BDNF and Megakaryocytes

FIGURE 2. Transcriptional analysis of BDNFin mouse, rat, and human megakaryocytes. Conventional (A) and real time quantitative (B) PCR using exon-
specific primers with RNA extracted from mature cultured Mks, adult hippocampus (Hippo), and lung are shown. Note that in the mouse, the neuron-specific
transcripts, including exon I and IV, are not detected and that by contrast the transcript pattern resembles the non-neuronal pattern observed in lung tissue.
The converse is the case with RNA extracted from rat and human Mks with transcript patterns, including exon | and IV, that are characteristic of a neuronal
pattern as illustrated with the hippocampus. Unless indicated as non-significant (n.s.), all values are mean values = S.E. in triplicates and based on three

independent experiments, at p < 0.001 (paired t test).

ventional (Fig. 54) and real time quantitative PCR (Fig. 5B)
experiments indicated that both enzymes are present in rat
Mks, at levels comparable with those found in the rat hip-
pocampus (Fig. 5). In line with this, the processing of pro-BDNF
was largely prevented by the addition of the convertase inhibi-
tor decanoyl-Arg-Val-Lys-Arg-chloromethyl ketone (data not
shown).

Discussion

The results obtained with primary cultures of Mks suggest
that these cells represent the main source of BDNF in platelets
as well as in serum. First, Mks contain readily detectable levels
of BDNF protein. Second, BDNF is stored in a-granules in Mks,
long known to also represent the storage compartment of var-
ious growth factors and cytokines in platelets (25). Third,
BDNEF can be visualized in proplatelets (Fig. 1D) suggesting that
platelets contain BDNF by the time they begin to separate from
Mks. Fourth, the BDNF gene is expressed at relatively high lev-
els in rat and human Mks, although by contrast, the levels are
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much lower in mice. Notably, the mouse transcripts do not
include exon I, which allows efficient translation of BDNF
mRNA (20). This negative result with mouse Mks is significant
as it correlates with the lack of detectable levels of BDNF in
mouse serum, unlike the case with rat and human sera (18).
Taken together, it would seem that circulating platelets, once
filled up with BDNF packaged in a-granules inherited from
Mks, represent the only significant source of BDNF in serum.
Other sources such as endothelial or immune cells that do
express the BDNF gene at low levels (26, 27) do not seem to
make significant contributions to circulating levels of BDNF as
the levels are undetectable in mouse serum (18). Also, the very
low levels of BDNF found in human and rat plasma may in fact
be accounted for by microparticles or exosomes released from
platelets (28). It is intriguing to note that human platelets and
sera contain BDNF levels that are about 10 times higher than in
the rat. The reasons for this difference are unclear at this point,
as is the function of BDNF in platelets. The lack of BDNF in
mouse platelets suggests that whatever the biological role of
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FIGURE 3. Up-regulation of Bdnf mRNA by thapsigargin. Effect of extracel-
lular calcium. Dose response (A) and time course (B) of Bdnf mRNA expression
by rat Mks after thapsigargin treatment. Purified mature rat Mks were cul-
tured in the presence or absence of thapsigargin or vehicle (DMSO) used at
the indicated concentrations (A) and for different lengths of times (B). Total
mMRNA was extracted and reverse-transcribed, and the resulting cDNA was
amplified by real time quantitative PCR using specific primers for the coding
sequence of Bdnf. C, extracellular calcium dependence of thapsigargin-in-
duced Bdnf mRNA increase. Rat Mks were preincubated with 2.5 mm EGTA for
1.5 h at 37 °C followed by 10 nm thapsigargin for 4 h. mRNA expression was
analyzed by real time quantitative PCR using specific primers for the coding
sequence of Bdnf (CDS) or exon-specific primers. All values are mean values =
S.E.in triplicates and based on three independent experiments. Unless indi-
cated, all the statistical values are compared with the control. ¥, p < 0.05; ***,
p < 0.001 (paired t test).

platelet-derived BDNF may be, it could be redundant in the
mouse with the function of other platelet-derived growth fac-
tors. A signaling system based on the circulation of small and
ubiquitous cellular fragments, including exosomes loaded up
with a powerful neurotrophic factor, has the potential to be
functionally relevant in the context of human brain function. As
blood flow is tightly regulated by neuronal activity (29), it is
conceivable that in humans exosomes loaded with BDNF (30)
may be delivered to the brain in activity-dependent fashion,
possibly explaining the beneficial effects of physical exercise.
Although this is a matter of speculation at this point, the possi-
bility of a functional role for BDNF in platelets can now be
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tested by engineering the mouse genome so as to replicate the
situation in humans. Alternatively, it is also conceivable that the
functional significance of BDNF in human platelets may remain
as mysterious as that of NGF and EGF in the adult male mouse
submandibular gland (31).

It may seem surprising that the cellular source of BDNF in rat
and human serum has not been previously uncovered, espe-
cially in view of the very extensive use of BDNF as a biomarker
in human blood (32). An analysis of the corresponding litera-
ture reveals that negative results were obtained early on in
experiments specifically addressing the question of BDNF
expression in human Mks (16). These experiments were per-
formed with the megakaryocyte lines DAMI and Meg-01 and
led to the conclusion that the BDNF gene is not expressed in the
cells (16). Although we confirmed these results, it appears plau-
sible that these tumor lines fail to faithfully replicate late aspects
of Mk maturation, as is not rarely the case with readily expand-
able tumor cells. Following this negative result, the presence of
BDNF in platelets has been speculated to results from a hypo-
thetical uptake from sources such as the brain. However, this
notion has not been substantiated by plausible mechanisms,
unlike in the case of serotonin, a neurotransmitter long known
to accumulate in the dense granules of platelets following its
uptake by specific transporters located in the membrane of
platelets.

The identification of Mks as the source of BDNF in platelets
invites a revision of the widely held view that in humans the
serum levels of BDNF reflect its levels in the brain. In addition
to our findings, it has long been established that radiolabeled
BDNF does not reach the brain when injected into the periph-
eral circulation (33). It appears then that the variations in the
levels of BDNF reported in various conditions, including the in-
crease after physical exercise (14) or decrease during the
course of depressive episodes (13), are in need of alternative
plausible explanations, and it is conceivable that these vari-
ations may reflect different degrees of platelet activation
(34). In addition, there is emerging evidence that the hema-
topoietic niche where Mks develop (35) is innervated by the
peripheral nervous system and that hematopoietic cells may
respond to nerve-derived signals (36). However, whether or
not these stimuli change the expression levels of BDNF in
Mks remains unclear at this point.

With regard to the biosynthesis of endogenous BDNF, our
results suggest that Mks could represent an alternative cellular
model to neurons, which have been so difficult to study in the
face of the very low levels of expression of BDNF levels in these
cells. By comparison with BDNF levels in the brain (11), the
levels of BDNF in human platelets are significantly higher,
100-1,000-fold on a per mg of protein basis when brain
extracts and purified platelets are compared (12). In particular,
Mks offer a new opportunity to examine the biosynthesis of
endogenous BDNF and the possible role of pro-BDNF. Tran-
scription activation by thapsigargin leads to clearly detectable
levels of pro-BDNF without the need for prior enrichment by
immunoprecipitation. In view of the current interest related to
the Val — Met substitution in pro-BDNF (3), human Mks of the
corresponding genotype may represent an interesting cellular
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FIGURE 4. Effect of thapsigargin on pro-BDNF, mature BDNF, and pro-peptide in rat Mks. Dose response (A) and time course (B) of pro-BDNF and mature
BDNF proteins by rat Mks after thapsigargin treatment are shown. Mature Mks were cultured for 16 h at the indicated doses of thapsigargin (A) or 10 nm
thapsigargin for the indicated times (B). Forty micrograms of protein per lane were loaded, and the blotting membrane was incubated with the mouse
monoclonal antibody 3C11 developed by Icosagen. Arrows indicate intermediate proteolytic products of pro-BDNF (C). Time course of pro-BDNF and pro-
peptide proteins generated by rat Mks incubated with 10 nm thapsigargin for the indicated time periods. Eighty micrograms protein per lane were loaded, and
the blotting membrane was incubated with the mouse monoclonal antibody H1001G developed by GeneCopeia, Inc. The blots shown are representative of
three independent experiments with similar results. Graphs show mean = S.E. of the densitometric values quantified from the blots of the three separate
experiments. *** p < 0.001 (paired t test compared the corresponding controls). Recombinant BDNF (150-300 pg), cleavage-resistant recombinant pro-BDNF
(0.5-1 ng), and recombinant pro-peptide (1-10 ng) were used as molecular mass markers and antibodies to B-actin as loading controls.
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FIGURE 5. Differential expression of proprotein convertases in primary
MKs. Conventional (A) and real time quantitative (B) PCRs using specific prim-
ers and RNA extracted from mature cultured rat Mks and adult hippocampus
are shown. Note that although transcripts, including Pcsk1, Pcsk2, Pcsk4, and
Pcsk5, are expressed in hippocampal tissue, they are not detected in Mks (A).
Comparative expression levels between the two tissues for the expressed
proprotein convertases are shown in B. All values are mean values = S.E. in
triplicates and are based on three independent experiments.

model to understand the biochemical consequences of this
amino acid replacement.

In conclusion, our results contribute to clarify the cellular
origin of BDNF in human blood; and they describe a tractable
cellular system to study the biosynthesis of endogenous BDNF.
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