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While human platelets release endogenous brain-derived neurotrophic factor (BDNF) upon activation, a
previous report on MEG-01, a megakaryocytic cell line, found no trace of BDNF production, and the path-
ophysiological function of platelet BDNF has remained elusive. In the present study, we demonstrate that
MEG-01 produces BDNF in the presence of TPO and that this serves to potentiate cell proliferation. Our
in vitro findings suggest that BDNF regulates MEG-01 proliferation in an autocrine manner, and we sug-
gest that BDNF may be a physiological autocrine regulator of megakaryocyte progenitors.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Megakaryopoiesis involves proliferation, differentiation and
maturation processes, which culminates in platelet production.
Along the course, hematopoietic stem cells (HSC) shift from
megakaryocyte (MK) progenitors, proMK (also known as MK pre-
cursors), to MK and platelets [1]. MK progenitors (BFU-MEG,
CFU-MEG, megakaryoblast) undergo proliferation, termed clonal
expansion. MK progenitors subsequently differentiate into proMK,
which then enter the MK maturation phase. During the maturation
phase, proMK undergo a polyploidization by multiple rounds of
endoreplication. Fully mature MKs with high ploidy (more than
16N) and enlarged cytoplasm are capable of producing proplatelets
and platelets [2].

In the MK development process, a number of cytokines are in-
volved (e.g., thrombopoietin (TPO), stem cell factor (SCF), IL-3, IL-
6, IL-11 and leukocyte inhibitory factor (LIF)). These factors are
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classified into two categories: megakaryocyte-colony stimulating
factor (MEG-CSF) and megakaryocyte-potentiator (MEG-POT). IL-
3 and SCF are classified as MEG-CSF and induce clonal expansion
of MK progenitors, suppressing cell maturation such as polyploidi-
zation [3-5]. On the other hand, IL-6, IL-11 and LIF are categorized
as MEG-POT, and give rise to both cell differentiation and polyplo-
idization of MK progenitors [3]. TPO is the most potent stimulus to
commit HSC to the MK lineage, and it is a bifunctional factor in
terms of promoting clonal expansion and also maturation of MK
lineages in conjunction with several cytokines [6,7]. However, at-
tempts to produce large numbers of platelets from ES-, or iPS-de-
rived MK with TPO and other cytokines have met with limited
success, and it therefore seems most likely that other important
factors are at work physiologically [8-12].

Brain-derived neurotrophic factor (BDNF), a member of the
nerve growth factor family, is a basic, homodimeric cytokine
(28 kDa; pl, 10.3) [13,14], and promotes fetal development of the
central nervous system, neuron plasticity and preservation of
memory [15,16]. The expression or secretion level of BDNF in the
central nervous system is altered in neurodegenerative and psychi-
atric diseases [17-19]. In peripheral organs, BDNF is expressed in
various tissues (e.g., thymus, liver, spleen, heart and lung), albeit
to a limited degree [20-23]. In peripheral blood, it is known that
platelets store large amounts of BDNF and release it upon stimula-
tion by several agonists [24-26]. However, it has been considered
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that MKs lack the ability to produce BDNF, based on a previous re-
port that MEG-01, a megakaryocytic cell line, often used as a MK
in vitro model, neither expressed nor produced BDNF [25]. Thus,
to date, the origin of platelet BDNF has remained elusive, and the
pathophysiological roles of BDNF with regard to MK or platelet
function have not been investigated.

In a previous study, we found that BDNF is released from plate-
lets along with PAR-1 in preference to PAR-4 agonists. We also
found that BDNF is present in the cytoplasm of platelets, as well
as in o granules, suggesting that BDNF is either produced in plate-
lets or passed down from megakaryocytes [26]. These findings are
at odds with a previous report [25] that BDNF is not produced by
megakaryocytes. We therefore sought to thoroughly investigate
whether MKs can produce BDNF.

2. Material and methods
2.1. Cell culture

MEG-01 (subdivided from Health Science Research Resources
Bank, Osaka, Japan) were cultured in RPMI 1640 (Sigma Aldrich,
Tokyo, Japan) containing 10% FBS (Invitrogen, Life Technologies
Corp., CA, USA) and penicillin/streptomycin solution (Sigma Al-
drich) at 37 °C under a 5% CO, atmosphere.

2.2. Cell proliferation assay

Cells were stimulated with 50 ng/ml human TPO (R&D systems,
MN, USA), 50 ng/ml human BDNF (Invitrogen) or 2.5 pig/ml BDNF
neutralizing polyclonal antibody (G164B; Promega Corporation,
WI, USA). At days 2, 4 and 6 after stimulation with several cyto-
kines or antibody, the cells were counted using Improved Neu-
bauer’s Counting Chamber.

2.3. Western blotting analysis

Cells were lyzed with lysis buffer (20 mM Na,HPO4, 2 mM
NaH,P04-2H,0, 150 mM Nacl, 1.0% Triton X-100; pH 7.5) contain-
ing protease inhibitor mix (GE Healthcare Japan Corporation, To-
kyo, Japan). Lysates were subjected to SDS-PAGE and
electrotransferred to PVDF membranes (Hybond-P, GE healthcare).
Primary antibodies were anti-BDNF rabbit polyclonal antibody (sc-
546; Santa Cruz) and anti-B actin monoclonal antibody (Sigma Al-
drich). Secondary antibodies were anti-rabbit goat HRP conjugate
and anti-mouse goat HRP conjugate (GE healthcare Japan Corpora-
tion). Signals were detected by exposure to Hyperfilm ECL with ECL
prime (GE healthcare Japan Corporation).

2.4. Polyploidization assay

Cells stimulated with TPO and/or BDNF or treated with corre-
sponding antibodies were fixed with ice-cold 70% ethanol for more
than 4 h, and DNA was subsequently stained by PI/RNase staining
buffer (BD Biosciences, NJ, USA) according to the manufacturer’s
instruction. After being washed with PBS, the DNA contents were
measured by Cytomics FC500 (Beckman Courter, Fullerton, CA,
USA).

2.5. Statistical analysis

Values are shown as means + S.E.M. Statistical analysis was per-
formed using the Mann-Whitney U-test. Levels of significance
were set at p <0.05.

3. Results

3.1. BDNF produced by MEG-01 stimulated by TPO promotes MEG-01
proliferation, suggesting that BDNF serves as an autocrine factor for
proliferation

While checking the experimental methods of the previous re-
port, which negated BDNF production by MEG-01, we found that
BDNF production had been assessed only under autonomous pro-
liferating conditions, in the absence of cytokines [25]. On the other
hand, in vivo, megakaryocytes in bone marrows should be stimu-
lated by TPO and other cytokines [27]. We thus examined BDNF
levels in MEG-01 with or without TPO stimulation. There was no
BDNF signal in MEG-01 without TPO, whereas BDNF production
was clearly detected in MEG-01 stimulated with TPO (Fig. 1A,
upper panel). The intensity of BDNF in MEG-01 stimulated with
TPO increased in a time-dependent manner for 6 days (Fig. 1A,
lower panel). These findings suggest that TPO stimulation induces
BDNF production in MEG-01.

We next investigated the physiological role of BDNF production
in MEG-01. We assayed the effects alone or in combination with TPO
and BDNF, on MEG-01 proliferation (Fig. 1B). TPO added to the cell
culture increased the cell number, as expected. BDNF alone acceler-
ated MEG-01 proliferation, and there was an additional effect when
given in combination with TPO. The addition of TPO and BDNF in-
creased the cell number by 177% over the number without TPO
and BDNF, suggesting that they have potent stimulating effects on
MEG-01 proliferation. To further examine the effect of BDNF on
MEG-01 proliferation, we added a BDNF neutralizing antibody to
MEG-01 cultured with or without TPO (Fig. 1C). As expected, cell
proliferation was unaffected by the BDNF neutralizing antibody in
MEG-01 cultured without TPO, since there was no BDNF production.
However, in MEG-01 cultured with TPO, a BDNF neutralizing anti-
body significantly decreased the cell number (p < 0.05), suggesting
that BDNF produced by TPO-stimulated MEG-01 enhanced its own
proliferation, i.e., in an autocrine manner.

3.2. BDNF does not promote polyploidization of MEG-01

We next sought to determine whether BDNF has detectable
MEG-POT activity, which can induce MK maturation such as poly-
ploidization. In our polyploidization assay, TPO was considered as a
positive control stimulus for inducing polyploidization in MEG-01.
Polyploidy of cells cultured with several cytokines for 6 days was
analyzed by FCM with PI staining. Mean ploidy at day 6 of MEG-
01 with or without TPO and/or BDNF, TPO(—)/BDNF(-), TPO(+)/
BDNF(—), TPO(—)/BDNF(+) and TPO(+)/BDNF(+), were 3.10 + 0.24,
3.47 +0.42, 3.27 £ 0.44 and 3.28 + 0.29, respectively (Fig. 2, upper
panel). The mean ploidy of MEG-01 cultured with the cytokine
combination including BDNF suggests that BDNF has a tendency
to repress polyploidy, however this effect was not statistically sig-
nificant (Fig. 2, lower panel). We also examined the mean ploidy of
MEG-01 cultured with TPO and a BDNF neutralizing antibody,
TPO(+)/n-Ab(+). Compared with MEG-01 with only TPO, TPO(+)/
n-Ab(-), the marked difference of mean ploidy was not observed
between these groups of MEG-01 (data not shown). These observa-
tions suggest that BDNF does not positively influence MEG-01 mat-
uration events such as polyploidy.

4. Discussion

In the present study, we demonstrate that (1) MEG-01 produces
BDNF upon TPO stimulation (2) BDNF has a proliferative effect on
MEG-01 in an autocrine manner, and (3) BDNF does not positively
affect polyploidization of MEG-01. To the best of our knowledge,
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Fig. 1. TPO stimulation induces BDNF production in MEG-01, resulting in acceler-
ation of cell proliferation. A. MEG-01 with TPO stimulation produces BDNF. MEG-01
was cultured with 50 ng/pl of TPO for 6 days and harvested on days 2, 4 and 6.
Subsequently, cells were subjected to western blotting analysis. The arrow indicates
signals for BDNF. Five hundred picograms of recombinant human BDNF (rhBDNF)
was loaded as a positive control, and B-actin was used as a loading control. B. BDNF
promotes MEG-01 proliferation. Cell proliferation assay was performed on MEG-01
in culture conditions alone or in combination with 50 ng/ul of TPO and 50 ng/pl of
BDNF. Four groups of MEG-01, TPO(—)/BDNF(-), TPO(+)/BDNF(—), TPO(—)/BDNF(+)
and TPO(+)/BDNF(+) were cultured for 6 days and cells were counted on days 2, 4
and 6. On day 6 the numbers of cells in MEG-01 with BDNF, TPO(—)/BDNF(+) and
TPO(+)/BDNF(+) groups were significantly increased (p<0.01 and p<0.001,
respectively). The combination of TPO and BDNF showed a significant increase in
MEG-01 cell numbers as compared with TPO alone (p < 0.01). C. BDNF neutralizing
antibody inhibits the proliferation of MEG-01 stimulated with TPO. MEG-01 with or
without 50 ng/pl of TPO were cultured with 2.5 pg/ml of BDNF neutralizing
antibody (n-Ab) for 6 days. On day 6, a significant difference was observed between
TPO-stimulated MEG-01 with and without neutralizing antibody, TPO(+)/n-Ab(+)
and TPO(+)/n-Ab(-), (p < 0.05). Each graph shows the average values from three
independent experiments. Error bar indicates S.E.M. One, two, and three asterisks
indicate p < 0.05, p <0.01 and p < 0.001, respectively.

these findings are the first report of the production of BDNF in a
MK lineage cell line, and lead us to the hypothesis that BDNF
potentiates the cell proliferation of MK lineages in vivo.

TPO is an important factor for maintaining megakaryopoiesis
and induces up-regulation of megakaryopoietic cytokines in MK

lineages [28-30]. In our experiments, we found that BDNF was pro-
duced by MEG-01 in the presence of TPO and the levels of BDNF in
MEG-01 increased in culture time-dependently (Fig. 1A). Since
HSCs and MK progenitors in the bone marrow are exposed to con-
stitutive TPO supplied from the liver and kidney [27], our observa-
tions suggest that MK lineages might consistently produce BDNF in
vivo.

In order to examine the pathophysiological functions of BDNF to
MK lineages, we next investigated whether BDNF affected the cell
proliferation and polyploidization of MEG-01. Our proliferation as-
say showed that BDNF obviously accelerated MEG-01 proliferation
(Fig. 1B). Interestingly, BDNF alone gives rise to significant prolifer-
ation, and the combination dosage of TPO and BDNF shows a syn-
ergistic activity. Moreover, we found that the blocking of
endogenous BDNF by a neutralizing antibody significantly reduced
proliferation of TPO-stimulated MEG-01 (Fig. 1C), suggesting that
BDNF acts in an autocrine manner to accelerate MEG-01 prolifera-
tion in the presence of TPO. It is of interest that the final cell num-
ber of MEG-01 cultured with TPO and a neutralizing BDNF
antibody was less than that of MEG-01 cultured without TPO.
While it is conceivable that TPO rendered MEG-01 partially
BDNF-dependent for proliferation, there is no direct evidence to
support or disprove this hypothesis, and therefore it remains to
be elucidated. However, investigation of the TPO cascade, giving
rise to BDNF production offers a clue in connection with our
hypothesis. In addition, given the observation of BDNF autocrine
stimulation of MEG-01, it is likely that there is a receptor for BDNF
on the MEG-01 cell surface. However, in the present study, TrkB, a
BDNF receptor that regulates cell proliferation and survival on neu-
ronal cells [31], was not detected by WB analysis in MEG-01 with
or without TPO stimulation (data not shown). Consistent with our
data, previous reports have described that TrkB is not detected in
human platelet [25,32]. From these previous reports and our obser-
vations, we consider that there is an unidentified novel receptor on
MK or the platelet surface involve in the clonal expansion of MK
progenitors.

In contrast with the proliferation activity, BDNF did not posi-
tively affect polyploidization of MEG-01 (Fig. 2). This observation
characterizes the BDNF activity in megakaryopoiesis as being re-
stricted to clonal expansion of MK progenitors, not in maturation.
It has been reported that several cytokines (e.g., VEGF, angiopoietin
and PDGF), which are induced by TPO in MK lineages, affect poly-
ploidization and granulation, as MK maturation regulators [33-35].
On the other hand, factors that accelerate cell proliferation while
repressing polyploidization of MK lineages have rarely been re-
ported. Thus, we propose that BDNF is a unique and essential factor
for MK progenitors to undergo clonal expansion.

The limitations of this study include only one experimental
model of the megakaryocytic cell and application of a malignant
MK lineage to examine BDNF activity in MK progenitors. Accord-
ingly, experiments involving apply normal, non-malignant, MK lin-
eages or HSCs from bone marrow are needed to assess the
physiological functions of BDNF on megakaryopoiesis. In addition,
to understand how BDNF regulates clonal expansion of MK progen-
itors, it is necessary to explore the mechanism of TPO-induced
BDNF production, to identify the BDNF receptor on the MK surface,
and to characterize the BDNF signaling pathway promoting MK
progenitor proliferation.

Herein, we propose that BDNF is a potential factor regulating
megakaryopoiesis. From our findings based on a megakaryocytic
cell line model, we propose that BDNF is produced in MK lineages
in the presence of TPO. The pathophysiological function of BDNF
seems to be to act in an autocrine manner for the clonal expansion
of MK progenitors while repressing maturation, like a MEG-CSF.
Although there are some experimental limitations as mentioned
above, the accumulation of knowledge between megakaryopoiesis
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Fig. 2. BDNF does not positively affect polyploidization of MEG-01. MEG-01 was cultured with or without 50 ng/ul of TPO and/or 50 ng/ul of BDNF for 6 days. To evaluate
mean ploidy, DNA content at day 6 of culture was measured by FCM analysis with PI staining. The representative histograms of DNA content for each cytokine combination
group of MEG-01, TPO(—)/BDNF(-), TPO(+)/BDNF(—) and TPO(—)/BDNF(+) and TPO(+)/BDNF(+) are shown in the upper panel. Mean ploidy was calculated from percentages
within four gates over the range of 2N to 16N as indicated in each histogram. Mean fluorescence intensities (MFI) of DNA content are also shown in each histogram. In
addition, percentages of each nuclear lobe are shown in the lower panel. The inserted graph indicates the percentage of polyploided MEG-01 (>4N). For several end-point
parameters; mean ploidy, MFI and percentages of polyploided cell, BDNF does not show a positive effect for MEG-01 polyploidization. Each values show the average plus or

minus S.E.M from four independent experiments.

and BDNF would greatly contribute to the elucidation of the path-
ogenesis of thrombocytopenia or thrombocythemia. We consider
that BDNF has great potential to be a novel therapeutic target for
thrombocyte-associated disorders.
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