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Megakaryocytes release large preplatelet intermediates into the sinusoidal blood vessels. 
Preplatelets convert into barbell-shaped proplatelets in vitro to undergo repeated abscissions 
that yield circulating platelets. These observations predict the presence of circular-preplatelets 
and barbell-proplatelets in blood, and two fundamental questions in platelet biology are what 
are the forces that determine barbell-proplatelet formation, and how is the final platelet size 
established. Here we provide insights into the terminal mechanisms of platelet production. 
We quantify circular-preplatelets and barbell-proplatelets in human blood in high-resolution 
fluorescence images, using a laser scanning cytometry assay. We demonstrate that force 
constraints resulting from cortical microtubule band diameter and thickness determine barbell-
proplatelet formation. Finally, we provide a mathematical model for the preplatelet to barbell 
conversion. We conclude that platelet size is limited by microtubule bundling, elastic bending, 
and actin-myosin-spectrin cortex forces. 
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Human adults have ~1 trillion circulating blood platelets 
(PLTs), and, because the lifespan of an individual PLT is 
only 8–10 days, 100 billion new PLTs are produced daily 

from bone marrow megakaryocytes (MKs) to maintain their  
150–400×109 l − 1 counts in whole blood. PLTs are anucleate discoid 
cells 1.5–3 µm in diameter. Among their primary functions, PLTs 
serve as the ‘band-aids’ of the bloodstream and respond to blood 
vessel injury by changing shape, secreting their granule contents, 
and aggregating to form a PLT clot. These responses, while advanta-
geous for haemostasis, can become undesirable, if they cause tissue 
ischemia or infarction. Despite a growing list of PLT-associated dis-
orders, resulting from higher-than-normal or lower-than-normal 
PLT counts1, the terminal stages of PLT production and ultimate 
determinants of PLT size remain unknown.

The current model of PLT formation recognizes that, on reach-
ing maturity, bone marrow MKs will extend, through junctions in 
the lining of blood sinuses, long, branching proPLTs. These dynamic 
intermediate structures are consisted of tandem arrays of slender 
tubular projections cored by microtubule bundles with PLT-sized 
swellings at their ends. ProPLT-producing MKs in culture release 
intermediate barbell structures that yield individual PLTs2,3. Pro-
PLTs have been identified extending and releasing into blood vessel 
sinusoids both in vitro and in vivo4,5, and are therefore believed to 
mature in the circulation3,6. We have recently identified a new inter-
mediate stage called the prePLT in the maturation process. PrePLTs  
are anucleate discs 3–10 µm across that reversibly convert into  
barbell-shaped proPLTs to divide and form two PLTs7.

Here we show that circular-prePLTs and barbell-proPLTs are 
present in human whole blood, and quantify them using a laser 
scanning cytometry assay. We propose and test a biological model 
for terminal PLT production that predicts marginal microtubule 
coil diameter and thickness determine barbell-proPLT forma-
tion and regulate PLT size. Lastly, we provide a mathematical and 
computational model that is based on the balance of microtubule 
bundling forces, elastic bending forces, and actin-spectrin-myosin 
cortex forces to describe the mechanism of circular-prePLT to  
barbell-proPLT conversion.

Results
Identification of the critical prePLT size. To establish the 
morphometric characteristics of circular-prePLTs and barbell-
proPLTs that will be used to quantify them in whole blood, we 
employed a quantitative immunofluoresence microscopy-based 
assay. Released proPLT cultures were isolated as previously 
described7, spun down onto poly-l-lysine-coated glass coverslides, 
and probed for the MK lineage-specific β1-tubulin isoform to 
delineate the cell periphery. Five-by-five composite images were 
generated from individual images taken at ×20 magnification and 
collected for at least 3 different samples (Fig. 1a). Individual cells 
were thresholded based on a binary image mask and analysed across 
multiple morphometric parameters including area, circularity, 
perimeter and number.

Quantitative immunofluoresence microscopy of released proPLT  
cultures was validated using human and mouse PLT controls  
(Fig. 1b). To distinguish intermediates in PLT production, objects 
identified by quantitative immunofluoresence microscopy in 
murine proPLT cultures were categorized as resting PLTs, circu-
lar-prePLTs, or barbell-proPLTs based on their circularity and 
perimeter measurements (Fig. 1c). Precise measurements of mouse 
proPLT culture intermediates revealed a minimum perimeter for 
barbell-proPLTs of ~10 µm (Fig. 1d), which translates to a circular 
diameter of ~3 µm. This size limit, below which barbell-proPLTs are 
rarely detected, was defined as the critical prePLT size, and repre-
sents the tipping point for competing forces that govern twisting of 
the resting PLT’s marginal microtubule coil about its midsection to 
form the barbell-proPLT structure. An ~3-µm diameter threshold  

was therefore established to distinguish discoid PLTs, which are 
incapable of undergoing barbell-proPLT conversion, from their 
circular-prePLT progenitors. Examination of human PLT-rich 
plasma (PRP) using this approach predicted the presence of cir-
cular-prePLTs and barbell-proPLTs in whole blood (Fig. 1e), 
which adhered to the size constraints governing circular-prePLT  
to barbell-proPLT conversion established in murine cell cultures 
(Fig. 1f).

Large PLTs often occur concomitantly with periods of PLT deple-
tion in humans8 and various forms of MK processes, and proPLTs 
are present in cytospin preparations of human PRP9. Nevertheless, 
because barbell-proPLTs are not detected in human blood smears, it 
is unclear whether these circulate in blood, and their role in throm-
bocytopenia has not been studied. To demonstrate the existence of 
circular-prePLTs and barbell-proPLTs in the circulation, and estab-
lish the experimental conditions for their detection and subsequent 
quantification, whole blood from the same human donor was col-
lected into 10% AJ buffer or sodium citrate, EDTA, and heparin 
tubes (anticoagulant) (n = 3). Representative Giemsa-stained blood 
smears in Fig. 2a demonstrate the presence of barbell-proPLTs and 
circular-prePLTs in AJ buffer and sodium citrate, but not in EDTA- 
and heparin-treated blood. EDTA has been shown to affect proPLT 
concentration in the venous and arterial circulation of rats and 
cause PLT sphering10. Immunofluorescence microscopy images of 
β1-tubulin-stained PRP from EDTA- and Heparin-treated blood 
confirmed this, and revealed smaller PLTs with thicker/brighter 
microtubule coils (Fig. 2b). These results account for why bar-
bell-proPLTs have not previously been reported in human blood  
smears and establish important experimental preconditions for 
quantification of PLT production intermediates from whole blood.

Quantification of PLT intermediates in blood. To overcome the 
quantification limitations of immunofluorescence microscopy,  
and more accurately identify specific intermediate forms in PLT 
production from whole blood, we developed a laser scanning 
cytometry assay. Human PRP was isolated and probed for β1- 
tubulin on poly-l-lysine-coated glass coverslides. Supplementary 
Fig. S1a illustrates the laser scanning cytometry analysis work flow 
for the detection and quantification of intermediates in PLT pro-
duction from PRP. Resting PLTs, circular-prePLTs, and barbell- 
proPLTs were differentially gated based on morphological and  
signal-level dependent scattergram analysis from which a repre-
sentative image gallery was generated (Fig. 3a). Barbell-proPLTs in 
human whole blood were distinguished from circular/discoid objects 
based on their unique barbell morphology, and ranged in perim-
eter from roughly 10–32 µm (or 3–10 µm in diameter if assumed 
to convert into circular objects). These observations support previ-
ous measurements of barbell-proPLTs and circular-prePLTs in cell 
culture presented in Fig. 1. Circular-prePLTs in human whole blood 
were therefore distinguished from discoid PLTs based on their abil-
ity to convert into barbell shapes7, and gated based on the empiri-
cally determined diameter of ~3 µm. This enabled us to determine 
circular-prePLT and barbell-proPLT counts in whole blood, which  
comprised 3.63 and 0.05% of PLT counts, respectively (Fig. 3b).

Biological model of proPLT conversion. The demonstration that 
prePLTs can undergo barbell-proPLT conversion while PLTs can-
not, led us to propose the following biological model of vascular 
PLT production: Force constraints resulting from cortical MT band 
diameter and thickness determine barbell formation and account 
for circulating discoid PLT size. This model makes three funda-
mental biological predictions regarding the mechanism of proPLT 
conversion. If peripheral microtubule coil thickness is kept con-
stant, large PLTs will undergo barbell-proPLT conversion whereas 
small PLTs will not. Thinner peripheral microtubule coils will be 
more able to overcome resistance to elastic bending forces that limit  
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barbell-proPLT conversion than thicker microtubule coils. The 
elongating microtubule bundle is deformed by the external com-
pressive pressure of the actin-myosin-spectrin cortex.

ProPLT elongation by bone marrow MKs, and circular-prePLT  
to barbell-proPLT conversion are primarily driven by reorganiza-
tion of the microtubule cytoskeleton. The development of an in vitro  
assay to separate circulating human PLT intermediates from red 
blood cells (RBCs) (Supplementary Methods) enabled us to finely 
assess vascular proPLT/prePLT ultrastructure by thin section and 
negative stain electron microscopy. Whole blood-derived prePLT/
proPLTs were cytoplasmically indistinguishable from mature PLTs 
and large PLT-like intermediates from mouse MK cell cultures  
(Fig. 4a,b) and contained comparable numbers of peripheral micro-
tubules (Fig. 4c,d; Supplementary Fig. S2). PLTs from Filamin A 
knock-out (KO) mice were included as a positive control because 
they are known to be larger than normal circulating mouse PLTs  
and contain thicker microtubule coils11. These data establish the 
experimental preconditions by which to test biological prediction 1.

Biological prediction 1 stipulates that above a threshold diameter 
elongating microtubules in the PLT marginal band are capable of 
overcoming bending energies needed to undergo barbell-proPLT 
conversion, whereas, below this threshold diameter, PLTs remain 
discoid. To increase PLT diameter, human/murine PRP was cul-
tured at 37 °C with gentle rotation in a humidified incubator for 0 
and 6 h12, and analysed by LSC. Figure 5a shows a representative  
density scattergram of these cultures over time, and confirms micro-
tubule coil enlargement at 37 versus 22 °C control (Supplementary 
Fig. S3a). Increased mean PLT diameter (µm) for human and mouse 
PRP cultures are illustrated in Fig. 5b and explains lower-resting PLT 
and increased circular-prePLT counts, described in Fig. 5c. Increas-
ing microtubule coil diameter resulted in more barbell-proPLT 
conversion relative to 22 °C controls (Supplementary Fig. S3b), and 
supports our biological prediction. Samples were normalized for 
total object counts to address differences in PLT numbers between 
human replicates. These observations agree with earlier findings by 
Schwertz et al.12, and may partly account for why increases in PLT 
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Figure 1 | Quantitative immunofluorescence microscopy of mouse and human proPLTs. (a) Composite image of mouse FLC proPLTs. Objects were 
identified by their fluorescence intensity, and thresholded on a binary mask to quantify area, circularity, perimeter, and number. (b) Validation of approach 
using mouse/human PLT controls. (c) Circularity/perimeter measurements from mouse FLC cultures. (d) A minimum perimeter for barbell-proPLTs and 
maximum diameter for circular-prePLTs of ~10 µm was used to establish a ~3-µm diameter threshold to distinguish circular-prePLTs from PLTs in mouse 
FLC cultures. (e) Human PRP reveal PLT-intermediates in whole blood. (f) Human PRP. Analyses were performed for at least three independent samples. 
Error bars represent 1 s.d. about the mean. Scale bar, 50 µm.
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size and barbell-proPLT number have not previously been reported 
in the literature for PLT units, which are typically stored at 22 °C.

As mice exhibit a greater proportion of large, young PLTs in their 
circulation that may be equivalent to prePLTs following antibody-
induced thrombocytopenia versus untreated controls (Fig. 1b)13, we 
hypothesized that these should form a greater number of barbell-
proPLTs in circulation and in culture. To test this hypothesis PRP 
was isolated from mouse whole blood 4 days before and following 
rabbit anti-mouse platelet serum (RAMPS) infusion, and stored at 
37 °C for 0 and 6 h. Expectedly, a significantly larger number of bar-
bell-proPLTs were present in RAMPS-treated mice versus untreated 
controls, both at 0 and 6 h post-collection (Fig. 5d). Representative 
immunofluoresence microscopy images of β1-tubulin-stained PRP 
from these samples are outlined in Supplementary Fig. S3c. Restrict-
ing microtubule coil enlargement, by comparison, should result in 
fewer barbell-proPLTs in culture. To test this hypothesis human 
whole blood was collected directly into sodium citrate, EDTA, and 
heparin tubes, and either stored in the same tube for 6 h at 37 °C 
or transferred into a new anticoagulant-treated tube every hour 
to restrict PLT enlargement. Representative immunofluoresence 
microscopy images of β1-tubulin-stained PRP from these samples 
are outlined in Supplementary Fig. S3d. Hourly treatment of human 
whole blood with EDTA or heparin blood was shown to keep PLTs at 
a smaller size, and inhibited barbell-proPLTs relative to the sodium 
citrate control. These results support our biological prediction, and 
demonstrate that force constraints resulting from cortical microtu-
bule band diameter regulate barbell-proPLT formation.

If barbell-proPLT formation is determined by the balance of 
microtubule bundling and elastic bending forces, thinner peripheral 
microtubule coils will more easily undergo barbell-proPLT conversion  

AJ buffer Sodium citrate EDTA Heparin

AJ buffer Sodium citrate EDTA Heparinb

a

Figure 2 | Giemsa-stained blood smears from anticoagulant-treated human whole blood. (a) PLT intermediates were present in AJ buffer and sodium 
citrate, and absent in EDTA and heparin anticoagulant-treated blood smears. EDTA-treated PLTs are sphericized. (b) Immunofluoresence images  
of β1-tubulin-stained PRP. EDTA-treated PLTs were smaller, with more constricted microtubule coils. PLTs are indicated by black arrows, whereas  
circular-prePLTs or barbell-proPLTs are indicated by white arrows. Scale bar, 5 um.
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Figure 3 | Quantification of PLT intermediates in human venous blood. 
(a) Image gallery of resting PLTs, circular-prePLTs, and barbell-proPLTs 
differentially gated based on morphological and signal-level dependent 
scattergram analysis. (b) Resting PLT, circular-prePLT and barbell-proPLT 
counts from human PRP normalized for total object counts. Analyses were 
performed for at least three independent samples. Error bars represent  
1 s.d. about the mean. Scale bar 3 µm.
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than thicker ones. To inhibit microtubule polymerization, PLTs 
were incubated with increasing concentrations of nocodazole, and 
cultured at 37 °C for 6 h. Nocodazole-treated PLTs did not become 
larger (Fig. 5f), and resulted in increased numbers of smaller bar-
bell-proPLTs relative to the DMSO control (Fig. 5d and e), which 
agree with our predictions. Alternatively, we looked at filamin A 
KO mouse PLTs, which are significantly larger than their wild-
type (WT) controls (Fig. 5f)11, contain thicker microtubule coils  
(Fig. 4d), and were shown to increase proportionately in size, fol-
lowing incubation at 37 °C for 6 h (Fig. 5f). Barbell-proPLTs in  
these samples were present at a concentration of ~40% that of WT 
controls, were larger, and formed irregular shapes in culture (Fig. 5g).  
These results demonstrate that microtubule bundling forces and 
elastic bending forces determine critical prePLT size.

For peripheral microtubule coil lengthening to buckle, driving 
proPLT formation, the expansion force that is generated by micro-
tubule coil sliding and/or polymerization must be checked by an 
equally strong compressive force deriving from the cell cortex. To 
test this prediction, proPLTs were treated with the actin-destabilizing  
drugs latrunculin and cytochalasin D for 2 h, which were shown to 
increase proPLT end size, and the actin-stabilizing drug jasplanki-
nolide, which was shown to decrease proPLT end size, relative to 
the DMSO control (Fig. 5h). We have also recently shown that bar-
bell proPLTs treated with the spectrin disrupting peptide spα2N1 
are unable to retain their barbell shape and collapse into a circular 
prePLT form14. These observations confirm that elongating micro-
tubule bundles in the peripheral coil are being deformed by the 
external compressive pressure of the actin-myosin-spectrin cortex 
during proPLT conversion.

Mathematical model of proPLT conversion. As barbell-proPLT 
conversion is regulated by microtubule coil diameter and thick-
ness, we hypothesized that the balance between the elastic bend-
ing forces of the peripheral microtubule bundle and the effective 
actin-spectrin-myosin cortex tension determine barbell-proPLT 
shape and critical prePLT size (Fig. 6a). To test this hypothesis, we 
developed a mathematical model of circular-prePLT deformation 
during which the perimeter of the peripheral microtubule bundle 
was increased while cell area was maintained constant by a rigid 
actin-myosin-spectrin cortex (Fig. 6b; Supplementary Movie 1). As 
the microtubule bundle elongated, the middle part of the cell nar-
rowed, until the opposite parts of the microtubule bundle touched, 
forming a barbell-proPLT structure. On reaching this point, micro-
tubule associated proteins crosslink the microtubule bundle creat-
ing a ‘corridor’ between the lobes of the barbell-shaped cell. In vivo, 
the peripheral microtubule coil twists about its midsection to form 
the barbell-proPLT structure7. To validate that our model was accu-
rately representing this, the energy of a twisted microtubule bundle 
of two microtubules as a function of the helical pitch was mod-
elled, and the energy minimum it described corresponded to the 
predicted pitch of the twisted microtubule bundle (Supplementary  
Fig. S4). These results demonstrate that twisting of the microtu-
bule bundle in the barbell-proPLT shaft can lower the sum of the  
bundling elastic energies to account for this process in vivo.

This computational model makes a number of biological pre-
dictions that are supported by our data (Supplementary Methods). 
First, calculations show that the effective force needed to expand 
and bend the peripheral microtubule bundle during circular pre-
PLT to barbell-proPLT conversion is inversely proportional to 
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prePLT area: f∝L0
 − 2 (Supplementary Fig. S4). Assuming that this 

force is generated by microtubule motors (for example, cytoplasmic 
dynein) and microtubule polymerization, and does not scale with 
circular-prePLT size (or changes relatively slowly with the size), our 
model predicts that, below a certain size threshold, this force will 
be insufficient to elongate the microtubule bundle. In other words, 
while microtubule number and diameter regulate PLT size, pre-PLT 
intermediates are not required to have thicker peripheral microtu-
bules. Increasing the number of peripheral microtubules, however, 
will result in terminal platelets of a larger proportional size owing 
to their inability to undergo further barbell-proplatelet conversion. 
Indeed, Figs 1d and 6c confirm this hypothesis for our proPLT cul-
tures and indicate that the respective critical prePLT diameter in 
these samples is ~10 µm. This is not an absolute threshold, and criti-
cal prePLT size is predicted to depend on the number of microtu-
bule motors and peripheral microtubules in the cell. Second, these 
data indicate that when circular-prePLT size is greater than critical, 

the perimeter of the resulting proPLT scales as L∝L0
 − 2 (Fig. 6c). 

This model lets us explain this scaling in one of three ways: total 
amount of tubulin scales with prePLT area; proPLTs stop deform-
ing when the motor force density that scales as fmot∝L0

 − 1 (con-
stant number of motors distributed over distance L) decreases to the 
necessary microtubule tensile force f∝L0

 − 2 cell area remains con-
stant throughout PLT morphogenesis. Third, final PLT size can be 
explained by this model as resulting from the balance between the 
bundling force and microtubule elastic bending force. When char-
acteristic protein forces and microtubule rigidity are factored in, 
the predicted PLT radius is calculated to be in the micron range, as 
observed. Fourth, this model predicts that PLT size increases slowly 
as the microtubule number in the peripheral bundle cross-section 
grows. This agrees with measurements of WT and filamin A KO PLTs  
that show, when the microtubule number increases from 7 to 12 
(Fig. 4d), baseline PLT size increases from 2.08 (Fig. 5b) to 2.34 µm 
(Fig. 5f). During cell culture at 37 °C, PLT diameters are increased, 
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possibly driven by microtubule sliding and/or polymerization, 
resulting in barbell-proPLT formation. Figure 6d summarizes 
this relationship by illustrating computed PLT size as a function  
of microtubule number. This model establishes the mechanism 
describing a terminal stage in PLT production and makes important 
predictions that can be tested to account for well-defined differences 
in mean PLT size among different mouse strains, and compared with 
mouse/human macrothrombocytopaenias to identify important  
cytoskeletal interactions affecting normal PLT production.

Discussion
We present here three new insights into the terminal mechanisms of 
PLT production. First, we accurately quantify circular-prePLTs and 
barbell-proPLTs in human blood from high-resolution fluorescence 
images by a laser scanning cytometry assay. This advance overcomes 
the quantification limitations of microscopy and qualitative limita-
tions of flow cytometry that have previously been employed, and 
shifts the paradigm of PLT release from bone marrow MKs towards 
large PLT-like intermediates in the blood. From it, we conclude that 
circular-prePLTs are dynamic intermediate structures in platelet pro-
duction. Given the relatively low concentration of barbell-proPLTs 
in venous blood, it is possible that, once circular-prePLTs convert 
into barbell-proPLTs, abscission is rapid. Alternatively, prePLTs may 
become trapped in the micro-capillaries of the bone marrow, lung 
and/or spleen where intravascular shear forces can drive PLT pro-
duction. Indeed, reports of higher PLT counts in post-pulmonary 
vessels suggests that the lung may be a milieu for terminal PLT for-
mation15. Second, we show that twisting microtubule-based forces 
driving circular-prePLT to barbell-proPLT conversion are governed 
by two major biophysical properties: microtubule coil diameter and 
microtubule coil thickness. Indeed, large PLTs from patients with 
Gray PLT syndrome, May-Hegglin anomaly, and Epstein’s syndrome 
contain 10–20-fold increased numbers of peripheral microtubule 

coils relative to normal human PLTs, which agree with our pre-
dictions16. Many giant PLTs also contain peripheral microtubules, 
organized like balls of yarn, that may explain why the majority of 
these cells have a spherical rather than discoid form16. Last, these 
observations have allowed us to address what forces determine bar-
bell-proPLT formation and establish a mechanism for how the final 
PLT size is established. Barbell-proPLT conversion is an elaborate 
and complex process that defines the morphology and ultrastructure 
of circulating PLTs. PLT number and size are often inversely propor-
tional, and others have shown that the PLT cytoskeleton can regu-
late PLT size and numbers through specific transmembrane receptor 
interactions. GPIb, for example, is complexed to the actin-binding 
protein filamin A and is known to have an important role in main-
taining the normal cytoskeletal architecture of resting PLTs17,18. In 
Bernard Soulier Syndrome genetic abnormalities of the GPIb-IX-V  
complex, particularly the GPIbα subunit that contains the Von 
Willebrand factor and thrombin-binding sites, results in fewer and 
larger PLTs1. As normal numbers of MKs are generally found in the 
bone marrow of these patients, it is likely that the macrothrombocy-
topaenia is related to an error in the terminal stages of PLT produc-
tion. Moreover, the novel identification of an autosomal dominant 
macrothrombocytopaenia associated with PLT dysfunction in 
Glanzmann’s Thrombasthaenia19 raises interesting questions about 
the role of GPIIIa and its beta terminal domain in proPLT formation 
and PLT release. Myosin IIA, the non-muscle myosin heavy chain 
product of the MYH9 gene, has also been implicated in restraining 
proPLT formation in developing MKs20. In the case of MYH9-RD, 
defective myosin IIA could promote premature proPLT formation in 
the osteoblastic niche through loss of attenuation, or result in defec-
tive proPLT formation and reduced or abnormal PLT release in the 
vasculature21. Indeed, patients with autosomal dominant inherited 
MYH9-RDs (for example, May-Hegglin anomaly) generally exhibit 
macrothrombocytopaenia as well as variable degrees of hearing loss, 
nephritis and cataracts21. Here we provide a mathematical model 
of circular-prePLT to barbell-proPLT conversion that is based on 
the balance of microtubule bundling forces, elastic bending forces, 
and actin-spectrin-myosin cortex forces. Biophysical modelling 
of the cytoskeletal forces driving barbell-proPLT conversion pro-
vide insight into PLT size determination that will be used to study 
human macrothrombocytopaenias. A better understanding of the 
cytoskeletal mechanisms that regulate PLT formation will lead to 
the development of improved therapies for clinical disorders of PLT 
production and an important source of PLTs for infusion.

Methods
Megakaryocyte suspension cultures. Mouse FLCs were collected from WT CD1 
mice (Charles River Laboratories, Wilmington, MA) on day E13. 5, and cultured 
at 37 °C and 5% CO2 in the presence of 0.1 µg ml − 1 purified recombinant mouse 
c-Mpl ligand for 5 days. Round MKs, proPLT-MKs and released proPLTs were 
isolated by BSA gradient sedimentation, and cultured separately as previously 
described7. All studies complied with institutional guidelines approved by the 
Boston Children’s Hospital animal care and use committee, and the IACUC.

Human/murine whole-blood PLTs. Human blood was obtained by venipuncture 
from healthy volunteers, as previously described22, and collected into 0.1-volume  
AJ buffer (85 mM sodium citrate, 69 mM citric acid, 20 mg ml − 1 glucose) or Sodium  
Citrate (blue-capped), EDTA (purple-capped), and Heparin (green-capped)  
anticoagulant tubes. Collections were performed in accordance with ethics  
regulation with IRB approval, and informed consent was provided according to 
the Declaration of Helsinki. Murine blood was obtained by retro-orbital bleed into 
0.1-volume AJ anticoagulant from anaesthetized CD1 strain mice, as previously 
described23. For RAMPS-treated mice, CD1 strain mice were injected with 50 µl 
RAMPS (Inter-cell technologies, Jupiter, FL) intraperitoneally to induce thrombo-
cytopenia. Whole blood was collected on Day 4 post-injection, as PLT counts were 
recovering, and again 2 weeks later (normal control). Samples were centrifuged  
at 1,000g for 5 min to isolate PRP, and stored at 37 °C and 5% CO2 with gentle  
rotation for 0 or 6 h.

Immunofluorescence microscopy. Megakaryocytes, proPLT-MKs, released pro-
PLTs, and whole-blood PLTs were purified and probed, as previously described24. 
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Figure 6 | Mathematical modelling of barbell-proPLT conversion.  
(a) Schematic of force balance as outlined by Laplace’s Law (P = pressure, 
T = cortex tension). (b) Simulated shapes in proPLT conversion. After 
corridor formation, microtubule-bundling proteins (short yellow lines) 
‘zip up’ the corridor. From top to bottom, the ratio of shown cell perimeter 
to initial, circular, perimeter: L/L0 = 1, 1.5, 2, 2.5. (c) Circularity relation. 
L0 = perimeter of the initial circular-prePLT, L = perimeter of the barbell-
proPLT. Solid line: L/L0 = 1. Dashed line: L/L0 = L0/(10 µm). (d) Simulated 
PLT diameter vs number of microtubules in the bundle. Analyses were 
performed for at least three independent samples. Error bars represent  
1 s.d. about the mean.
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Briefly, samples were fixed in 4% formaldehyde and centrifuged onto poly-l-lysine 
(1 µg ml − 1)-coated coverslides (resting), or spun directly onto poly-l-lysine-coated 
coverslides and allowed to spread for 20 min at room temperature before fixation 
(spread). For analysis of cytoskeletal components, samples were permeabilized 
with 0.5% Triton-X-100, and blocked in immunofluorescence blocking buffer 
(0.5 g BSA, 0.25 ml 10% sodium azide, 5 ml FCS, in 50 ml 1×PBS) overnight before 
antibody labelling25. To delineate the microtubule cytoskeleton, samples were incu
bated with a rabbit polyclonal primary antibody for human β1-tubulin generated 
against the carboxy-terminal peptide sequence CKAVLEEDEEVTEEAEMEPED-
KGH (Genemed Synthesis, San Antonio, TX), washed, and probed with a second-
ary Alexa 488 nm-conjugated goat anti-rabbit antibody (Invitrogen).

For examination of PLT surface receptor expression in non-permeabilized cells, 
samples were kept resting, fixed and centrifuged onto poly-l-lysine-coated  
coverslides as described without the 0.5% Triton-X-100 incubation, and probed 
with fluorescein isothiocyanate (FITC)-conjugated antibodies against GPIIIa 
(Beckton Dickinson). To correct for background fluorescence and nonspecific 
antibody labelling, slides were incubated with the secondary antibody alone  
or a PE-conjugated IgG antibody control, and all images were adjusted accordingly. 
Samples were examined with a Zeiss Axiovert 200 (Carl Zeiss, Thornwood, NY) 
equipped with a ×63 (NA = 1.4) Plan-ApoChromat oil immersion objective, and 
images were obtained using a Hamamatsu charged coupled device camera  
(Bridgewater, NJ). Images were analysed using the Metamorph image analysis 
software (Molecular Devices, Sunnyvale, California, USA) and ImageJ (NIH, 
http://rsb.info.nih.gov/ij/).

Blood smears. Human whole-blood smears were generated by placing a 5–l drop 
at one end of a conventional glass slide and pulling the drop along the length of  
the slide using a second glass slide at a 45° angle. Blood smears were fixed and 
Giemsa-stained using the Diff-Quick staining kit as per the manufacturer’s  
instructions (Siemens, Washington, DC).

Laser scanning cytometry. Platelet-rich plasma was spun down onto poly-l-
lysine-coated glass coverslides, fixed, permeabilized, and probed for β1-tubulin,  
as previously described. Laser scanning cytometry was performed on the  
iCys Research Imaging Cytometer (CompuCyte, Westwood, Massachusetts, USA); 
a microscope-based cytofluorometer that employs wide-field laser-spot  
scanning illumination, and was used to detect β1-tubulin localization in our  
samples at 488 nm (ref. 26). Briefly, coverslides were scanned at a ×20 magnifica-
tion (low-resolution mosaic scan) to generate DIC and fluorescence image maps 
of the sample slides. Fifty ‘5×5’ regions of interest were selected from these image 
maps to uniformly represent the entire sample preparation while avoiding air- 
bubbles, coverslide borders, and imperfections in the glass. Samples were then 
scanned using a ×60 objective (field scan) to generate fluorescence region maps 
composed of 25 high-resolution images. These were processed using manufacturer-
developed modules to threshold individual objects based on known human  
PLT parameters and contour these events for subsequent quantitative analysis.  
Data were subject to morphological and signal-level-dependent scattergram 
analysis using the iCys image analysis software (CompuCyte), and barbell-proPLTs, 
‘figure 8’ proPLTs, circular-prePLTs, resting PLTs and activated PLTs were gated 
based on a combination of area, perimeter, circularity, integral, fluorescence  
intensity, and maximum pixel intensity. For the purposes of exactness in all  
subsequent quantifications, figure ‘8’ proPLTs, activated PLTs, and PLT clumps 
were excluded from the analysis. Analysis of barbell-proPLT, circular-prePLT,  
and discoid PLT numbers were performed for at least three independent samples. 
Error bars represent 1 s.d. about the mean. Statistical significance between 0–and 
6 h time points was established using a one-tailed Student’s t-test for paired  
samples (*P < 0.05, **P < 0.01).

Red blood cell lysis. Whole blood was collected as described above, and immedi-
ately fixed with 1% or 0.1%. formaldehyde. Samples were transferred into 2 volume 
equivalents of RBC lysis buffer (150 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA, 
pH 7.2–7.4) and incubated at 37 °C for 10 min. PLTs were centrifuged at 1,000g  
for 10 min to concentrate barbell-proPLTs/circular-prePLTs, and the resultant  
PLT pellet was washed briefly and then resuspended in PLT resuspension buffer 
(10 mM HEPES, 140 mM NaCl, 3 mM KCl, 0.5 mM MgCl2, 5 mM NaHCO3,  
10 mM glucose, pH 7.4).

Flow cytometry. Washed PLTs/PPLTs were collected from whole blood and 
examined under resting conditions. Samples were probed with FITC-conjugated 
antibodies against CD61, and PE-conjugated antibodies against CD62P (Beckton 
Dickinson, Franklin Lakes, NJ) and run on a FACSCalibur flow cytometer (Beckton 
Dickinson). PLTs/PPLTs were gated by their characteristic forward- and side- 
scattering as they passed through the detector, and their total fluorescence  
intensity was calculated after subtraction of a FITC- or PE-conjugated IgG 
antibody specificity control (Beckton Dickinson). Analysis of PLT/PPLT mean 
fluorescence intensity was performed for at least three different samples. Error bars 
represent 1 s.d. about the mean for at least 3 independent samples.

Electron microscopy. For thin-section electron microscopy, human PLTs were 
fixed with 1.25% paraformaldehyde, 0.03% picric acid, 2.5% glutaraldehyde in 

0.1–M cacodylate buffer (pH 7.4) for 1 h, post-fixed with 1% osmium tetroxide, 
dehydrated through a series of alcohols, infiltrated with propylene oxide,  
and embedded in epoxy resin. Ultrathin sections were stained and examined  
with a Tecnai G2 Spirit BioTwin electron microscope (Hillsboro, OR) at an  
accelerating voltage of 80 kV. Images were recorded with an Advanced Microscopy 
Techniques (AMT) 2-K charged coupled device camera, using AMT digital acqui-
sition and analysis software (Advanced Microscopy Techniques, Danvers, MA).  
For negative stain electron microscopy, samples were fixed with 0.25% formalde-
hyde, lysed in 60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl2 (PHEM 
buffer) containing 0.5% Triton X-100, and immediately centrifuged on the  
surface of carbon-formar-coated copper grids at 280 g. Grids were stained with  
1% uranyl acetate, and viewed in a JEOL 1200 electron microscope at an accelerat-
ing voltage of 60 kV.

Drug treatments. Samples were incubated with 5 µM nocodazole (Sigma-Aldrich, 
St. Louis, Missouri, USA), 2.5 µM latrunculin, 10 µM cytochalasin D, 5 µM jas-
plankinolide (Invitrogen) or DMSO (vector control, Sigma-Aldrich) for up to  
6 h at 37 °C.

Preparation of photomicrographs. The digital images produced in Metamorph 
were assembled into composite images by using ImageJ and Adobe Photoshop CS3 
(Adobe Systems, San Jose, CA). Dividing lines explicitly separate different images, 
or separate regions of the same image. No specific features within an image were 
enhanced, obscured, moved, removed, or introduced, and adjustments made to the 
brightness, contrast, and colour balance were linearly applied to the whole image. 
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Supplementary Computational Model online. 

Supplementary RBC Lysis online. 

Supplementary Figure 1. Laser scanning cytometry analysis work flow used to quantify 

intermediates in PLT production from whole blood samples. 

Human whole blood was collected from healthy volunteers and PRP isolated by centrifugation. 

PLTs were subsequently spun down onto poly-L-lysine-coated glass coverslides, fixed, 

permeabilized, and probed for β1-tubulin. Figure a/b: Laser scanning cytometry analysis work 

flow for the detection and quantification of intermediates in PLT production from PRP. 

Graphical modules represent analysis protocols that initially scan coverslides at 20x 

magnification (mosaic scan) to generate a low resolution DIC and fluorescence image map of the 

sample slide (Fig. b, top). Fifty ‘5x5’ regions of interest (denoted by the blue squares) were 

selected for each coverslide and scanned using a 60x objective (field scan) to generate 

fluorescence region maps (Fig. b, middle) composed of 25 high resolution images (Fig. b, 

bottom). These were processed using manufacturer-developed modules to threshold individual 

objects based on known human PLT parameters and contour these events for subsequent 

quantitative analysis. Figure c: Data were subject to morphological and signal-level dependent 

scattergram analysis, and barbell-proPLTs, figure ‘8’ proPLTs, circular-prePLTs, resting PLTs 

and activated PLTs were gated based on a combination of parameters. Figure d: Representative 

galleries of cells from the aforementioned gated regions. For the purposes of exactness in all 

subsequent quantifications, figure ‘8’ proPLTs, activated PLTs, and PLT clumps were excluded 

from the analysis. 
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Supplementary Figure 2. Giemsa-stained blood smears and IF microscopy of fixed barbell-

proPLTs that were concentrated from human whole blood following RBC lysis. 

Giemsa-stained blood smears were generated from human whole blood directly, or following 

fixation with 1% and 0.1% formaldehyde, RBCs lysis, and sample concentration. Figure a: 

Representative blood smears demonstrate the presence of barbell-proPLTs, circular-prePLTs, 

and discoid PLTs prior to and following RBC lysis. Fixation with 0.1% formaldehyde before 

RBC lysis resulted in minor PLT swelling, the disappearance of barbell-proPLTs, and 

appearance of greater numbers of circular-prePLTs. Representative examples of discoid PLTs 

are indicated by black arrows, while circular-prePLTs or barbell-proPLTs are indicated by white 

arrows. Figure b: Human whole blood PLT fixed with 1% formaldehyde did not demonstrate 

swelling relative to those in untreated PRP controls, and remained normally distributed about 

their mean area. Figure c: Barbell-proPLTs could be isolated from whole blood following RBC 

lysis, and concentrated by differential centrifugation. Samples were probed with antibodies 

against the PLT-specific marker GPIIIa and examined by IF microscopy to reveal long proPLTs 

not usually detected in PRP. Representative examples of discoid PLTs are indicated by black 

arrows, while circular-prePLTs or barbell-proPLTs are indicated by white arrows. 

 

Supplementary Figure 3. Flow cytometric analysis of fixed human whole blood PLTs and 

PLT intermediates following RBC lysis. 

Figure a: Flow cytometric analysis of human washed PLTs and whole blood PLTs following 1% 

formaldehyde fixation and RBC lysis (Fig. b) demonstrate the presence of GPIIIa positive 

objects with forward- and side-scatter dimensions larger than those of discoid PLTs (PPLT gate). 

Figure c: These were shown not to be comprised of PLT aggregates (differential intereference 
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contrast image, left) and remained resting following RBC lysis, as determined by the lack of 

CD62P activation on their surface (right). 

 

Supplementary Figure 4. Immunofluorescence and negative stain electron microscopy of 

human whole blood barbell-proPLTs, circular-prePLTs, human/mouse discoid PLTs, and 

mouse proPLT culture intermediates. 

Figure a/c/e: Human (Fig. a) whole blood barbell-proPLTs, circular-prePLTs, and discoid PLTs 

were spun down onto poly-L-lysine coated glass coverslides, fixed, permeabilized, and probed 

for β1-tubulin. Linescans were drawn across the marginal coils of these structures (represented in 

yellow) and used to measure the size and fluorescence intensity of the peripheral microtubule 

cytoskeleton. These were compared to mouse whole blood PLTs from WT and Day 4 RAMPS-

treated mice (Fig. c) and barbell-proPLT and circular-prePLT intermediates from mouse FLC 

cultures (Fig. e). These did not reveal any difference in the thickness or fluorescence intensity of 

the microtubule ring, and suggest that the number of microtubule coils in these structures is 

equivalent. Discoid PLTs from Filamin A KO mice were used as a positive control to 

demonstrate that differences in microtubule band thickness and fluorescent intensity could be 

resolved using this approach. Figure b/d/f: Barbell-proPLTs and circular-prePLTs were 

concentrated from human whole blood following fixation with 1% formaldeyde, RBC lysis, and 

differential centrifugation. These were analyzed by negative stain electron microscopy and 

compared to mouse whole blood PLTs from WT and Day 4 RAMPS-treated mice (Fig. d) and 

barbell-proPLT and circular-prePLT intermediates from mouse FLC cultures (Fig. f). Direct 

visualization and precise counting of individual microtubules along the periphery of the cell 

revealed values of between 6-8 individual microtubules for discoid PLTs, and their numbers and 
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arrangement were not significantly different in barbell-proPLTs or circular-prePLTs from the 

same donor or between donors. Discoid PLTs from Filamin A KO mice were used as a positive 

control to demonstrate that differences in microtubule band thickness and microtubule count 

could be resolved using this approach. Negative stain electron microscopy did not reveal any 

difference in the localization, thickness, fluorescence intensity, or microtubule number of the 

marginal microtubule band between the samples compared. These observations suggest that 

circular-prePLTs identified in human whole blood and thrombocytopenic mice are structurally 

equivalent to circular-prePLTs observed in mouse FLC cultures, and likely represent an 

intermediate stage in PLT production in vivo. 

 

Supplementary Figure 5. Quantification of resting (discoid) PLTs, circular-prePLTs, and 

barbell-proPLTs in human/mouse whole blood 0 and 6 hours post-collection. 

Figure a: PRP was isolated from human whole blood by centrifugation, and stored at 22°C with 

5% CO2 and gentle rotation in a humidified incubator for 0 and 6 hours. PLTs were subsequently 

spun down onto poly-L-lysine-coated glass coverslides, fixed, permeabilized, and probed for β1-

tubulin. Objects are displayed as a density scattergram with maximum pixel intensity plotted 

along the y-axis, and area (µm2) plotted along the x-axis. Discoid PLTs are represented by the 

cyan box (R3) and the blue box (R2) represents circular-prePLTs. Figure b: Resting PLT, 

circular-prePLT and barbell-proPLT counts were quantified and normalized for total object 

counts. At 22°C, relative discoid PLT counts smaller than 3µm in diameter do not change during 

cell culture. While barbell-proPLT numbers increased significantly after 6 hours, these were 

lower than PRP cultured at 37°C for the same period of time (Fig. 5). Figure c: Human whole 

blood was collected directly into Sodium Citrate, EDTA, and Heparin tubes and either stored in 
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the same tube for 6 hours at 37°C or transferred into a new anticoagulant-treated tube every hour. 

Representative immunofluoresence microscopy images of β1-tubulin-stained PRP from 

anticoagulant-treated human whole blood demonstrate the presence of barbell-proPLTs in 

Sodium Citrate tubes after 6 hours in both singly-treated and hourly-treated samples. While 

barbell-proPLTs were evident in EDTA- and Heparin-treated blood that had been stored for 6 

hours after only a single treatment with the anticoagulant, these were absent in hourly-treated 

samples and suggest that this effect is transient. Representative examples of barbell-proPLTs are 

indicated by white arrows. Figure d: PRP was collected from WT and RAMPS-treated mice on 

Day 4 post-infusion and cultured at 37°C with 5% CO2 and gentle rotation in a humidified 

incubator for 0 and 6 hours. Representative immunofluoresence microscopy images of β1-

tubulin-stained PRP reveal larger PLTs and greater numbers of barbell-proPLTs (white arrows) 

in RAMPS-treated mice versus the WT controls. 

 

Supplementary Figure 6. Mathematical modeling of barbell-proPLT conversion. 

Figure a: Simulated shapes of a proPLT in the case cell area are conserved by cortex tension. 

Cell interior is in gray. From top to bottom: the ratio of the shown cell perimeter to the initial, 

circular, perimeter 0/ 1L L = , 1.5, 2. Figure b: Value of the computed pressure required for 

maintaining the area of a proPLT. The corridor forms at 01.8 / 2L L< < (in this region shown by 

cyan, the necessary pressure increases) beyond which the corridor has a minimum width of 0.2 

µm. Figure c: Bending energy of the microtubule-bundle. Solid line: simulation results. Red 

circles: results from analytical approach for the initial stage of the proPLT formation. The energy 

increases when the corridor forms (shown by cyan), after which the energy remains constant. 

Figure d: Simulated force along the microtubule-bundle. Solid line: maximum force. Dashed 



23 
 

line: average force. Dotted line: minimum force. The maximal force decreases initially, then 

increases to the initial level during the corridor formation (shown by cyan), and then remains 

constant. Note from the scaling that the force is inversely proportional to the square of the initial 

cell perimeter. Figure e: Simulated PLT diameter vs. effective external pressure generated by 

the cortex tension. Figure f: Energy of the twisted bundle of two MTs as a function of the helical 

pitch. The energy minimum corresponds to the predicted pitch of the twisted MT bundle. In the 

calculation, the following parameters were used: YI=7lpkBT=28 pN·μm, r=0.1 μm, J=2000 pN. 
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Computational Model  

We assume that the shape of a proPLT is determined by the microtubule (MT) bundle 

along its periphery. The MT bundle can be regarded as an elastic loop which keeps 

extending but maintains a constant thickness (~7 microtubules) during the elongation. 

Without other forces applied to the elongating MT bundle, the loop will remain circular. 

Since elongating proPLTs usually form a barbell shape, the deformation of the cell has to 

be constrained by the external compressive pressure due to the contraction of actin-

myosin-spectrin cortex (Fig. 6a). In addition, once the proPLT forms a narrow corridor in 

the middle, bundling proteins in that region tend to pull the MT bundles on opposite sides 

together and thus generating a ‘zipping’ force. 

We use numerical simulations to investigate how these mechanisms affect the 

shape of the proPLT. We treat the MT bundle as a node-spring loop. Each node in the 

loop interacts with its two adjacent neighbors via both stretching and bending forces, and 

then moves under these forces until all forces are balanced. The loop reaches equilibrium 

when all the nodes stop moving. The extension of the MT bundle is incorporated by 

gradually elongating the rest lengths of all the springs in the loop.  The compressive force 

from the actin-myosin-spectrin cortex or from the cytoplasm is included as a pressure on 

the loop. The bundling proteins in the corridor are treated as transient elastic bonds, 

which bind to two nearby microtubule-bundles and gradually shrink their bond lengths to 

cause a ‘zipping’ effect. 

 

Simulation procedures 



The spring force on the i -th node comes from the two adjacent neighbors 1j i= ± : 

s s , 0 ,
ˆ( ) ( )i j i j

j

f i k r r r= −∑
r

, where sk is the stretching spring constant of each spring, 

, | |i j i jr r r= −
r r

 is the distance from the i -th node to the j -th node, , ,
ˆ ( ) /i j i j i jr r r r= −

r r
 is the 

unit vector pointing from j -th node to i -th node, and 0r is the rest length of the springs. 

The bending force on node- i  has two sources: one is caused by the torque at neighboring 

nodes 1j i= ± , the other is caused by the torque at node i : 

( )b , , , ,
ˆ ˆ( ) / /j i j i j i i j i j

j

f i r r r rτ τ= × − ×∑
r r r

, where 
i

τ
r

and
jτ
r

are the torques at nodes i and j , 

respectively. The magnitude of 
i

τ
r

 is bi i
kτ θ= ∆ , where bk is the bending spring constant 

for each node and 
i

θ∆ is the bending angle at node i . 

The force applied by the external pressure P  to node i  is calculated as 

p , 1 , 1( ) ( ) / 2i i i if i P r r− += +  and is pointing toward the inside of the cell.   

1) If the pressure is caused by the contraction of the actin-myosin-spectrin cortex, the 

contraction pressure from the cortex should be balanced by the expanding pressure from 

the bent MT bundle.  From Laplace’s law, we have P Tκ= where κ is the local curvature 

of the MT bundle and T  is the lateral tension in the cortex. 

2)  If the pressure is caused by the cell’s membrane maintaining its area, we assume that 

the magnitude of P  is proportional to the change in the area: 0 0( / 1)P P A A= − , where 

0P  is a constant, A is current area of the loop and 0A  is the initial area of the loop. The 

magnitude of 0P  is related to the sensitivity of the area adjustment.  The difference 

between A  and 0A  is always kept below 1% during our simulation, so the cell area can 



be regarded as constant. For sufficiently large 0P , the resulting P  is independent of the 

value of 0P .  

3) After the corridor formation, the pressure on each lobe is assumed to depend on the 

area of the lobe: 0 P 0' ' ( / )P P A A= , where 0'P  is a constant and pA is the area of the lobe. 

The pressure force on node i  in the lobe is p , 1 , 1' ( ) '( ) / 2i i i if i P r r− += + . 

 

The bundling effect in the corridor is treated as dynamic springs connecting node pairs on 

the two opposite sides of the cell. A bundling spring is created when two nodes on the 

opposite sides are closer than the width of the corridor plus the segment length of the 

microtubule-bundle. We assume that the rest length of each newly created bundling 

spring, 0l , is equal to the distance between the two connected nodes. To produce the 

‘zipping’ effect, we further assume that 0l decreases at a constant rate to bring the MT 

bundles together. The contraction force exerted from a bundling spring on the connected 

nodes is bundle bundle 0( )f k l l= − , where bundlek is the spring constant of the bundling springs 

and l  is the actual distance between the two connected nodes. 

 If the stretching force in a bundling spring is greater than a critical value, the 

bundling spring is removed to represent the bond detachment.  This detachment force can 

be obtained from the binding energy per unit length ρ  along the MT bundle. Let ξ  be 

the segment length of nodes along the MT bundle. Each detachment event will release a 

binding energy ρξ , which should be equal to the elastic energy stored in the bundling 

spring before detachment. Therefore, the detachment force is detach bundle2f k ρξ= . 



To mimic the observed width of the corridor, the corridor in our simulation is 

further defined to have a minimum width of 0.2 µm by imposing a hard-core interaction 

force between nodes on the opposite sides. Once the MT bundle becomes part of the 

narrow corridor, we assume that the bundling springs in that region stop shrinking such 

that the MT bundle is stabilized. 

With all these forces, each node is moved according to the force balance:  

s b p s

s b s bundle bundlep

( ) / 2 before corridor formation,

( ' ) / 2 / after corridor formation,

f f f k
r

f f f k f k

 + +
∆ = 

+ + +

r r r

r
uurr r r  

where factor 2 in front of sk  is due to the fact that each node connects to two springs. 

Here we assume that a pressure force exists to keep the cell area constant before the 

corridor formation. After the corridor formation, pressure from the cortex contraction as 

well as the the bundling proteins start to ‘zip up’ the corridor. In our simulation, every 

time there is a small change in the total microtubule-bundle length, 10
4
 such relaxation 

steps are followed for the loop to reach equilibrium. After the relaxation, the bending 

energy is obtained as 2

b b

1

( / 2) ( )
N

i

i

E k θ
=

= ∆∑ . The force at node i  is the spring force ( )
s

f i  

and the average force is 
1

(1 / ) ( )
N

s s

i

f N f i
=

= ∑ . 

 

Choice of parameters 

The flexural rigidity of a bundle of 7 MTs is roughly p B7 28YI l k T= ≈  pN·µm
2
 if the 

MTs in the bundle can slide freely against each other. Here, p 1l ≈ mm is the persistence 

length of a single microtubule 
1-4

. For a circular loop of radius R with N  nodes being 



evenly distributed along its perimeter, the bending spring constant bk  for each node can 

be estimated as follows: the bending energy of a circular loop is given by 

2( / 2) (1/ ) /E YI R ds YI Rπ= =∫ . This energy can also be expressed as the sum of the 

bending energy from all N  nodes 2 2

b b( / 2) ( ) 2 /
N

E k k Nθ π= ∆ =∑ , where 

2 / Nθ π∆ = is the bending angle at each node. Equating these two equations 

yields b /k YI ξ= , where 2 /R Nξ π= is the length of each spring. The stretching spring 

constant for each spring is estimated to be 2

s b /k k ξ≈ , meaning that the energy for 

bending the two adjacent springs by 60° is similar to that for stretching a spring by ξ . 

For a circle with a perimeter of 10 µm and 80N = , we have b 220k ≈  pN·µm and 

4

s 1.4 10k ≈ ×  pN/µm. As the MT bundle elongates, ξ  increases, thus both sk and 

bk decrease. We estimate that bundlek  has the same order of magnitude as sk , since bundlek is 

not affected by the elongation of the MT bundle, we take 3

bundle 0/ ( / )k YI L N=  . The 

value of ρ for the bundling proteins is manually chosen to be about 2.5 pN such that the 

simulated PLT diameter matches the observed value of about ~ 2 µm. 

We choose 0 sP k=  and 0' 4P =  pN/um to match the observed lobe size for filamin-KO 

PLTs. 

 

Analytical Model 

Let ( )x s and ( )y s describe the path traced out by the microtubule peripheral bundle in the 

platelet where s is the arc-length parameter.  Let ( )sψ denote the angle made by the 

tangent vector and the x-axis.   The energy of the bundle can be written as:  



( ) ( ) ( ) ( )( ) ( ) ( )( )2
sin cosA y xE = YI ψ' + λ xy' yx' + λ s y' ψ + λ s x' ψ ds− − −∫   

Aλ is the Lagrange multiplier for the surface area constraint. The final two terms are non-

holonomic constraints (with Lagrange multipliers ( )y sλ and ( )x sλ ) ascertaining 

that ( )' cosx ψ= and ( )' cosy ψ= which enforces the microtubule non-extensibility 

constraint that fixes the total length of the microtubule peripheral bundle.   

The corresponding Euler-Lagrange equations that minimize energy E are:  

( ) ( )2 cos sin 0y xYIψ'' + λ ψ + λ ψ =  

2 0A xλ y' + λ ' =−  

0
A y
λ x' + λ ' =  

( )cos 0x' ψ =−  

( )sin 0y' ψ =−  

We shall assume periodic boundary condition so that x(0) = x(L), y(0) = y(L), and ψ (0) = 

ψ (L) where L is the total contour length of the platelet cell.  The second and third 

equations can be integrated directly and plugged into the first equation to further integrate 

and simplify the first equation to the following form: 

( )2 2

1 2 32
A

YIψ' = λ x + y +c x+c y +c−  

where 1 2 3, ,c c c are integrating constants.  We non-dimensionalize these equations by 

dividing the first equation by 2YI and setting κ= -
A
λ /(2YI).  By shifting our coordinate 

system, the first equation can be written simply as: 

2

0ψ' = κρ c−  



where 2 2 2ρ x y= + .  Taking the derivative of the final two equations and plugging in 'ψ , 

we get 

( )2

0x'' = κρ c y'− −  

( )2

0y'' = κρ c x'−  

This is the simplest form of the equations we need to solve.  The goal is to find a 

closed path solution and choose parameters κ and 0c to satisfy the fixed area and fixed 

length constraints.   The advantage of this form is that the non-holonomic constraints are 

removed. 

Numerically solving the above equations is still daunting.  We can simplify the 

calculation considerably by noting that the above equations can be derived from 

minimizing the following functional integral: 

( ) ( ) ( )2 2 / 2  
x y

H = x' + y' + x'B x, y + y'B x, y ds 
 ∫  

where the only condition on ,
x y

B B is: 

( )2

0

y x
dB dB

= κρ c
dx dy

− − −  

Since ( ) ( )
2 22 2 cos sin 1x' + y' ψ ψ= + = , the first part of the integral may be written as 

simply L/2.  Using Green's theorem, the rest of the expression may be written as an 

integral over the area (A) enclosed by the closed path, the solution that we seek.  The 

final expression is 

( )2

0/ 2H = L κρ c dA− −∫  

This expression offers an easy way to numerically approximate the solution using trial 

function method.  The idea is to use a trial function parameterized by a handful of 



variational parameters and express H in terms of these parameters followed by 

minimization with respect to the parameters.  Given the expected final shape, we use the 

trial function of the following form: 

( ) ( )( ) ( )cosh cos 2t cosx t = α β+γ t  

( ) ( )( ) ( )sinh cos 2t siny t = α β+ γ t  

where α , β  and γ  are the variational parameters. It is important to note that t is not the 

arc-length variable s so care needs to be taken when performing the integration, namely 

2 2( / ) ( / )dx dt dy dt dds t+= .  We used software Mathematica™ to determine the 

optimal parameters that minimize integral H and simultaneously fix area (A) and length 

(L).  Once the optimal parameters that minimize H are determined, we can use the 

resulting functions x(t) and y(t) to plot the shape and calculate the curvature energy (see 

Fig. S6c). 

 

Results 

1. Figure 6b shows the simulated shapes of a proPLT with different contour lengths in the 

case when zipping effect, not the external pressure, determines the shape after the 

corridor is formed. The corridor has a minimum width of 0.2 µm. If the external pressure 

keeps the cell area constant during the elongation, the cell will deform into a barbell 

shape due to the compression of the external pressure and the bending of the MT bundle 

(Fig. 6a, Supplementary Fig. 6a online). This shape transition has also been confirmed by 

our analytical calculation above. With the constant area assumption, the area of the final 

PLTs decreases linearly with the contour length because the area in the corridor region 

increases linearly with the contour length but the shape of the two lobes on the two ends 



of the proPLT remains the same. As a result, the area of the corridor increases with the 

contour length and the area of the two lobes decreases. 

After the formation of the corridor, both the cortex pressure and the ‘zipping’ 

effect lead to the separation of the two lobes (Fig. 6a). The ‘zipping’ effect will keep 

extending the corridor and shrinking the two lobes until the effective binding force is 

balanced by the force in the MT bundle.  The size of the final PLT thus depends on the 

detachment force of the bonds and is independent of the length of the corridor. The 

observed mean diameter of final PLTs is 2.3D = µm. Our simulation shows that a 

bindling energy density of 2.5ρ ≈ pN and a pressure coefficient of 0' 4P =  pN/um are 

required to obtain final PLTs of this size.  

 

2. Dependence of the extension ratio on the initial size reveals a critical cell size: The 

data that we obtained directly from microscopy is a collection of proPLTs’ contour length 

L  and the corresponding area A . If a proPLT is initially circular and its area is 

unchanged during the extension, we can estimate its initial contour length to be 

0 4L Aπ= . We then show all the collected data on a 0/L L - 0L  plot (Fig. 6c). We find a 

critical cell perimeter of 10 µm.  Cells with 0 10L < µm stay circular ( 0/ 1L L = ), while 

cells with 0 10L > µm have elongated shape ( 0/ 1L L > ). Further investigation shows that 

the extension ratio for cells with 0 10L > µm follows 0 0/ /10L L L≈  µm, or 

2

0 / (10 µm)L L≈ . There are two possible mechanisms determining the critical size: a) a 

force barrier for MT-sliding motors; b) available tubulin scales with cell area; c) area 

conservation. 



a) To deform a proPLT, motors that extend the MT bundle have to generate enough 

sliding force along the microtubule-bundle to overcome the resisting force. Our 

simulation shows that force in the MT bundle decreases with 0/L L  

(Supplementary Fig. 6b-d online).  The maximum force barrier is at 0/ 1L L = . 

This force barrier has also been calculated previously 
5
: for a circular loop 

with 0 2L Rπ= , the force barrier is 2 2 2

0( / 2)(1/ 5 / ) 120 /F YI R R YI L≈ + ≈ , where 

the term 21/ R  is from the bending and the term 25 / R is from the constraint for 

the two-lobed bending mode. This is consistent with our simulation result that 

F is between 2

0100 /YI L  and 2

0150 /YI L  (Supplementary Fig. 6d online). For 

0 10L = µm, this maximum force barrier is about 40 pN, indicating that the 

maximum available sliding force from the motors is about 40 pN. If this 

maximum motor force is the same for all cells, cells with 0 10L < µm will not be 

able to deform from the initial circular shape since the maximum force barrier is 

inversely proportional to 2

0L . 

b)  If the amount of available tubulin is proportional to A , the final length of the 

microtubule-bundle is 2

0L A L∝ ∝ . This explains the distribution of 

2

0 / (10 µm)L L≈  for 0 10L > µm. For 0 10L < µm, this formula predicts that there 

is not enough MT overlap to maintain necessary tension.  

c) Because the lobes typically have a fixed characteristic area
c

A , the cell area is 

2   
c

A A w d= + ⋅ , where w is the corridor width and d is its length. If w is a 

constant and 4c cL Aπ≈ is the contour length of each lobe, the contour length of 



the cell is ( ) ( )( )2 2 2 /c c cL L d L A A w= + ≈ + − , which depends linearly on A , 

and therefore 2

0L L∝ for 0 10L mµ> . 

 

3. Size of final PLT depends on the number of MTs in the bundle: In our simulation, we 

assume that YI is proportional to the number of microtubules in the bundle. The force in 

the neck region of the lobe can be estimated as 2 2/ / /F dE dR YI D N D∝ ∝ ∝ . If this 

force is equal to the constant detachment force for the bundling proteins, we 

have 1/2
D N∝ . 

 

4. Effect of pressure on the size of the final PLT: In the above simulation, we ignored 

forces from cortex contraction after the formation of corridor. To quantitatively 

understand how the external pressure affects the size of the final PLT, we impose a 

constant pressure P  to the proPLT after the formation of the corridor. Our simulation 

shows a power law relation 1/4D P−∝  (Supplementary Fig. 6e online). This can be 

roughly explained as follows. Since the bending energy of a circular microtubule-bundle 

scales as /E YI R∝ , the radial force exerted scales as 2

n / /F dE dR YI R= ∝ . Therefore, 

the pressure required to balance this force is 3

n / 2 /P F R YI Rπ= ∝ , which gives 

1/32D R P−= ∝ . 

 

5. Effect of twisting of the MT-bundle 

If MTs in the corridor’s bundle are twisted into a helical form, the coordinates of a MT 

can be expressed with the following parametric equation: 

cos(2 ), sin(2 ), ,x r t y r t z tπ π λ= = =  



where r is the radius of the helix, λ is the pitch of the helix and t is a parameter. Assuming 

that r λ<< , the curvature of the helix is a constant: 

2 2
.

( / 2 )

r

r
κ

λ π
=

+
 

The total bending energy for the helix of two MTs is: 

2

2

1 2 2
,

( / 2 )

r
E YI ds YI L

r
κ

λ π

 
= =  + 
∫  

where L is the MT contour length. If the density of the bundling energy is a constant,  J, 

the bundling energy of these two MTs is 

2 .E JL= −  

The total energy in the helix is the sum of the above two energies: 

2

1 2 2 2
.

( / 2 )

r
E E E YI L JL

r λ π

 
= + ≈ − + 

 

If the corridor length z is fixed, then we 

have: 2 2 2 2 2(2 ) 1 4 / ,L z nr z rπ π λ= + = + where /n z λ= is the number of turns of each 

MT. Plugging L into the expression for E, the value of λ satisfying / 0dE dλ = can be 

solved numerically. We plot the total energy as a function of the helical pitch in 

Supplementary Fig. 6f online. From the plot, it is obvious that the equilibrium 

configuration corresponds to the twisted bundle. 
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