtually the same

proliferative effect on OBs.
EFFECT OF MK MATURATION STAGE ON OC INHIBITION

To determine whether the stage of MK maturation influenced OC

formation, we again sorted C57BL/6 MKs into three subpopulations

(megakaryoblasts, immature MKs, and mature MKs). These

individual subpopulations, as well as the BSA separated MKs, were

cultured for 3 days (1� 106 cells/ml), their CM was collected, sterile

filtered, and 3% CM (v/v) was added to OC generating cultures as

before (n¼ 6). The results are shown in Figure 4. To better compare

to our previous data (Fig. 2) all OC results were normalized (control

cultures were set to 100). Interestingly, similar to the OB

proliferation data, 3% megakaryoblast CM did not alter OC

formation. Also like OB proliferation data, 3% CM from BSA

separated C57BL/6 MKs, immature MKs, and mature MKs all

similarly inhibited OC formation by 63%, 69%, and 65%

respectively (no significant differences were detected between these

groups). Thus, these results show that similar to the OB data,

megakaryoblasts have no effect on OC development, but immature

and mature MKs have virtually the same inhibitory effect on OC

development.
MEGAKARYOCYTE MATURATION IMPACTS BONE CELLS 777



Fig. 4. Affect of MK maturation stage on OC inhibition. Three percent

C57BL/6 MK CM from BSA separated or flow cytometry separated immature

and mature MKs similarly inhibited OC development, while 3% CM from

megakaryoblasts did not inhibit OC development. � Denotes a significant

difference in OC number compared to OC control group (P< 0.05).
Fig. 5. Viable MK number over time. C57BL/6 and GATA-1 deficient MKs

were cultured alone, with TPO, with OBs, or with TPO and OBs, and viable cell

number recorded. The combination of OBs and TPO increased MK survival.

GATA-1 deficient MKs survived for longer than did C57BL/6 MKs.
DISTRIBUTION OF MK SUBPOPULATIONS IN C57BL/6

AND GATA-1 FETAL LIVERS

C57BL/6 and GATA-1 deficient fetal liver cultures stimulated with

TPO appear similar in their relative distribution of megakaryoblasts

and immature MK if they are collected on day 3, but on day 4 the

distribution is starting to change with an increase in mature MK in

C57BL/6 cultures. Our flow cytometry data indicated day 4 fetal liver

C57BL/6 cultures (total cells prior to BSA gradient separation to

enrich for MKs) contained 1.83% of megakaryoblasts, 3.22% of

immature MKs, and 4.95% of mature MKs, while GATA-1 deficient

cultures contained 3.41% of megakaryoblasts, 4.58% of immature

MKs, and 2.01% of mature MKs (based on equivalent cell numbers).

As would be expected, these data indicate that the C57BL/6 MKs are

more differentiated than GATA-1 MKs.

MK LONGEVITY

To formally quantify if GATA-1 deficient MKs outlive their C57BL/6

counterparts we cultured C57BL/6 or GATA-1 deficient MKs alone,

with TPO, with OBs, or with TPO and OBs. Viable MK number was

recorded until no viable MKs were detected (n¼ 4). The data from

this study are presented in Figure 5. Virtually all of the C57BL/6 and

GATA-1 deficient MKs cultured alone died by day 9 in culture (data

not shown). The cultures of MKs with TPO added fared only slightly

better, perhaps extending their lifespan by 2þ days (data not

shown). Thus without the addition of OBs, viable MKs from both

populations were not detected by approximately day 9. Interest-

ingly, when MKs were co-cultured with OBs, MK survival was

increased, but by day 15 virtually no viable MKs were detected (data

not shown). However, the addition of both TPO and OBs significantly

prolonged the lifespan of both C57BL/6and GATA-1 deficient MKs.

On day 15 when viable MKs were not detected in the other cultures,

viable C57BL/6 MKs and GATA-1 deficient MKs were seen in culture

containing both TPO and OBs. Both MK lineages peaked at day 20

with C57BL/6 MKs averaging 169� 55 and GATA-1 deficient

cultures averaging 450� 100. After that, C57BL/6 MK number

precipitously declined and by day 34 no viable MKs were detected.

However, while the number of viable GATA-1 deficient MKs also
778 MEGAKARYOCYTE MATURATION IMPACTS BONE CELLS
declined, they significantly outlived their wild-type counterparts. It

was not until day 69 that no viable GATA-1 deficient MKs detected.

It is important to remember that in these studies we cultured cells in

OB media, not in MK media, which may negatively impact MK

survival. That being said, overall these data show that the

combination of TPO and OBs enhances MK survival, and that

GATA-1 deficient MKs survive longer than C57BL/6 MKs when co-

cultured with TPO and OBs.

DISCUSSION

Here we compare characteristics of GATA-1 deficient MKs to wild-

type C57BL/6 MKs in an attempt to isolate the characteristics of

these mutant cells that contribute to the high bone mass phenotype

seen in GATA-1 deficient mice [Kacena et al., 2004]. As much

attention has been given to the fact that GATA-1 deficient mice have

increased MK number, we first cultured increasing number of MKs,

or increasing concentrations of MK CM, with OBs and OC precursors,

respectively, to study the effect of increased MK number or

increased MK CM concentration on bone cells. We then looked at the

effect of MK stage of maturation on the same populations, and

finally looked at MK life span.

As Figure 1 demonstrates, 2,500 MKs cause an approximate

doubling of the OB population, with MKs cultured from GATA-1

deficient and wild-type MK having almost the exact same effect.

When the number of MKs in co-culture was doubled (5,000 MKs), OB

proliferation increased further, and no significant differences were

detected between the ability of C57BL/6 or GATA-1 deficient MKs to

enhance OB proliferation. Similarly, as Figure 2 shows, both C57BL/

6 and GATA-1 deficient MK CM were equally able to inhibit OC

formation. These data, on first glance, appear to support the idea that

MK number alone can elicit a response in bone cells.

The next parameter we studied was MK maturation stage. In our

previous studies of MK effect on OBs and OCs, no attempt was made
JOURNAL OF CELLULAR BIOCHEMISTRY



to separate out MKs based on stage of maturity, yet two of the four

aforementioned mouse models with high bone mass phenotypes

have documented defects in MK maturation. Mice deficient in NF-E2

and GATA-1 transcription factors have a developmental arrest in

MK differentiation, resulting in the accumulation of immature MKs

[Kacena et al., 2004]. Further, immature MKs from NF-E2 deficient

mice have significantly reduced numbers of granules [Shivdasani

et al., 1995], while the MKs from GATA-1 deficient mice are so

immature as to have few if any specific granules, inhibiting if not

precluding their ability to hold and later secrete proteins like wild-

type MKs [Shivdasani et al., 1997]. However, in the TPO

overexpressing mice, there are increased numbers of MKs at all

stages of differentiation, and these mice have increased bone mass

[Yan et al., 1995, 1996; Villeval et al., 1997]. As the former mouse

models imply that increases in the number of immature MKs may be

a requisite for increases in bone mass; perhaps the TPO over-

expressing mice have sufficient numbers of immature MKs to

produce this high bone mass phenotype. MK maturation stage is also

an important parameter to consider because when we culture fetal

livers in vitro for MK isolation, C57BL/6 cultures resemble cultures

from GATA-1 deficient fetal livers. Our FACS analysis of these

cultures in vitro demonstrated that at day 3 they were virtually

identical (data not shown), and at day 4 some slight differences were

seen. Therefore if our in vitro C57BL/6 and GATA-1 deficient MK

cultures are virtually identical in subpopulation distribution, it

would not be unreasonable for these MKs to elicit a similar response.

Thus like our prior assumption with GATA-1 deficient and NF-E2

deficient mice, perhaps the reason C57BL/6 MKs induce OB

proliferation in vitro is because they are a more immature cell

population. Here we directly address this issue by sorting MKs from

C57BL/6 wild-type animals into populations based on stage of

differentiation, and co-culture these subpopulations with OBs and

OCs to study the effect of MK maturation on these separated cells.

For these studies we examined BSA separated MKs, as well as flow

cytometry separated megakaryoblasts, immature MKs, and mature

MKs. Figures 3 and 4, respectively, show that the degree of OB

proliferation induced, or OC formation inhibited, was not

significantly different if immature MKs, mature MKs, or BSA

separated MKs were used. Megakaryoblasts, however, had no

proliferative effect on OBs nor inhibitory effect on OC formation. It

should be noted that for these maturation studies we chose to

analyze only one time point for OB proliferation (day 3), and used

only the lower cell number (2,500). Similarly, we only used the lower

concentration of MK CM (3% v/v). This was done because recovery

of sorted subpopulations of MKs was low. In general it is difficult to

sort large cells such as MKs, and sorting is done more slowly. Added

to this we only obtained approximately 1� 106 BSA separated MKs

per pregnant mouse. These BSA separated MKs are approximately

90–95% immature and mature MKs and the contaminating cells are

megakaryoblasts and other fetal liver cells [Drachman et al., 1997].

Thus, many mice and long sorting times are required to obtain

sufficient numbers of cells in each subpopulation. To further

enhance our ability to obtain sufficient numbers of cells in each

subpopulation we did the following. We extended our fetal liver

culture duration (stimulated with TPO) from 3–4 to 5 days to

enhance the number of mature MKs obtained. On the other hand, to
JOURNAL OF CELLULAR BIOCHEMISTRY
enhance megakaryoblasts we cultured fetal liver cells for 3 days

without TPO. This is important, as both C57BL/6 and GATA-1

deficient fetal liver cultures stimulated with TPO appear similar in

their relative distribution of megakaryoblasts and immature MK if

they are collected on day 3, but on day 4 the distribution is starting

to change with an increase in mature MK in C57BL/6 cultures (data

not shown). These technical difficulties aside, it appears that in vitro

mature and immature MKs equivalently influence OBs and OCs

while megakaryoblasts do not exert an influence.

We now turn to our data on MK longevity. Of note, we chose to

culture MKs alone, with TPO, with OBs, and with TPO and OBs

(Fig. 5). We thought it vital to co-culture MKs with OBs, for just as

MKs have a positive proliferative effect on OBs, OBs similarly

stimulate megakaryopoiesis [Kacena et al., 2004; Miao et al., 2004].

Since our focus is on the interaction of the hematopoietic and bone

cell systems, we wanted to create an in vitro environment that more

closely resembled the natural in vivo bone marrow environment. To

the best of our knowledge, this is the first formal attempt to quantify

MK lifespan in vitro when cultured with TPO and OBs. In reference to

longevity the most striking data were seen when MKs were cultured

in the presence of OBs and TPO. In the presence of both OBs and TPO,

viable C57BL/6 MK number peaked at day 20 and declined

precipitously after that, with only a few viable MKs present at

day 28, and none detected at day 34. This result is broadly consistent

with the work done by one group who studied MK lifespan in vitro,

and found when cultured with TPO the number of mature MKs

peaked at days 12–15, with the majority of MKs beginning to show

markers of apoptosis at days 18–21 [Zauli et al., 1997]. We found

similar results when MKs were co-cultured with OBs in the presence

of TPO, but in the absence of OBs our wild-type MKs did not survive

as long as the above group reports. This may be explained by the fact

that we cultured our cells in osteogenic media as opposed to MK

culture media. The GATA-1 deficient MK population co-cultured

with OBs under the influence of TPO also peaks around day 20. Of

note, the peak observed in both populations is due to the impurity of

the population. Approximately 5–10% of the sample is megakar-

yoblasts and as they proliferate in response to TPO the populations

of both wild-type and GATA-1 deficient MKs initially increases, and

only begins to decline after these cells have presumably finished

responding. However, at day 34 when no mature C57BL/6 MKs were

detected, there were more than 200 viable GATA-1 deficient MKs

still present. It was not until day 69 that there were no viable GATA-

1 deficient MKs detected. Our results are broadly consistent with

previous work done by Vyas et al. [1999] showing that GATA-1

deficient MKs outlive wild-type MKs. Of note, the GATA-1 deficient

MKs cultured with TPO alone in the study by Vyas et al. [1999] lived

up to 4 weeks, while our GATA-1 deficient MK population cultured

with TPO alone did not survive as long, again likely owing to our use

of osteogenic culture media. However, in the presence of OBs and

TPO we saw a marked increase in longevity of 103% which was

similar to the 100–133% increase in longevity reported by Vyas et al.

[1999] with TPO alone. Thus GATA-1 deficient MKs live

significantly longer than their wild-type counterparts when both

are cultured with OBs in the presence of TPO. Interestingly, we show

here that culturing MKs with TPO and OBs has a synergistic effect on

both GATA-1 deficient and wild-type MK lifespan. For when MKs of
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either type are cultured with TPO alone, there are no viable MK cells

by approximately day 9, and with OBs alone there are no viable MK

cells by day 15. However, when C56BL/6 MKs are cultured with TPO

and OB they live up to 34 days, and GATA-1 deficient MKs survive

up to 69 days, highlighting the significant synergistic effect of TPO

and OBs together on MK survivability.

It is now imminently clear that the hematopoietic and bone

lineages are connected not just by proximity, but by functionality,

and that MK induced effects on OBs and OCs are multiple and

complex. While the exact mechanisms of inhibition in osteoclas-

togenesis and induction in osteoblastogenesis still need to be further

elucidated, here we make important strides toward that goal. First we

show that to an extent, increasing MK number further increases OBs

proliferation and inhibits OC formation. This confirms prior in vivo

observation of mouse models that increased MK number corre-

sponds to a high bone mass phenotype. However, here we probed

further, wondering if in addition to increased number, there was

something inherently different about mutant GATA-1 deficient MKs

that favored net bone deposition more than wild-type MKs. We

looked at stage of maturation and showed that immature and mature

MKs have similar effects on osteoblastogenesis and osteoclastogen-

esis. Finally, we tried to better simulate the in vivo bone marrow

environment by co-culturing MKs with OBs in the presence of TPO

and demonstrated that GATA-1 deficient MKs significantly outlive

C57BL/6 MKs by up 35 days. Thus in addition to increased MK

number, we propose that increased viability contributes to the

increased influence of GATA-1 deficient MKs on skeletal home-

ostasis. If viable MKs are around for a longer duration in the bone

marrow cavity, there is more opportunity to stimulate OB

proliferation and likewise inhibit OC development. Thus the

increased viability of GATA-1 deficient MKs may partially explain

the high bone mass phenotype seen in GATA-1 deficient mice.

These findings may represent targets for therapeutic intervention,

with the possibility of significant clinical impact on debilitating

bone diseases such as osteoporosis if we could harness the anabolic

effect of MKs. As we more fully detail the complexities behind the

hematopoietic-bone cell interplay, pharmacologic and even genetic

therapies for important public health problems may be discovered.
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