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Mechanisms of organelle transport and capture along proplatelets
during platelet production
Jennifer L. Richardson, Ramesh A. Shivdasani, Chad Boers, John H. Hartwig, and Joseph E. Italiano Jr

Megakaryocytes generate platelets by remodeling their cytoplasm into long proplatelet extensions, which serve as assembly lines for platelet production.
Platelet packaging and release concludes
at the tips of each proplatelet. Essential in
this process is the distribution of organelles and platelet-specific granules
into the nascent platelets. To investigate
the mechanism of delivery of organelles
into putative platelets, the distribution
and dynamics of organelles/granules was
monitored. Individual organelles are sent
from the cell body to the proplatelets

where they move bidirectionally until they
are captured at proplatelet ends. Movement occurs at approximately 0.2 m/
min, but pauses and changes in direction
are frequent. At any given time, approximately 30% of organelles/granules are in
motion. Actin poisons do not diminish
organelle motion, and vesicular structures are intimately associated with the
microtubules. Therefore, movement appears to involve microtubule-based
forces. Bidirectional organelle movement
is conveyed by the bipolar organization
of microtubules within the proplatelet, as

kinesin-coated beads move bidirectionally on the microtubule arrays of permeabilized proplatelets. Movement of organelles along proplatelets involves 2
mechanisms: organelles travel along microtubules, and the linked microtubules
move relative to each other. These studies demonstrate that the components that
form platelets are delivered to and assembled de novo along proplatelets.
(Blood. 2005;106:4066-4075)

© 2005 by The American Society of Hematology

Introduction
Platelets release from megakaryocytes as small subcellular discs
with high fidelity into blood where they function to preserve the
integrity of the vascular system. In response to injury, in which the
continuity of the blood vessel is compromised, platelets bind,
change shape, release their granule contents, and aggregate to seal
off the damaged section of the vessel. Despite the importance of
blood platelets and the knowledge for 100 years that they are
derived from megakaryocytes,1 there is still no consensus for how
platelets are assembled by megakaryocytes.2
A megakaryocyte’s brief lifetime follows a maturation process
involving the destruction and removal of the residual cell body and
the nuclear material and culminates in the release of 100 to 1000
platelets. Megakaryocytes must not only produce and replicate the
assembly of the specialized cytoskeleton of each platelet but also
load every platelet with the appropriate allotment of organelles and
granules essential for their hemostatic function. Identifying the
mechanisms of organelle delivery during platelet production is
central to our understanding of platelet biogenesis. Two major
models of platelet biogenesis have been proposed. According to the
cytoplasmic fragmentation model, an extensive system of internal
membranes within the megakaryocyte cytoplasm demarcates fields
or territories of prepackaged platelets, and fragmentation of the
cytoplasm along these fracture lines releases platelets.3,4 In contrast, the proplatelet model predicts that platelets are released from
megakaryocytes in a process that remodels the entire megakaryo-

cyte cytoplasm into long, beaded extensions termed proplatelets.5-8
The models differ dramatically in the proposed mechanisms by
which organelles and granules are loaded into platelets. Therefore,
establishing the mechanisms by which organelles are transported
into putative platelets places constraints on global mechanisms of
platelet production. The cytoplasmic fragmentation model predicts
packaging of organelles within the body of the megakaryocyte.9 In
contrast, the proplatelet model stipulates that platelets assemble
and package their organelles de novo within proplatelets and
requires that the intracellular components of platelets be sent from
their sites of synthesis in the megakaryocyte cell body to the
proplatelets. One major distinction between these 2 models is that,
although long-range organelle transport is not essential for cytoplasmic fragmentation, it is crucial for platelet production via
proplatelets.
With the aid of various culture systems using megakaryocytes
isolated from humans,10,11 guinea pigs,12,13 and mice,14-17 many
investigators have documented in vitro proplatelet formation and
provided insights into their formation. Proplatelet intermediate
structures are essential for murine platelet formation in vitro.18,19
These distinctive cellular extensions are built by scaffolds of motile
microtubules. Platelet formation begins as microtubules assemble
and move to the cortex of megakaryocytes. These microtubules
then coalesce into bundles that fill the shafts of proplatelets and
provide the force for proplatelet elongation.20 Similar to axons and
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dendrites of neurons, the microtubule bundles form parallel arrays
that run from the cell body to the ends of the proplatelets. However,
the microtubule bundles within proplatelets do not terminate at the
tips as they do in the neuronal extensions, but instead make U-turns
inside the platelet ends and reenter the shafts of the proplatelets.21
The finding that microtubule coils, similar to those observed in
blood platelets, are detected predominantly at the bulbous ends of
proplatelets and not within the platelet-sized swellings along the
length has lead us to hypothesize that the formation of platelets
completes at the ends of proplatelets. To increase platelet production, proplatelet ends are amplified by an actin-based mechanism
that bifurcates the shafts of proplatelets. 21
The cytoskeletal mechanisms that power and regulate organelle
distribution during platelet production are still unknown. The high
degree of spatial and temporal organization of molecules and
organelles within cells is made possible by protein machines that
transport components to various destinations within the cytoplasm.22 The most widely used mechanism for intracellular transport involves molecular motor proteins that carry cargo directionally along a cytoskeletal track. In general, myosin motors,
particularly class V myosins, transport cargo along actin filaments,
whereas kinesin and cytoplasmic dynein motors move cargo along
microtubules.23 Proplatelet-producing megakaryocytes contain high
concentrations of both actin filaments and microtubules. Is directed
organelle motion during platelet production driven over actin
filaments, microtubules, or do both polymer systems contribute?
The need to transport organelles over extremely long distances
along proplatelets presents an unusual challenge to developing
megakaryocytes. A complete understanding of the regulation of
organelle transport during platelet production requires determination of the organization of microtubules along the proplatelets and
identification of the motors associated with organelle transport.
These issues motivated the present studies in which we sought
to determine the mechanisms by which organelles are transported
and targeted to putative platelets. If platelet production occurs
predominantly along proplatelets, the intracellular components of
platelets must be sent from their sites of synthesis in the megakaryocyte cell body to the proplatelets. The microtubule bundles running
from the cell body to the nascent platelets are well-positioned to
provide lines of transport for this long-range assembly process. To
define the details of organelle transport to assembling platelets,
organelle movement along proplatelets in living megakaryocytes
was examined using time-lapse microscopy of cells labeled with
organelle-specific fluorescent dyes. A detailed characterization of
organelle dynamics in proplatelets reveals that organelles and
granules translocate individually and bidirectionally along the
proplatelet shaft and are captured once they enter the nascent
platelet at the proplatelet tip. To investigate the cytoskeletal
mechanics of this organelle motility, the motion of organelles in
megakaryocytes that had been pharmacologically manipulated by
cytoskeletal poisons was analyzed. Our results suggest that the
organelle movements along proplatelets are microtubule based
and involve the following 2 mechanisms: (1) organelles move
over microtubules and (2) organelles ride “piggyback” along the
surface of sliding microtubules. The force for the former is the
microtubule motor protein kinesin that localizes on organelles
along the proplatelets. The force for the latter is provided by
cytoplasmic dynein. These findings clearly demonstrate platelets are not preassembled in the body of the megakaryocytes,
and “platelet bodies” are not transported down the shafts of
proplatelets as preformed units.
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Materials and methods
Megakaryocyte cultures
Megakaryocytes were cultured and isolated using methods described
previously.24 Mouse megakaryocyte and platelet studies complied with
institutional guidelines approved by the Children’s Hospital animal care
and use committee.
Thin-section electron microscopy
Megakaryocytes were centrifuged onto 22-mm coverslips coated with
poly-L-lysine, fixed with 1.5% glutaraldehyde in 0.1 M cacodylate buffer,
pH 7.4 for 8 hours, dehydrated through a series of alcohols, infiltrated with
propylene oxide, and embedded in Epoxy resin. Embedded cells were
separated from the coverslip by immersion in liquid nitrogen. Ultrathin
sections were stained and examined with a JEOL electron microscope
(JEOL, Tokyo, Japan).
Visualization of the dynamics and distribution of fluorescently
labeled organelles in living megakaryocytes
To visualize mitochondria, megakaryocytes were incubated with 100 nm
MitoTracker Green FM in the dark for 1 hour and then washed with
phosphate-buffered saline (PBS). To visualize ␣-granules, megakaryocytes
were incubated overnight with 150 g/mL Oregon Green 488 human
fibrinogen conjugate (Molecular Probes, Eugene, OR) and 100 U/mL
Hirudin (Sigma, St Louis, MO). Megakaryocytes were then washed by
albumin gradient sedimentation, and the resuspended pellet was placed in a
video chamber. To visualize dense granules, megakaryocytes were incubated with 50 m mepacrine (Sigma) for 60 minutes at 37°C in the dark.
Video dishes were filled with 65% Leibowitz L-15 medium (Gibco BRL,
Grand Island, NY) and 35% Dulbecco modified Eagle medium (DMEM)
complete with no phenol red. A 1:100 dilution of Oxyfluor (Oxyrase,
Mansfield, OH) was added to quench free radicals. Megakaryocytes were
analyzed on a Nikon (Garden City, NJ) microscope equipped with a 100 ⫻
objective (NA 1.4). Images were acquired with an Orca IIER CCD camera
(Hamamatsu, Hamamatsu City, Japan). Electronic shutters and image
acquisition were under the control of Metamorph software (Molecular
Devices, Downington, PA). Images were acquired every 1 to 5 minutes with
a capture time of 200 to 500 milliseconds. The percentage of organelles
moving was calculated by selecting 10 organelles per process from the first
frame (if there were less than 10 organelles in the process, all were
counted), determining the approximate center of each of these organelles,
and examining the rest of the time lapse to establish if they have moved. An
organelle was considered to have moved if the center was displaced at least
1.5 m from the initial position in 1 minute.
Immunofluorescence microscopy
Megakaryocytes were stained using previously described methods.21 Fluorescein isothiocyanate (FITC) obtained from Pierce (Rockford, IL) was
conjugated to rabbit anti–human von Willebrand factor (Diagnostica Stago,
Parsippany, NJ) and was used at a dilution of 1:100. Rat monoclonal
antiserotonin antibody (Abcam, Cambridge, MA) was used at a 1:50
dilution. Anti-dynactin p50 and anti-dynein intermediate chain (DIC) were
a gift from E. Holzbauer (University of Pennsylvania, Philadelphia, PA).
Mouse monoclonal anti–kinesin heavy chain antibody was obtained from
Chemicon (Temecula, CA). Rabbit anti–␤1-tubulin antiserum was a gift
from Nick Cowan (New York University Medical School). Alexaconjugated secondary antibodies were purchased from Jackson Immuno
Research Laboratories (West Grove, PA). Actin filament integrity was
assayed by fluorescence microscopy of fixed specimens stained with 1 M
phalloidin-Alexa 488 (Molecular Probes) for 30 minutes and washed with
blocking buffer.
Permeabilization of megakaryocytes
Megakaryocytes attached to coverslips were briefly treated with 30 m
taxol to stabilize microtubules, washed with PMEG buffer, permeabilized
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with 0.1% Triton X-100 in PMEG (100 mM PIPES, pH 6.8, 1mM EGTA,
2mM MgSO4, 0.1 mM GTP) buffer supplemented with 1 mM dithiothreitol
(DTT) and protease inhibitors, and then resuspended in PMEG buffer. To
study the movement of particles linked to the moving microtubules, 0.4 m
carboxylated latex beads were added to the permeabilized proplatelets, and
1 mM adenosine triphosphate (ATP) was added.
Determination of microtubule polarity with kinesin-coated
latex beads
Permeabilized proplatelets were treated with 0.5 M KCl for 10 minutes (to
block sliding of microtubules) and resuspended in PMEG buffer supplemented with 1 mM ATP and 1 mM DTT. Carboxylated latex beads (0.4 m;
2.5% solution; Sigma) were diluted 300-fold into PMEG buffer supplemented with 1 mM ATP and 1 mM DTT. To attach the kinesin motor protein
to the latex beads, 3 L diluted latex beads were added to 12 L of 0.3
mg/mL recombinant kinesin motor protein (The Cytoskeleton, Denver, CO)
and incubated for 5 minutes on ice.25 The bead sample was applied to the
coverslip chamber. Observations of bead movement were made by differential-interference-contrast microscopy.
Isolation of megakaryocyte organelles and in vitro
translocation
Organelles were isolated from proplatelet-producing megakaryocytes using
discontinuous sucrose gradient centrifugation as described previously.26
Megakaryocytes were lysed by homogenization and centrifuged (500g,
4°C, 5 minutes) to remove debris and partially disrupted cells, prior to
loading onto sucrose gradients. Bands 4 (mitochondria and lysosomes), 7
(␣-granules), and 9 (dense granules) had to be pooled together to obtain a
sufficient amount of organelles for the assay. The organelle translocation
assay was adapted from Gilbert et al.27
Preparation of photomicrographs
The digital images produced in Metamorph were assembled into composite
images by using Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).

Results
Organelles move individually along proplatelets to
assembling platelets

Mature platelets contain a mixture of organelles and granules
essential to their function. Because platelets are assembled primarily at the ends of proplatelets, organelles must be delivered from the
cell body to fill them. Organelles could translocate individually
along proplatelets to nascent platelets or travel as packets prepackaged in the megakaryocyte body and then transported out to the
developing platelets. To discriminate between these transport
mechanisms, megakaryocytes were stained with organelle-specific
probes to visualize the distribution of organelles and granules along
proplatelets. The appearance of aggregates of organelles and
granules along proplatelets would indicate transport as packets,
whereas a relatively uniform distribution of organelles and granules would indicate delivery as single particles. Figure 1 shows the
distribution of ␣-granules in proplatelets labeled with anti–von
Willebrand factor antibody (Figure 1A-B), dense granules labeled
with antiserotonin antibody (Figure 1C-D), and mitochondria
stained with the fluorescent dye MitoTracker (Figure 1E-F). All 3
organelles disperse along the proplatelet shaft as individual particles. Collectively, these observations indicate that organelles
translocate one by one along proplatelets and are not delivered as
preformed groups.

Figure 1. Megakaryocyte organelles and granules distribute individually in
proplatelets to assembling platelets. Localization of organelles in the proplatelets
of mouse megakaryocytes. Proplatelets were stained with anti–von Willebrand
factor56 (A) to label ␣-granules, antiserotonin (C) to label dense granules, and
MitoTracker (E) to label mitochondria. Corresponding antitubulin immunofluorescence (B,D) and differential-interference-contrast (F) micrographs highlight the
proplatelet morphology. Scale bar, 10 m. Granules and mitochondria are dispersed
along the proplatelet shaft.

Organelles translocate bidirectionally along the length
of proplatelets

Having determined the basic nature of the transport mechanism, we
next assessed the dynamics of organelle movement. The transport
of organelles and granules along the proplatelets could occur
unidirectionally or bidirectionally along proplatelets. To discriminate between these possibilities, mitochondria, ␣-granules, and
dense granules in living megakaryocytes were labeled, and their
delivery to nascent platelets was followed by fluorescence timelapse microscopy. Our analysis demonstrated that all 3 organelles
moved individually and in a bidirectional (back and forth) manner
along the proplatelet. Organelles moved slowly (⬃ 0.13-0.26
m/min) and approximately one third of the organelles were
moving at any given time. Forty percent of the organelles moved
one by one, whereas 60% moved in tandem, as though they were
mechanically linked (n ⫽ 110). Figure 2A-B shows the movement
of mitochondria labeled by loading megakaryocytes with the
fluorescent dye MitoTracker Green. In the megakaryocyte body,
the density of mitochondria was too high to discern individual
organelles. However, individual mitochondria are well resolved in
proplatelets and are dispersed periodically throughout the length of
the proplatelets as in the fixed specimen (Figure 2A). Mitochondria
had the expected elongated shape and oriented almost exclusively
with their long axes parallel with the microtubule bundles of the
proplatelets. Mitochondria often appeared to move in tandem
(59%, n ⫽ 32). Figure 2B (Movie S1, available at the Blood
website; click on the Supplemental Movies link at the top of the
online article) shows an example of mitochondrial movements in
proplatelets with time. Movements in both directions are observed.
Mitochondria moving toward the right are highlighted in red and
toward the left are in green. Movement is in a saltatory manner:
mitochondria stop and start, slow down and accelerate, and often
reverse direction. At any given time, approximately 30% of the
mitochondria are in motion. When moving, mitochondria have an
average speed of 0.26 m/min (range, 0.06-0.92 m/min). Proplatelets contain platelet-sized swellings along their length that have led
some to speculate they represent preformed “platelet units.”
However, mitochondria individually entered and exited swellings
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Figure 2. Organelles move bidirectionally in proplatelets. (A-B) Mitochondria move bidirectionally in proplatelets. Mitochondria in megakaryocytes were labeled with
MitoTracker, and organelle movements in proplatelets were recorded with fluorescence time-lapse microscopy (Movie S1). Micrographs (A, fluorescence; inset, DIC) show the
distribution of mitochondria in a field of proplatelets after labeling with MitoTracker. (B) Kymograph of the boxed region in panel A. Fluorescent images of the labeled
mitochondria were taken every 5 minutes. Two mitochondria, highlighted in green, move up in tandem and are observed to separate at 25 minutes. Three mitochondria,
highlighted in red, move down during the recording period. The mitochondria pass each other at the 10-minute time point. (C-D) ␣-granules in proplatelets translocate
bidirectionally (Movie S2). The ␣-granules were labeled by incubating megakaryocytes with Oregon Green 488 fibrinogen conjugate, which is taken up and stored in
␣-granules. The distribution and dynamics of the labeled ␣-granules were followed by time-lapse fluorescence microscopy. (C) Micrograph of a proplatelet field labeled with
Oregon Green 488 fibrinogen conjugate. (Inset) Imaged differential-interference-contrast micrograph. (D) Kymograph showing time-lapse from the boxed region in panel C.
Fluorescent images of the labeled ␣-granules were taken every 5 minutes. Two ␣-granules, highlighted in green, come together and move up until one separates (60 minutes)
and then moves down (60-75 minutes). An ␣-granule highlighted in blue remains stationary during the recording period. (E-F) Dense granules move bidirectionally in
proplatelets (Movie S3). Megakaryocytes were incubated with mepacrine and washed, and the distribution and dynamics of the dense granules were followed by fluorescence
time-lapse microscopy. (E) Fluorescence micrograph of proplatelet field labeled with mepacrine. (Inset) A differential-interference-contrast image of the proplatelet in panel E.
(F) Kymograph of the boxed region in panel E. Images of the fluorescently labeled dense granules are every 5 minutes. A group of dense granules, highlighted in blue, remain
stationary throughout the recording period. A dense granule, highlighted in green, moves to the left (toward the proplatelet tip) and enters the stationary group. A dense granule,
highlighted in red, exits the stationary group and moves to the right toward the base of the proplatelet (55-70 minutes).

and transiently piled up in the platelet-sized beads. Thus, mitochondria do not move in packets, and the continuous entry and exit of
mitochondria from swellings indicate they are dynamic and do not
represent completely formed platelet units. Megakaryocytes were
cultured in the presence of Oregon green 488–labeled fibrinogen to
label ␣-granules (Figure 2C-D; Movie S2).28 The fluorescent
conjugate colocalizes with immunolabeling for von Willebrand
factor in mouse megakaryocytes, demonstrating it to be specific for
␣-granules (data not shown). ␣-Granules, like mitochondria, were
clearly visible as discrete units moving throughout the length of
proplatelets. One example of a time-lapse recording displaying
␣-granule movement in a proplatelet is shown in Figure 2D and
Movie S2. Similar to the mitochondria, ␣-granules move in both
directions in the proplatelet and at times (59%, n ⫽ 34) in small
tandem groups. ␣-Granules moving tipward are highlighted in
green, those moving in the opposing direction in red, and stationary
granules are in blue (Figure 3C). Approximately 28% of ␣-granules
were moving at any given time. ␣-Granules moved at an average
rate of 0.20 m/min (range, 0.05-0.54 m/min). To explore the
mechanism of dense granule transport, megakaryocytes were
labeled with mepacrine (Figure 2E; Movie S3), a reagent rapidly
and specifically concentrated in dense granules.29-31 Mepacrine
fluorescence colocalizes with immunolabeling for serotonin in
mouse megakaryocytes, further demonstrating the specificity of
this probe for dense granules (data not shown). Mepacrine, like
FITC-fibrinogen for ␣-granules, concentrates in discrete granules

in mouse megakaryocytes. An example of a time-lapse recording
tracking dense granule movements in a proplatelet is shown in
Figure 2F and Movie S3. Approximately 33% of the dense granules
were in motion at any one time. Dense granules moved equally in
both directions along the proplatelet, individually (38.5%) and in
tandem groups (61.5%, n ⫽ 12) and traveled at an average rate of
0.139 m/min (range, 0.07-0.19 m/min). A dense granule moving
upward toward the proplatelet tip has been highlighted in green,
and a dense granule moving in the opposite direction has been
highlighted in red (Figure 2F). Collectively, these studies validate
the hypothesis that organelles move individually and reveal that
movements are not restricted to one direction.
Organelles are captured at the proplatelet tip

To determine whether spatial differences existed in organelle/
granule traffic throughout proplatelets and to understand how they
are packaged into the nascent platelets, we examined the details of
transport into swellings along the shaft and into the nascent
platelets forming at the proplatelet ends (Figure 3). The behavior of
organelles/granules were tracked (an equal number of mitochondria, ␣-granules, and dense granules), and we quantified 4 distinct
classes of motility: swelling entry, swelling exit, tip entry, and tip
exit (Figure 3D). Swellings were examined because some believe
they represent nascent platelet bodies. An equal percentage of
organelles were observed to individually enter and exit the
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the greatly reduced levels of F-actin, ␣-granules (Figure 4I-J,
M-N), dense granules (Figure 4K-L, O-P), and mitochondria
(Figure 4Q) moved into proplatelets and were dispersed normally
along their length. We next examined the rate of organelle
movements in the presence of latrunculin A. Figures 4Q-R and
Movie S5 show a representative time-lapse recording of mitochondria movements along a proplatelet tip. Latrunculin A treatment did
not appear to inhibit any aspect of organelle movement. In fact, a
slight increase (⬃ 10%) in the number of organelles moving at any
one time was observed. The average velocity of organelle (combined mitochondria, ␣-granule, and dense granule) movement in
latrunculin A–treated megakaryocytes of 0.21 m/min was similar
to that seen in untreated cells, and organelles continued to move
equally in both the anterograde and retrograde directions along
proplatelets. Nor was F-actin required to trap organelles or granules
at the ends of proplatelets, as the percentage of organelles (an equal
number of ␣-granules, dense granules, and mitochondria) that enter
and exit proplatelet tips was unaffected by latrunculin A (Figure 4S,
compare with Figure 3D). Collectively, these results suggest that

Figure 3. Organelles are captured at the proplatelet tip. (A-C) A representative
example of mitochondria capture at the proplatelet ends. The mitochondria were
labeled with MitoTracker Green, and movements were recorded using fluorescence
time-lapse microscopy (See Movie 4). (A) Fluorescence and (B) differentialinterference-contrast micrographs. Scale bar, 5 m. (C) Images of the proplatelet tip
(from boxed region in panel A) taken every 5 minutes are shown (See Movie 4). The
arrows mark mitochondria that translocate into the proplatelet tip but do not exit.
Scale bar, 3 m. (D) Bar graph comparing the entry and exit of organelles/granules
(an equal percentage of mitochondria, ␣-granules, and dense granules) into and out
of proplatelet tips and swellings of proplatelets.

swellings along the length of proplatelets and an equal percentage
of organelles were also observed to enter proplatelet tips. However,
only a very small fraction (3.5%) of organelles were observed to
exit proplatelet tips, suggesting organelles may be partially
confined or restricted to the ends of proplatelets. Figure 3C and
Movie S4 show a representative example of MitoTrackerlabeled mitochondria entering a proplatelet tip but not exiting.
Megakaryocyte organelles translocate in the absence of F-actin

The cytoskeleton of the proplatelet is constructed of both microtubules and actin filaments, and so the transport of organelles along
proplatelets en route to developing platelets could occur over
microtubules, actin filaments, or a combination of both. To assess
the role of actin filaments in the movements of organelles, we
treated megakaryocytes with actin-disrupting agents and stained
the cells with organelle-specific probes to see whether the organelles continued to move out along the proplatelet (Figure 4).
Megakaryocytes treated with cytochalasin D and latrunculin A still
maintain the capacity to extend long slender processes. To assess
the efficacy of these toxins in disrupting the actin cytoskeleton, we
examined their effect on filamentous actin in treated proplatelets
(Figure 4A-F). In control megakaryocytes, phalloidin stains a
dense filamentous network (Figure 4A-B). Cytochalasin D treatment disrupted this network, leaving focal aggregates of actin
along the proplatelets (Figure 4B-C). Following latrunculin A
treatment, diffuse phalloidin staining occurred in the cell body, but
F-actin was almost absent from proplatelets (Figure 4E-F). Despite

Figure 4. Organelles and granules continue to translocate in the presence of
actin toxins. (A-F) Cytochalasin and latrunculin treatment significantly reduce
phalloidin staining in proplatelets. Comparison of (A,C,E) antitubulin immunofluorescence in red to corresponding (B,D,F) phalloidin staining in green of control,
cytochalasin D-, and latrunculin A–treated cells. Note that the actin-disrupting agents
decreased the level of F-actin in proplatelets as visualized by phalloidin staining.
(G-P) Mitochondria/granule distribution in megakaryocytes treated with actin toxins.
Comparison of (G,I,K,M,O) antitubulin fluorescence (green) versus (H,J,N) anti–von
Willebrand factor or (L,P) antiserotonin fluorescence (red) of proplatelets in (G-H)
control, (I-L) cytochalasin B–treated, or (M-P) latrunculin A–treated megakaryocytes.
Organelles/granules continue to disperse along the length of the proplatelets. Scale
bars, 5 m. (Q-S) Organelles translocate in proplatelets and are trapped at the tips
following latrunculin A treatment (Movie S5). (Q) Fluorescence micrograph of a living
megakaryocyte labeled with MitoTracker Green after treatment with 2 M latrunculin
A for 2 hours. Scale bar, 5 m. (R) Images of the proplatelet tip (in the boxed region)
taken every 10 minutes are shown. The arrows indicate mitochondria that translocate
and enter the proplatelet tip but do not exit at the same frequency. A large amount of
mitochondria are observed to cumulate at the bud node of the bulbous tip. (S)
Comparison of the percentage of organelles/granules (an equal number of mitochondria, ␣-granules, and dense granules were followed) that enter and exit proplatelet
swelling and tips.
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Figure 5. Megakaryocyte organelles associate with microtubules. Double
immunofluorescence microscopy of a proplatelet using antibodies against (A) serotonin to stain dense granules and (B) tubulin to highlight microtubules and (C) an
overlay. Note the teardrop-shaped pattern of dense granules at the tip of the
proplatelet. Scale bar, 5 m. (D) Proplatelet of a living megakaryocyte stained with
the fluorescent probe MitoTracker Red to highlight the distribution of mitochondria.
Note the circular pattern of mitochondria at the proplatelet tip (arrow in D).
(E) Thin-section electron micrograph showing the ultrastructure of a maturing
proplatelet. (F-H) High magnification electron micrographs of the boxed regions in
panel E show organelles/granules in close proximity to microtubules. Scale bar, 500
nm.
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organized as unipolar arrays, because they are organized in
neuronal axons or sperm flagella, or in bipolar arrays as they are
organized in neuronal dendrites or the midzone of mitotic spindles.
To determine the polarity of microtubules along proplatelets, we
permeabilized megakaryocytes in a buffer that preserves microtubules (Figure 6A-B) and then treated with 0.5M KCl to release
associated motor proteins. Plus-end directed kinesin-coated latex
beads were added, and bead movement was monitored using video
differential interference contrast microscopy25 (Figure 6A-B).
Movement of beads along the permeabilized proplatelets was
observed in both directions (Figure 6C; Movie S6). Approximately
equal numbers of beads moved in each direction, suggesting
proplatelets are filled with equal numbers of microtubules having
plus-ends and minus-ends directed toward their tips. Beads bound
to and moved along permeabilized proplatelets in a continuous
manner, often moving more that 10 m before dissociating and
never reversed their direction of movement. Despite the presence
of a turn-around zone generated when microtubules loop at the
ends of proplatelet, the majority of kinesin-coated beads entering
the tips of proplatelets, do not exit (37 of 41 beads) (Figure 6D-E;
Movie S7).
Microtubule-based mechanisms of organelle movement
along proplatelets

The movement of organelles along proplatelets could be due to the
translocation of organelles along stationary microtubules, or the
sliding activity of microtubules to which they are tethered, or a

actin is not essential for long-distance organelle transport along
proplatelets or required to trap organelles at the proplatelet tips.
Megakaryocyte organelles are frequently aligned
along microtubules

Because the actin cytoskeleton is not required for large-scale
organelle/granule transport along proplatelets, the microtubules
that line the proplatelet shaft and provide the power for elongation
are likely to provide the force for organelle movements. If
microtubules provide the tracks for transport of organelles along
proplatelets, then we would expect organelles to be most abundant
in regions where microtubules are highly concentrated. Support for
the hypothesis that megakaryocyte organelles move along microtubules comes from the observation that organelles appear to be most
abundant in regions where microtubules are maximally concentrated (Figure 5). Superimposition of tubulin and organelle patterns
by double label immunofluorescence microscopy in proplateletproducing megakaryocytes reveals that organelles frequently reside
in close proximity to microtubules (Figure 5A-C). Mitochondria
visualized by MitoTracker staining of living megakaryocytes are
frequently aligned in a ring or tear-drop pattern at the tips of
proplatelets (Figure 5D), localizing with microtubule coils. Additionally, electron microscopy of proplatelets also reveals that many
organelles are situated along the length of microtubules
(Figure 5E-H).
Origin of bipolar movements along proplatelet microtubules

Microtubules are polarized, with chemically and morphologically
distinct plus- and minus-ends.22,23 Because the polarity of microtubules within proplatelets dictates the direction motors can move,
bidirectionality likely plays an essential role in regulating the
distribution of organelles along these extended processes and
ultimately establishing the final content of the released platelet. The
microtubules that run longitudinally in proplatelets could be

Figure 6. Kinesin-coated beads move in both directions on proplatelet microtubules. (A) Differential-interference-contrast micrographs of a proplatelet before and
after permeabilization with Triton X-100 (B) in a microtubule stabilizing buffer
containing taxol. Scale bar, 5 m. (C) Sequence of movement by 2 kinesin-coated
latex beads on the permeabilized proplatelet (Movie S6). Kinesin-coated bead 1
(arrow at 0 sec) is attached to the microtubules and moves left with time. Bead 2
attached to the same proplatelet at 10 sec (arrowhead) and moves in the opposite
direction, right. (D-E) Kinesin-coated beads that move into proplatelet tips do not exit.
(D) Differential-interference-contrast micrograph of a proplatelet-producing
megakaryocyte before permeabilization. A single proplatelet extends from the cell
body (CB). Scale bar, 10 m. (E) High magnification video sequence of a kinesincoated latex bead (arrow) moving tip-ward on the microtubule cytoskeleton of a
permeabilized proplatelet (Movie S7). The kinesin-coated bead (arrow at 0 sec)
attached to the microtubules of the permeabilized proplatelet and moved continuously toward the end of the outgrowth, where it remained attached on reaching the
tip. A second bead located at the proplatelet tip remains stationary throughout the
recording period. Elapsed time indicated in seconds.
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Megakaryocyte organelles move in both directions at instantaneous
velocities of 3.24 m/min along permeabilized proplatelets. Surprisingly, megakaryocyte organelles moved at rates approximately 10
times faster on the microtubules of permeabilized proplatelets than
in situ. Like kinesin-coated beads, organelles do not change their
direction of travel. Organelle movement depended on ATP and
other nucleotide triphosphates, including guanosine triphosphate
(GTP), uridine triphosphate (UTP), cytidine triphosphate (CTP), or
inosine triphosphate (ITP), failed to support organelle transport.
These data demonstrate that a force-transducing motor is associated with some of the moving organelles along proplatelets.
Although megakaryocyte organelles have the capacity to move
over stationary microtubules, the sliding activity of microtubules
could provide a second potential mechanism for movement if
organelles tether to this motile network. To further investigate this
piggyback mechanism of transport, uncoated latex beads were
attached to permeabilized proplatelets. They remained stationary
until sliding was initiated with the addition of ATP, to the lysed
microtubule network (Figure 7C-F; Movies S9-S10). Tandem
displacement of beads tethered at different points suggests that
organelles could translocate in a piggyback fashion when they are
linked to moving microtubules.

Discussion

Figure 7. A permeabilized proplatelet system to study organelle transport.
(A-B) Megakaryocyte organelles move along permeabilized proplatelet microtubules.
(A) DIC micrograph of a permeabilized proplatelet. (B) DIC time-lapse sequence
showing megakaryocyte organelle movement along the immotile microtubules of a
permeabilized proplatelet from the boxed region in panel A (Movie S8). The sequence
demonstrates an organelle attached to the microtubule cytoskeleton of a permeabilized proplatelet (arrowhead at 0 sec) and moves downward in the direction of a
stationary particle attached to the immotile microtubules. Frames are every 5
seconds. Scale bar, 5 m. (C-E) Polystyrene latex beads attached to permeabilized
proplatelets move with sliding microtubules. Uncoated latex polystyrene beads were
attached to Triton X-100 permeabilized proplatelets. The beads remain stationary
until the addition of ATP. Microsphere transport began when the preparation was
perfused with 1 mM ATP (0 seconds). Scale bars, 5 m. All beads marked with
arrowheads moved relative to the stationary marker, labeled with an arrow. (C,E) Differential-interference-contrast micrograph of proplatelets following permeabilization
with Triton X-100 in a microtubule-stabilizing buffer containing taxol. (D) High
magnification video sequence of 3 uncoated latex beads (arrowheads) moving on the
microtubule cytoskeleton of a permeabilized proplatelet (Movie S9). Beads moved in
tandem, as though they were mechanically linked. (F) High magnification video
sequence of 2 beads attached to a sliding microtubule (Movie S10). Both beads move
approximately 5 m, demonstrating tandem movements along the same microtubule.

combination of both processes. To dissect apart the potential
relative contribution of each of these mechanisms, we used a
permeabilized proplatelet system to which we could add specific
molecules and analyze their movements. To test whether megakaryocyte organelles/granules carry motor proteins on their surface and
use them to translocate along proplatelet microtubules, isolated
megakaryocyte organelles were added to permeabilized proplatelets treated with 0.5 M KCl to render the microtubules immotile.
Figure 7A-B and Movie S8 show that in the presence of ATP
organelles move along the permeabilized proplatelet shafts.

As megakaryocytes mature, they exhibit morphologic and cytoplasmic asymmetry that become most striking when proplatelets are
elaborated. Asymmetry is achieved in part by a transport system
that sends platelet-specific cytoskeletal and organelle/granule components into the developing proplatelets and restricts the entry of
apoptotic components to the residual cell body.32 The present
studies document the dynamics of organelle movement in the
proplatelets. We have found that single organelles and granules
enter and move through proplatelets using forces derived from the
microtubule cores of these structures. Movement is slow, characterized by frequent pauses and reversals of direction, reflecting the
bipolar organization of the underlying microtubule elements.
Organelles and granules appear to move both over proplatelet
microtubule tracks and ride piggyback on microtubules as they
slide relative to one another. Importantly, the proplatelet ends
containing nascent platelets have the ability to capture and hold
vesicular cargo once it arrives. These observations are incompatible with the notion that platelets are preformed as “units” in the
megakaryocyte body and released via cytoplasmic fragmentation,
or that proplatelets are simply chains of preassembled platelet units
that have been spooled out by megakaryocytes.3,4,33 Because
developed platelet cytoskeletons are not found within the cytoplasm of mature megakaryocytes, and the cytoplasmic breakup of
the megakaryocyte cell body has never been observed in vitro,
cytoplasmic fragmentation is not a viable model for platelet
production.6-8,34,35
Our observations add further support to the idea that proplatelets are essential intermediates in platelet assembly and provide
new insight into how nascent platelets are filled with their vesicular
contents. As we have reported, the first recognizable change
observed in cultured megakaryocytes that announces the commencement of proplatelet assembly21 is when radial microtubules release
from their centrosomes and collect in the cell cortex. These
microtubules rapidly reorganize into bipolar arrays that generate
the forces for the initial blunt proplatelet protrusions and, as
proplatelets elongate and thin, turn into the bundles that line the
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shafts and form the teardrop-shaped loops in the proplatelet ends.
Proplatelet ends are continuously amplified by a mechanism that
repeatedly bends and bifurcates the shafts. Microtubules from these
loops are then rolled into coils generating the discoid signature of
the mature resting blood platelet. Now we report that as proplatelets elaborate using microtubule-based sliding forces, only single
organelles and granules move along the microtubule cores. Movement is not simple or continuous, but instead is intermittent with
long pauses and changes of direction, a process that disperses the
organelles and granules throughout the proplatelet. The organelles
and granules continue to move in proplatelets unless they are
captured at proplatelet ends, the sites of platelet assembly. We
previously concluded that platelet assembly culminates primarily at
the ends of proplatelets based on the restriction of microtubule coils
to these locations. However, the process of release has never been
observed and hence, the precise mechanisms by which individual
platelets are released from proplatelets remain to be established.
Individual platelets could release sequentially from the proplatelet
tips, which would require the continuous and directional transport
of cargo to the most distal proplatelet ends. Alternatively, large,
relatively immature proplatelets could release from megakaryocytes and subsequently mature into platelets. Newly released
proplatelets would be required to reorganize the microtubules in the
fragmented ends into a loop functionally identical to that in the
opposing end. Microtubule loop formation would allow it to
configure nascent platelets and capture cargo, and we and others
have frequently observed elongated and barbell-shaped proplatelets which have microtubule loops at both ends in megakaryocyte
cultures and in mammalian blood.21,36 If this strategy of releasing
long proplatelets is used in large scale, then the goal of the
megakaryocyte transport system is to disperse platelet-specific
cytoskeletal and vesicular components throughout the proplatelets.
The organelle transport system of the megakaryocyte appears to
function with this in mind.
One of the most striking observations is that the rate of vesicular
traffic in proplatelets is 0.1 to 2 m/min, which is at least 10-fold
slower than organelle movement in other long-range microtubulebased transport systems.22,23 These transport rates are considerably
slower than the rates at which proplatelets grow (⬃ 1 m/min) and
microtubules slide within proplatelets (⬃ 3-4 m/min). One could
argue that, although the rates are slow, proplatelet formation
requires 2 to 10 hours to complete, leaving ample time for
organelles to find their targets, the proplatelet ends.21 The tight
bundling of microtubules in situ or specific microtubule-binding
proteins could reduce movement. The saltatory motion of organelles, where organelles transiently move, stop, and change
direction is widely observed in cells, although in most cases, it is
not clear why this energy-inefficient mode of transport is used.37 In
megakaryocytes, a “random walk”38 of organelles provides a
simple mechanism to distribute organelles throughout proplatelets.
Bidirectional transport may also be used to mix platelet organelles,
ensuring that each mature platelet receives its quota. The random
walk of organelles also allows cargo to explore large regions of
cellular space and increases their chance of finding their target.39
This simple delivery strategy may explain the large variations in
the numbers of organelles found within mature platelets.40-43 The
distribution of mitochondria throughout proplatelets may also serve
to supply the localized energy demands of microtubule assembly
and sliding.44,45 Thus, for mitochondria, the journey through
proplatelets is perhaps just as important as the ultimate destination.
The position and polarity of the microtubules within proplatelets are likely to play an essential role in governing transport of
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organelles to assembling platelets. Our findings suggest that
roughly equal portions of microtubules are oriented with plus-ends
toward the proplatelet tip and plus-ends directed toward the cell
body. How does the bipolar organization of microtubules within
proplatelets arise? The bipolar arrangement of microtubules likely
occurs as the initial pseudopodia forms. During the formation of
the pseudopodia, cortical microtubules become looped at the tip
and then reenter the shaft to create an antiparallel orientation of
microtubule bundles. Another mechanism that likely amplifies the
bipolar organization of microtubules within proplatelets is the
repeated bending and branching of proplatelets, which causes an
increase in the number of “looped” and antiparallel microtubules.
Our studies focused primarily on elongated proplatelets because we
were unable to resolve individual organelles in short pseudopodia.
Thus, alternative mechanisms of transport may exist at this initial
stage. Although our results suggest that microtubule-based longdistance transport constitutes a major mechanism in establishing
the dispersal of organelles along proplatelets, additional mechanisms may also exist. For example, unconventional myosin-based
transport along actin filaments could still play a potential role in
organelle movement, optimizing organelle positioning after microtubule-based transport.
Mechanism of cargo transport in proplatelets

There are 3 obvious mechanisms to account for the observed
microtubule-associated bidirectional transport of organelles in
proplatelets: (1) one or more motors bind to organelles and propel
them along microtubules; (2) organelles bind microtubules but do
not move along them and instead move relative to the cell as
microtubules slide past one another; and (3) one or more transport
motors move organelles relative to microtubules while the same, or
different motors, slide adjacent microtubules past each other. Our
findings suggest that organelles both move over microtubules and
ride piggyback46 on them. In vitro, kinesin-coated beads bind and
translocate over the microtubules of permeabilized proplatelets.
Beads attach and move in either direction, although once moving
they do not change direction. However, beads lacking motor
protein could also attach to the microtubule bundles of proplatelets
and move as the microtubules slide. In similar fashion to the
kinesin beads, megakaryocyte organelles added to permeabilized
proplatelets in the presence of ATP move along immotile microtubules prevented from sliding, demonstrating that motor proteins
associate with some megakaryocyte organelles. Additional evidence for this idea comes from the vesicular staining of cytoplasmic structures whose properties are consistent with membranebounded organelles, although further studies are necessary to
identify the specific cargo containing kinesin in proplatelets. If
membrane-associated motors provide the major forces for cargo
transport, the movements of cargos relative to each other in
proplatelets would be highly variable, influenced by number and
types of associated motors, the sizes of the cargo, and the linearity
and polarity of the underlying tracks. However, many examples of
where organelles that are separated by 5- to 10-m distances move
in tandem are apparent, indicating they may be linked to the same
sliding microtubule, as suggested by our in vitro experiment.
However, these organelles frequently pop off of the microtubules,
indicating they are not permanently linked as a preformed group.
Why might megakaryocytes use 2 mechanisms to transport organelles? Because proplatelets can grow to near-millimeter lengths,
their microtubule bundles are composed of linear assemblies of
shorter microtubules. This discontinuous arrangement of microtubules requires organelles to hop when they arrive at a microtubule
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end to another microtubule, a process that may be aided by motors
associated with organelles. This may explain why organelles move
by translocating over microtubules and riding piggyback on the
moving polymers.
Capture of organelles at the proplatelet ends

How do the organelles get captured at proplatelet ends? Organelles
may accumulate in nascent platelets as a consequence of the looped
organization of microtubules at the proplatelet ends, although
inactivation or delocalization of organelle-associated motors could
also play a role. Studies in permeabilized proplatelets provide the
strongest evidence for this conclusion whereby kinesin-coated
beads enter proplatelet tips but are unable to exit, in an identical
fashion to organelles and granules entering the ends of living
proplatelets. Once caught in the proplatelet end, organelles/
granules are not quiescent and instead continue to circle the
periphery of the bud, suggesting that the ultrastructural organization of the microtubule coil within the proplatelet end may restrict
exit from the tip.
Although our studies focused on the delivery of platelet-specific
cargo into the proplatelets, it is likely that there is also specific
exclusion of material from proplatelets. For example, evidence has
accumulated, indicating that apoptotic pathways contribute to
platelet biogenesis and that caspase activation is restricted to the
megakaryocyte cell body.32,47,48 Because our findings suggest that
molecules that enter proplatelets are destined for packing into
platelets, the exclusion of these molecules during platelet biogenesis would most likely occur at the cell body–proplatelet junction.
How this is achieved will presumably provide an additional reason
why proplatelets have evolved as an essential intermediate in
platelet production.
What is the relationship of the microtubule-based mechanism
that transports organelles along proplatelets to that used by other
cells with an exaggerated dependence on organelle transport?22,23
Perhaps 2 of the best-studied systems for understanding organelle
transport are the neuronal processes (axons and dendrites) and the
sperm flagellum, both of which are highly specialized for longdistance transport.49,50 Both neuronal extensions and sperm flagella, like proplatelets, use microtubules for the transport of
organelles over long distances. In these processes, many individual
organelles move in one direction in these processes and then switch
direction when cargoes reach the ends of these elongated struc-

tures. One obvious exception is mitochondria, which move in an
intermittent and bidirectional manner along neuronal processes.45,51,52 Unlike many other organelle systems, mitochondria
have the ability to move in both directions at any time in an axon or
a localized region of the cytoplasm. Thus, mitochondria can switch
overall direction or transport at seemingly any time. This pattern of
movement, in which organelles move in an intermittent and
bidirectional manner, is very similar to that observed by the
organelles along proplatelets. The bipolar distribution of microtubules along proplatelets may play an essential role in establishing
the organelle content of proplatelets. In contrast to proplatelets,
axons and flagella have unidirectional microtubule highways.
Dendritic projections, on the other hand, are more structurally
similar to proplatelets because their microtubule arrays have a
mixed polarity, are highly branched, and also taper at the end.53 It is
well established that axons and dendrites, which have different
microtubule organizations, differ in their complements of cytoplasmic organelles. Most notable in this regard, ribosomes and Golgi
elements are present in dendrites but excluded from axons. The
differences between the organelle composition of the axons and
dendrites are produced by differences in the organization of the
microtubules.54,55 Thus, establishment of nonuniform microtubule
arrays within proplatelets may provide a mechanism to include
organelles that are normally excluded from extensions with unipolar arrays. In addition to the similarities observed with mammalian
cells, we also note that striking similarities were observed between
the mechanisms by which organelles move in proplatelets and that
of the free-living formanifera, Reticulomyxa filosa.56 We conclude
that the creation of a high degree of spatial/temporal organization
by using protein motors to transport molecules and organelles
along cytoskeletal tracks is a theme used across cell types and that
megakaryocytes capitalize on this theme to transport and target
organelles during platelet biogenesis.
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