
ΠΑΝΕΠΙΣΤΗΜΙΟ ΚΡΗΤΗΣ 
 

ΙΑΤΡΙΚΗ ΣΧΟΛΗ 
 
 
 
 
 

EX-VIVO ΑΠΕΙΚΟΝΙΣΗ ΤΗΣ ΜΕΓΑΚΑΡΥΟΚΥΤΤΑΡΙΚΗΣ 
ΕΝΔΟΜΙΤΩΣΗΣ: ΔΙΑΦΟΡΕΤΙΚΗ ΡΥΘΜΙΣΗ ΤΟΥ 

ΧΡΩΜΟΣΩΜΙΚΟΥ ΔΙΑΧΩΡΙΣΜΟΥ ΣΤΑ ΧΑΜΗΛΟΥ ΚΑΙ 
ΥΨΗΛΟΥ ΒΑΘΜΟΥ ΠΛΟΕΙΔΙΑΣ ΚΥΤΤΑΡΑ 

 
 
 
 

ΝΙΚΟΛΑΟΣ ΠΑΠΑΔΑΝΤΩΝΑΚΗΣ 

 

 

B.Sc (Hons), ΠΑΝΕΠΙΣΤΗΜΙΟ ΤΗΣ ΓΛΑΣΚΩΒΗΣ, 1999 

ΠΤΥΧΙΟ ΙΑΤΡΙΚΗΣ,ΠΑΝΕΠΙΣΤΗΜΙΟ ΚΡΗΤΗΣ, 2005 

 

 

 

 

 
 
 

ΜΕΤΑΠΤΥΧΙΑΚΟ ΠΡΟΓΡΑΜΜΑ «"ΚΥΤΤΑΡΙΚΗ ΚΑΙ ΓΕΝΕΤΙΚΗ ΑΙΤΙΟΛΟΓΙΑ, 
ΔΙΑΓΝΩΣΤΙΚΗ ΚΑΙ ΘΕΡΑΠΕΥΤΙΚΗ ΤΩΝ  ΑΣΘΕΝΕΙΩΝ ΤΟΥ ΑΝΘΡΩΠΟΥ" 

 
 



ΠΕΡΙΛΗΨΗ 

Ο ενδομιτωτικος κυτταρικός κύκλος στα μεγακαρυοκυτταρα (ΜΚ) ο 

οποίος περιλαμβάνει επαναλαμβανόμενη αντιγραφή του DNA 

χωρίς κυτταροκίνηση, είναι σημαντικό κομμάτι της ωρίμανσης του 

ΜΚ. Βάση μελετών ανοσοφθορισμου, είχε υποτεθεί ότι η ρύθμιση 

της διαδικασίας είναι ίδια για όλα τα ΜΚ ανεξάρτητα πλοειδιας. 

Πάραυτα, η δυναμική της χρωμοσωμικης κινητικότητας στα 

ενδομιτωτικα ΜΚ δεν είχε παρατηρηθεί ποτέ in vivo. 

Χρησιμοποιήσαμε, ένα πρόσφατα κατασκευασμένο στο εργαστήριο 

μας, διαγονιδιακο μοντέλο ποντικού στο οποίο η ιστονη Η2Β είναι 

ενωμένη εν σειρά με την πράσινη φθορίζουσα πρωτεΐνη και έχει 

στοχευόμενη έκφραση στα ΜΚ. Τα ποντίκια αυτά εμφανίζουν 

έκφραση της GFP και αλληλεπίδραση με το  πυρηνικό DNA μόνο 

στην μεγακαρυωτικη σειρά. Κύτταρα μυελού των οστών, η κύτταρα 

από καλλιέργειες εμβρυϊκών κύτταρων ήπατος απομονώθηκαν από 

τα διαγονιδιακα ποντίκια και χρησιμοποιήθηκαν για μικροσκοπία 

επικεντρωμένη στα ΜΚ. Ένα κύριο ερώτημα ήταν εάν τα κύτταρα 

ακολουθούν όλα τα σταδία της μίτωσης περιλαμβανόμενου και του 

σχηματισμού μεσωζωνης. Η ανάλυση μας καταδεικνύει 

χρωμοσωμικη συμπύκνωση στην πρώιμη μίτωση σε όλα τα ΜΚ 

κύτταρα ανεξάρτητα πλοειδιας. Στα υψηλής πλοειδιας κύτταρα 



(>8Μ-16Ν), η συμπύκνωση ακολουθήθηκε από μια δακτυλιοειδή 

διάταξη των χρωμοσωμάτων και ένα διαχωρισμό άνισων 

ποσοτήτων DNA που σχημάτισαν περιοχές που έμοιαζαν με 

μεσοζωνη, χωρίς να  ακολουθήσει κυτταροκινηση. Σε αντίθεση, 

παρατηρήσαμε 8Ν κύτταρα που προήλθαν από 2 ομάδες 4Ν DNA 

τα οποία αρχικά κινήθηκαν στους αντίθετους πόλους με 

σχηματισμο καθαρής μεσοζωνης ανάμεσα τους, όπως συμβαίνει 

στα διπλοειδη κύτταρα, πριν ξαναενωθούν σε ένα πυρήνα απουσία 

κυτταρικής διαίρεσης. Επίσης, μπορέσαμε να καταγράψουμε τα 

τελικά σταδία του κατακερματισμού των ΜΚ σε αιμοπετάλια.  
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EX-VIVO IMAGING OF MEGAKARYOCYTIC ENDOMITOSIS: DIFFERENTIAL 

REGULATION OF CHROMOSOMAL SEGREGATION IN LOW AND HIGH 

PLOIDY CELLS. 

NIKOLAOS PAPADANTONAKIS 

University of Crete School of Medicine, 2007 

Abstract 

The endomitotic cell cycle in megakaryocytes (MKs), which involves repeated 

DNA replication in absence of cytokinesis, is an important part of MK 

development. Based on immunofluorescence, it has been assumed that the 

regulation of this process is uniform in all MK cells regardless of ploidy. However, 

the dynamics of chromosome movement in endomitotic MKs has never been 

observed in vivo. We utilized, a recently engineered in our laboratory, transgenic 

mouse model in which histone H2B fused in frame to green fluorescent protein 

(GFP) was targeted to MKs. These mice display linage specific expression of 

GFP associated with nuclear DNA. Bone marrow or fetal liver cells isolated from 

the transgenic mice were subjected to time-lapse microscopy with a focus on 

MKs. A central inquiry at hand has been whether the cells undergo all steps of 

mitosis, including a formation of a proper midzone. Our analysis clearly indicated 

chromosome condensation at early mitosis in all MK cells regardless of ploidy 

status. In high ploidy MKs (>8N-16N), the condensation was followed by a ring-

 8



type alignment of chromosomes and a separation of an uneven amount of DNA 

to form midzone-like territories, followed by chromosome pulling to one side with 

no cytokinesis to follow. In contrast, we observed 8N that resulted from two sets 

of 4N DNA pulling apart to opposite poles with a clear midzone area, as typical of 

mitotic cells, before re-gathering into one nucleus in absence of cellular division. 

Furthermore, we were able to monitor and document  chromosomal DNA 

localization during terminal stages of MK fragmentation into platelets.  
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Chapter I. INTRODUCTION 

 

Outline of  platelets and Megakaryocytes in their functional context 

Platelets and their precursors the megakaryocytes (MKs), were considered for 

many years to have a role limited only in the context of hemostasis. MKs 

constitute only  a small fraction of  cells residing in bone marrow   and are 

responsible for the daily production of 1 x 1011 platelets in human adults1, that 

can be further  increased 10-fold under conditions of stress2. Platelets are one of 

the most numerous element of the blood and recent studies revealed their 

intriguing role in immunity, angiogenesis3 in the context of neoplasias and as 

carriers of prognostic markers related to cardiovascular diseases4. The role of 

platelets and their precursors is less unexpected when viewed in the context of 

evolution. 

Overview of MK and platelets evolution 

 Fish were the first vertebrates to evolve approximately half a billion years ago.  

By sharp contrast to mammals, fish hemostasis is carried out by thrombocytes 

(Greek Clotting Cells) that are nucleated cells and their progenitor remains 

elusive. Thrombocytes is the second most abundant cell population in fish 

circulation but their number and size varies among species5. Intriguingly, 

thrombocytes, similarly to platelets, contain granules but the degree of 

granulation is highly variable between different species  It remains controversial 

whether thrombocytes have true phagocytic properties6.  
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Seminal studies using the zebra fish model system have expanded our 

knowledge regarding thrombocytes7,8. Zebra fish thrombocytes can be detected 

at 36 hours post fertilization (hpf) and several transcription factors with a key role 

in mammalian thrombopoiesis have been also identified in zebra fish.  

More studies are available for avian thrombocytes that play important role both 

in hemostasis and immunity. Chicken has emerged as the model system for the 

study of avian thrombopoiesis. Chicken thrombocytes  are  nucleated cells and 

are produced by antecedent mononucleated cells. Although chicken 

thrombocytes contain scarce quantity of Golgi apparatus and rough 

endoplasmatic reticulum, they can synthesize proteins9.  

Chicken thrombocytes  contain several proteins associated with immunity such 

as leukotriene B4, CD40 ligand and several chemotactic factors. Moreover, a 

recent study demonstrated that thrombocytes can be stimulated by LPS through 

a signaling cascade involving Toll-Like Receptor 4, MAP and NF-Kβ pathways10. 

In addition, stimulated thrombocytes produce  prostaglandin E2 and the 

expression of pro-inflammatory cytokine IL-6 is significantly increased.  The 

reason that thrombocytes, with a dual role in hemostasis and immunity, were not 

retained in mammalian species remains enigmatic.  

Megakaryopoiesis 

Even though, the hematopoietic system has been studied rigorously for several 

decades many aspects of MK physiology remain elusive. MK studies are 

inherently difficult, because MK population is very scarce precluding large scale 
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isolation experiments. Furthermore, intermediate stages of maturation exhibit 

variation in size and phenotypic characteristics that further subdivide MK 

population in smaller groups. In order to overcome these limitations, other 

sources of MKs apart from bone marrow can be utilized such as murine fetal liver 

cultures obtained at days  12-15 post coitum.  In addition, MKs can also obtained 

from CD34+ cells isolated from cord blood that are induced to differentiate 

towards MK lineage by growth factors such as Thrombopoietin (TPO). MK 

structure and morphology were primarily studied though immunocytochemistry 

and bone marrow specific staining methods such hematoxylin & eosin. This 

knowledge was later complemented with ultra structural details obtained by 

electron microscopy, Flow Assortment Cell sorting (FACS) analysis and recently 

with advanced imaging modalities11. 

MKs are generated by Hematopoietic Stem Cells (HSC) that reside in 

specialized areas of the bone marrow called niches. The most well studied is in 

the vicinity of endosteum where HSC  can interact with osteoclasts and 

osteoblasts12. Recently, evidence is mounting for the existence and role of the 

vascular niche that is placed around the bone marrow sinusoids.  

Arterial vessels penetrate the bone and branch into a capillary network that 

intermingles with bone marrow. Capillaries form sinusoids that are highly 

permeable blood vessels, and their wall is composed by a single layer of 

endothelial cells.  This unique structure allows the cells in the vicinity of sinusoids 

to be directly bathed by the growth factors and nutrients of blood circulation13. 
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 An evolving concept is that stem cells in the endosteum niche are in 

maintenance state while those that are located towards the vascular bed of bone 

marrow are differentiating towards more mature forms. Similarly, the great 

majority of mature MKs are found in the vicinity of vascular niche and can 

through sinusoids a) shed platelets  in the blood stream or b) gain entrance to 

blood circulation14. The MKs that gained entrance in the blood circulation are 

trapped in the capillary network of the lungs with increased numbers reported in 

biopsies of patients suffering from diffuse alveolar damage15. During 

megakaryopoiesis HSC produce MKs through the generation of progressively 

more differentiated progenitors. HSC give rise to Megakaryocyte/Erythrocyte 

Progenitor (MEP) population which is common for megakaryocytic and erythroid 

lineage16.  The most definite primitive progenitor of MKs are  the high proliferate 

potential-colony-forming unit-megakaryocyte (HPP-CFU-MK). A more 

differentiated progenitor is the burst-forming unit-megakaryocyte (BFU-MK) that 

gives rise to colony-forming unit-megakaryocyte (CFU-MK)17.  The CFU-MK then 

give rise to Megakaryoblasts, (alternatively designated group I MKs), the most 

primitive cell of thrombopoiesis that can be recognized in histological 

preparations of bone marrow and has a size of 8-30 microns. It is characterized 

by a large, oval to round, nucleus with several nucleoli which is surrounded by a 

basophilic cytoplasm that lacks granules. Chromatin appears dense in small cells 

but assumes a reticular pattern in larger cells.  

 16



Immature MKs (alternatively designated group II MKs or pro-megakaryocytes) 

are produced after 7 divisions of the megakaryoblast. Immature MKs have a 

larger size and cytoplasm to nucleus ratio than megakaryoblasts. Their single 

and with multiple lobes nucleus has a horse - shoe shape. In addition, scarce 

amount of azurophilic granules are dispersed in their cytoplasm.  

 Eventually, cells with large nucleus that do not proliferate further are generated 

and are called Mature MKs (alternatively designated group III MKs or granular 

megakaryocytes).  The MKs comprise the 0.002-0.005% of Bone marrow 

nucleated cells and their number is estimated to be 4×107. MKs are large cells 

with a median size 30-70 μm (range 20-100 μm), a single large polyploid nucleus 

that is multi segmented with coarse grained chromatin.  The cytoplasm of MKs 

can be divided in 3 zones. The perinuclear zone remains attached to the nucleus 

after release of platelets and contains several organelles such as ER, Golgi 

apparatus and centrioles. The intermediate zone contains the demarcation 

membrane system which plays a critical role in the formation of proplatelets. The 

marginal zone involves the megakaryocytic cell membrane and is composed 

mainly by cytoskeletal filaments .  

MK  developmental staging is based predominantly on studies with flow 

cytometry that detect characteristic cluster of differentiation (CD) patterns 

(reviewed in18 2). The most widely surface markers for the study of 

megakaryopoiesis are integrin GPIIIa (CD61), von Willebrand factor (CD42), 
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GPIIb/IIIa alternatively designated as integrin aIIb β3(CD41a), GPIb (CD41b), 

Platelet Factor 4 (PF4)  as well as CD34 and CD38.  

Growth factors affecting Megakaryopoiesis 

Several cytokines are involved in the thrombopoiesis19 and many of them exert 

a positive effect such as TPO,EPO,SCF,GM-CSF,IL-3,IL-6,IL-12,IL-11. An 

inhibitory effect is exerted by TGF-B, PF4 and IL-4. The Src inhibitors were 

recently reported to have a detrimental effect in thrombopoiesis.  

 Furthermore, bone marrow endothelial cells (BMECs) can interact with MK 

progenitors and through the action of stromal derived factor -1 (SDF-1) and 

fibroblast growth factor – 4 (FGF-4) rescue thrombopoiesis  of TPO or  it’s 

receptor (mpl)  knock out mice. The evolving concept is that SDF-1 and FGF-4 

promote localization of MKs in the vascular niche where the microenvironment 

can sustain their proliferation maturation and ultimately the release of platelets20.  

However, the capital role on MK physiology has the Thrombopoietin (TPO) or 

mpl ligand that belongs to the GP 130 family of proteins (reviewed in21,22). Under 

normal conditions TPO levels in the human plasma are in the range of 95 pg/l 

and can increase several fold under conditions of stress. Human TPO gene is 

located on chromosome 3q26.3-3q27 and encodes a 353 amino acid precursor 

protein that contains a 21 amino acid signal peptide. Modification of the precursor 

leads to production of the acidic and highly glycosylated 95 KD TPO protein. 

TPO protein can be divided into the N and C terminal domains. The N terminal 

domain is consisted of 153 amino acids and shares 23% homology with 
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Erythropoietin. Importantly, N-terminal domain has two interaction sites with TPO 

receptor, one conferring high and the other low affinity binding. N-terminal 

domain is sufficient for binding in the TPO receptor and promote downstream 

signaling cascades.  

On the other hand, the C terminal domain has 179 amino acids and is rich on O- 

and N- linked carbohydate sites and it does not share homology to any known 

protein. C-terminal is involved in protein stability and secretion. Murine TPO 

shares extensive homology (93%) with human TPO in the N terminal domain 

although in the C terminal domain homology is less pronounced (74%).  

 The   TPO acts on the HSC and is very important for their homeostasis. TPO 

exerts its effect on HSC by upregulating gene expression or by facilitating 

nuclear localization of transcription factors such as homeobox proteins. 

Furthermore, TPO increase the percentage of cells committed to megakaryocytic 

lineage and increase the size, ploidy status and augments proplatelet formation 

of MKs. 

 The action of TPO in platelets is exerted in many different levels. TPO augment 

the action of thrombin by inducing the secretion of α granules through activation 

of PI3K pathway. Another action of TPO is that reduces the amount of collagen 

and ADP for the activation and aggregation of platelets.  

TPO shares extensive homology, especially in the N terminus, with EPO a 

cytokine with very important role in erythropoiesis. Disruption on the production 

of TPO or its receptor mpl reduces by 85% production of platelets23. However, 
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this finding indicates that other redundant pathways exist that can promote 

thrombopoiesis in the absence of TPO / mpl.  

TPO is produced constitutively by two pathways and the effect in the 

megakaryopoiesis is largely regulated by the level of circulating platelets. Under 

steady state conditions TPO is produced in the liver  and kidneys and is captured 

by circulating platelets through their mpl receptors followed by internalization and 

proteolytic digestion.  The free (unbound) TPO that reaches bone marrow will 

exert its effect on MKs. In the second pathway TPO is produced by the stromal 

cells of bone marrow and is released in the vicinity of MKs. Under normal 

conditions the TPO production under this pathway is minimal but it can increase 

significantly in states of thrombocytopenia. It has been reported PDGF and FGF-

2 have a positive effect while PF4 and TGF-b a negative effect in the production 

of TPO by stromal cells of human bone marrow.  

In addition, hepatic production of TPO can be significantly upregulated in 

inflammatory disorders such as rheumatoid arthritis and Crohn’s disease through 

the action of IL-6. 

Intriguingly, the regulation of megakaryopoiesis by TPO is not straightforward. 

For example, the number of mpl receptors in endothelial cells surpass those 

found on platelets and MKs, but endothelial cells are not implicated in the 

regulation of TPO levels.  Furthermore, in patients suffering from idiopathic 

thrombocytopenic purpura, characterized by massive consumption of platelets, 

the levels of TPO are not increased proportionately to platelet destruction.  
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MK ploidy correlation with size 

Although the mean ploidy of  MKs in the bone marrow of humans and most mice 

strains is  16N, some MKs can acquire a DNA content of up to 128N, where 2N is 

the DNA content of a diploid somatic cell. The increase in MK ploidy is also 

followed by increase in MK size18 with the diameter of human 2N MK being 21 -/+ 

4 μm compared to  55.80 -/+ 8.1 μm  of 64 N MK. However, estimating MK ploidy 

based on size is difficult since  human 16 N MK have a diameter of 37.80 -/+ 30.2 

μm.   

MK endomitosis 

The MKs are responsible for the production of daily production of 1 x 1011 

platelets in human adults1. The production of this vast amount  of platelets is 

achieved through an elaborate process of megakaryocytic maturation24. The 

hallmarks of MKs maturation are the accumulation of ribosomes, proteins, 

platelet specific granules coupled with reorganization of the cytoskeleton25 and  

an increase in DNA ploidy status26. Mature MKs have 4N-128N content and 

achieve this state of high ploidy through endomitosis27.  Many aspects of 

endomitosis  remain enigmatic and its role and significance in platelet production 

has not been clearly elucidated27,28.  

The relation between MK ploidy level and platelets remains controversial, with 

some studies linking platelet quality to MK ploidy level (reviewed in26) while other 

studies demonstrated production of platelets by 2N or 4N MKs29. Endomitosis is 

not unique to MKs and has been documented in cardiomyocytes, in vascular 
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smooth muscle cells of ageing or hypertensive animals30, and also in the giant 

cells of trophoblast27. Hence, deciphering the mechanisms that govern 

endomitosis in MKs may serve as model for further understanding of the 

endomitotic related phenomena in other cell types. 

During endomitosis S-phase is followed by mitosis that anaphase and telophase 

are skipped and a  gap phase  before cell proceeds to the subsequent round of 

DNA synthesis. The endomitotic process is characterized by nuclear breakdown 

and the presence of multiple spindle poles31. 

The duration of  endomitotic cycle is estimated to be approximately 9 hours with 

G1 phase lasting 1 hr, S phase approximately 7 hr  and  rest allocated to G2  and 

mitosis. The majority (greater than 85%) of murine polyploid MKs  isolated from 

bone marrow are cell cycle arrested. Moreover, only 60 % are positive for cyclin 

D3 or p21 which are markers of G1 phase.  Taken together these data indicate 

the majority of  polyploid MKs are arrested at G1 while the rest at Go.  However, 

cell cycle arrested MKs may be recruited into endomitotic cycles by TPO 

treatment. This is suggested by the fact that 15% of freshly isolated bone marrow 

MKs are in S phase and this percentage is doubled after 12 hours of TPO 

treatment. This relatively fast increase of MK population in S phase may arise 

from the recruitment of polyploid MK cells that are cell cycle arrested in parallel 

with diploid MKs  entering  endomitotic cycles. 

  Approximately 50 % of diploid MKs cultured in the presence of TPO are in G1 

phase.  However, in the presence of TPO, as the MKs increase their ploidy state 
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up to 32N the  percentage of cells in G1 phase is reduced with concomitant 

increase of cells found in G2/M and S phase. In contrast, in the MK population 

going from 32N to 64N the percentage of cells in G1 increase with a parallel 

decrease of cells in the G2/M phase.  Taken together these data indicate that 

MKs that reach ploidy states greater 32N tend to exit endomitotic cycles.   

Studies of phenomena related to MK endomitosis are predominantly based on 

immunofluorescence microscopy, with only one study in the literature pursuing 

ex-vivo time lapse microscopy. However, this study focused only on the 

microtubule network of MKs without visualizing the chromosomes. 

During Interphase MK DNA is replicated but becomes visible only during 

prophase. In early prophase chromosomes are seen as threads in the nucleus 

and the centrioles are migrating towards the poles of the cell. At that time also, 

microtubule filaments start emanating from centrioles surrounding the nucleus. At 

late prophase, the nuclear membrane is disturbed and the microtubule filaments 

form a network that connect through a specialized area –the kinetochore- sister 

chromatids with the centrioles that are positioned at the opposite poles of the 

cell.  

In metaphase, the sister chromatids through the action of microtubules migrate 

towards cell equator and gradually align. At this point chromosomes have a tight, 

compact and  lobulated form and dense arrays of microtubules connect them to 

the centrioles. 
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During early anaphase the sister chromatids  separate and depart towards the 

poles of the spindle network that they are attached consistent with Anaphase A. 

An integral part of anaphase is the formation of spindle midzone. The spindle 

midzone is formed by a set of anti parallel microtubules that are not attached in 

the kinetochores and are placed between the departing chromosomes. Although 

anaphase A  appears to occur the anaphase B which involves spindle elongation 

and further movement of chromatids towards the poles is not observed in MKs.  

 Nevertheless, Central spindle midzone is instrumental for the concentration of 

an array of proteins involved in cytokinesis.  One of them is Centralspindlin 

complex, which composed by MKLP1 and CYK-4, a Rho family GTPase protein 

and have a key role in furrowing. During furrowing of diploid cells, a contractile  

actomyosin network under the regulation of Rho1 protein is formed that partitions 

the cell into two territories. In last steps of cytokinesis the contractile ring is 

constricted generating two daughter cells but the terminal steps of cytokinesis 

require the addition of membrane vesicles to cover the area between the edges 

of the contractile rings and also to surround with membrane surface area the 

daughter cells. Although the position of furrowing is dictated by midzone, the role 

of midzone in ingression of furrowing during cytokinesis remains, at least for 

diploid cells, controversial. 

In the MKs  the late events of mitosis related to telophase, such as formation of 

nucleus around each group of chromatids and generation of two daughter cells 

are aborted. Although phenomena related to telophase had not been reported in 
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MKs based on data obtained from fixed cells31, recent ex-vivo studies indicated 

that furrowing occurs at least in MKs of low ploidy32. High ploidy MKs (designated 

as those with 4 or more spindle poles) exhibited transient and attenuated 

furrowing. Moreover, the generation of midbody formation is claimed to occur33 

but this is not certain as analysis is based on fixed cells, and live imaging has not 

been pursued. Rapidly occurring phenomena may have been missed and thus, 

crucial details of these dynamics may not yet have been revealed. Taken 

together these data clearly demonstrate that time lapse microscopy can have a 

paramount role in answering these questions. 

Key proteins of Endomitosis 

Despite the fact that during endomitosis the mechanisms that refrain diploid 

cells from attaining polyploidy status3435 are circumvented, the whole process 

remains tightly controlled36.  Several layers of regulation have been described 

involving cyclins/Cdk, chromosomal passenger complex and microtubule 

organizing proteins.  

Cyclins interact with Cdks and regulate progression through cell cycle37. In the 

regulation of the mitotic cycle in megakaryocytes cyclins of type D (D3 and in 

lesser extent D1) and type E (E1 and E2) have a significant role. Type D cyclins 

interact with Cdk 4 and 6 and phosphorylate pRB and pRB related proteins (p107 

and p130) priming progression to S-phase38. Our Laboratory has previously 

shown that overexpression of cyclin  D3 in MKs has as result increase in 

endomitosis39. Type E cyclins associate with Cdk 2 and 3 and 
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hyperphosphorylate pRB promoting progression to S-phase. Importantly, knock 

out models of type E cyclins indicate that are absolutely required for progression 

of cells from Go to S phase and that have a significant role in endoreplication of 

megakaryocytes and trophoblast giant cells40. Although the significance of cyclins 

has been documented, their mediators or mechanisms that result in high ploidy 

MKs are poorly described. 

Microtubule organization and spindle assembly checkpoints have an important 

role on preventing cells to attain polyploidy/aneuploidy state41. MKs must 

overcome these regulatory circuits when switching from normal mitosis to 

endomitosis. Chromosomal passenger proteins have attracted attention as 

important mediators of endomitosis because they are involved in the association 

of microtubules with chromosomes, in the spindle checkpoint and late events of 

telophase42. Aurora-B, INCENP, Borealin/Desra and Survivin are  members of 

the Chromosomal passenger complex43.  

 Survivin is also member of the IAP (Inhibitor of Apoptosis) family of proteins but 

its precise role in the context of apoptosis remains elusive44 with several cancer 

clinical trials targeting Survivin in progress45. Survivin has a firmly established 

role in cell cycle regulation in the context of chromosomal passenger proteins46. 

Survivin mouse knockout models were embryonic lethal at day 5.5 post coitum.  

Gross anomalies included small number of cells with abnormal and large nuclei 

coupled  with defects in microtubule formation and cytokinesis46. A study  

adopting a siRNA approach47 indicated that Survivin is essential for the 
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proliferation of megakaryocyte – erythroid progenitor and is also required for the 

differentiation of the more committed  progenitors of erythroid lineage. 

Furthermore, reduction of Survivin levels through RNA interference in vitro 

augmented megakaryopoiesis. Localization of Survivin in murine models during 

all phases of endomitosis has not been precisely defined 47,48.  

Another member of the chromosomal passenger complex is Aurora B/AIM-149. 

Aurora B is implicated in cytokinesis and segregation of chromosomes50. It 

interacts with Survivin and INCENP and by phosphorylating Vimentin exerts 

control in Vimentin mediated cytokinesis. Our laboratory has previously shown in 

transgenic model of Aurora B that small MKs have higher levels of Aurora B 

compared to large MKs48. Excess Aurora B was removed with an internal 

mechanism and high levels had an inhibitory effect in endomitosis. Furthermore, 

knock out models of Aurora B had mitotic defects and formation of polyploid 

cells51. Immunofluorescence studies focused on Aurora B pattern of localization 

are difficult due to staining  and antibody reactivity issues. However, the Aurora B 

localization was reported to be similar with that of diploid cells in MKs of human 

49 and murine52 origin. 

 Recently, new players were implicated in endomitosis adding another layer of 

complexity. Stathmin53 is a protein involved in microtubule depolymerization and 

high levels are necessary in early steps of megakaryocyte maturation. However, 

downregulation of Stathmin protein levels may be required for the terminal stages 

of  megakaryopoiesis54. Another potential player is the EVI proto-oncoprotein55. 
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EVI protein levels are undetectable in normal bone marrow but expression of Evi 

protein was detected in patients suffering from 3q21q26 syndrome56. The 

3q21p26 syndrome is an aggressive form of leukemia characterized by 

dystrophic MKs and associated with poor prognosis. MKs isolated from patients 

suffering from this syndrome have relatively small size and their ploidy level is 

low.  Studies in cell lines indicated that Evi protein may have a role in 

polyploidization57.   

The ability to monitor and track fluorescently tagged proteins with a key role in 

endomitosis could address the questions regarding their presence and 

localization throughout the endomitotic cycle. 

Biogenesis of proplatelets 

The terminal steps of MK maturation involve the production of platelets. The 

mechanism underlying platelet production has been controversial for several 

years. One hypothesis, based predominantly on electron microscopy studies, 

proposed that preformed platelets were produced in the cytoplasm of MKs that 

where subsequently released. The second model proposed that platelets are 

generated by proplatelets; an array of cytoplasmatic processes that extend from 

the surface of MKs with a highly variable pattern and can reach up to 60 nm 

length. The proplatelet model was further strengthened with pioneering ex-vivo 

real time studies pursued by Italiano and coworkers which demonstrated that 

microtubules is the main component of proplatelets and their sliding action is 

responsible for the proplatelet elongation 58. Proplatelets are formed in most 
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cases from a single broad elongating pseudopodium. The pseudopodium 

continues to elongate for 4-10 hours and the proplatelet are formed with a 

diameter of 2-4 μm and have numerous bulges, which are interconnected with a 

thin bridge of cytoplasm. Furthermore as the proplatelets extend from the MK 

surface the thick bundle of microtubules proximal to MK cell membrane gradually 

thins out to approximately 20 microtubules at  the tip of proplatelet.  Platelets are 

released only form nascent tips of proplatelets. An elegant mechanism that 

increase the number of nascent tips that can shed platelets has been 

documented that implicates rearrangement of actin.  

The generation of proplatelets continues until almost all cytoplasm is converted 

to proplatelet formations. Ultimately, proplatelets are either extruded in the bone 

marrow sinusoids or the mature MK gains entrance in the blood circulation for 

release.  

Proplatelet release from mature MKs heralds the formation of senescent 

(apoptotic) MKs, which are removed by macrophages.  The apoptosis of MKs is 

very complex and involves tight regulation through Bcl-2, Bcl-xL, and caspase 3 

and 9 proteins. Apoptosis is integral part of proplatelet formation but the events 

related to the fate of nucleus have not been completely elucidated. For example, 

activation of caspase 3 during proplatelet formation appears localized but in the 

senescent MK the pattern is diffuse.   Ultrastructural studies of human MKs using 

TEM demonstrated the existence of micronuclei and cytoplasmatic vacuolization 

in apoptotic MKs.  The precise timing of the apoptotic events in nucleus in 
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relation to proplatelet formation may require time lapse imaging in order to be 

elucidated. 

The PF4-H2B-GFP mouse model 

Studies of endomitosis related phenomena are based predominantly on 

immunocytochemistry data of fixed cells and data from imaging of unfixed living 

megakaryocytes are very limited and do not visualize directly chromosomal 

dynamics. We decided to study endomitosis by devising a strategy of in vivo cell 

imaging based on fetal liver derived MKs. For the in vivo imaging studies we took 

advantage of a mouse model in which Rat PF-4 promoter is driving expression of 

GFP fused to human Histone 2B59. Histone 2B is an essential component of the 

chromosomal scaffold59  and constructs based on the PF-4 promoter have 

already successfully utilized in previous studies to drive expression of genes of 

interest only in MKs60,61. It has been previously demonstrated that fluorochrome 

tagging of Histones does not affect cell viability62 and has been used for the 

visualization studies in murine embryos63.  Histone tagging is particularly useful 

in studies of endomitosis because MKs are readily identified by fluorescence 

circumventing purification procedures. Furthermore, DNA can be visualized 

during all phases of cell cycle regardless of nuclear envelope integrity. This 

aspect is particularly useful since it alleviates potential problems related to 

fixation methods commonly faced on immunochemistry studies. In our 

experience and reported elsewhere31 obtaining fixed MKs at anaphase for 
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immunocytochemistry studies may require screening of a large number of 

samples.  

These properties of our model are of key importance in the study of MK 

polyploidization because for the first time we have the ability in vivo to visualize, 

track and monitor chromosome segregation during endomitosis. Our model 

allowed us to observe in vivo that the endomitotic process is different in high and 

low ploidy MKs.  These findings may have significant implications in our 

understanding of regulatory mechanisms governing endomitosis. 
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Chapter II. Materials and Methods 

Bone marrow culture 

Bone marrow cells were isolated from femurs of transgenic mice as described 

previously39. Mice were sacrificed according to institutional regulations using CO2 

and cervical dislocation. Femurs were isolated  using sterile surgical instruments 

and the bone marrow was flushed with CATCH buffer (calcium-free Hanks' 

buffered salt solution supplemented with 1 mM adenosine, 0.36% sodium citrate, 

5% bovine Calf Serum, 2 mM theophylline and distilled H2O up to 65% of final 

volume).  Bone marrow cells in CATCH buffer were spun at 500 g for 5 minutes 

at 4 oC. The pellet was resuspended in prewarmed, at 37 oC, lysis buffer (0.205% 

Tris (w/v), 0.75 % NH4Cl (w/v) dissolved in distilled H2O) for exactly 10 minutes 

to eliminate red blood cells. 

Cell suspension was centrifuged at 500xg for 5 minutes at 4 oC and the pellet 

was reconstituted with CATCH buffer and another centrifugation was performed 

again at 500 g  for 5 minutes at 4 0C. The pellet was reconstituted with IMDM 

supplemented with 10% Bovine Calf Serum (BCS), 50 U/ml penicillin and 50 

µg/ml streptomycin.  Bone marrow cells suspended in IMDM were then filtered 

through a 250 μm mesh to remove clots and connective tissue remnants. After 

filtration, cells were spun at 500 g for 5 minutes, at 4 0C and supernatant was 

discarded. The pellet was resuspended in IMDM supplemented with 10 % BCS, 

50 U/ml penicillin & 50 µg/ml streptomycin and recombinant TPO was added to a 
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final concentration of 25 ng/ml followed by incubation at 37 0C and 5% CO2 

conditions.  

Fetal liver cells cultures 

Fetal liver cells can be obtained 13-15 days post coitum and can be induced to 

differentiate towards megakaryocytic lineage through stimulation with TPO. Fetal 

liver cells were isolated as described elsewhere64 with modifications. Female 

PF4-H2B-GFP mice 13.5 days post coitum were sacrificed according to 

institutional regulations using CO2 and cervical dislocation. The umbilical sac was 

surgically removed and placed on prewarmed, at 37 0C, DMEM medium 

supplemented with 10% BCS  and 50 U/ml penicillin & 50 µg/ml streptomycin. 

The murine fetuses were removed from their yolk sac and the fetal liver was 

excised and cleaned from the surrounding connective tissue. The liver tissue was 

homogenized and single cell suspensions were obtained by passing the fetal 

liver tissue progressively through 18 up to 25 g needle gauges. The single cell 

suspensions were spun at 500 g for 5 minutes at 4 oC and were resuspended in 

DMEM supplemented with 10% BCS, 50 U/ml penicillin & 50 µg/ml streptomycin 

and 25 ng/ml TPO. The volume of medium was adjusted to achieve a cell 

number of 5-10 X 106 cells/ml. The cells were then incubated at 37 0C with 5% 

CO2. 

Fluorescence and Ex-vivo cell imaging 

After 24 to 72 hours of incubation at 37 oC  in 5% CO2  incubator, fetal liver or 

bone marrow cells were spun at 500 g for 5 minutes at 4 0C. The pellet was 

 33



resuspended in DMEM without phenol red supplemented with 10% BCS, 50 U/ml 

penicillin & 50 µg/ml streptomycin and 25 ng/ml TPO. Cells were plated onto, 

pretreated with 3% BSA in PBS, incubation video chambers containing DMEM 

without phenol red supplemented with 10% BCS, 50 U/ml penicillin & 50 µg/ml 

streptomycin, 25 ng/ml TPO and 20% Leibowitz’s medium. The incubation video 

chambers were mounted on the microscope and held at 37 0C for the duration of 

observation.  

We employed two different microscope settings for the in vivo imaging. In the 

first setting bright field and fluorescence imaging was performed  by time-lapse 

video microscopy as described elsewhere65 58 on a Nikon Eclipse TE-2000E 

microscope using a 60X 1.4 NA objective lens and Metamorph imaging software 

(Universal Imaging Corporation, Molecular Devices, Downington, PA).  Images 

were captured using an Orca-II ER cooled CCD camera (Hamamatsu, 

Hamamatsu City, Japan) every 90 seconds, however time interval could be 

manually adjusted in order to capture rapidly occurring phenomena. Imaging data 

were analyzed, compiled and exported in Apple Quick time video format utilizing 

Metamorph software. 

In the second setting Bright field and fluorescence imaging of cells plated on 

onto Delta T micro-observation chambers (Bioptechs) was performed on 

Olympus IX70 microscope using 60x 0.9 NA objective lens and Image pro 

software (Media Cybernetics, Inc). Images were captured using a C4742-95CCD 

camera (Hamamatsu, Hamamatsu City, Japan) every 121 seconds. Imaging data 
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were analyzed, compiled and exported in Microsoft AVI format using ImagePro 

Software. 

MK isolation 

In order to study MK terminal maturation phenomena, we isolated an enriched 

fraction of large MKs by employing two different methods a) Flow Assortment 

Cell Sorting (FACS) sorting and b) BSA gradient. For the FACS sorting, isolation 

was based on GFP gating since only MKs of the PF4-H2B-GFP mouse model 

are GFP positive (Data not Shown). Briefly, fetal liver cells isolated from PF4-

H2B-GFP mouse model were cultured for 24 hours  in DMEM medium in the 

presence of TPO as described above.  After 24 hour incubation, fetal liver cells 

were centrifuged at 500 g for 5 minutes at 4 0C. The pellet was reconstituted in 3 

ml of DMEM without phenol red supplemented with 50 U/ml penicillin & 50 µg/ml 

streptomycin.  

Flow sorting was performed with gating at GFP region. Cells were collected in 

tubes containing DMEM supplemented with 10% BCS, 50 U/ml penicillin & 50 

µg/ml streptomycin.  Cells were spun at 500g for 5 minutes at 4 0C and the pellet 

was DMEM supplemented with 10% BCS, 50 U/ml penicillin & 50 µg/ml 

streptomycin. Cells were then incubated on 37 0C and 5% CO2 conditions. 

 In the BSA gradient method fetal liver cells were placed on the surface of a 

discontinuous gradient of 3% and 1.5%  albumin followed by incubation at 37 0C 

to allow MKs to form a sediment. Supernatant was discarded and the pellet and 

small volume of BSA above the sediment were centrifuged at 500g for 5 min at 4 
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0C. The pellet was resuspended in DMEM supplemented with 10% BCS, 50 U/ml 

penicillin & 50 µg/ml streptomycin and was incubated at 37 0C and 5% CO2 

conditions followed by Ex-vivo Imaging. 

Immunofluorescence 

Fetal liver cells 13.5 days post coitum and bone marrow cells were obtained 

both from PF4-H2B-GFP transgenic and wild type mice. Cells were cytospun and 

fixed overnight at 4 0C with 4% parafolmadehyde. Slides were washed  with 

Phosphate Buffer Saline (PBS) and PBS supplemented with 0.25% Triton-X 

(PBST) and blocked with Image-iT FX signal enhancer (molecular probes, 

Invitrogen). Slides were then incubated with mouse anti α-tubulin antibody 1:500 

dilution (Sigma) at 4 0C overnight followed by PBST wash and incubation with 

Alexa 594 highly adsorbed goat anti-mouse antibody at 1:1250 dilution 

(molecular probes, Invitrogen) for 1 hr at room temperature. PBS wash was 

performed before addition of vectrashield with DAPI mounting medium (Vector 

Laboratories,Inc). Images were obtained with an Olympus IX70  inverted 

fluorescence microscope (Melville,NY) at 60X 0.9 NA using ImagePro software. 
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Chapter III. Results 

Implementation of the PF4-H2B-GFP transgenic mouse model in Ex-vivo 

imaging 

Our aim was to document endomitotic related phenomena in living MKs.  Our 

lab had already engineered a transgenic mouse model in which  human histone 

2B fused to GFP  was expressed only in MKs (Figure 1A). The PF4 promoter 

confers megakaryocytic specific expression and has been used successfully for 

the construction of similar transgenes60. The number of MKs, their ploidy status 

and platelet levels had been already shown not to be affected by transgene 

expression. The PF4-H2B-GFP transgenic mouse model is particularly useful for 

ex-vivo imaging studies because it allows direct and specific visualization of MK 

chromosomes (Figure 1B). Visualization of DNA was evident also during 

proplatelet formation and nuclear fragmentation that occur at the terminal stages 

of the MK life cycle (Figure 1C). In order to reduce phototoxicity, imaging was 

performed with fluorescence exposure time kept in the lowest possible levels. 
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Figure 1.   PF4-H2B-GFP transgenic mouse model & Ex-vivo imaging. 

A. Schematic representation of the transgenic mouse model  expressing H2B-

GFP under the control of PF4 promoter. Human H2B cDNA fused to GFP  is 
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preceded by PF-4 promoter conferring specificity of expression only in MKs. The 

untranslated region containing β-globin intron and polyA tail stabilizes mRNA 

levels of H2B fused to GFP. B. Fetal liver cells derived from PF4-H2B-GFP  

transgenic mouse viewed under in vivo imaging conditions. C. DNA of MKs is 

labeled during all stages of the cell cycle including terminal stages of MK 

maturation such as proplatelet formation. 
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Ex-vivo MK imaging 

Ex-vivo MK imaging was performed as described in Materials and Methods 

section. We had to trace several MKs in order to record endomitotic related 

phenomena because the whole process is rare, and as documented, in the case 

of low ploidy MKs of short duration. 

We observed that endomitosis is not uniform between MKs of high and low 

ploidy. Namely, during endomitotic metaphase MK chromosomes assume a 

compact, tight and lobulated form regardless of ploidy. However, at anaphase of 

low ploidy MKs the chromosomes were separated on two groups with formation 

of a territory between them consistent with a clear midzone as typically 

documented on anaphase A of diploid cells (Figure 2).  In the next step, the 

chromosomal groups did not move towards poles of the cell, as typical of 

anaphase B, but instead they gradually rejoined into a single nucleus. The whole 

process had duration time of approximately 30 minutes, and it was accompanied 

by cell shape changes. More specifically, low ploidy MKs had initially a spherical 

shape which during chromosomal segregation changed to lancet, but finally 

reverted back to spherical.  

On the other hand, the endomitosis of high ploidy MKs was significantly different 

(Figure 3). The first steps of endomitosis were retained with DNA content 

assuming a compact lobulated form consisted with metaphase. However, during 

anaphase A chromosomes did not segregate into two groups. Instead, 

chromosomes assumed a ring type alignment and territories resembling 
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midzones were formed. We estimated that the timing was significantly prolonged 

compared to low ploidy MKs and ranged approximately 60 minutes. 
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Figure 2. Ex-vivo cell imaging of low ploidy MKs undergoing endomitosis.  

Living low ploidy MKs were followed during endomitosis. (A) At time point zero 

MK chromosomes are condensed. At the time point of 19 minutes, two groups of 

DNA were observed to segregate to opposite poles with a clear midzone area. In 

the finals steps the 2 chromosomal sets  re-gathered into one nucleus in absence 

of cellular division.  (B) Low ploidy MK undergoing final steps of endomitosis. The 

two chromosomal groups were initially separated by a clear space. The distance 

between the chromosomal groups was gradually reduced and finally the two 

groups rejoined into a single nucleus. 
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Figure 3. Ex-vivo imaging of high ploidy MK undergoing endomitosis.  

  The endomitosis of a high ploidy MK was followed by obtaining images both in 

bright field and in fluorescence phase at 90X magnification for 96 minutes. 

Chromosomal condensation was evident at the beginning of monitoring (up to 12 

minutes). It was followed by a ring-type alignment of chromosomes and a 

separation of an uneven amount of DNA to form territories resembling midzone. 

In the final steps chromosomal pulling to one side was observed without the 

events associated with telophase. 
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Importantly, differences in endomitotic process between low and high MKs were 

also associated with changes in cell morphology (Figure 4). Low ploidy MKs  had 

spherical shape that during anaphase A changed to lancet and reverted back to 

spherical. The magnitude of elongation was considerable. For example, In one of 

the time lapse movies the diameter of the MK changed from 27 microns to 44 

microns in approximately 20 minutes. The diameter gradually decreased to 36 

microns in parallel with last steps of endomitosis.   

By contrast, high ploidy MKs  did not assume a lancet morphology and their 

shape was retained nearly spherical during endomitosis. In one of the movies the 

diameter of a high ploidy MK changed from 33 microns to 52 microns in 24 

minutes and remained constant for up to approximately 2 hours of observation. 

During this period the cell diameter changed, but the morphology remained 

spherical.  
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Figure 4.  Cell morphology and diameter measurements during 

endomitosis in low and high ploidy MKs. 
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(A) Diameter measurements of the low ploidy MK depicted on figure were 

performed. The size of the cell changed from spherical to elongated and reverted 

back to spherical  in a time frame of 30 minutes. (B) Diameter measurements of  

the high ploidy MK depicted on figure . The MK had a spherical shape that was 

retained during the whole period of observation. The diameter of the cell 

increased significantly in short time frame of approximately 10 minutes while the 

diameter was reduced in parallel with last steps of endomitosis. (C) 

Representative measurements of other cells surrounding low ploidy MK of figure 

2. Their diameter is smaller compared to that of low ploidy MK. 
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Ex-vivo imaging of MK fragmentation 

MK fragmentation and proplatelet formation was also documented. MKs 

obtained after four to six  days of culture in the presence of TPO (see Materials 

and Methods) were documented to undergo fragmentation through formation of 

proplatelets (Figure 5). The pattern of proplatelet formation was variable, with 

some MKs displaying only few long extensions, while in other cases MKs with 

shorter, multiple, proplatelet formations were observed (Figure 6). Proplatelet 

formation is a highly dynamic process with MK shape and position changing 

rapidly. In all cases documented, the nucleus of MKs was retained in the 

cytoplasm and it was not expelled during proplatelet formation. The cytoplasm of 

MKs that underwent fragmentation appeared highly granular with apoptotic 

morphology. Moreover, in some cases MKs that have undergone fragmentation, 

DNA was packaged into vesicles that decorated the periphery of MK (Figure 6).   
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Figure 5. MK fragmentation. 

(A) Time lapse imaging of an MK fragmentation.  An MK with multiple long, thin 

proplatelet formations was monitored for 20 minutes. The length of proplatelet 

formations gradually diminished and finally only a small amount of cytoplasm 

surrounded the nucleus. (B) Images of an MK that has undergone fragmentation 

as portrayed from the multiple long thin cytoplasmatic extensions consistent with 

proplatelet remnants. Vesicles with DNA, as depicted by the GFP fluorescence, 

decorated the periphery of the MK. Original magnification 600X. 
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Figure 6. Proplatelet formation during Ex-vivo imaging. 

Representative composite captions of time lapse imaging of PF4-H2B-GFP 

MKs  exhibiting proplatelet formations. (A) An MK with cytoplasmatic protrusions 

consisted with proplatelet formations, was documented to release a 
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cytoplasmatic fraction (depicted with arrow) near the distal end of proplatelet. 

The released fraction assumed a spherical conformation after its release. (B) An 

MK exhibiting a single long proplatelet formation. The proplatelet was gradually 

reduced in size but at the distal end of proplatelet, spherical formations were 

generated. The spherical fragments were connected with a cytoplasmatic bridge 

to the MK cytoplasm. However, the cytoplasmatic bridge progressively 

diminished. (C) An MK with multiple proplatelet formations exhibiting gradual 

shortening of its main proplatelet formation. The length of the dominant 

proplatelet formation was considerable and its end bifurcated into two nascent 

bulbs. Composite captions where generated by merging time lapse  images 

acquired at bright field and fluorescent phase. Original magnification 600X.  

Depicted time is relative to the first caption of each panel.  

 

 

 

 

 

 

 

 

 

 

 55



 

Immunofluorescence analysis of fixed MKs 

Immunofluorescence studies of PF4-H2B-GFP and wild type (control) mice were 

performed (Figure 7).  The cells were stained with DAPI to view DNA, as well as 

with anti-tubulin antibody to view the microtubules. In Diploid cells, a midzone 

was formed between segregating chromosomes. Furthermore, formation of 

territories consistent with  Midzone were observed between segregating 

chromosomes in low ploidy MKs (four spindle poles) derived from fetal liver and 

bone marrow of PF4-H2B-GFP mice. By contract, in high ploidy MKs, the DNA 

content assumed a ring type alignment with no clear space typical of midzone 

formation. The same pattern was also observed in bone marrow of wild type 

mice. 
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Figure 7 . Immunofluorescence imaging of high and low ploidy MKs 

derived from wt mouse and PF4-H2B-GFP transgenic mouse model. 

(A) Wild type (WT) mouse bone marrow immunofluorescence imaging 

exhibiting low (upper row) and high (lower row) ploidy  MKs during anaphase. 

DNA was stained with DAPI (blue) and microtubules are stained red with anti-

tubulin (see Materials and Methods). During anaphase of the low ploidy MK  the 

chromosomes assumed a mirror shaped conformation with the presence of a 

space between them consistent with midzone. By contrast, a clear midzone is 

absent in high ploidy MK. (B) Immunofluorescence images of low (upper row) 

and high (lower row) MKs derived from PF4-H2B-GFP mouse model fetal liver 

cultures.  In the low ploidy MK,  midzone is again formed during anaphase 

(depicted by arrow) but is absent in the high ploidy MKs.  
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(C)  Diploid cells of  wt bone  marrow (upper row) and PF4-H2B-GFP fetal liver 

cultures (lower row) exhibit formation of midzone during anaphase. Original 

magnification 600X. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 59



Chapter IV. DISCUSSION 

Here, we report the first chromosomal tracking study of living MKs during endomitosis, 

utilizing a transgenic mouse model that allows visualization of MK chromosomes through the 

fusion of Histone 2B with GFP. Studies regarding aspects of MK  physiology are inherently 

difficult because MKs comprise only a small fraction of the total adult bone marrow or fetal liver 

cell populations. Furthermore, the study of endomitosis is even more challenging, because 

most MKs are cell cycle-arrested and the phenomena related to the last steps of endomitosis 

occur rapidly.   

The PF4-H2B-GFP  transgenic model offers specific visualization of MK DNA and has 

several advantages over potential approaches involving MK DNA tagging based on viral 

vectors gene transfer.  Namely, stable tagging of MK DNA with GFP circumvents the issue of 

transient expression hampering adenoviral-mediated gene transfer methods, as well as the  

potential toxicity that is a major concern in gene transfer methods based on retroviral vectors.   

We utilized MKs of a PF4-H2B-GFP transgenic mouse model to visualize DNA content in a 

subnuclear scale and to study endomitosis ex-vivo. The in vivo cell imaging approach has key 

advantages compared to data obtained by immunofluorescence microscopy. Studies based on 

fixed MKs  are hampered by low yield of  isolated MKs in anaphase as well as with fixation 

artifacts. In addition, reagents utilized for immunofluorescence may exhibit  specificity and 

sensitivity problems and hence, produce conflicting results. These issues were clearly 

manifested in the detection of Survivin and Aurora-B proteins during endomitosis49. Another 

drawback is that immunocytochemistry studies can not discern between an MK with 4N 

content of chromosomes that are going to divide, from 4N cells that will undergo endomitosis. 

 60



Most importantly, static images obtained by immunocytochemistry studies can not capture the 

details of chromosome/microtubule dynamics during endomitosis. 

By contrast to previous studies32, we performed ex-vivo imaging at high magnifications 

focusing on a single MK cell at a time. Higher magnifications have the disadvantage that only 

very few, or most commonly, a single MK is visualized per optical field, and image clarity can 

be affected by subtle movement of cells. However, it has the key advantage of visualizing in 

greater detail the phases of endomitosis. In addition, the use of high magnification is crucial for 

the demonstration that in high ploidy MKs territories resembling midzone are formed. 

This novel ex-vivo cell imaging model permitted tracking of chromosomal segregation during 

all phases of endomitosis, including anaphase of both low and high ploidy MKs. This approach 

has the key advantage that the chromosomal dynamics were directly visualized in contrast to 

previous reports32 where microtubule network was visualized instead. 

Both, in high and low ploidy MKs, the chromosomes assumed a tight lobulated form that was 

positioned in the equator of the MK cell. The DNA content was compacted into multi-branched 

form in agreement with previous reports31. However, in low ploidy MKs chromosomes were 

segregated into two groups and a territory consistent with midzone was formed between 

departing chromosomal groups. These phenomena are consistent with anaphase A. However, 

the two chromosomal groups were subsequently merged in the last steps of endomitosis 

without the phenomena observed during cell division. The whole process occurred rapidly and 

is on agreement with previous estimations66 based on data from fixed cells.  

On the other hand, images obtained from high ploidy MKs did not follow the above pattern. 

The first steps of mitosis were also retained intact but the condensed chromosomes formed 
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ring type alignments followed by separation of uneven amounts of DNA to form territories 

resembling midzones. The subsequent steps included chromosomal pulling to one side without 

the events associated with cytokinesis.  

The formation of midzone is an important milestone of anaphase because it is the place 

where a battery of proteins with significant role in the last step of mitosis are assembled. The 

chromosomal passenger protein complex has been implicated as an important mediator of 

endomitosis. Recent studies detected  Aurora B protein49,52 during anaphase indicating that 

formation of midzone during endomitosis of low ploidy MKs is preserved. Midzone formation 

also heralds the  site of cleavage furrow an important step for the assembly of factors 

regulating cytokinesis and cytoskeleton rearrangements. Although, we did not document 

furrowing in the extent of the previous reports, low ploidy MKs exhibited cell morphology 

changes and assumed a pinched shape before reverting back to spherical. The pinched cell 

shape correlated with anaphase A and the spherical conformation was assumed during re-

gathering of chromosomal groups. By contrast, in high ploidy MKs  furrowing was attenuated 

even though the size of the cell increased considerably.  

Imaging of the last steps of MK maturation indicated that the nucleus is retained in the 

cytoplasm of the MK cell. The MKs were documented to form proplatelets that consumed most 

of the cytoplasm. However, we also observed release of proplatelet fractions  that assumed 

spherical shape. On other cases, the Proplatelet formed were documented to be separated 

into two parts that remained connected with a thin cytoplasmatic bridge. We detected MKs that 

had numerous cytoplasmatic protrusions closely resembling proplatelet formations and had 

assumed an apoptotic morphology. Intriguingly, the MK chromosomal DNA was shown to be 
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packed into vesicles that decorated the periphery of the MK. Our model may be useful to 

decipher how MK DNA fragmentation occurs and if release of vesicles that contain 

chromosomal DNA is an active process. This objective may be the focus of future experiments. 

In addition, our approach of ex-vivo imaging utilizing histone tagging of MK DNA can serve as 

a platform for the future study in vivo of  endomitotic aspects that remain enigmatic. For 

example, fluorescently tagged proteins with a key role in endomitosis could be utilized in 

conjunction with PF4-H2B-GFP model and offer important information their pattern of 

localization and interaction. A similar approach can be applied to study the localization of 

proteins with key role in MK apoptosis and terminal steps of maturation. This will provide useful 

information about the dynamics of apoptosis and elucidate how viable platelets are released 

from a dying cell. 

The finding that  high and low ploidy MKs have differences in the formation of midzones opens 

new vistas in the our understanding of MK endomitosis.  The fact that chromosomal groups are 

not pulled apart completely, but rather they assume an annular formation, indicate that the 

spindle checkpoint may be bypassed. However, the mechanisms underlying this potential 

bypass of the spindle checkpoint remain speculative. For example, the high content of DNA 

could reduce the space available for the endomitotic machinery to execute anaphase. On the 

other hand, a key mediator of the spindle checkpoint specifically due to lack of microtubule 

tension is   Aurora B. A hypothesis could be that, in high ploidy MKs Aurora B can not perform 

it’s function properly. Elucidation of this hypothesis would require time lapse microscopy to 

detect the presence and localization of Aurora B during MK transition from low to high ploidy 

state. However, a more intriguing scenario involves the Polo Like Kinase (PLK) family of 
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proteins67.  PLK proteins have a crucial role for the formation of mitotic spindle and in their 

absence mitotic arrest occurs followed by apoptosis68. However, if in cells lacking PLK  the 

spindle checkpoint is bypassed, then mitotis is completed without anaphase, resulting in 

polyploidy. A recent study69 indicated that PLK-1 was absent in polyploid MKs and forced 

expression of PLK-1 was correlated with attenuated polyploidization.  Clearly, further studies 

are required to elucidate the role of PLK family of proteins in endomitosis. 

  However, central role in the spindle checkpoint have the microtubule network. In order to 

study their role during endomitosis, construction of transgenic mouse models that offer 

visualization of microtubule network must be engineered. The information that will be gained 

from these models can be further expanded by utilizing the PF4-H2B-GFP mouse and 

generating a double transgenic mouse that will offer simultaneous visualization of DNA and 

microtubules. 
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