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Zusammenfassung

Thrombozyten sind ein wichtiger Blutbestandteil, durch ihre Rolle in der
Aufrechterhaltung der Hamostase. Sie entstehen aus groRen, im Knochenmark
befindlichen Zellen, sogenannten Megakaryozyten, welche schlauchférmige Fortsatze in
die Blutbahn entsenden. Diese Fortsadtze fragmentieren und bilden im Ergebnis die 2 bis
3 um groBen, kernfreien diskussformigen Thrombozyten. Die Aktivierung der
Thrombozyten erfolgt durch Signalstoffe, die nach Verletzung des Epithels in die
Blutbahn  freigesetzt werden, und verursacht eine Reihe spezifischer
Formveranderungen der Thrombozyten von diskussformig zu kugelférmig zu dendritisch
und endet in einer ausgebreiteten Form, welche einer Voraussetzung fir die Bildung
eines Blutgerinsels darstellt. Trotz ihrer einfachen Architektur ist es den Thrombozyten
durch ein Repertoire an Zytoskelettproteinen moglich ihre Morphologie drastisch zu
verandern. Microtubuli, welche ein Blindel entlang der Thrombozyten-Peripharie bilden,
spielen eine entscheidende Rolle in der Erhaltung der ruhenden Diskusform, wahrend
Aktin hauptsachlich in den spdteren Stadien bei der Adhéasion wichtig ist. Im ersten
Schritt der Thromboyztenaktivierung windet sich das aus Mikrotubuli bestehende
Randband und es kommt zu einer Formveranderung des Thrombozyten von
diskussformig zu kugelférmig. Sowohl Aktin als auch Mikrotubuli sind in diesem Prozess
von Bedeutung, aber die Mechanik der Formveranderung ist nicht gut erforscht.

Das im folgenden beschriebene Projekt wurde durchgefiihrt, um die Rolle der Mechanik
des Zytoskeletts wahrend der Aktivierung der Thrombozyten zu erforschen. Eine
Kombination aus experimentellen und analytischen Techniken wurde verwendet, um die
mechanischen Eigenschaften des Systems, sowohl im Ruhezustand, als auch wahrend
der Aktivierung, durch direkte Vermessung der Morphologie des Randbandes
guantitiativ zu ermitteln. Die Struktur und Zusammensetzung des Randbandes wurden
mit Hilfe von Elektronentomographie ermittelt, wodurch detailierte Informationen tber
einzelne Mikrotubuli zuganglich wurden. Hoch auflésende Superresolutionsmikroskopie
wurde ebenfalls verwendet um die Gesamtmorphologie und Zusammensetzung des
Ranbandes zu erfassen. Mit Hilfe dieser Daten konnten die mechanischen Eigenschaften
des ruhenden Randbandes in fixierten Thrombozyten erschlossen werden. Die Dynamik
des Windungsprozesses des Randbandes wurde unter Verwendung von
Fluoreszenzmikroskopie an lebenden Zellen in einem Mikrofluidik-System analysiert.



Mit diesem System konnen Verdnderung der Form des Randbandes als Folge einer
Behandlung mit Agonisten oder Inhibitorien, welche das Zytoskelett in einem Prozess
analog zur mechanischen Stérung der Thrombozyten beeinflussen, verfolgt werden.
Eine groBe Anzahl von Thrombozyten wurde analysiert um die intrinsische Variabilitat
der mechanischen Eigenschaften des Randbandes zu ermitteln. Die Software Cytosim
wurde verwendet um den Windungsprozess des Randbandes zu simulieren.

Durch diese vielseitige Herangehensweise ist es uns moglich neue Erkenntnisse Uber die
Mechanik des Windungsprozess des Randbandes zu gewinnen. Erstens kdnnen wir
beweisen, dass die Langen der Mikrotubuli eines ruhenden Thrombozyten exponentiell
verteilt sind. Die Summe aller Mikrotubuli betragt 101.84um +£12.63 je Thrombozyt. Der
normale Abstand zwischen zwei Mikrotubuli betragt im sehr eng gepackten Randband
30 nm. Zweitens kénnen wir durch die Messung der Dynamik des Windungsprozess
erschlieBen, dass sich das Randband bei Aktivierung mit ADP wie ein visco-elestiascher
Ring verhalt. Diese Reaktion ist von Aktin abhangig, wahrend eine Aktivierung mittels
Thrombin aktinunabhdngig ist. Die Analyse einer grolen Anzahl von Thrombozyten
zeigt, dass sich die Intensitdt des Tubulin-Signales maRstablich zum Radius des
Thrombozyten zur flinften Potenz verhalt, was auf eine mogliche Anreicherung von
Tubulin in Thrombozyten hinweilst. SchlieBlich suggerieren unsere Daten das
Thrombozyten mit einem langeren Randband eine hohere Tendenz zum

Windungsprozess aufweisen.

Obwohl einige unserer Ergebnisse durch weitere Experimente vervollstindigt werden
missen, gibt diese Untersuchung einen experimentellen und analytischen Rahmen
welcher es uns erlaubt die Morphologie des Thrombozytenzytoskellets quantitativ zu
analysieren, mit dem Ziel die Mechanik der Thrombozytenaktivierung in gesunden wie
auch im Krankheitszustand zu verstehen.
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Summary

Platelets are an important component of blood that help maintain haemostasis.
They are derived from large bone marrow residents, called megakaryocytes, which
release tubular processes into the blood stream that fragment and eventually form 2
to 3 um sized enucleate discoid platelets. Activation of platelets is caused by factors
released into the bloodstream upon endothelial damage, to which they respond by
undergoing a distinct order of shape transition, from discoid, to spheroid, to
dendritic, and finally an extended morphology, required to form a clot. Despite the
simple architecture, platelets are able to drastically alter their morphology owing to
the repertoire of cytoskeletal proteins they express. Microtubules, which form a
bundle running along the platelet periphery, are known to be important for
maintaining the resting discoid morphology of a platelet, while actin is heavily
implicated in the later stages that require adhesion. During the first step of platelet
activation, the microtubule marginal band undergoes coiling, while the platelet
changes from a disc to a sphere shape. Both actin and microtubules are implicated in
this process but the mechanics of the process are not clearly understood.

The following project has been carried out to explore the role of cytoskeletal
mechanics in triggering activation of a platelet. A combination of experimental and
analysis techniques was used to quantitatively assess mechanical properties of the
system in a resting state, as well as during activation, by direct measurement of the
marginal band morphology. The structure and composition of the marginal band was
analyzed using electron tomography, which provided detailed information on
individual microtubules. Super-resolution microscopy was also used to visualize the
overall morphology and composition of the marginal band. With this data we could
infer the mechanical properties of the resting marginal band in fixed platelets. To
analyze the dynamics of coiling process, live cell fluorescence microscopy was used
in combination with a microfluidic system. With this setup, changes in the marginal
band shape could be followed in response to treatment with agonists or inhibitors
that affect the cytoskeleton, that is, a process analogous to mechanical
perturbations of the platelet. A large population of platelets was also analyzed to
infer the intrinsic variations mechanical properties of the marginal band. The
Cytosim software was used to set up simulation of marginal band coiling.

By using a multifaceted approach, we were able to get novel insight into the
mechanics of marginal band coiling. Firstly, we showed that length distribution of
microtubules in a set of resting platelet marginal bands follows an exponential



distribution. The sum of all polymerized microtubule length was found to be
101.84pum +12.63 per platelet. The typical distance between two microtubules was
found to be 30nm in a tightly packed marginal band. Secondly, by measuring the
dynamics of coiling, we could infer that the marginal band behaves like a visco-
elastic ring upon activation with ADP. This response was found to be dependent on
actin, while thrombin activation elicited a response that manifested in an actin
independent manner. Analysis of large population of platelets showed that the
tubulin intensity scales as a power of five to the platelet radius, indicating a possible
enrichment of tubulin in platelets. Finally, our data suggests that platelets with
longer marginal bands have a higher propensity to coil.

Although some of our results need to be followed up with further investigations, this
study provides an experimental and analysis framework that allows us to
guantitatively analyze platelet cytoskeleton morphology with an aim to understand
the mechanics of platelet activation in healthy and disease states.
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Chapter 1

Introduction






1 Introduction

1.1 Cell morphology and cytoskeleton

In nature, we find cells that differ from each other over an enormous range of
shapes and sizes. Already within the bacterial kingdom, while an average spherical
bacterium measures around 1um in diameter, the diversity in size spans over six
orders of magnitude. Cells also exhibit an endless variety in terms of shapes. Protista
are single celled eukaryotes that show incredibly intricate morphologies and many
specialized cellular structures. In multicellular organisms, subsets of cells adopt
different morphologies as they undergo differentiation. For example, red blood cells
lose their nucleus to adopt a simpler morphology while neurons branch to form
complex networks of dendrites.

Morphology of a cell is often found to be its characteristic and is, in many cases,
known to provide a functional advantage. It is, however, the mechanical properties
of the cell and those of its environment that determine its shape. Bacterial and plant
cells have a rigid cell wall that helps them maintain their morphology while the
shape of a mammalian cell, bound by a plasma membrane, is often dependent on
the mechanical microenvironment. The functional relevance of cell shape leads to
the idea that a cell might be able modify its mechanical properties and change its
morphology to perform a certain function. Cells undergoing mitosis exemplify this,
as they become stiffer by manipulating their osmotic pressure and hence rounding
up to facilitate chromosome collection by the spindle (Stewart et al. 2011). Certain
cancer cells are also known to exhibit altered stiffness which is correlated with their
metastatic potential (Swaminathan et al. 2011). Thus maintenance and modification
of cellular mechanical properties can be considered a hallmark of physiological as
well as diseased states. Another interesting aspect of morphological changes is the
timescale at which they occur. While some cells like neurons, once differentiated can
maintain their complex morphology as long as the life span of the organism itself,
others like platelets undergo drastic changes in morphology over tens of seconds.
Such complex transformations of cells call for a control mechanism that is highly

dynamic yet capable of maintaining robust structures.

Cytoskeleton is the critical cellular component for determining the morphology of a
cell. It is also one of its most dynamic toolboxes for processes that require change
over a large range of time scales. Thus, the structure and properties of the
underlying cytoskeleton control various properties of a cell. For example, a frog egg
has a contractile cortical cytoskeleton that keeps it in its unique spherical shape. This
cellular scaffold also possesses an ability to maintain structures over long time



periods. For example, in human oocytes, the spindle structure is maintained over
years, while the individual cytoskeletal components turnover dynamically. On the
other hand, fast dynamics of cytoskeleton can also enable it to mediate changes that
occur at short time scales, like contraction of a skeletal muscle that occurs over
milliseconds time scale or constantly remodeling actin cortex at the leading edge of a
migrating cell. The following section will elaborate on the properties of cytoskeleton
that enable such diverse functions and will lead into the further section on such
morphological changes in platelets.

1.2 Cytoskeleton mechanics

Morphology of a living cell is heavily dependent on its cytoskeleton. Whether a cell is
static, migratory, dividing, or undergoing shape transitions, the cytoskeleton
maintains and helps mediate the modifications in the cellular morphology to allow
cells adapt to a specific task. It is important to note that the cytoskeleton itself is an
assembly of polymers, which, even though, is capable of displaying very interesting
properties, like self-assembly, nematic ordering etc. in vitro, in a biological context it
often needs to associate with accessory proteins to form structures that are
complex, dynamic and robust. | would like to introduce in detail the two major
components of cytoskeleton: microtubules (MTs) and actin. In the following sections,
I would glance over their mechanical properties and describe some of the accessory
proteins associated with them.

1.2.1 Microtubules

Microtubules are rigid cytoskeletal structures that are often associated with
processes like intra-cellular transport, cilia and flagella based cell motility, cell
division, etc. These tubular structures have a persistence length of 1.4 £0.3mm (van
Mameren et al. 2009), which makes them effectively a stiff rod over various cellular
length scales. Their structure and properties are described below.

1.2.1.1 Microtubule structure and dynamics

Microtubules are non-covalent polymers comprising of repeating heterodimeric
subunits of alpha and beta tubulin. These subunits, which measure approximately
8nm longitudinally, bind together in parallel in an alpha to beta tubulin orientation
forming a tubular structure of 25nm diameter with around 13 protofilaments (AMOS
& Klug 1974). Such composition imparts an inherent polarity to these filaments. In
addition to the structural differences, the MT ends show different growth kinetics
based on which the more dynamic end is referred to as the plus and less dynamic as
the minus end. The tubulin subunit, before incorporation into the polymer, is



attached to a guanosine triphosphate (GTP) molecule that hydrolyzes to guanosine
diphosphate (GDP) after addition, making it more likely to disassociate from the
filament. At the MT plus end, fast polymerization rates lead to formation of a GTP
cap that promotes a growth regime, but loss of which can expose GDP-tubulin
causing the MTs to undergo rapid depolymerization through an event called
catastrophe. This process where single MTs can experience both a slow growth and a
fast shrinkage, is called dynamic instability (figure 1.1) (Mitchison & Kirschner 1984).
Stabilization of the plus end with a new GTP cap could, in certain cases, resume a
growth regime through an event called rescue. A population of dynamically instable
MTs within a bounded growth regime (Dogterom & Leibler 1993), has a steady state
length distribution that follows a decaying exponential (Karsenti et al. 2006). The
growth kinetics and mechanical properties of MTs can be regulated by various
accessory proteins, some of which are described below (figure 1.2).

CATASTROPHE RESCUE GTP

- + &
Depolymerization Phase

8 GTP-Tubulin 8 GDP-Tubulin

Figure 1.1: Dynamic instability in microtubules. A population characterized by simultaneous
presence of growing and shrinking MTs. Tubulin is added to the polymerizing MT in the GTP
form, which subsequently hydrolyzes creating a GTP tubulin cap and a GDP tubulin MT
lattice. Infrequent loss of GTP cap leads to rapid MT depolymerization (catastrophe).
Depolymerizing MTs can reform a GTP cap transitioning back to the polymerization phase by

another infrequent process called rescue. Adapted from: (Desai & Mitchison 1997).

1.2.1.2 Microtubule associated proteins

Although tubulin has the ability to self-assemble; spontaneous nucleation of MT
assembly is rare in vivo. In cells, this process is mediated by nucleator proteins that
overcome the lag phase in MT growth enabling fast dynamics. One such example is
the gamma-tubulin protein that forms a ring shaped complex (gamma-tubulin ring
complex) with other proteins and provides MTs with a template to polymerize on
(Zheng et al. 1995) (Kollman et al. 2011). Due to the structural and biochemical
differences between the plus end, the minus end, and the lattice, various MT



associated proteins (MAPs) get partitioned along its length and carry out their
specific functionalities. Members of a class of proteins called the end binding
proteins (EB1, EB2 and EB3) accumulate at the growing plus end of a MT due to its
structural features and are known to affect the growth dynamics (Gouveia &
Akhmanova 2010). They are often used as a plus end marker. In contrast to the
multitude of plus end binding proteins, only very few minus end markers for MTs
have been described. Patronin or CAMSAP is one such protein that, first described in
2010 (Goodwin & Vale 2010), has been characterized to stabilize the MT minus end
(Yau et al. 2014). Another category of proteins is known to bind MT lattice and carry
out functions like stabilization, severing, cross-linking etc. MAP2 and tau are two
proteins that induce bundling of MTs (Chen et al. 1992), but result in MT bundles of
different architecture. While tau packs MTs in tight bundle with a MT wall-to-wall
distance of 26.4+9.5nm, MAP2 results in an average distance of 63.9+10.1nm giving
rise to a relatively loosely packed bundle. The nature of packing would have
implications on the deformability of a bundle indicating that accessory proteins can
affect the mechanical properties of MT structures. Certain proteins, on the other
hand, have the ability to affect MT dynamics without directly binding to them.
Stathmin is a small protein that binds two tubulin heterodimers reducing the
effective tubulin concentration. Such sequestration of tubulin subunits affects the
dynamic instability of MTs pushing them towards a shrinking state (Steinmetz et al.
2000). In addition to proteins, small molecules can also affect MT dynamics and are
often used to perturb the cytoskeleton. Taxol is a drug that binds along the MT
filaments and stabilizes them by preventing depolymerization. It also reduces the
stiffness of a MT (Venier et al. 1994). Nocodazole and colchicine are chemicals that
induce MT depolymerization by binding the tubulin subunits and capping the MT
ends respectively.
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Figure 1.2: Microtubule associated accessory proteins.
Source: Panel 16-3 Molecular Biology of the Cell 5" Ed. (©Garland Science 2008)

1.2.1.3 Microtubule motors

Molecular motors are a class of proteins that can convert chemical energy, usually

from hydrolysis of adenosine triphosphate (ATP), to mechanical energy. A variety of

these proteins associate with cytoskeleton to help carry out functions like cargo

transport, cell locomotion, cell division, etc. The motor proteins associated with MTs

can be divided into two main families: kinesin, which are plus-end or minus-end

directed motors, and dynein, which are minus end directed motors (Skoufias &

Scholey 1993). These motors, which are capable of attaching different kinds of

cargos to the MTs, in some cases cross-link two MTs themselves. This property, in

presence of an anti-parallel overlap between MTs, allows these motors to slide the
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MT relative to each other (figure 1.3 (A)). A tetrameric kinesin 5 motor, Eg5, slides
MTs apart during chromosome segregation (Kapitein et al. 2008). Kinesin-1, which
has a second MT binding domain, is also capable of sliding MTs apart to drive cell
shape changes (Jolly et al. 2010) (figure 1.3 (B)). Sliding motion of opposite
directionality can be generated by cytoplasmic dynein, where two motor domains
can simultaneously bind two different MTs (Tanenbaum et al. 2013) (figure 1.3 (C)).
Such sliding behavior of dynein has recently been implicated in driving active

contractions in microtubule networks (Foster et al. 2015).

A Motor oligomer

Figure 1.3: Microtubule sliding by molecular motors. Microtubules are arranged in an anti-
parallel fashion. (A) Tetrameric kinesin-5, plus-end directed, motor cross-linking MTs with
opposing motor domains. (B) Kinesin-1 or kinesin-14 attaching one MT with an MT binding

domain while walking on the other. (C) Cytoplasmic dynein splays its motor domains to bind

two MTs at the same time. Source: (Tanenbaum et al. 2013).

1.2.2 Actin

Actin is a versatile cytoskeletal protein that is known to play a role in a multitude of
cellular processes like muscle contraction, cell motility, maintaining cell morphology,
mechanosensing, etc. The persistence length of actin filaments is 17 #4um (van
Mameren et al. 2009), which makes it pliable at cellular length scales. By association
with a plethora of actin binding proteins, it is capable of forming dynamic structures,
like filopodia, lamellipodia, cell cortex, stress fibers, etc., that fulfill the diverse

functions.
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Figure 16-14a Molecular Biology of the Cell 5/e (© Garland Science 2008)

Figure 1.4: Treadmilling of actin. T-form is the ATP bound subunit. D-form is the ADP bound
subunit. In this description, filament ends up with a T-form plus end and D-form minus end.
C(T): critical concentration for T form addition. C,(D) critical concentration for D form
addition. Treadmilling occurs when soluble subunit concentration C is C(T)<C<C(D).
Source: Figure 16-14a Molecular Biology of the Cell 5" Ed. (©Garland Science 2008).

1.2.2.1 Actin structure and dynamics

The polymeric from of actin, called F-actin (filamentous actin), is composed of a
single repeating monomeric unit called g-actin (globular actin). The g-actin subunits
bind each other in a head-to-tail orientation creating a 7nm thick filament with a
helical twist (Holmes et al. 1990) (Kabsch et al. 1990). The structural polarity of actin
filament manifests a biochemical difference between the plus end, which undergoes
fast kinetics, and the minus ends, which undergoes slower kinetics, in a polymerized
filament. From a pool of actin monomers, ATP bound subunits can be added to
either of the polymer ends. Once in the filamentous form, the subunits hydrolyze the
bound ATP followed by phosphate dissociation, of which the latter is a slow process.
Due to the slow kinetics at the minus end, it is usually in the adenosine diphosphate
(ADP) form and growth mainly takes place from the plus end causing a disparity in
critical concentrations for monomer addition on either ends. If the monomer
concentration is more than the critical concentration at the ATP form plus end, and
less than the critical concentration at the ADP form minus end, treadmilling ensues,
where the plus end grows while the minus end shrinks (figure 1.4) (Wegner 1976)
(Pollard 1986). This phenomenon causes apparent filament displacement. In vivo,
many actin-associated proteins control dynamics of actin growth and mediate its
reorganization.
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Figure 1.5: Actin associated accessory proteins.
Source: Panel 16-3 Molecular Biology of the Cell 5" Ed. (©Garland Science 2008)

1.2.2.2 Actin associated proteins

An important factor that makes actin a highly versatile cytoskeletal component is the
repertoire of accessory proteins it can associate with (figure 1.5). Like for
microtubules, nucleation of actin in cells is often regulated by nucleator proteins like
Apr2/3, which polymerizes branched actin networks (Heuser & Pollard 1998), and
formin, which polymerizes parallel actin bundles from plus end (Pruyne 2002), to
generate and maintain fast growing actin filaments. Another method for mediating
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growth dynamics is by interacting with unpolymerized monomers. Thymosin
sequesters monomers reducing the available poymerizable actin pool, while profilin
binds monomers and promotes polymerization in limiting concentrations of soluble
actin (Pantaloni & Carlier 1993). Converting one actin rich structure into another
requires remodeling of the filaments. The actin severing protein, gelsolin, which is
activated in presence of actin, achieves this feat by cutting the existing filaments to
free up monomers that can be incorporated into the new structure (Bearer et al.
2002). Certain small molecules also affect actin filament growth and stability.
Cytochalasin D is known to prevent actin polymerization by binding monomers,
while phalloidin prevents filament depolymerization by preventing monomer
dissociation (Cooper 1987) (Wakatsuki et al. 2001). Although a single actin filament
is not very sturdy, multiple actin filaments can be packed into networks that have
interesting emergent properties. Proteins like alpha-actinin bundle actin filaments in
a parallel format, while filamin, often found in cortical cytoplasm, cross-links actin
filaments in a three dimensional meshwork. Other proteins like spectrin are able to
anchor an actin meshwork to the plasma membrane creating a rigid cortical layer of
membrane bound cytoskeleton (Patel-Hett et al. 2011).

Disordered with internal stress
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Figure 1.6: Contraction in disordered actomyosin networks. In presence of cross-linking
molecules (blue), myosin (green) movement along actin (red) fibers results in regions of
compressive and extensile stresses. The compressive stresses are relieved by filament
buckling causing an overall compaction, which is dependent on the frequency of cross-
linking. Source: (Murrell et al. 2015)

1.2.2.3 Actin motors

Actin and its associated motor myosin have long been known to drive muscle
contraction in a sarcomeric arrangement (Huxley & Niedergerke 1954) (HUXLEY &
HANSON 1954). However, in all the other non-muscle cells that lack the sarcomeric
arrangement, a lot of actin functionality is still based on its ability to contract in
association with the non-muscle myosin Il protein. Actomyosin contractility is known
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to drive various processes like cell division, cell migration, tissue morphogenesis,
compaction of blood clot, etc., where actin forms a disordered network and is able
to exert varying degree of contractile forces (figure 1.6). Even though myosin Il is the
motor that produces work by walking on the actin filaments and sliding them apart,
a combination of proteins that cross-link filaments with each other or with other
structures like membranes, are required to exert the contractile forces (Murrell et al.
2015). In certain cases, the disordered actin networks are able to generate forces
even higher than striated muscles, as exemplified by platelets (Schwarz Henriques et
al. 2012).

1.3 Platelets

After first being observed in early 1840s, platelets remained, for a long time, under
much controversy over their identity, being considered as anything from an
“organism” (Osler 1873), to developmental stage of red blood cells (Zimmerman,
1846. ref in Osler 1873), to merely an artifact. The presence of material implicated in
clotting of blood was already established by T.W. Jones in 1851(Jones 1851),
however, it was only several years later, in 1882, that Giulio Bizzozero demonstrated
the role of platelets in haemostasis (Bizzozero 1882). Figure 1.7 illustrates his
experiment on clotting in guinea pig, showing two clots on either side of an artery.
Bizzozero had previously, in 1869, described the presence of megakaryocytes in the
bone marrow, but it was only in 1906 that J.H. White made the connection between
them by making smart use of what is known as the Wright’s stain, which is still used
today to distinguish different blood cell types (Coller 2013).

Figure 1.7: Bizzozero’s figure of thrombi. Induced in an artery of a guinea pig. A white blood
cell is seen among the platelet plaque. (Adapted from (Mazzarello et al. 2001)).
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With further advances in technology, like the invention of electron microscope in
early 1930s (Knoll & Ruska 1932), much was revealed about the structure and
morphology of platelets, part of which | will cover under subsequent headings. In
this section, | would first like to glance over evolution of platelets and clotting
mechanisms. Then | will summarize the process of platelet formation and highlight
the role of mechanics in the process. This will be followed by a description of platelet
morphology and an introduction on the role cytoskeleton plays in shaping it. Finally |
will present the current understanding about the role of cytoskeletal mechanics in
first steps of platelet activation.

1.3.1 Evolution of platelets

The mechanism of clotting has existed in some capacity in all blooded organisms
from primitive marine invertebrates to modern day mammals. The presence of
polyploid megakaryocytes and their progeny of non-nucleated platelets is, however,
an exclusively mammalian characteristic. For clarity, the non-mammalian
counterparts of platelets are nucleated cells, referred to as thrombocytes. Many
have hypothesized on evolution of platelets, but the specific advantage of existence
of the megakaryocyte-platelet axis of haemostatic machinery remains to be
elucidated.

It is noteworthy, that even though they are mainly associated with haemostasis,
platelets exhibit rudimentary bactericidal (Zander & Klinger 2009) and phagocytic
(Meseguer et al. 2002) activity, which indicates a possible functional overlap with
inflammatory cells. In fact, many invertebrates that do not possess plasma based
coagulation machinery, have multifunctional cells that are responsible for
haemostasis as well as innate immunity. One such example is the, possibly ancestral,
nucleated amoebocyte of Limulus polyphemus, or the horse-shoe crab, which fulfills
all these functional aspects. More than 400 million years of evolutionary distance
away from mammals, this lone surviving merostome has amoebocytes with not just
functional, but morphological similarities to mammalian platelets. Figure 1.8 shows
the ultrastructure of limulus amoebocyte, which contains different type of secretory
granules as well as a marginal band composed of microtubules (figure 1.8(B)). In
addition to the functional and morphological aspects, there are similarities in the
process of dynamic remodeling of cytoskeletal components during activation of
amoebocytes and platelets (Conrad et al. 2004). In both cell types, the marginal
microtubule band coils and is retained in the cell interior whereas actin becomes
peripheral.
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Figure 1.8: Electron micrograph of limulus amoebocyte. (A) Native discoid amoebocyte. (B)
Higher magnification of marginal band cross-section. Arrows point to electron densities that
might be microtubule associated proteins. Source: (TABLIN & Levin 1988)

Although they bear a striking parallel in terms of cellular functions, there exists no
evolutionary trail linking platelets to their invertebrate equivalents. This could be
because the connecting ancestral forms have been lost, or, as has been proposed
(Ratcliffe & Millar 1988), a case of convergent evolution. Latter theory is supported
by the presence of analogous cell surface receptors between human platelets and
avian thrombocytes (Schmaier et al. 2011).

The enigmatic evolutionary appearance of platelets and polyploid megakaryocytes
could be explained in the light of certain functional advantages. A major benefit of
these cells is the ability of one megakaryocyte to produce thousands of platelets.
Such a mechanism of biogenesis can, in case of a pathological challenge, be adapted
to produce platelets that are larger (Stenberg & Levin 1989). The platelets produced
under these exceptional conditions are also found to be more biologically active than
the ones produced at steady state.

Platelets have also been shown to help establish early pregnancy by playing a role in
placental attachment. This, however, cannot be considered an evolutionary
advantage as both, monotremes (egg-laying mammals) and marsupials, possess
platelets and megakaryocytes (Levin 2013). Thus, in absence of illustrative
comparative genomic data, the evolution of platelets remains to be explained.
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1.3.2 Biogenesis of platelets

Megakaryocytes are large (50-100um diameter) polyploid cells that reside primarily
in the bone marrow. These cells are highly specialized and are capable of undergoing
drastic morphological reorganization to give rise to thousands of platelets at once.
The unconventional morphology of megakaryocytes and platelets calls for
specialized processes for their formation.

Derived from the hematopoietic stem cell lineage, megakaryocytes undergo
polyploidization as a result of multiple endomitotic events, where the cellular DNA is
duplicated but no physical division of the cell occurs. These cells can achieve
between 4N to 64N complements of the genome, while majority of them undergo
three endomitotic cycles (16N) (Italiano & Hartwig 2013). The high ploidy is a result
of premature termination of mitosis. The cells have normal G1, S and G2 phases and
also enter the M phase of cell division. They follow through with prophase,
metaphase and anaphase A, but do not enter anaphase B wherein the chromatids
are usually separated right before complete division. Cells having higher than 4N
complement form a multipolar spherical spindle, which aligns chromosomes half
way to the poles, segregates the chromatids but does not completely separate them
(Vitrat et al. 1998). Nevertheless, the nuclear envelope reappears resulting in a
single but lobbed nucleus. During the 2N to 4N duplication, the cytokinetic furrow is
known to form and start ingression, but eventually regress leading to failed mitosis
(Geddis et al. 2007). Further maturation of megakaryocytes involves cytoplasmic
expansion followed by formation of the demarcation membrane system that
provides excess membrane for platelet formation. The cells also accumulate proteins
and granules that will be packed into platelets.

The most well supported theory of platelet release from megakaryocytes is the one
that includes formation of intermediate proplatelets. These are millimeter long
cytoplasmic threads connecting multiple platelet-sized swellings in the middle and
similar bulges at the ends. They are said to be derived from the megakaryocyte
demarcation membrane system (Schulze et al. 2006) and have been observed in
vitro (Choi et al. 1995) and in vivo (Schmitt et al. 2001) to give rise to platelets (figure
1.9 (A)).

Once mature, the megakaryocytes start to form pseudopods at one end (figure 1.9
(B)). The pseudopods then elongate into to slender cytoplasmic tubes of uniform
diameter (2-4um). In a few hours, the whole cell unravels into thin processes that
bend and branch to form an extensive network. These extensions are then released
by a sudden retraction of the remaining cell body, giving rise to proplatelets (Italiano
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et al. 1999). This morphologically complex process of proplatelet formation is highly
dependent on the megakaryocytic cytoskeleton.

Microtubules (MTs) are essential for proplatelet extension (Radley & Hartshorn
1987). In an immature megakaryocyte, dynamic MTs emanate from the centrosome,
localized at the cell centre, and end at the cortex. Once the cells form pseudopods,
the MTs become cortically arranged and help extend the proplatelets.
Depolymerization of MTs by nocodazole abrogates this process and results in
retraction of proplatelet (Patel et al. 2005). The force for proplatelet extension is,
however, not provided by MT polymerization, as shown by the effect of low doses of
nocodazole that prevent MT growth but do not induce depolymerization. The
extension is dependent rather on sliding of MTs against each other, a process driven
by the molecular motor dynein (Patel et al. 2005) (Bender et al. 2015). In addition to
propletelet extension, MTs are also responsible for transport of organelles and
granules along the proplatelet shaft to the site of putative platelet formation. The
materials are transported bidirectionally along the mixed polarity MT tracks by
kinesin motors and get trapped in the bulges where the platelets form (Richardson
et al. 2005). Passive mobilization of organelles also occurs due to MT sliding.

Actin, which is the major cytoskeletal constituent of platelets, is responsible for
branching amplification of proplatelets. In absence of actin based forces,
megakaryocytes only extend straight tubules that have few swellings, while the
bending and kinking of proplatelets that leads to end amplification is prevented
(Italiano et al. 1999). Furthermore, mutations in non-muscle myosin heavy chain
(MYH9) of Myosin Il A, an actin related molecular motor, cause a series of platelet
disorders (Seri et al. 2000), like May-Hegglin anomaly, Epstein syndrome, or Fechtner
syndrome, that result in thrombocytopenia. Spatio-temporally regulated myosin IIA
activation is shown to regulate both the size as well as number of platelets (Spinler
et al. 2015). During proplatelet extension, myosin IIA inactivation leads to low
stiffness of the megakaryocytes as a result of which the released proplatelets are
larger. However, once in the flow, these proplatelets need to reactivate their myosin
[IA activity by shear stress to ensure a normal size of the final platelet. The latter
process is inhibited in patients with MYH9 diseases and as a result, their platelet
numbers are not significantly changed but the platelets are larger in size.
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Figure 1.9: Formation of platelets. (A) Schematic representation of megakaryocyte

maturation followed by platelet and proplatelet release. Source: (Hartwig & Italiano 2006).

(B) Formation of proplatelets. Mature mouse megakaryocyte unravels into threadlike

proplatelet extensions with platelet bulges at the ends. Adapted from: (Italiano et al. 1999).

(C) Preplatelet to barbell-proplatelets conversion

. Time-lapse of clockwise twisting of

marginal band labeled with GFP-B1-tubulin. Adapted from: (Thon et al. 2010). (D)

Mathematical model for barbell-preplatelet to proplatelet conversion. (i) Schematic of force

balance modeled by Laplace’s Law (P = pressure, T = cortex tension). (ii) Model prediction of

platelet diameter versus number of MTs in the bundle cross-section. Adapted from: (Thon et

al. 2012).
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Membrane associated cytoskeleton of proplatelets contains spectrin as one of its
major components. It is found to uniformly line the membrane from megakaryocyte
cell body into the proplatelet projections. Disruption of spectrin markedly reduces
proplatelet production (Patel-Hett et al. 2011) and causes blebbing and swelling.
Stability of the barbell preplatelet intermediate is also compromised in absence of
spectrin cytoskeleton.

The final step of platelet production is the scission of proplatelets that the
megakaryocytes extrude in the blood stream, into individual platelets. Shear stress is
known to facilitate this process but the final platelet formation can also occur within
the blood stream, as often the fragments that are shed are larger than platelets. A
mechanical intermediate, circular-preplatelet, in the size range of 3-10um diameter
has been identified which can undergo a reversible transition into barbell shaped
proplatelet to finally divide into two individual platelets (figure 1.9 (C)). Thon et. al.
(2012) show that the stability of these intermediates, and hence their tendency to
divide into two separate platelets, is governed by the biophysical properties, like the
diameter and thickness, of the microtubule marginal band. They have described a
mathematical model that attributes this conversion to a balance of forces between
the cortical cytoskeleton and MT marginal band (figure 1.9 (D)). The critical length of
marginal band that would result in barbell transition was predicted to be 10um. The
authors also used the model to predict the final size of a platelet as a function of the
number of microtubules contained in the marginal band cross-section. The diameter
of a platelet was calculated to vary as a square root of the number of MTs contained
in the band cross-section. Predictions about the MT content of the marginal band
and the resultant platelet size are in agreement with the aberrant sizes of platelets
found in giant-platelet disorders, where platelets are larger in size and have more
MTs in the marginal band. Thus, the final size of a platelet can be thought of as a
consequence of the mechanical properties of its constituting cytoskeleton.

1.3.3 Resting platelet structure

As described in the pervious sections, morphology of a platelet is the result of its
cytoskeletal composition and organization, much of which is reminiscent of its
mechanically driven biogenesis process. However, the final resting platelet shape has
important functional consequences. When present in the crowded bloodstream,
small size and characteristic discoid shape of a platelet allows it to flow in proximity
to the vessel wall (Aarts et al. 1988). Such pre-positioning brings it closer to the site
of possible injury, facilitating detection and subsequent clot formation. Loss of
platelet discoid shape is associated with the onset of activation (White & Burris
1984) and is also known to result from manifestation of certain platelet disorders
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(White & Sauk 1984). To demonstrate the mechanical basis of platelet shape
determination, | will briefly discuss how the cytoskeletal elements are organized in
resting platelets and what are the consequences of some perturbation in their
mechanical properties.

1.3.3.1 Microtubule organization and dynamics in resting platelets

Microtubules have long been identified as one of the major cytoskeletal components
of platelets. In resting platelets, MTs form a bundle that runs along the periphery
(Behnke 1965), constituting what is known as the marginal band. Due to the tight
packing of MTs in the marginal band (figure 1.10 (A)), information about single MTs
was not available, but estimates based on average number of MTs in the cross-
section (approximately 8 to 12) and the average radius of the circular band
(approximately 1.5um), suggested that a platelet contained around 100um of
polymerized tubulin (Behnke & Zelander 1966) (Kenney & Linck 1985). The close
packing of MTs in the band also obscured identification of MT ends and it was
considered that the marginal band consists of a single MT wound multiple times
around the platelet periphery. In 2008, Patel-Hett et. al. provided hard evidence that
the platelet marginal band contained multiple dynamic MTs that are organized in a
bundle of mixed polarity. They transfected megakaryocytes with green fluorescence
protein (GFP) labeled EB3 (MT associated protein that marks a growing plus end) and
characterized MT growth in platelets produced by these megakaryocytes. They
found the average MT growth speed to be 7.7+3.1 um/min, within a range of
2.4um/min to 12.2um/min. They also observed the EB3 spots moving in parallel and
anti-parallel directions, suggesting that the marginal band contains both parallel and
anti-parallel MT overlaps, which could provide a site for binding of specific cross-
linkers. Additionally, they characterized the marginal band composition in terms of
the number of growing MTs (8.66 +2.11), by counting the number of EB1 (MT
associated protein that marks a growing plus end) spots, and the total number of
MTs (9.06 +1.61), by looking at the number of gamma-tubulin (MT associated
protein that marks the stabilized minus end) localizations, in the marginal band
(Patel-Hett et al. 2008).

Considering the diameter of a platelet (2-3um) and the persistence length of a MT
(1.4mm; (van Mameren et al. 2009)), a bundle composed of curved MTs running
along the platelet circumference suggests that the marginal band is likely under
tension (proposed (Behnke 1965)) and could possibly maintain the lentiform shape
of the platelet. This was confirmed, in 1998, by White and Rao who showed that
depolymerization of MTs, by cold treatment or tubulin monomer sequestration with
vincristine, led to loss of the discoid shape. Without MTs, platelets became spherical
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and extended filipodia-like projections that were dependent on actin polymerization
as these structures were lost upon Cytochalasin B treatment. Rewarming the chilled
platelets caused reassembly of MTs and restoration of the discoid shape, reiterating
the importance of MTs in determining the resting platelet morphology (White & Rao
1998). The importance of MTs in establishing platelet morphology, and possibly
activity, was further confirmed by Schwer et. al. in 2001. They showed that mice
lacking B1-tubulin, the megakaryocytic lineage specific beta-tubulin isoform, have
thrombocytopenia owing to defects in porplatelet generation. Importantly, the
platelets that were formed showed a spherical morphology and had only 2 to 3 MTs
in the marginal band cross-section. Mice with these mutations also displayed
prolonged bleeding times (Schwer et al. 2001). These and many other studies
together demonstrate that the microtubule marginal band is essential for proper
activity of platelets.

Figure 1.10: Microtubules in resting platelets. (A) Detergent extracted platelet marginal
band. MTs form a tigh