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Abstract

The metaphase spindle is a dynamic, self-organising molecular machine that performs the
critical function of segregating the genome equally during cell division. Spindle length and
shape are emergent properties that are brought about by complex networks of interactions
between the hundreds of components within it. Although significant progress has been made
in understanding the individual molecular players responsible for maintaining steady-state
spindle length and shape, we have only recently started exploring the links between spindle
morphology, dynamics, and material properties.
Spindles exhibit liquid-crystal like properties and mainly consist of microtubules, microtubuleassociated proteins, and motors. Molecular force generators drive spindle self-organisation
and a balance between active and passive forces helps maintain spindle integrity. Additionally, the mesoscale structure possesses viscoelastic mechanics and its viscosity is dependent
on biochemically regulated factors such as microtubule density. Currently there are no
quantitative measurements of the spindles overall mass density and total protein mass. A
thorough understanding of the spindle material properties is essential if we are to comprehend
how such a dynamic structure responds to forces, and how it maintains its steady-state length
and shape.
During this work, I first quantitatively investigated the role of two active molecular force
generators– Kinesin-5 and Dynein in regulating Xenopus egg extract spindle shape. As
previously reported, perturbing the activity of these two motors altered spindle morphology.
Surprisingly, the total microtubule mass of perturbed spindles remained unchanged. Further,
to physically perturb spindle shape and investigate the role of passive force generators such as
elasticity, an Optical Stretcher (OS) setup was developed to work exclusively with Xenopus
egg extracts. Although the OS could be used to trap and deform vesicles in extracts, optical
forces could not be exerted on spindles to deform its shape. Investigating the structures
optical properties, using Optical Diffraction Tomography (ODT) revealed that this was due to
no appreciable difference between the refractive index (RI) of the spindle and the cytoplasm
around it. However, the RI values obtained from ODT allowed me to investigate the dense
molecular environment within the spindle, and were utilised to quantify its mass density and
total dry mass.
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Correlative analysis based on fluorescence imaging and label-free three-dimensional RI
tomography enabled me to examine how material properties varied spatially within the
spindle structure and between different biomolecules like microtubules, DNA, and membrane
containing components. Further, I uncovered a relationship between Xenopus spindle mass
density and the overall microtubule density. I also found that the total dry mass of the spindle
scaled with its length, while its overall density remained constant. Interestingly, probing the
material properties of mitotic spindles in HeLa cells gave different results, as the spindle
was denser than the cytoplasm. The correlation between overall and microtubule density
was however conserved despite the morphological and physical differences between the
two spindles. Finally, I perturbed microtubule density in spindles from both systems and
uncovered how physical dimensions and the total tubulin concentration regulated spindle
size, overall microtubule mass and its material properties.
Overall, this study provides a fundamental characterisation of the spindles material properties
and helps illuminate links between the biochemistry and biophysics of an active form of soft
matter– the metaphase spindle.
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Zusammenfassung
Die Metaphasenspindel ist eine dynamische, selbstorganisierende molekulare Maschine,
die die entscheidende Funktion hat, das Genom während der Zellteilung gleichmäßig zu
trennen. Spindellänge und -form sind emergente Eigenschaften, die durch komplexe Wechselwirkungsnetzwerke zwischen den Hunderten von Komponenten in ihr hervorgerufen
werden. Obwohl bedeutende Fortschritte beim Verständnis der einzelnen molekularen Faktoren gemacht wurden, die für die Aufrechterhaltung der stationären Spindellänge und -form
verantwortlich sind, haben wir erst kürzlich damit begonnen, die Zusammenhänge zwischen
Spindelmorphologie, Dynamik und Materialeigenschaften zu untersuchen.
Spindeln weisen liquidkristallartige Eigenschaften auf und bestehen hauptsächlich aus Mikrotubuli, mikrotubuli-assoziierten Proteinen und Motoren. Molekulare Kraftgeneratoren treiben
die Selbstorganisation der Spindel an, und ein Gleichgewicht zwischen aktiven und passiven
Kräften hilft, die Integrität der Spindel zu erhalten. Darüber hinaus verfügt die mesoskalige
Struktur über eine viskoelastische Mechanik und ihre Viskosität ist abhängig von biochemisch
regulierten Faktoren wie der Dichte der Mikrotubuli. Derzeit gibt es keine quantitativen Messungen der Gesamtmassendichte der Spindel und der Gesamtproteinmasse. Ein gründliches
Verständnis der Materialeigenschaften der Spindel ist unerlässlich, um zu verstehen, wie eine
solche dynamische Struktur auf Kräfte reagiert und wie sie ihre stationäre Länge und Form
beibehält.
Während dieser Arbeit untersuchte ich zunächst quantitativ die Rolle von zwei aktiven
Molekularkraftgeneratoren - Kinesin-5 und Dynein bei der Regulierung der Spindelform des
Xenopus Eizellenextraktes. Wie bereits berichtet, hat die Störung der Aktivität dieser beiden
Motoren die Spindelmorphologie verändert. Überraschenderweise blieb die Gesamtmasse
der Mikrotubuli von gestörten Spindeln unverändert. Um die Spindelform physisch zu stören
und die Rolle passiver Kraftgeneratoren wie Elastizität zu untersuchen, wurde ein Optical
Stretcher (OS) entwickelt, der ausschließlich mit Xenopus Eizellenextrakten arbeitet. Obwohl
das OS zum Einfangen und Verformen von Vesikeln in Extrakten verwendet werden könnte,
konnten optische Kräfte nicht auf die Spindeln ausgeübt werden, um ihre Form zu verformen. Die Untersuchung der optischen Eigenschaften der Struktur mittels Optical Diffraction
Tomography (ODT) ergab, dass dies auf keinen nennenswerten Unterschied zwischen dem
Brechungsindex (RI) der Spindel und dem sie umgebenden Zytoplasma zurückzuführen ist.
Die von ODT erhaltenen RI-Werte erlaubten es mir jedoch, die dichte molekulare Umgebung
innerhalb der Spindel zu untersuchen, und wurden verwendet, um ihre Massendichte und
Gesamttrockenmasse zu quantifizieren.
Durch die korrelative Analyse auf der Basis von Fluoreszenzbildgebung und markierungsfreier dreidimensionaler RI-Tomographie konnte ich untersuchen, wie sich die Materialeigen-
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schaften innerhalb der Spindelstruktur und zwischen verschiedenen Biomolekülen wie
Mikrotubuli, DNA und membranhaltigen Komponenten räumlich unterscheiden. Weiterhin
entdeckte ich einen Zusammenhang zwischen der Xenopus Spindelmassendichte und der
gesamten Mikrotubulidichte. Ich fand auch heraus, dass die Gesamttrockenmasse der Spindel
mit ihrer Länge skaliert wurde, während ihre Gesamtdichte konstant blieb. Interessanterweise
ergab die Untersuchung der Materialeigenschaften von mitotischen Spindeln in HeLa-Zellen
andere Ergebnisse, da die Spindel dichter war als das Zytoplasma. Der Zusammenhang
zwischen Gesamt- und Mikrotubulidichte konnte jedoch trotz der morphologischen und
physikalischen Unterschiede zwischen den beiden Spindeln erhalten bleiben. Schließlich
störte ich die Dichte der Mikrotubuli in den Spindeln beider Systeme und entdeckte, wie
die physikalischen Abmessungen und die Gesamttubulinkonzentration die Spindelgröße, die
Gesamtmasse der Mikrotubuli und ihre Materialeigenschaften regulierten.
Insgesamt liefert diese Studie eine grundlegende Charakterisierung der Materialeigenschaften
der Spindel und hilft, Zusammenhänge zwischen der Biochemie und der Biophysik einer
aktiven Form der weichen Materie - der Metaphasenspindel - zu beleuchten.
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Chapter 1
Introduction
1.1

The metaphase spindle :
A complex self-organising molecular machine

Cell division is an intricate, tightly regulated, and highly coordinated process that constantly
occurs inside organisms and involves thousands of molecules. Every time a cell divides,
a massive reorganisation of its internal components takes place– membranes are broken
down, proteins are modified, signalling pathways are activated, and networks of structures
spanning the entire length of the cell are displaced and reshaped. One of the most prominent
changes that takes place during cell division is the assembly of the mitotic spindle, a bipolar
fusiform structure. Spindles are complex self-organising molecular machines that perform
the critical function of segregating the genome equally into the two daughter cells. They are
an active form of matter [89], made up of highly dynamic components that turn over in very
short time scales [95]. Over the last dew decades we have been able to uncover extensive
knowledge about the structure and function of individual components that make the spindle
[106], [100]. However, it is unclear how the multiple complex interactions taking place
within it cumulatively give rise to its overall length and shape.
Spindles consist of thousands of microtubules (Figure 1.1) which are rod shaped polymers
made of the protein tubulin. These microtubules make up most of the bulk material inside the
spindle and are found at high densities within the structure forming a complex, active energyconsuming network [95], [23]. Microtubules exhibit dynamic instability- a phenomenon
that describes the constant state of assembly and disassembly that the polymers exist in
[83]. Microtubules within the spindle have an inherent polarity, arising from the head to tail
arrangement of the tubulin dimers and have an average length of 7 µm [13]. Along with
tubulin, a variety of proteins known as microtubule associated proteins (MAPs) interact with
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A

B

Microtubules

C

DNA

Phase contrast

Figure 1.1 A metaphase spindle reconstituted in Xenopus egg extracts.
Fluorescence image showing (A) spindle microtubules labelled with TAMRA-Tubulin and
(B) DNA labelled with Hoechst 33342. (C) Corresponding phase contrast image. Scale bar =
10 µm.
microtubules and are able to control almost every aspect of its life [106]. Specific MAPs
confer stability or enhance/suppress rates of assembly and disassembly. In addition to these
MAPs, motor proteins are dispersed throughout the network. These motor proteins are able
to walk/slide towards either end of the polymer by converting chemical energy from ATP to
mechanical work [23]. The density of biomolecules found inside the spindle is particularly
high and studies have suggested spindles to be a separate, denser phase of the cytoplasm
[117], [8]. Although we possess a good understanding of which individual components make
up the spindle, it is still unclear how all of them work harmoniously together to build and
maintain such a complex structure.
Every time a cell needs to divide a spindle that is of the correct size has to be built, positioned
in the centre of the cell and be capable of exerting the mechanical forces that are required for
its function [20], [23]. Abnormalities in spindle morphology such as incorrect length and
shape, insufficient microtubule density, and incorrect microtubule-chromosome attachment
can result in improper chromosome segregation causing aneuploidy, which often leads to cell
death and cancer [124]. Some of the proposed mechanisms for spindle length control include
the physical dimensions of the cell itself acting as a boundary, the regulated activity of proteins controlling microtubule length and dynamics, and the presence of limiting components
in the cytoplasm (such as the amount of tubulin) [106], [33]. The mechanisms controlling
spindle shape however are much less understood.
Spindle length and shape vary amongst different species and have been shown to differ
between cell types and during embryo development [43], [149]. Figure 1.2 shows a repre-
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A complex self-organising molecular machine
Mouse embryonic stem cell
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3

Xenopus egg extract
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Sea urchin embryo
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Figure 1.2 Spindle size and architecture varies between species.
Fluorescence image of a representative spindle from an (A) embryonic stem cell (image
provided by Sebastian Reusch, Reber Lab) and Xenopus egg extract. Microtubules: red,
DNA:blue. (C) Fluorescence image of a spindle in a sea urchin embryo (image courtesy
Nikon Small World, 2006). Microtubules: green, DNA: blue. Scale bar = 5 µm
sentative fluorescence image from a spindle in a mouse embryonic stem cell, Xenopus egg
extract and a sea urchin embryo that are built from the same fundamental building blocks,
yet have significantly different length and shape. Spindle length and shape are geometrically
coupled and mechanisms affecting the dynamics of kinetochore microtubules have been
shown to affect spindle shape [151]. However, in Xenopus spindles that are primarily made
of non-kinetochore microtubules (microtubules that are found throughout the spindle and do
not form bundles that connect the spindle pole to the kinetochore) increasing or decreasing
the microtubule mass does not affect its overall shape [107] [20]. Apart from the activity of
the molecules themselves, intrinsic biophysical properties arising from the interaction of the
molecules such as spindle elasticity and friction have been suggested in regulating the shape
of the structure [20], [23], [106]. Multiple potential mechanisms are thus present to allow
a spindle to alter its length and shape depending on the requirements of the cell, ensuring
faithful execution of its primary function.
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Length and shape:
Emergent properties of steady-state spindles

Metaphase spindles are formed as a result of a self-organising process and their complexity
arises from simple interactions taking place between individual building-blocks. Several
small-scale molecular interactions between the different spindle proteins can have largescale consequences on the overall spindle structure. Regulators of microtubule nucleation
(γ-TURC), amplification (Augmin, TPX2), severing (Katanin and Spastin) and dynamics
(XMAP215 and MCAK) individually act to nucleate [87] or amplify microtubules [138];
[147], chop them up [152]; [80] or increase/decrease microtubule length and lifetime [51];
[137] respectively. Changes in their activity have been shown to independently or in unison
alter spindle length. Figure 1.3 schematically represents the complexity of the spindle by
highlighting some of the essential MAPs capable of influencing spindle length.

TPX2

Kinesin-5

Katanin

y-TURC

Augmin

XMAP215

processive motility

Figure 1.3 MAPs that have been shown to alter spindle length and shape.
Schematic representing the complexity of spindles, highlighting microtubule nucleators
(γ-TURC), amplifiers (TPX2, Augmin), severing proteins (Katanin) and polymerases
(XMAP215). Image modified from [106].
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For example, altering the activity and concentration of XMAP215 (a microtubule polymerase) has been shown to influence microtubule growth velocity and increase the total
microtubule polymer mass inside spindles [107]. As a result of this, the length of spindles
increases. Surprisingly spindle shape is maintained irrespective of its length (Figure 1.4). The
microtubule severing protein Katanin is another good example, which when phosphorylated
at a single site has reduced activity. This gives rise to long spindles and is prompted by
lowered microtubule disassembly. This mechanism has been adopted to scale spindle-length
between two closely related frog species: Xenopus laevis and Xenopus tropicalis [77]. The
RanGTP gradient (a diffusion-limited gradient that acts as a spatial cue to release spindle
assembly factors) has also been shown to stimulate the autocatalytic nucleation of microtubules which helps set spindle size [18], [93]. In a landmark study, cytoplasmic volume has
been shown to directly influence spindle length. This study additionally suggests that the
amount of necessary cytoplasmic proteins, such as tubulin can act as limiting components
that can set the length of the spindle [33]. Thus, there exists a feedback between the different
spindle proteins and the microtubules, which is a critical requirement to build a spindle with
the correct morphology at steady-state.
Shape parameter

α

1.0
0.5
0

240 nM
120 nM
60 nM
30 nM

0

10

20
30
Spindle length

40

Figure 1.4 Spindle shape remains constant upon changing spindle length.
Increasing XMAP215 concentration increases spindle length but does not affect spindle shape
(α). Coloured circles represent spindles reconstituted at different XMAP215 concentrations.
Figure modified from [107].
Although the mechanisms responsible for regulating spindle length have been studied extensively, the ones responsible for maintaining its characteristic shape are much less understood.
One proposed mechanism is the balance of forces at steady-state [20], [23], [106], [71].
Spindle forces can be broadly classified into two categories: active and passive forces (Figure
1.5). Active forces consume energy and transduce chemical reactions into mechanical work.
Passive forces on the other hand, are inherent physical properties of the structure such as its
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elasticity, friction generated within the network and parameters like surface tension that can
act at the spindle boundary.
Spindle building blocks
Microtubules

αβ-tubulin

Motors

Force balance
Passive forces

Active forces

1. Microtubule dynamics
Fpol

1. Elasticity
Fk

Fdepol
2. Motors
(+) end directed

2. Surface tension

(-) end directed

Kinesin-5

Fg

Dynein

3. Molecular friction
Fmotor

Spindle shape

FF

Figure 1.5 A balance of spindle forces potentially maintains its shape.
Schematic showing the active and passive force generators that could be responsible for
maintaining spindle shape. (Left) Active forces include microtubule dynamics and motor
proteins. (Right) Passive forces are elasticity within the spindle network, surface tension at
the spindle boundary and molecular friction arising from the dense cross-linked network.
The constant assembly and disassembly of microtubules which takes place throughout the
spindle network is an important active force generator. Microtubule polymerisation and
depolymerisation can create pushing forces and pulling forces up to 30 pN respectively [19],
[35]. Along with microtubule dynamics, motor proteins that walk towards the microtubule
plus or minus ends generate forces. These proteins are able to produce 1-10 pN of force per
motor as they take nanometer sized steps on the microtubules [120], [30]. Depending on the
spatial arrangement, several motor proteins can also work in unison to amplify the amount of
force produced [120].
Two major motor proteins – Kinesin-5 and Dynein whose force generating activities coun-
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teract each other are highlighted in Figure 1.5. Inhibiting the activity of these two motor
proteins affects the morphology of the spindle [7], [41], [125], [81], [50]. Kinesin-5 is a
tetrameric plus-end directed motor protein, which generates outward force by sliding and
cross-linking microtubules and plays a critical role in separating the two poles during spindle
assembly [44], [59], [135]. Dynein on the other hand belongs to the AAA+ family of proteins,
is minus end directed and is a major inward force generator [14]. Dynein performs diverse
functions which include spindle pole focusing, spindle positioning and spindle checkpoint
silencing [82], [141], [29]. In addition to Kinesin-5 and Dynein, other motor protein complexes antagonise each others force-generating activities, ensuring that spindle shape is
conserved even when the two motor proteins are inhibited simultaneously [106]. Microtubule
networks have also been shown to experience contractile forces created by Dynein [27]. A
complementary extensile force may be created due to the sorting of microtubules by the
cross-linking activity of molecules such as Kinesin-5 [95]. These active stresses could also
play a role in maintaining spindle shape [95], [11].
Passive force generation imparts stability to the spindle structure and can dissipate the energy
produced by the active dynamic factors. Elasticity is a primary passive force created in
the spindle by the rigid microtubule network that enables it to recover from deformations
[48], [121]. Microtubules themselves have a high Young's modulus and a high persistence
length allowing them to experience large amounts of force without much bending [143],
[63]. In addition to elasticity, spindles also experience resistive forces created by stretching
bundles of microtubules that are cross-linked by protein complexes such as motors and
MAPs [26], [53], [91]. Molecules moving through the dense spindle network also experience
drag depending on the architecture of the region through which they are moving [121],
[134]. Another expected but so far uncategorised passive force generator is surface tension
which could create active contractile stresses at the spindle boundary to keep the overall
structure in shape, particularly upon deformation [20], [95], [105]. Although we have a clear
understanding of the mechanisms that are able to generate force, the way these multiple
mechanisms complement and integrate with each other is still being unraveled.
The material properties of spindles will influence the way the structure responds to both
active and passive forces. Studies aimed at investigating the micromechanics of spindles in
Xenopus egg extract reveals that they are viscoelastic [121], [134], [53]. Deforming spindles
with the help of micro-needles indicates that the structure is stiffer along its long axis in
comparison to the short axis, due to majority of microtubules being oriented along that axis.
Spindle viscoelasticity is cumulative, caused by the microtubule network which generates
an elastic response and a liquid-like friction caused by cross-linking, that creates a viscous
response. The response of the spindle as a whole varies upon the direction and time-scale of
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force application. Different regions within the spindle also demonstrate different mechanical
properties depending on the architecture and extent of molecular motor activity in those
regions [134]. Thus, a complex mechanical coupling exists between the spindle's elasticity
and viscosity, two important material properties [23]. Very little biophysical information is
available regarding the densely crowded material making the spindle and of its surrounding
environment. Additionally, how comparable the material properties of spindles from different
species are, is unclear.
Taken together, spindles are extremely robust structures that are able to remodel themselves
and respond to physical and chemical changes in a reversible manner. This is due to the
elaborate feedback that exists between its dynamics, architecture and material properties.
There are currently several pertinent gaps in our understanding of the spindle as a complex
active material. A major reason for this is the lack of tools available to analyse its material
properties. Evaluating these biophysical properties will allow us to investigate how the
length and shape of an active network of polymeric material is maintained, uncover any
cross-talk between the two global features and discern how a closed loop of forces helps
maintain spindle morphology at steady-state. In the next two sections, I shall describe a
well-established in vitro system that is suitable for performing experiments aimed at probing
spindle material properties and will provide insight into novel optical techniques, which may
be used to characterise these properties in a quantitative manner.

1.3

The Xenopus egg extract spindle

Cell-free egg extracts prepared by centrifuging unfertilised eggs of the African clawed frog
Xenopus laevis represent a powerful biological system that contains all of the soluble components of the cytoplasm [39]. Xenopus egg extracts are a complete, highly-concentrated
and open in vitro system that makes it possible to perform biochemical reconstitution and
perturbation experiments in test tubes [54], [32]. Extracts are able to undergo multiple cell
cycles in vitro [88] and have been historically used to study the regulators of microtubule
dynamics [123], chromosome condensation [31], kinetochore assembly [28] and importantly
factors required to both assemble and maintain spindles [39], [76], [135], [147].
For our purposes, steady-state spindles can be reconstituted in extracts by providing a nucleating source such as sperm nuclei, driving the cell cycle state to interphase and then returning
it to a mitotic state (Figure 1.6). These spindles are physiologically very similar to the ones
found in vivo in live meiotic oocytes, and contain a high density of microtubules and all
necessary spindle proteins [39]. The open nature of the system allows for easy physical
and biochemical perturbations, protein depletion and addition and enables high-resolution
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imaging of specific spindle factors. Additionally, spindles reconstituted in extracts can be
maintained at steady-state for extended time periods (several hours). This also makes them
ideally suited for theoretical analysis as the overall steady-state is maintained.

A

+ Sperm
nucleus

Xenopus
egg
extract

B

+ Xenopus
egg
extract

C

+ Ca2+

Meiotic
extract

t = 90 min

t = 150 min

Interphasic
nucleus

Metaphase
spindle

Figure 1.6 Reconstituting spindles in Xenopus egg extracts.
Schematic representing the method to reconstitute steady-state spindles in egg extracts. (A)
Extract is freshly prepared by centrifuging dejellied eggs from adult frogs. These eggs are
arrested in metaphase of Meiosis-II. A nucleation source such as demembranated sperm
nuclei is added to the extract and the system is driven to interphase by adding Ca2+ . (B)
After 90 minutes the centrosomes and DNA are duplicated, and interphasic nuclei are formed.
One volume of fresh meiotic Xenopus egg extract is then added to drive the extract back into
metaphase. (C) After an additional 60 minutes a metaphase spindle forms.
An important advantage of Xenopus spindles is that they are well described and quantitative
information about several important biochemical and biophysical characteristics is already
available. For example, Xenopus spindles have an average length of 30-40 µm [34], [107] and
are made up of ~100000 microtubules, which are ~7 µm in length [13], [11]. The distribution
of microtubule lengths in spindles varies with majority of the microtubules being shorter
at the poles and their length increasing towards the spindle centre. Microtubules have an
average lifetime of 16 ± 2 seconds, a polymerisation velocity of 23 ± 8 µm/minute and
a depolymerisation velocity of 36 ± 7 µm/minute [13], [18]. All the microtubules within
the spindle are able to turn over in 30 seconds [95], [90]. Spindles assembled in extracts
are anastral and about 90% of the microtubules present inside them are non-kinetochore
microtubules [58], [95]. Microtubules within the spindle are in a state of constant flux and
slide towards the poles with a velocity of 2.5 µm/minute [84]. The density of microtubules
within the spindle is estimated to be about 50-100 microtubules/µm2 [11]. Additionally
spindles have a viscosity of ~1.9 X 102 Pa.s and a Youngs modulus between 2-10 Pa [121].
In addition to having a quantitative idea about the Xenopus spindle building blocks, infor-
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Steady-state metaphase spindles

~100000 microtubules
Microtubule-turnover rates ~30s
Viscoelastic mechanical properties
Optically anisotropic
Figure 1.7 Properties of Xenopus egg extract spindles.
Schematic and representative fluorescence image showing a spindle reconstituted in Xenopus
egg extracts. Microtubules: red, DNA: blue. Scale bar = 10 µm.
mation is also available about the orientation and polarity of microtubules, which has been
known to change upon altering its shape [95]. This is known due to the unique ability of spindles to exhibit birefringence, an optical and material property brought about by the internal
molecular order existing naturally within its structure [25]. As the microtubules in spindles
are organised parallel to each other primarily along one principal axis, they can be easily
observed using polarisation microscopy techniques [52], [94] . Recent studies have combined
the quantitative information provided by fluorescence and polarisation microscopy to obtain
a physical description of several spindle properties based on liquid crystal theories [11]. In
another study, Xenopus spindles were described as having liquid-crystal like properties and
this description was used to model how spindle length could be linked to the total polymer
mass of microtubules present inside it.
The availability of detailed prior knowledge, the large size of spindles formed and the ability
to perform both physical and biochemical perturbations in a system containing infinite raw
material thus make Xenopus egg extracts ideal to investigate spindle material properties.
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As mentioned previously, understanding the basic physical properties of the spindle as a
material is essential if we are to comprehend how the complex structure is built, regulated
and performs its critical functions. Traditionally, properties like spindle mechanics have been
explored by pushing or pulling on the structure with the help of micro-needles [91], [121].
Although these techniques have provided the first insights into properties such as the spindles
viscoelasticity, they do possess their own set of limitations. It is unclear whether mechanical
intervention by a physical probe such as a micro-needle alters the internal composition
of the spindle, causes an active restructuring of the microtubule network or whether it is
ultimately destructive to the structure's integrity. Although it has been suggested that an
interplay between the elastic and viscous response of the spindle helps maintain its shape
upon physical perturbations, the contribution of the other active and passive forces needs to
be studied in more detail.
An alternative technique that can be used to probe the mechanical properties of biological
structures using light is with the Optical Stretcher (OS) [37]. The OS allows for contact-free
rheological measurements of an object's viscoelastic parameters and has successfully been
used to characterise the health and state of cells [38], investigate them during processes
such as differentiation [22] and explore the role of cytoskeletal proteins on cell stiffness
[15], [119]. The OS consists of two divergent laser beams that are positioned to oppositely
face each other and are aligned on the same axis at a known distance [74]. As the objects
investigated by the OS are much larger than the wavelength of laser light, simple ray optics
can be used to describe how light passing through an object is able to exert forces. Each ray
of light in a beam has an inherent momentum (pm ), which is proportional to the energy (E )
and the refractive index of the medium (nm ) and can be expressed using the formula:
pm = E

nm
c

(1.1)

Here, c is the speed of light in a vacuum.
The momentum of the ray at the boundary of the object such as a cell changes both in
direction and magnitude (as per equation 1.1) due to a difference in the refractive index of
the object and the medium (usually for objects such as cells n cell > n medium ). As a result
of the change in momentum, the object experiences restoring forces at two of its surfaces,
first when the light enters the object from the medium and second when it exists the object.
Summing up the forces of individual rays over all the incident angles result in a net force
acting on the object surface in the direction of laser propagation [4], [110], [37]. This force
consists of a scattering and gradient component. The scattering component pushes the object
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in the direction of the laser beam and the gradient component pulls the particle towards the
centre of the beam which has the highest intensity [37]. If the object is placed between two
identical aligned laser beams with the same intensity profile, the scattering forces cancel out
and the gradient forces at the middle of the object are added. As a result, the object positions
itself in the middle of the two light sources and is trapped. Surface forces are exerted on
the object when it is trapped between the two beams. Increasing the power from both lasers
simultaneously would cause a spherical object such as a cell to elongate, thereby stretching
it [37], [24], [74]. Figure 1.8 shows the surface forces acting on a spherical cell when it is
trapped and stretched.

Cell

Laser 2

Laser 1

A

Stably trapped cell

Cell

Laser 2

Laser 1

B

Stretched cell

Figure 1.8 Optical forces can be used to trap and stretch cells.
(A) A spherical cell in a stable trapped configuration due to the optically induced forces
acting on its surface, indicated by black arrows. (B) Upon increasing the laser power from
each source the force exerted on the cell surface significantly increases (indicated by bold
arrows), causing the cell to deform. This response depends on the mechanical properties of
the object.
The deformation of the object upon stretching is recorded to create deformation curves. This
data can then be used to analyse the mechanical strain on the object and be fit to mathematical
models to obtain viscoelastic parameters such as the shear modulus, mechanical compliance
and steady-state viscosity [74], [24]. The stretcher thus allows for highly controlled and
contact free rheological measurements. In addition, a strong theoretical basis is available to
investigate the material properties of objects analysed with this techniques.
In addition to exerting forces to test the mechanical response of an object, light can also
be used to characterise the distribution of its dry mass [6], [103]. This may be done by
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measuring the object’s refractive index (RI), an optical property that is unique for every
material and depends on the electrical permittivity and electron density within the sample
[96]. The RI (n) has been used to investigate the dry mass of biological material since the
1950s [5], and can simply be defined as the ratio of speed of light (c) and the speed of light
in the material (v):
c
(1.2)
n=
v
RI differences are routinely used in microscopy to obtain phase contrast and DIC images of
live cells and in techniques such as dynamic light scattering and flow cytometry. Quantitative
RI measurements on the other hand, that can be obtained from quantitative phase imaging
techniques (QPI) provide information about the concentration and conductivity [75], [6].
Additionally, quantifying RI differences has been used to classify cells into their different
components [116],[65], [70],[55], can provide information about their morphological characteristics and metabolic activities [102], [75], and study physical changes taking place in
a cell under stress or disease [1], [97]. The RI thus represents an important biophysical
property, which can provide novel insight about a biological structure and can provide a
characterisation of the material it is made up of.
Optical diffraction tomography (ODT) is an interferometric QPI technique [128]; [68]; [96],
which can be used to provide the distribution of RI within a sample at high resolution in
3-dimensions, originally proposed in 1969 [148]. ODT obtains this information by measuring
multiple 2-D phase images of a sample at various angles of illumination. Figure 1.9 shows
the phase images obtained by illuminating a mitotic HeLa cell with 3 different illumination
angles. Using inverse scattering theories and 3-D inverse Fourier transforms, the spatial
frequency information of the images is analysed to create a 3-D RI tomogram [148], [72],
[17], [67]. ODT is analogous to X-ray computed tomography, with the only difference being
the use of a coherent laser beam for illumination and the image contrast being provided by
the RI instead of X-rays and absorption, respectively [68].
Since the RI takes advantage of an intrinsic optical parameter for generating images, it
does not require any additional exogenous chemicals or dyes for labelling samples. ODT
imaging can also be performed for extended durations due to the mild imaging conditions
samples are exposed to. More importantly, the measurements made with this technique are
quantitative with the resolution limited to the optics of the setup used. ODT overcomes
certain caveats of fluorescence imaging such as fluorophore quenching, photobleaching,
photo-toxicity and non-uniform sample labelling. From a biochemical point of view, ODT is
also useful, since the RI values are linearly proportional to the concentration of solute within
a solution. Thus, RI distributions can be translated into local mass density distributions. In
addition, if the volume of the sample being examined is known, the total dry mass within
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Figure 1.9 Mitotic HeLa cell imaged by ODT.
(A) Schematic representing the illumination of a HeLa cell at three angles to create 2-D
holograms. (B) Corresponding phase images reconstructed from the holograms depicting the
phase delay in each image (heat map). Scale bar = 5 µm
the material can be measured as mass is a product of density and volume. The following
equations can be used to obtain the mass density [C(x,y,z)] and total dry mass (m ) from the RI:

n(x,y,z) = nm + αC(x,y,z)
ZZZ

m=

C(x,y,z) dx dy dz =

1
α

∑[n(x, y, z) − nm]∆x ∆y ∆z

(1.3)
(1.4)

Here, n(x,y,z) is the RI of the sample in 3-D, nm is the RI of the medium, α is the RI
increment of the sample, and ∆x, ∆y and ∆z are the pixel resolution of the image in x, y and
z directions.
It is unfortunately challenging to relate the precise RI measurements to molecule specific
information as many biological molecules (in particular proteins) have the same RI [96].
However, the gradient of RI values has been used to successfully delineate the individual
values of sub-cellular organelles [55]. This caveat can also be overcome with setups that
are capable of performing fluorescence microscopy in addition to ODT allowing for the
simultaneous acquisition of both molecule-specific fluorescence and quantitative physical
information [66].
The two tools described in this section provide the unique capability of exploring the
mechanical and material properties of a biological sample in a non-destructive manner using
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light. Our knowledge of the biophysical characteristics of spindles is still nascent; and
requires investigation if we are to understand how forces can give rise to the structure's
morphology or to simply learn about the fundamental physical nature of an active material.
Biochemically regulated factors like the microtubule density and the total microtubule mass
have been previously shown to influence spindle morphology [18], [107] and are potentially
capable of influencing the spindle's material properties. These properties are also likely to be
complex due to the structure’s internal anisotropy and the highly dynamic behaviour of its
components. At steady-state one may use techniques like the OS to perturb global properties
like spindle shape or use the ODT to provide a first hand look into the crowded molecular
environment within the spindle.
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Aims of this study

Spindles represent complex forms of active matter and are made up of hundreds of dynamic
components. The length and shape of this structure, are emergent properties that arise from
the synergistic activity of these components. Although work over the last few decades has
provided us with a clear understanding of the individual molecules necessary to build a
spindle, it is still unclear how the activities of these molecules integrate over space and time
to give rise to the spindles robust steady-state structure.
One mechanism that has been suggested to maintain spindle shape is the balance of active and
passive forces. A combination of in vitro and in vivo studies has provided information about
the active force generators but we still lack a clear understanding of the specific role played by
passive forces. A reason for this are the limited techniques available to probe the contribution
of these forces, both in isolation and in unison with active force generators. Further, details
about the global physical properties of spindles themselves is fairly rudimentary and requires
further research to ultimately comprehend how the structure cumulatively responds to the
activities of its internal components.
This research study aimed to investigate how spindle shape is sustained by forces and to
uncover information about the spindle as a material. To do so, I first examined the role of
two motor proteins (Kinesin-5 and Dynein) in sustaining spindle shape. Next, to physically
deform spindle shape and dissect the contribution of individual force generators, I developed
and tested an Optical Stretcher setup specifically suited for experiments in Xenopus laevis egg
extract. Following this, I examined the distribution of mass and density in Xenopus spindles,
by making quantitative measurements of the spindle's refractive index with the help of Optical
Diffraction Tomography. I then tested which factors were capable of modulating these
material properties and also performed comparative studies between spindles of different
morphologies. This enabled me to test if these properties were consistently preserved between
spindles, irrespective of size and shape. Finally, I perturbed these material characteristics and
examined links with biochemically controlled morphological parameters.
Overall, I utilised cutting edge iterations of old techniques to provide new biologically
relevant information about metaphase spindles — a structure that has fascinated biologists
since its discovery in the late 1800s.
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Chapter 2
Results
2.1

Inhibiting Kinesin-5 and Dynein alters spindle morphology but not microtubule mass

Previous research has shown that Xenopus spindle length is set by the total mass of microtubules [18], [107]. This parameter in turn can be influenced by biochemically regulated
processes such as microtubule nucleation, microtubule growth velocity and rate of microtubule turnover. Perturbing any of these processes results in spindles that vary significantly
in size. However, the shape of spindles remains consistent (Figure 1.4) [107].
At steady-state, the mechanism responsible for maintaining the shape of spindles has been
suggested to be force-balance and previous research has shown that perturbing the activity of
force generators create spindles that vary significantly in their appearance [125], [79], [41],
[81]. However the analysis of these spindles so far has been purely qualitative. In particular, it
remains to be shown whether inhibition of spindle forces changes microtubule mass. We were
interested in filling in this gap by quantitatively analysing the effect of perturbing molecular
force generators on both spindle shape and microtubule mass. To xsystematically investigate
this; the activity of Kinesin-5 and Dynein, two essential molecular force generators that are
required for spindle assembly and maintenance [7]; [112]; [81] were inhibited in Xenopus
egg extracts (Figure 2.1A).
To perturb Kinesin-5 activity, we used the small molecule inhibitor STLC (S-trityl-LCysteine) which binds to the catalytic domain of the protein and inhibits its ATPase activity
[125]. To perturb Dynein, we used a commercially available monoclonal antibody against
the 74kDa intermediate chain of the protein [99]. As the Xenopus egg extract system is an
open system, the inhibitor and antibody were directly added to pre-assembled steady-state
spindles along with fluorescently labeled tubulin to visualise the structures (See Section
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+
Microtubules
Chromosomes
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5uM STLC

inhibits Kinesin-5 activity

D

∆Kinesin-5

0.5 mg/ml MAB 1618
inhibits Dynein activity

∆Dynein

Fluorescence

Figure 2.1 Kinesin-5 and Dynein inhibition alters Xenopus spindle shape.
Schematic and high-resolution fluorescence image of an (A) unperturbed wildtype spindle,
(B) control spindle, (C) ∆Kinesin-5 and (D) ∆Dynein spindle. (C) Inhibiting Kinesin-5
activity using the small molecular inhibitor STLC results in monopolar star-shaped spindles.
(D) Inhibiting Dynein using the monoclonal antibody MAB 1618 results in spindles that
have splayed poles. Red: microtubules, blue: chromosomes. Scale bar = 10 µm.
5.1.3 for further details about the assay). Perturbing Kinesin-5 generated monopolar spindles
(Figure 2.1C) and perturbing Dynein generated spindles with unfocussed poles resembling
flags (Figure 2.1D), similar to what has previously been reported in literature [125];[18];
[41]; [81]; [86]. A systematic analysis of spindle morphology was then performed using data
from high resolution spinning disc confocal fluorescence images. Figure 2.2A highlights the
measured parameters and Section 5.1.6 provides detailed information on how each parameter
was calculated.
Monopoles generated by Kinesin-5 inhibition were shorter (Figure 2.2B, blue circles, 27.72
± 10.39 µm) and had a higher width (Figure 2.2C, blue circles, 19.99 ± 7.41 µm) than the
control group. Dynein-inhibited spindles on the other hand were longer and wider than the
control spindles (Figure 2.2B-C, yellow circles, length: 44.08 ± 12.67 µm, width: 21.04
± 8.03 µm). To measure spindle shape, two shape factors were used the aspect ratio and
eccentricity. Aspect ratio has been traditionally used to describe spindle shape [132]; [151];
[131] and is defined as the ratio of the spindle length and width. The eccentricity on the other
hand is a shape factor that has been recently used to describe spindle shape [34]; [62] and
provides an idea about how circular or elliptical the measured object is. Kinesin-5 inhibited
spindles had a lower aspect ratio and eccentricity than the control group (Figure 2.2D-E, blue
circles, aspect ratio: 1.46 ± 0.16, eccentricity: 0.65 ± 0.16). Dynein-inhibited spindles had
a higher aspect ratio and eccentricity in comparison to the control (Figure 2.2D-E, yellow

2.1 Inhibiting Kinesin-5 and Dynein alters spindle morphology but not microtubule mass21
A

Length = Major axis length

f2

Width

C
40
30

Aspect ratio

4

****

yn
ein

tro
l

∆D

Co
n

W

E

*

sin

ild

ty

yn
ein
∆D

Co
n

sin
∆K

in
e

Co
nt

ild
ty
p
W

D

pe

0

tro
l

0

-5

10

ro
l

20

-5

20

∆K
i

40

****

****

tro
l

Length [μm]

**

60

5

Eccentricity

1.5

**
****

Eccentricity

Aspect ratio

50

****

e

Length [μm]

100

Spindle width

ne

Spindle length

80

Aspect ratio = Major axis length
Minor axis length
Eccentricity = Distance between foci (f1 & f2)
Major axis length

Length

B

Width = Minor axis length

Co
n

f1

3
2

1.0

0.5

1
0

ne
in

∆D
y

ro
l
nt
Co

in
-5
∆K

in

es

ro
l
nt
Co

ty
pe
ild
W

∆D
yn
ein

ro
l
nt
Co

-5
es
in
in
∆K

ro
l
nt
Co

W

ild

ty
pe

0.0

Figure 2.2 Quantification of changes in Xenopus spindle morphology upon Kinesin-5 and
Dynein inhibition.
(A) Schematic showing measured parameters (See Materials and Methods Section 5.1.6 for
more details). (B) Spindle length decreases upon Kinesin-5 inhibition (blue circles) and
increases upon Dynein inhibition (yellow circles). (C) Spindle width increases upon both
Kinesin-5 and Dynein inhibition. Spindle shape as measured by the (D) Aspect ratio and
(E) Eccentricity is significantly altered upon Kinesin-5 and Dynein inhibition. (B-E) n=60
spindles per condition. Each circle indicates a datapoint. Black bars indicate the median
and interquartile range. f1 and f2 are the foci of the ellipse that has the same second order
moments as the spindle. Mann Whitney U test was used for statistical analysis. * p<0.05, **
p<0.01 and **** p<0.0001.
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circles, aspect ratio: 2.45 ± 0.74, eccentricity: 0.90 ± 0.07). As expected, the inhibition of
two major molecular force generators caused spindle morphology (in particular, shape) to
change significantly.
Next, the microtubule mass and density of the different steady-state spindle phenotypes was
investigated. Figure 2.3A provides a schematic representation of how each parameter was
calculated. Briefly, a 2-dimensional sum projection of the imaged spindle was first created
from a 3-dimensional Z-stack. Using an image analysis pipeline [34], each spindle was
segmented and its boundary was delineated to distinguish it from the background. Summing
up the total fluorescence intensity within the segmented spindle gave the microtubule mass
and dividing the microtubule mass by the area of the spindle gave its microtubule density.
This measurement has been previously used to provide a readout for the amount of microtubules present within the spindle [107]; [42]; [18]; [60]. The microtubule mass remains
consistent through all control and biochemically perturbed phenotypes (Figure 2.3B, average
value: 3926 ± 1876 AU). On inhibiting either Kinesin-5 or Dynein, the microtubule density
reduced in comparison to the unperturbed and control spindles (Figure 2.3C, control: 0.53
± 0.11 and 0.50 ± 0.14 AU/µm 2 , ∆Kinesin-5: 0.38 ± 0.10 AU/µm 2 , ∆Dynein: 0.39 ±
0.11 AU/µm 2 ). Thus, despite there being a reorganisation of the microtubule network to
form new steady-state shapes, the microtubule mass within the spindles does not vary (Figure
2.3D).
The results from this section thus indicate that biochemically perturbing active forces generated by Kinesin-5 and Dynein is sufficient to alter spindle shape. In addition, a quantitative
analysis of the new steady-state spindles reveals that significant changes in the length, width
and shape occur; the total polymer mass is conserved. This confirms that the mechanisms necessary to maintain spindle shape are indeed different from the ones that are used to maintain
spindle mass and thus length (mass balance), supporting predictions from the force-balance
model (Section 1.2).
Another group of forces that is expected to play a role in maintaining spindle shape and
provide overall structural robustness are passive forces such as elasticity, friction and surface
tension. However, tools to investigate these passive forces are limited. In the next section, an
optical tool is developed to attempt to probe these passive force generators.
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Figure 2.3 Inhibiting Kinesin-5 and Dynein does not affect total microtubule mass.
(A) Schematic showing how microtubule mass and microtubule density were calculated from
fluorescence images. A 2D sum projection was first created from a Z-stack and subsequently
analysed using an image analysis pipeline [34]. The black line indicates the boundary of
the spindle obtained from image thresholding and the red colour represents the area inside
the spindle containing microtubules, where total fluorescence intensity was measured. (B)
Microtubule mass stays conserved upon Kinesin-5 and Dynein inhibition (green circles:
wildtype, blue circles: DMSO control and ∆Kinesin-5 spindles, yellow circles: PBS Control
and ∆Dynein spindles). (C) Microtubule density reduces significantly upon Kinesin-5 and
Dynein inhibition. (D) Eccentricity of biochemically perturbed spindles changes but the
total microtubule mass is not affected. Bold dotted lines indicate the median values of total
microtubule mass from each phenotype (green: wildtype, blue: ∆Kinesin-5 and yellow:
∆Dynein) (B-D) n=60 spindles per condition. Each circle indicates a data point. Black bars
indicate the median and interquartile range. Mann Whitney U test was used for statistical
analysis. ns p>0.05 and **** p<0.0001.
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Building an optical stretcher to physically perturb spindle shape in Xenopus egg extracts

Previous research investigating Xenopus spindle mechanics using micro-needles revealed
that the structure exhibits either viscous or elastic mechanical properties depending on the
axis of perturbation and the timescale over which the deformation takes place [121]. A recent
study [134] has further shown that different regions within Xenopus spindles have different
mechanical properties due to the distinct organisation of microtubules in each region, which
in turn can be attributed to the activity of motor proteins such as Kinesin-5 and Dynein. A
complete understanding of the spindle's material framework, however, is currently missing.
A reason for our lack of knowledge is because the tools available to perform measurements
on spindles are limited and experiments aimed at directly probing its passive force generators
are challenging.
To investigate the contribution of passive forces in maintaining spindle shape, we decided
to develop an Optical Stretcher (in collaboration with Dr. Gheorghe Cojoc, Guck Lab,
TU-Dresden) that would be used to systematically deform the spindle and analyse its global
viscoelastic mechanical properties. Spindles would be trapped with the help of a stretcher
which is maintained at low trapping power (Figure 2.4A). By increasing the power from
the optical fibres, the trapped spindle would stretch (Figure 2.4B) due to the surface forces
exerted by the light interacting with the spindle. Upon releasing the spindle from the high
laser power, the spindle would ideally relax (Figure 2.4C) due to its viscoelastic nature.
By analysing parameters such as the amount of deformation upon stretching, the rate of
relaxation and changes in spindle morphology it would be possible to gain knowledge about
the spindle's material properties. Extending these measurements to biochemically perturbed
spindles would in addition teach us about the interplay between active and passive forces.
Current iterations of the OS have primarily been optimised to work with cells suspended in
buffer solutions and use laser wavelengths that are in the near infrared region (1064 nm),
which have been previously shown to cause significant heating at high power [21]. Working
with Xenopus egg extracts presents its own set of challenges. Unlike buffers, extracts contain
a high concentration of proteins (100 mg/ml, [36]) and particulates such as membrane
components, mitochondria and vesicles. The extract itself exhibits viscoelastic mechanical
properties and has a viscosity, which is approximately 20 times higher than that of water
(dynamic viscosity 20 mPas, [142]). This makes the manipulation of samples within the
extract difficult. Extracts are also temperature sensitive and heating by high wavelength
lasers at high power can render the system biochemically inactive. Spindles in extracts
cannot be visualised with conventional phase microscopy techniques and therefore have to be

2.2 Building an optical stretcher to physically perturb spindle shape in Xenopus egg extracts
25

Optical stretcher
Divergent laser beams
from two optical fibres
A
Trapped spindle
B
Deformed spindle

C
Relaxed spindle
Loriginal
Figure 2.4 Schematic showing how an OS would be used to trap and deform spindles using
optical forces.
An ideal experiment would include (A) trapping a spindle at low power. Following this, the
laser power would be increased (B) to stretch the spindle. Due to its viscoelastic nature the
spindle shape is expected to (C) recover once the power is lowered. Systematically analysing
the deformation and response of the spindle to stretching, would for the first time allow for
a quantification of the contribution of elasticity and surface tension in maintaining spindle
shape. Loriginal = original length of the trapped spindle.
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supplemented with fluorescently labeled tubulin. Fluorescent imaging inside extracts is also
problematic due to high light scattering and usually requires confocal setups or having very
thin sample sections. On top of this, the refractive index of Xenopus spindles is unknown and
that of the extract system is relatively high (1.361, measured with an Abbe refractometer). To
tackle all these challenges, a custom OS was designed to allow for rheological measurements
in the egg extract system, which will be described in the next section.

2.3 The Berlin Optical Stretcher Setup (BOSS)
A previously published OS design was modified [24] to develop a setup which was specifically
suited to perform experiments in Xenopus egg extracts (Figure 2.5A). Two single mode
continuous wave GaAs diode lasers (808 nm) were used as laser sources. Lasers in the
earlier range of near infra-red wavelengths have been used previously to trap intracellular
components with minimal laser-induced heating around the trapping region [16]. The two
lasers were coupled into optical fibres, which were manually aligned on a glass coverslip.
This coverslip or chip contained patterned grooves where the optical fibres could be precisely
placed using a stereo microscope, held down with the help of weights and glued in place
using an optical adhesive. For imaging the extract, the OS was mounted onto a laser scanning
confocal microscope. Long working distance air objectives with high NA (20X 0.8, 40X 1.3)
were used to obtain both bright-field and fluorescence images of the samples. To control
the movement of microscopic objects inside the droplet, a micro-capillary manipulator was
attached from the side of the microscope. Micro-capillaries with a large internal diameter
(VacuTip FCH, Eppendorf, 60 µm) were used to generate flow with the help of an air
pump. To control the microscope and image the samples, commercially available microscopy
software (Zeiss Zen/ Olympus Fluoview) was used. To switch on the lasers and to control the
power coming out from each, a manual controller was used. The display on the laser module
only contained information about the current being supplied to the system. Hence, to ensure
the power used was similar between experiments calibration curves as shown in Section 5.2
were created every month. This setup had the added advantage of being flexible and could be
assembled on any conventional microscope.
A zoomed in schematic of the extract droplet showing the field of view containing the
two aligned fibres and a channel containing the trapping region where a spindle could be
trapped is depicted (Figure 2.5B). A picture of the optical stretcher setup mounted onto a
laser scanning confocal microscope and that of the OS placed onto the microscope stage
containing a drop of extract is shown in Figure 2.5C-D. The micro-capillary attached to the
manipulator and optical fibres have also been indicated. Further information on how the
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A

Optical stretcher setup optimized for
rheological measurements in Xenopus egg extracts

B

Extract droplet

Laser scanning microscope
Optical fibre 1

Microcapillary
manipulator

808 nm
Laser
PC

Monitor

Channel

Objective
20X 0.8 LD
40X 1.3 Air

C

Spindle

Optical fibre 2

D
Microcapillary

Laser scanning
microscope
808 nm laser

Extract
droplet
Fibre 1

Air pump

Fibre 2

Figure 2.5 Berlin Optical Stretcher Setup.
(A) Schematic showing an open OS setup that was optimised for experiments in Xenopus
extracts. Two single mode diode lasers (808 nm) were coupled to optical fibres and aligned
on a glass slide containing channels. This slide was mounted on a commercial slide holder
and placed on a laser scanning confocal microscope. A drop of extract was placed in the
centre of the chip and the volume was confined using a rubber O-ring and vacuum grease. To
manipulate the components an Eppendorf micro-capillary manipulator connected to an air
pump was used. (B) A zoomed in view of the extract droplet showing the two fibres and the
channel between the two fibres where spindles could be trapped. (C-D) Pictures showing the
actual OS setup mounted onto a laser scanning microscope.
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stretcher was built can be found in Section 5.2.1. The open nature of this OS setup allowed
for exchanging the sample whenever required and also provided the ability to introduce
molecules such as drugs or dyes depending on the experiment.

2.4 BOSS can be used to trap and exert force on vesicles in
Xenopus extracts
Next, we tested whether the OS setup could work in Xenopus egg extracts. As mentioned
previously, extracts contain particulates including membranous vesicles, which are found in
abundance. The vesicles acted as a first control to test the ability of the OS to trap and exert
force on objects in extracts.
Using the micro-manipulator setup, a large (25 µm) vesicle was collected and deposited into
the channel between the two divergent laser beams (Figure 2.6A). Images were acquired at
20 fps via bright-field microscopy to monitor the trapping and stretching of the vesicle. The
vesicle was trapped for 10 seconds at low power (0.3 W). The power from the fibres was then
increased to 0.6 W, which caused the droplet to stretch. After 4 seconds of high power the
stretcher power was again reduced to 0.3 W, which caused the vesicle to slowly relax back to
its original length (Figure 2.6B, Loriginal , represented by black dotted line).
Using the acquired time series, the major axis and minor axis length of the vesicle were
quantified at one second intervals (Figure 2.6C). This figure also shows the time duration
during which the vesicle was trapped (green), stretched (red) and relaxed (green). During the
initial trapping at low power, both the major and minor axis of the vesicle did not change
significantly. When the vesicle was stretched the major axis length steadily increased to a
maximum value of 31 µm (~25% increase). The minor axis length on the other hand did not
stretch substantially. Upon release from high power, the vesicle relaxed back to almost its
original dimensions with the major axis length reducing to 26 µm and the minor axis again
not being influenced by the power reduction.
Taken together, this experiment shows that using high laser power for a stretching experiment
did not cause any observable heat induced drying or inactivation inside the extract droplet.
The manipulator setup was also ideal for generating flow in the viscous extracts which could
then be used to position objects of interest in the trapping region. Despite having a high
density of objects samples could be visualised successfully using the setup. Thus, the results
from this section demonstrate the establishment of a custom open optical stretcher setup that
can successfully trap and deform objects such as vesicles in Xenopus extracts.
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Figure 2.6 OS can trap and deform vesicles in Xenopus extracts.
(A) Schematic representing the trapping region located in the centre of the channel between
two fibres (bold square). (B) DIC image frames showing the trapping region from an
experiment where a 25 µm vesicle was successfully trapped (0 sec) and stretched (14 sec)
using the OS. Upon reducing the laser power to trapping values (from 0.6 W to 0.3 W) the
vesicle returned to its original size (28 sec). Dotted lines indicate the original length of the
vesicle (Loriginal ). (C) Plot showing measurements of major and minor axis length of the
vesicle during the stretching experiment. Green areas indicate the time during which power
from the lasers was maintained at 0.3 W. The red area indicates the time during which power
was increased to 0.6 W. Each data point represents one measurement of either major axis
length (circle) or minor axis length (square) at a given timepoint. Scale bar = 15 µm.
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2.5

BOSS is unable to stably trap and stretch spindles

Similar stretching experiments were performed on pre-assembled steady-state spindles in
extracts. A spindle was placed in the centre of the trapping region with the help of the
manipulator with the stretcher on and 0.15 W power from each fibre (Figure 2.7). The spindle
remained steady, without any movement from the flow inside the channel (Figure 2.7A).
However, increasing the power to the maximum value after 20 seconds (0.65 W, or 0.325
W per fibre) had no effect on the spindle (Figure 2.7B). In comparison, the vesicle shown
in Figure 2.6 deformed immediately at a similar power range. When the power was kept
on for an additional 20 seconds the spindle did not move from its position, neither was any
elongation or deformation noted (Figure 2.7C).

A

0 sec

Minimum trapping
power

B

20 sec

Maximum laser power
from both fibres

C

40 sec

No effect on spindle

Figure 2.7 Xenopus spindles cannot be stretched by the OS.
Using the micro-capillary, a spindle was placed in the (A) middle of the trapping region and
the trap was turned on at low power (0.3 W). (B) The power was increased to the maximum
value (0.65 W). (C) No deformation was observed even after 40 seconds. Dotted white line
indicates the original position of the spindle. Scale bar = 30 µm.
Additional experiments conducted on both monopolar and bipolar spindles (see Appendix
A) indicate that it was possible to use optical forces to manipulate or move spindles along
the channel between the two fibres. However, the trap created during the experiment was
unstable, resulting in weak forces acting on the structure even at high laser powers of 0.6 W.
Thus, forces exerted on microtubule-based structures were not high enough to trap and
deform microtubule-based structures. Vesicles in contact with the divergent laser beams
immediately aligned along the central axis and moved to the trap centre. In the case of
spindles no such movement was observed.
A possible explanation for why the stretcher could not be used with microtubule-based
assemblies might be due to the lack of a continuous surface like membranes, where the
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forces might uniformly act. Another factor that could be responsible would be that the
maximum power from the current laser setup (0.65 W) was insufficient to stretch and deform
microtubule-based structures. Optical stretcher experiments to deform cells often use high
laser power in even higher ranges (1-2 W, [74]). Another explanation for the inability of
Xenopus spindles to be influenced by the laser beams could be because the structure itself
might have a similar or lower refractive index than the extract surrounding it. Thus in the
next section, the refractive index of spindles was measured.

2.6 Segmented Xenopus spindle regions have a lower refractive index than the cytoplasm
Previous studies have shown that the refractive index (RI) of spindles in sea urchin eggs
is lower than the surrounding cytoplasm (1.3652 ± 0.0021 at spindle centre and 1.3715 ±
0.0009 in the cytoplasm, [46]). The architecture of sea urchin spindles is however, distinctly
different from Xenopus extract spindles, with the former containing large microtubule asters
that are as big as the spindle itself (30 µm, [127], Figure 1.2). Although other optical
properties of Xenopus spindles have been described previously (Section 1.3), there has been
no quantification of their refractive index.
Thus, to measure spindle refractive index in Xenopus egg extracts we used optical diffraction
tomography (ODT) — an interferometric quantitative phase imaging technique (experiments
performed with a setup developed by Dr. Kyoohyun Kim, Guck Lab, TU Dresden). ODT
allows for high resolution quantitative 3D refractive index mapping and is ideally suited
for imaging optically transparent structures like the spindle [128]. A custom ODT setup
(described in Section 5.3.1), which allowed for simultaneous epifluorescence and refractive
index imaging was used to measure spindle refractive index. Using field retrieval and
tomogram reconstruction algorithms [148], [64], [128], 3D refractive index tomograms of
live and fixed spindles were reconstructed (Figure 2.8). Surprisingly, it was difficult to
make out the position of the live spindle from the RI image, suggesting that the spindle
had a RI similar to that of the cytoplasm (Figure 2.8A-B). Fixed spindles on the other hand
appeared to have a higher RI (Figure 2.8C-D). The spindle could be easily demarcated from
the surrounding cytoplasm and structures resembling microtubule bundles were observed.
Condensed chromosomes in the centre of the spindle had the highest RI in this sample.
ODT imaging thus reveals that live spindles used in stretching experiments do not have a
higher RI than the surrounding cytoplasm. A detailed description investigating what caused
the RI increase in fixed samples is mentioned in Appendix B.
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Figure 2.8 Fixation changes the RI of Xenopus spindles.
Fluorescence and corresponding refractive index image of a representative (A-B) live spindle,
(C-D) fixed with fixative solution. The heat map on the right shows the distribution of the
refractive index in each image. Scale bar =10 µm.
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Figure 2.9 Segmented Xenopus spindle regions have a lower average RI than the surrounding
cytoplasm.
(A) Fluorescence image of a live Xenopus spindle. Microtubules: red, DNA: blue. Scale
bar =10 µm. (B) RI distribution of the spindle in (A). (C) Segmentation of the spindle as
used for RI measurement. Red ROI: spindle region, Green ROI - Red ROI: cytoplasm. (D)
The average RI within the spindle ROI (red circles) is lower than the average RI outside the
spindle (green circles). n=27 spindles. Black bars indicate the median and interquartile range.
Mann Whitney U test was used for statistical analysis. **** p<0.0001. Scale bar = 10 µm.
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Next, the average RI of live spindles was calculated (Figure 2.9). The ODT setup provides an
epifluorescence (Figure 2.9A) and refractive index image (Figure 2.9B) of the same field of
view (FOV). Using the fluorescence image as a reference, the FOV was segmented into two
regions: the spindle and the cytoplasm (Cytoplasm ROI = Total ROI- Spindle ROI, Figure
2.9C). The average RI value of the spindle region and cytoplasm region was then calculated.
RI data analysed from 27 spindles (Figure 2.9D) reveals that the average refractive index
of the spindle region (red circles) was significantly lower than the average refractive index
of the cytoplasm region (green circles). This observation clearly explains why it was not
possible to stably trap or deform spindles using the optical stretcher.

2.7

Xenopus spindles have the same RI and mass density
as the surrounding cytoplasm

The average refractive index values calculated in the previous section include the contribution
of all spindle components present in the surrounding cytoplasm. Apart from microtubules,
which take up most of the volume within the spindle, chromosomes are present in the
centre of the spindle and the cytoplasm surrounding spindles is enriched with membrane
containing structures such as vesicles and mitochondria [92], [144]. An advantage of our
ODT setup was the ability to simultaneously acquire epifluorescence images, allowing us
to obtain molecule-specific information. Thus, to delineate the RI of individual spindle
components biomolecules were labeled with fluorescent dyes, such as 5-TAMRA-Tubulin for
microtubules, Hoechst 33342 for DNA and DiOC6 for membranes (representative spindle,
Fig. 2.10 A-D).
Using the RI values, the mass density or concentration of the different biomolecules in the
central imaging plane was quantified. Square ROIs for each biomolecule were first recorded
from the fluorescence images. The RI of each ROI was then measured from the RI image.
Using equation 1.3 the change in RI was measured by comparing it to the RI of a known
solution. Dividing the RI difference by the refractive index increment (α, which has the
value of 0.190 ml/gram on average for biomolecules [6],[154]) gave us the mass density. For
further information I would direct the reader to Section C where a simple experiment has
been performed to demonstrate how the mass density of biological samples linearly correlates
with the RI. The exact formulae and methodology used to calculate the mass density of
individual biomolecules is explained in Section 5.4.
Quantifying the mass densities from 320 different ROIs revealed that spindles (Fig. 2.10E, red
circles, 105.6 ±7.577 mg/ml) had an identical mass density as the cytoplasm (Figure2.10E,
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Figure 2.10 Xenopus spindles have the same RI and mass density as the surrounding cytoplasm.
Representative fluorescence images showing the localisation of (A) microtubules (labeled
with TAMRA-Tubulin), (B) DNA (labeled with Hoechst 33342) and (C) membranes (labeled
with DiOC6 ) in a representative spindle. (D) Corresponding RI image used to calculate RI
and mass density. Red and yellow box in (A) indicate ROIs that were used to record the position of the spindle and extract respectively for RI measurement. Blue box in (B) represents
ROI to measure RI of DNA and the green box in (C) for membranes. (E) Refractive index
and mass density of the different labeled biomolecules. n=320 ROIs from 64 spindles. Black
bars indicate median and interquartile distance. Mann Whitney U test was used for statistical
analysis. ns p>0.05 and **** p<0.0001. Scale bar = 10 µm.
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yellow circles, 105.5 ±6.783 mg/ml). Membranes formed a ring of high RI structures around
the spindle and had the highest mass density (Fig. 2.10 E, green circles, 125.6 ±20.91
mg/ml). Surprisingly, condensed chromosomes had the lowest mass density (Fig. 2.10 e,
blue circles, 102.2 ±11.13 mg/ml).
Overall the detailed correlative RI and fluorescence analysis revealed that the material
properties of each biomolecule in the extract were distinct. Xenopus spindles, despite having
a high density of microtubules and proteins had a mass density (concentration) similar to
the cytoplasm. An interesting result was that the condensed chromatin had the lowest mass
density. This deviates from previous research which found that in mitotic cells, chromosomes
had the highest RI and mass density [130]. Spindles were present in a clearly defined region
devoid of any membranes. Most of the membranes surrounded the spindles and had a high
refractive index and mass density, similar to what has been shown in a recent paper [111].
While this section showed that the mass density of Xenopus spindles was similar to the
cytoplasm, we next set out to investigate if the difference in architecture affected spindle
mass density.

2.8

Xenopus spindle mass density correlates with microtubule density in three architecturally distinct spindle
regions

Recent research has shown that different regions within the spindle have distinct mechanical
properties [134]. Spindle poles are elastic and have a high stiffness. The middle of the
spindle and the spindle equator both exhibit viscous mechanical responses. However, the
middle of the spindle has lower stiffness due to reduced microtubule cross linking activity
in comparison to the spindle equator. The mechanical heterogeneity is created due to the
differences in microtubule architecture in each region and is linked to the activity of motor
proteins, Kinesin-5 and Dynein. We were interested to test if the mass density of the spindle
behaved similar to the mechanical properties and measured it in these three distinct spindle
regions (Figure 2.11A).
Quantifying the microtubule density from the fluorescence image (Fig. 2.11B, green: pole,
blue: middle and red: equator) shows that the pole and middle of the spindle have similar
distributions (319.3 ± 213.1 AU/µm2 and 276.6 ± 187.0 AU/µm2 respectively), while the
equator has a significantly lower microtubule density (160.3 ± 146.8 AU/µm2 ). Interestingly,
calculating the mass density from the RI image (Figure 2.11C, green: pole, blue: middle and
red: equator) shows a similar trend with the spindle pole and middle having similar values
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Figure 2.11 Xenopus spindle mass density correlates with microtubule density in three
architecturally distinct spindle regions.
(A) Schematic representing three architecturally and mechanically distinct regions within
Xenopus spindles as defined in [134]: Spindle poles (green), middle of the spindle (blue)
and spindle equator (red) including the Young's modulus for each region. (B) Microtubule
density, as measured from fluorescence and (C) mass density, as measured from the RI
images of the three regions. (D) Fluorescence image of a representative Xenopus spindle.
Red squares indicate bins used to measure microtubule density and mass density along the
longitudinal axis. (E) Microtubule density and mass density distribution along the long axis
from n=20 spindles. Circles and squares represent the average microtubule density (red) and
mass density (black) respectively. (F) Ashby plot of the median Youngs modulus of different
regions versus the corresponding mass density. Each circle represents the average value from
one bin. Black bar indicates the median. n = 80 bins per region from 20 spindles. Mann
Whitney test, black bar and lines indicate interquartile range and median, ns p>0.05, ***
p<0.001, **** p<0.0001. Scale bar =10 µm.
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(94.5 ± 9.4 mg/ml and 94.4 ± 9.9 mg/ml) and the equator having the lowest mass density
(88.8 ± 11.2 mg/ml). The spindle equator contains condensed chromatin which takes up
a large section of the volume and has a low mass density (as shown previously in Section
2.7). Care was therefore taken to avoid measurements from regions containing chromosomes
exclusively to prevent misinterpretation of results.
To investigate how the microtubule density and mass density spatially varied from pole to pole,
measurements were made using bins along the spindles longitudinal axis (Figure 2.11D).
The spatial microtubule density and mass density distribution profiles were surprisingly
comparable (Figure 2.11E, red line: MT density, black line: mass density). Both microtubule
and mass density were highest at the poles, with a slight reduction away from the pole,
followed by a significant reduction at the spindle centre.
Our measurements suggest that spindle mass density is correlated with its microtubule density.
The density of microtubules is a morphological parameter that is maintained even when
microtubule mass changes and has been shown to be independent of spindle size [107],[133].
Experiments have also found that spindles are capable of recovering their microtubule density
upon drastic physical perturbations [133].
In material sciences, Ashby plots provide insight into the mechanofunctionality of different
materials by relating two physical properties such as a materials strength and density. The
Young's modulus for the spindle pole is the highest (2.4 kPa), followed by the spindle equator
(1.5kPa) and then spindle middle (0.7kPa) [134]. To further test the correlation between
the mechanical and material properties of different spindle regions we created an Ashby
plot (Figure 2.11F). Similar to polymers and elastomers [145], [2] the Ashby plot for the
different spindle regions indicated that the mass density as a function of the Young's modulus
was not linearly correlated. Additionally, it suggests that the density of the spindle does not
necessarily impact its stiffness and the latter is rather governed by the extent of cross-linking
taking place between individual microtubules (as suggested by [134], [121]).

2.9 Total spindle dry mass scales with spindle length
A microtubule mass balance model has been previously used to link individual microtubule
dynamic parameters with overall spindle length [107]. An important outcome of this study
was the prediction that the the longer the spindle the higher the total microtubule mass in it,
maintained at a constant microtubule density. We wanted to test if this prediction would also
hold true for the total mass of spindle proteins, which could be systematically quantified using
our ODT setup. To examine this, we took advantage of the fact that an inherent heterogeneity
existed in the length of spindles reconstituted in Xenopus egg extracts [34] (Figure 2.12A)
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and imaged spindles over a wide range of lengths (20 - 70 µm).
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Figure 2.12 Wildtype Xenopus spindle mass increases with spindle length while microtubule
and mass density remain constant.
(A) Representative fluorescence image (top) and corresponding RI image (bottom) of three
spindles with different lengths (red: microtubules, blue: DNA). (B) Microtubule density
versus spindle length. (C) Mass density of the same spindles plotted against spindle length.
(D) Spindle mass density increases with microtubule density. (E) Microtubule mass and
spindle dry mass scale linearly with spindle length. Each circle in the plot represents the total
microtubule mass (red) and the dry mass (black) of the central slice of one spindle. n=76
spindles. Bold lines indicate a linear fit of the data and thin lines indicate the 95% confidence
interval of the fitted function. R2 value for each fit indicated. Scale bar =10 µm.
Analysing the fluorescence images indicated that the overall microtubule density remained
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constant (5.44 ± 2.01 AU/µm2 , Figure 2.12B), despite a three-fold increase in spindle
length. The mass density also remained constant (Figure 2.12C) without any effect from the
varying spindle length. Plotting the mass density measured by ODT, against the microtubule
density measured by epifluorescence, revealed that both parameters positively correlated
with each other (Figure 2.12D). The total dry mass of spindles was then calculated by
multiplying the mass density of the spindle with its volume (See Section 5.4.3 for further
details). Interestingly the total dry mass of the spindle scaled with its length similar to its
microtubule mass (Figure 2.12E). Using our measurements we were able to quantify the
wildtype spindle dry mass and found it to be 31.1 ± 19.6 pg on average.
Thus, when spindle length increased, the total dry mass of the spindle increased. This new
data supports and builds upon the existing idea that the total mass of microtubules maintained
at a constant density is responsible for regulating spindle size, expanding it to the overall
protein mass maintained at a stable concentration (97.4 ± 7.2 mg/ml). Using ODT has the
added advantage of providing a global measurement of the actual dry mass within spindles,
which reflects the overall concentration of all proteins.

2.10

HeLa spindles have a higher mass density than the
surrounding cytoplasm

In Xenopus egg extracts an unlimited amount of resources and raw material such as tubulin,
is available to build and maintain spindles. Building blocks like tubulin have been suggested
to act as limiting components that can set the length of spindles [33]. In small cells, the
cytoplasmic pool of tubulin is depleted to build spindles, with about 60% of the total available
amount being incorporated to build the structure. However, in large cells there is no such
effect and the concentration of cytoplasmic tubulin at metaphase and interphase remains
unchanged [33].
We wanted to examine the RI and mass density distribution in a system where the components
could be limiting and chose HeLa cells. Apart from being smaller (12-15 µm), HeLa
spindles also have a different architecture in comparison to Xenopus spindles. Spindles in
these cells are rounder (Eccentricity of 0.55 from [62] in comparison to 0.65 for Xenopus
spindles measured in this study), contain astral microtubules and contain lesser total number
of non-kinetochore microtubules in comparison to Xenopus spindles (Source: personal
communication with Dr. Gunar Fabig, Müller-Reichert Lab, TU Dresden).
A HeLa Kyoto cell line stably expressing TUBB5-GFP was used for our experiments (Figure
2.13). Similar to Xenopus spindles, DNA and membranes were labeled with fluorescent

41

2.10 HeLa spindles have a higher mass density than the surrounding cytoplasm

A

Microtubules

DNA

B

Membranes

C

D

Refractive index

1.38

1.34

Mass density [mg/ml]

**

1.38

250
200

100

1.35

50

em

DN

br

an

e
dl
in

180

R2= 0.2442

150
120
90
60
1500

2000

2500

3000

Microtubule density [AU/µm2]

M

Sp

to
Cy

A

1.36

es

150

as
m

1.37

F
Mass density [mg/ml]

****
****

1.39

pl

Refractive index

E

Figure 2.13 Spindles in HeLa cells have a higher RI than the surrounding cytoplasm.
Fluorescence images showing the localisation of (A) microtubules (tubulin-GFP), (B) DNA
labeled with Hoechst 33342 and (C) membranes labeled with DiI. Each coloured box represents a region of interest (ROI, 2 µm X 2 µm) used for measuring the RI. (D) Corresponding
RI image. (E) RI and mass density of different biomolecules: cytoplasm (yellow), spindle
(red), membranes (green) and DNA (blue). n=205 ROIs for each condition. (F) Spindle mass
density increases with microtubule density. Bold line indicates a linear fit of the data and
thin lines indicate the 95% confidence interval of the fitted function, n=36 spindles. R2 value
indicated. Mann Whitney test, Black bars indicate interquartile range and median, ns p>0.05,
** p<0.01, **** p<0.0001. Scale bar =10 µm.
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dyes Hoechst 33342 and DiI respectively (Figure 2.12B & C). Calculating the mass density
of HeLa spindles from the RI image (Figure 2.12D) indicated spindles (Figure 2.12E, red
circles, 118.8±16.67 mg/ml) had a significantly higher value than that the cytoplasm (Figure
2.12E, yellow circles, 114.2± 16.18 mg/ml). Membranes (Figure 2.12E, green circles, 129.7
± 18.33 mg/ml) in the cell also had a high mass density but similarly localised around the
spindle. Chromosomes in HeLa spindles had the highest mass density (Figure 2.12E, blue
circles, 144.7± 21.05 mg/ml) as reported previously with a similar RI imaging technique
[130]. Additionally, homologous to Xenopus spindles we observed that the mass density and
microtubule density were positively correlated (Figure 2.12F).
Therefore, in HeLa cells significant differences existed in the mass density distribution in
comparison to the extract spindles. The mass density of both spindles and chromosomes was
higher. Despite the higher values in HeLa spindles, the microtubule density correlated with
its mass density. Additionally, similar to Xenopus spindles the mass density and microtubule
density scaled with each other in the HeLa spindles.

2.11

Reducing microtubule density in HeLa spindles influences their mass density

To further investigate how the concentration of components could influence spindle material
properties and to decisively test the relationship between spindle mass density and microtubule density, perturbations were performed on spindles from both systems.
First, the overall concentration of material in the cytoplasm was reduced by exposing HeLa
cells to a hypotonic shock. Hypotonic shock in mitotic HeLa cells has been shown to cause
isotropic volume expansion [109] and in 3T3 cells hypotonic shock causes a reversible
change in spindle morphology due to the dilution of the cytoplasmic proteins [9]. Similar
osmotic shock experiments performed in isolated cell nuclei resulted in an increase in nuclear volume and a reduction in mass density, suggesting an inverse relationship between
the two parameters [116]. Importantly, the total nuclear dry mass was conserved in these
experiments.
Figure 2.14A and B show a fluorescence and corresponding RI image of a HeLa cell
incubated with normal and hypotonic cell culture media respectively. The osmotic shock
affected spindle morphology (red) and the distribution of chromosomes (blue) was also
more spread out. The corresponding RI images indicate a reduction in RI as a result of the
shock. Calculating the microtubule density reveals that the parameter significantly reduces
upon hypotonic shock (Figure 2.14C, normal: 1338 ± 200.4 AU/µm2 and hypotonic: 1161
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Figure 2.14 Reducing HeLa spindle microtubule density reduces spindle mass density.
Fluorescence (top) and corresponding RI image (bottom) of a representative HeLa cell at
metaphase in (A) medium and (B) hypotonic medium. Microtubules (red), DNA (blue) and
membranes (green). (C) Microtubule density of spindles in medium (circles) and hypotonic
medium (diamonds). (D) RI and mass density of different biomolecules in normal (circles)
and hypotonic (diamonds) medium. Each data point represents the measurement of a ROI (2
µm X 2 µm). n=100 ROIs from 20 cells in each condition. Mann Whitney test, black bars
indicate interquartile range and median, ** p<0.01, **** p<0.0001. Scale bar = 5 µm.
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± 199.2 AU/µm2 ). In addition to the microtubule density the RI and mass density of the
cytoplasm, spindles, membranes and DNA were also calculated upon labelling biomolecules.
Analysing 100 ROIs reveals that the mass density of the cytoplasm, spindle, membranes and
DNA reduce upon hypotonic shock (Figure 2.14D, yellow: cytoplasm, red: spindle, green:
membranes and blue: DNA). Thus, inducing hypotonic shock reduces microtubule density,
with a clear effect on spindle mass density which reduces as well.
Additionally, we were interested in tracking how the changes induced by hypotonic shock
varied temporally. To examine this, HeLa cells were incubated with hypotonic cell culture
medium and were imaged every 5 minutes with the combined ODT-epifluorescence setup
(Figure 2.15A). Tracking the effect of hypotonic shock (n=10 cells) revealed that the volume
of the cell increased steadily with time as expected (Figure 2.15B, bold red line indicates
mean and standard deviation). However, the volume expansion was not similar for all cells.
Some cells kept increasing their size during the experiment, while others reached a maximum
volume and maintained it 40 minutes after perturbation. The steady increase in volume
reduced the RI and mass density of the cytoplasm with time (Figure 2.15C). Similarly, MT
density reduced linearly (Figure 2.15D), plateauing at 45 minutes after hypotonic shock.
Quantifying the RI and mass density of the spindle revealed that both parameters steadily
decreased with time (Figure 2.15E). Plotting the mass density of each spindle against the
microtubule density within the spindle at a given time-point, indicated a clear co-dependency
between the two parameters (Figure 2.15F).
Thus, physically perturbing cells by increasing their volume upon hypotonic shock led to
a global increase in cell volume causing a reduction in cytoplasmic mass density from 112
mg/ml to 23 mg/ml after 60 minutes. As a result of this reduction, the morphology of spindles
was altered and there was an additional reduction in microtubule density. In parallel, spindle
mass density reduced going from 116 mg/ml to 30 mg/ml suggesting that a reduction in
microtubule density could alter spindle material properties.
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Figure 2.15 Mass density reduces with microtubule density over time.
(A) Fluorescence and corresponding RI images of two HeLa cells at different timepoints (0,
15, 30 and 60 minutes) after inducing hypotonic shock. (B) Cell volume increases and (C) RI
and mass density of the cytoplasm reduce over time. (D) Microtubule density as measured
by tubulin fluorescence and (E) spindle RI and mass density decrease over time. (B-E)
Each data point represents the average RI and mass density measured for one cell at a given
timepoint. Different symbols indicate different cells. n=10 cells tracked over 60 minutes from
3 independent experiments. (F) Spindle mass density linearly increases with microtubule
density. Each circle represents the average refractive index versus the microtubule density of
a single spindle. n = 135 spindles. (B-F) Bold line indicates a quadratic fit of the data and
thin lines indicate the 95% confidence interval of the fitted function. R2 value for each fit
indicated. Scale bar = 10 µm.
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Results

Increasing microtubule density in Xenopus spindles
increases its mass density

As mentioned previously, tubulin itself acts as a limiting component and is depleted from
the cytoplasm in smaller cells at metaphase. However, previous research has shown that
additional porcine tubulin (+15 µM) supplemented to spindles reconstituted in cytoplasmic
droplets did affect spindle size [33]. Recent work from our lab (manuscript in preparation)
suggests that tubulin from different species is biochemically distinct and exhibits discrete
dynamics, which is capable of influencing the spindle microtubule mass. We thus wanted to
test whether spindle microtubule density could be modulated by increasing the concentration
of tubulin available and whether this perturbation could influence spindle material properties.
On top of the endogenous concentration of 20 µM [98], Xenopus extracts containing preassembled spindles were supplemented with an additional 2 µM or 4 µM of purified Xenopus
laevis tubulin. Epifluorescence and RI images of biochemically perturbed spindles were
acquired (Figure 2.16A). Adding tubulin to the extract resulted in spindles that were significantly longer (+2 µM spindles: 39.45 ± 7.87 µm, +4 µM spindles: 46.68 ± 10.59
µm) than the wildtype spindles (Figure 2.16B, 30.95 ± 7.122 µm, Fig. 5b). Calculating
the microtubule density revealed that the new perturbed spindles were not only bigger but
surprisingly had a higher overall microtubule density as well (Wildtype spindles: 4.992 ±
1.95 AU/µm2 , +2 µM spindles: 6.227 ± 1.606 AU/µm2 , +4 µM spindles: 7.121 ± 1.65
AU/µm2 , Figure 2.16C). Upon increasing microtubule density, the average mass density of
spindles also increased (Wildtype spindles: 91.66 ± 6.06 mg/ml, +2 µM spindles: 94.48 ±
3.02 mg/ml, +4 µM spindles: 96.13 ± 2.59 mg/ml). Next, the total microtubule mass and
dry mass of each spindle was calculated and plotted against its length (Figure 2.16E-G). This
data shows that in all conditions the total microtubule mass and dry mass scaled linearly with
spindle length. The average dry mass of wildtype spindles tested during this experiment was
24.86 ± 12.25 pg. Upon adding 2 µM and 4 µM tubulin to the extract, the average spindle
dry mass increased to 46.82 ± 21.59 pg and 55.04 ± 23.53 pg respectively.
Previous research indicates that by increasing XMAP215 concentration it is possible to
increase microtubule growth velocity, which causes an increase in the amount of microtubule
polymer mass and ultimately spindle length [107]. However, the microtubule density remains
the same. In comparison, our experiments indicate that adding only tubulin not only increases
the size and volume of the spindle, the total microtubule mass but also the microtubule
density. Additionally, this biochemical perturbation suggests the strong correlation between
the concentration of tubulin incorporated into the spindle and its overall mass and physical
density.
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Figure 2.16 Increasing microtubule density increases Xenopus spindle mass density.
(A) Representative fluorescence (top) and corresponding RI images (bottom) of spindles
with no (wildtype), 2 and 4 µM additional Xenopus tubulin. (B) Spindle length increases
with increasing tubulin concentrations (n=29, 35 and 37 spindles were measured from 3
independent experiments). (C) Microtubule density as measured by tubulin fluorescence
and (D) mass density increase with increasing tubulin concentrations. Microtubule mass
and spindle dry mass scale with spindle length in the (E) wildtype as well as upon adding
additional tubulin (F,G). Red circles: microtubule mass. Black circles: spindle dry mass.
Bold lines indicate a linear fit of the data and thin lines indicate the 95% confidence interval
of the fitted function. R2 value for each fit indicated. Scale bar = 10 µm.
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Increase in microtubule density may be due to elevated microtubule nucleation within spindles or due to altered microtubule dynamics, or both. To test which mechanism may be
responsible, some experiments have been suggested in Section 4.3. Higher microtubule
density may also lead to the overall increase in concentration of MAPs and spindle proteins
necessary to maintain the new steady-state spindles, influencing the stoichiometry of proteins
within the structure. Further experiments are therefore required to illuminate these links
between the spindle’s biochemical and biophysical properties.
From a technical point of view, analysis of the unbiased physical readout of spindle mass
density could finally allow us to differentiate between individual mechanisms capable of
altering microtubule mass— such as microtubule nucleation, microtubule amplification or
altered microtubule dynamics.

2.12 Increasing microtubule density in Xenopus spindles increases its mass density
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Chapter 3
Discussion
Spindles are an active biological form of soft matter that exhibit viscoelastic mechanics and
are capable of maintaining their overall length and shape over extended time periods. The
underlying basis of how the structure's emergent properties and mechanics arise from the
interaction of hundreds of dynamic components is still poorly understood. Characterising
spindle material properties, and investigating the physical and molecular factors that generate
them can provide us with the knowledge required to understand how the global characteristics
of such a complex structure are set and maintained at steady-state.
The results from this work quantitively confirm that perturbing force generating mechanisms,
results in spindle morphologies that significantly differ from the classic ellipsoidal spindle
shape. This provides evidence that force-balance could indeed be responsible for regulating
the global property of spindle shape. An interesting observation was that total microtubule
mass was conserved, irrespective of spindle shape. Additionally, an optical stretcher setup
was developed with the intention of physically perturbing spindle shape in Xenopus egg
extracts. Although we were able to successfully trap and stretch vesicles in extracts, the OS
could not deform spindle shape as planned.
Further, we quantified the spindle’s optical properties by measuring its refractive index (RI).
A thorough analysis of Xenopus spindle RI provides a first characterisation of some of its
material properties that have so far remained unknown. Xenopus spindles had an RI which
was similar to the cytoplasm, which explained why stretching experiments did not work.
Additional OS experiments performed on spindles confirmed this observation as well.
Using the RI, we were able to calculate the dry mass of spindles, look into variations of
internal mass-density and explore its interdependence with the microtubule density: an
important morphological parameter. When a similar classification was performed on smaller
spindles in HeLa cells, we found that the overall mass density was significantly different.
Despite the differences between the two spindles, perturbation experiments designed to
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reduce or increase the microtubule density in either system confirmed the co-dependency
between the microtubule density and overall mass density. Additionally, along with the
microtubule mass, which has previously been suggested to set spindle length in Xenopus
spindles, the total dry mass of spindles was found to scale with spindle size.
In the next few sections I discuss some of the important implications of these new results and
place it in context with the current knowledge of metaphase spindles as an active material.

3.1 Disrupting active force generators influences spindle
shape but not spindle mass.
A balance of active and passive forces has been mentioned to maintain metaphase spindle
shape at steady-state [20], [23], [106]. A recent study has shown that in RPE1 cells, outward
pushing forces generated by Kinesin-5 were antagonised by inward pulling forces created by
Dynein to maintain spindle morphology in vivo [50]. Our results from this study similarly
re-emphasise the importance of these two motor proteins in regulating spindle shape and
provide a thorough quantitative analysis of the effects perturbing force-balance could have
on spindle morphology.
An observation made during our analysis was that the total microtubule mass of spindles
remained conserved, despite significant changes in spindle length and shape. Literature
indicates that upon similar Kinesin-5 and Dynein inhibition the polarity of microtubules
changes, leading to a reorganisation of the spindle architecture [95]. This makes our observation exciting as it suggests that even after internal restructuring of the microtubule network
and observable external changes in morphology, new steady-state spindles contain the same
amount of polymer mass (microtubules) that was present in the original structure. As microtubule mass remained conserved upon altering spindle shape, it also confirms a prediction
from the previously established microtubule mass balance model [107], which suggested that
mechanisms controlling spindle length and shape were independent. It would be interesting
to investigate how in vivo spindles respond to changes in shape, whether microtubule mass is
conserved upon shape change in other spindles and to uncover the mechanisms responsible
for maintaining microtubule mass upon spindle shape change.
Our analysis also indicates that the microtubule density reduced upon inhibiting Kinesin-5
and Dynein. Inhibiting Kinesin-5 affects antiparallel microtubule cross-linking at the spindle
mid zone and causes extrusion of microtubules away from the spindle centre, altering the
spatial microtubule arrangement. This explains the reduction in overall spatial microtubule
density. Dynein inhibition would disrupt the formation of spindle poles. Our data from
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wildtype spindles indicates that the spindle poles have the highest microtubule density (Figure
2.11). Inhibiting Dynein would cause a reduction of microtubule density as the microtubules
held together at poles would spatially spread out. Dynein is also responsible for concentrating Kinesin-5 away from the spindle centre to cross-link parallel microtubules [139].
Microtubule density might also have reduced due to the loss of this cross-linking activity.
Thus, our results suggest that intact spindle mid-zones and poles are required to maintain
overall microtubule density.
One critical factor to keep in mind is that the microtubule mass data in this study is based
on fluorescence microscopy, which assumes that the fluorescently labelled tubulin (supplemented to visualise the structure) has uniformly incorporated throughout the microtubule
lattice. Despite being susceptible to its own technical limitations, this strategy has been able
to provide useful relative quantitative information about spindle mass distribution in previous
research [107], [18], [42]. Although extremely challenging, an absolute quantification of
the microtubule mass and density of biochemically perturbed spindle phenotypes could be
obtained by recent advanced electron microscopy methods [108] and could confirm our
observations.

3.2

Xenopus spindles are a non-condensed phase of the cytoplasm

Liquid-liquid phase separation has recently gained momentum as it presents an elegant way
to compartmentalise and concentrate molecules to spatiotemporally facilitate biochemical
reactions [122]. Several proteins essential for spindle assembly have been shown to form
biomolecular condensates in vitro. For example: TPX2, Tau and BugZ are individually
capable of forming liquid like compartments that enhance microtubule polymerisation or
increase the activity of Aurora A kinases [49], [69], [45]. In fact, spindles themselves
behave as liquid-like material that are capable of fusing with each other [133] and recover
their shape and microtubule density after severe physical perturbations from laser ablations
or micro-needle deformations [133], [13]. Additionally, coarse grained models based on
liquid-crystal theory have been used to successfully describe spindle length control [18],
[12]. Similarly, the mass balance model is based on the liquid-crystal-like arrangement of
microtubules [107]. Previous research has even suggested that spindles themselves represent
a separate functional phase of the cytoplasm crowded with molecules necessary to assemble
and maintain the structure [78], [8].
Despite the fact that spindles are an extremely dense network of microtubules and essential
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spindle proteins, our results from the refractive index imaging of Xenopus spindles indicates
that they do not have a higher concentration/ physical density than the surrounding cytoplasm.
These results support the idea that spindles reconstituted in Xenopus extracts do not form
denser phases of the cytoplasm, despite exhibiting liquid-like behaviour and possessing a
high concentration of proteins. From a material point of view one may also consider whether
this feature allows the structure to have some functional advantages, such as allowing it to be
neutrally buoyant in the cytoplasm despite its large size (30-40 µm) or providing variable
tenacity which may be increased or decreased upon structurally remodelling the microtubule
network. Analysing these properties could be a focus of future work.
Although the mass density of the spindle and cytoplasm is not significantly different, the
aforementioned proteins (TPX2, BugZ etc.) might still phase-separate to specifically concentrate essential proteins, such as tubulin. Recently liquid-like compartments containing a
high concentration of MAPs were identified near the spindle poles in mammalian oocytes
[126]. The proximity of these compartments to the spindle suggests that they are required to
concentrate necessary factors that can easily diffuse through the spindle volume. In the future
it would be interesting to see which client proteins spatially concentrate to enable spindle
formation. With our ODT- fluorescence setup it would be possible to track fluorescently
labelled condensates of the proteins capable of undergoing phase transition. This would
allow for the investigation of their material properties both in isolation and during spindle
assembly, in a system identical to the cytoplasm found within cells.
Membranes have previously been reported to surround mitotic spindles in HeLa and Drosophila
S2 cells [117]. These membranous systems have been suggested to act as selective internal
barriers that create organelle-exclusion zones where the concentration of necessary spindle
proteins is elevated. Our analysis of the different labeled components found in Xenopus egg
extracts reveals that membrane containing components do indeed surround in vitro spindles
(Figure 2.10). Interestingly, this membranous cage has a high mass density and ODT-imaging
is able to clearly depict the organelle exclusion zone where the spindle is located.

3.3 RI observations in Xenopus spindles are confirmed by
OS experiments
The optical stretcher setup developed in this study could successfully trap and deform vesicles.
However, it was not possible to stably trap spindles and perform the original spindle shape
deformation experiments as planned. This was due to no significant difference between the
RI of the cytoplasm and spindle (Figure 2.7). In fact, the experiments mentioned in Appendix
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A are independent confirmation that Xenopus spindles have a similar RI as the surrounding
cytoplasm. Had the spindle RI been significantly higher, it would be expected to easily trap
just like the vesicles and cells do. The movement of monopolar spindles (Figure A.2) and
rotation of spindles observed in Figure A.3 could very well be due to optical forces exerted
on the ring of membranes surrounding spindles, which we now know possess a significantly
higher RI value.
Another observation from this study was that fixed spindles had a higher refractive index than
the cytoplasm due to the presence of glycerol, which specifically bound to the microtubules
and DNA (Appendix B). It would be interesting to test if spindles containing glycerol (at low
concentrations) could be trapped with the optical stretcher. One has to however consider that
glycerol is a low molecular weight crowding agent and at high concentrations, a microtubule
stabiliser [61]. Thus, it would be critical to perform the necessary control experiments to test
whether glycerol containing spindles have altered dynamics. This may be done by tracking
EB1 comets (for polymerisation velocities) and using speckle microscopy (for analysing
microtubule lifetimes) before proceeding with further stretching experiments.
Additionally, stretcher experiments in cells usually use much higher laser powers to deform
cells (0.6-1.5W per beam, [74]). Due to the inherent high stiffness of microtubule, more
power would probably be needed to deform spindles. The OS’s ability to exert force on
membranes and vesicles also suggests an alternate use of the setup as a device to exert physical
forces on membrane networks, mitochondria or vesicles reconstituted in the Xenopus egg
extract system to investigate their mechanical properties.

3.4 Spindles from different systems have distinct mass densities
Previous work measuring spindle RI in sea urchin eggs using interference microscopy [46]
and the new RI data we acquired from Xenopus and HeLa spindles clearly indicate that spindles with different morphologies have different RI values. Although both techniques provide
RI information, our ODT-fluorescence setup is more advanced and has the advantage of
providing high spatial resolution and the ability to map the optical property in 3-dimensions.
The differences in RI between HeLa and Xenopus spindles can be translated to measure their
respective mass densities, which surprisingly differs. HeLa spindles have an average mass
density of 119 mg/ml in comparison to the Xenopus spindles that have an average value of
106 mg/ml. The total dry mass of HeLa spindles calculated from these densities suggests that
HeLa spindles have a lower mass (~2.9 ± 0.6 pg) than Xenopus spindles (~31.1 ± 19.6 pg)
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in the central imaging plane. The almost 10-fold difference likely arises from the fact that
the two spindles considerably vary in size. However, it is unclear why the smaller structure
would have a higher density.
Studies have previously shown that the size of the spindle scales with the cytoplasmic volume
due to limits imposed by the amount of total cytoplasmic material available [40], [33] and of
the existence of two clear spindle-cell volume scaling regimes [85], [150]. In the first regime,
spindle length remains constant and is not affected by cell size (and cytoplasmic volume).
Small cells represent the second regime where there is a linear dependency between spindle
length and cell size. Xenopus extract spindles could represent the situation from the first
scaling regime as there are no spatial boundaries or limits to the amount of raw material
available, and HeLa spindles the second one. A similar physical mechanism could therefore
be at play in our study which would cause HeLa spindles to have a much smaller length and
mass, in comparison to Xenopus spindles.
The distinct mass densities between HeLa and Xenopus spindles could be due to differences
originating from their architecture or due to differences in the mechanisms evolved to build
and maintain the structures. HeLa spindles are rounder than Xenopus spindles and contain
distinct k-fibres, which are stable bundles of ~20 microtubules [136]. Xenopus spindles on
the other hand are ellipsoidal and have very few k-fibres (<10 %, [20]). The presence of dense
and thick bundles could affect the way material is distributed in the spindle. Analysis of the
Ran gradient (required to release spindle assembly factors) in both systems has shown that it
is shorter in length and decays much more steeply in HeLa cells in comparison to extracts
[56]. There could thus be a difference in the dependence on chromatin driven microtubule
nucleation, centrosome mediated nucleation or autocatalytic microtubule nucleation between
the two systems. In addition biochemical mechanisms that could control the nucleation,
amplification and dynamics of microtubules may vary. This would cause more dry mass
(more microtubules and spindle proteins) to be packed in a smaller region and could explain
our results. A potential physical mechanism that could regulate the density of the spindle are
boundary conditions. In the next chapter (Section 4.2), we discuss experiments designed to
test the effect of spatial restrictions on the spindle's material properties.

3.5 Microtubule density correlates with mass density and
influences total spindle mass
Microtubule density is an important parameter in models that describe spindle assembly [12],
[18], [107]. In fact, experimentally measuring the microtubule density in spindles of different
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lengths reveals that its value remains constant, irrespective of the size of the spindle or the
total polymer mass within it (Figure 2.12 and [107], [133]). This observation supports the
idea of spindles being liquid-like objects, as liquids are characterised by a constant density at
a given temperature and pressure. Mechanical properties such as the viscosity and elasticity
of Xenopus spindles directly depend on the density of microtubules and the cross-linking
dynamics between them [121]. Microtubule density can however be altered by molecular
mechanisms such as microtubule nucleation or amplification.
As mentioned previously, a mass balance model has been used to correlate Xenopus spindle
size with the microtubule mass, which is controlled by microtubule nucleation and dynamics
[107], [18]. We wanted to extend the mass balance model and test if it would still be valid
for all the material present within the spindle. Upon systematic quantifications of the total
mass and density within spindles, we observed that the total mass linearly depended on the
length of the spindle (Figure 2.12), while the mass density remained constant (97.4 ± 7.2
mg/ml). This total mass density reflected both the density of microtubules and all other
spindle proteins. Thus, in wildtype spindles along with the microtubule mass which linearly
increased with spindle length, the total spindle dry mass increased as well.
An interesting observation was that the microtubule density was assosciated with the overall
mass density in both Xenopus and HeLa spindles. Our experiments revealed that the two
parameters correlated spatially along the pole-pole axis of spindles and were also found to be
co-dependent in three architecturally distinct spindle regions in Xenopus spindles (Figure
2.11). In Hela cells, microtubule density and overall density were also found to vary with
each other temporally (Figure 2.15).
When cells were exposed to a hypotonic shock, cell volume increased over time. As a result
of the volume increase, components in the cytoplasm were diluted and the overall mass
density of the cytoplasm decreased. The microtubule density reduced due to the perturbation
and directly affected the spindle morphology. In response to these changes, the spindle
material properties, as measured by its density and mass also reduced. This suggests that
spatial cues influence the spindle's material properties. Additionally, our data (Figure 2.14)
reveals that shortly after hypotonic shock the mass density of both the cytoplasm and spindle
are indistinguishable from each other, as observed in our measurements of wildtype Xenopus
spindles. Further analysis and experiments are however required to confirm whether a physical mechanism such as spatial restrictions could control spindle mass density.
To test the opposite situation, where excess building blocks were made available to the spindle
we performed tubulin addition experiments in Xenopus egg extracts. An added advantage
was that in extracts cytoplasmic components are not limited and spatial restrictions do not
exist. When minimal amounts of additional protein (+2 µM or +4 µM) was supplemented to
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extracts containing steady-state spindles, the size and volume of spindles increased significantly (Figure 2.16). Additionally, we were for the first time able to perform an assay which
increased the overall microtubule density. Analysing the RI images again indicated a clear
correlation with the mass density, which increased as well. Finally, the total microtubule
mass of the longer biochemically perturbed spindles (containing additional tubulin) was
found to steadily increase along with its dry mass (Figure 2.16).
As the dry mass is representative of the total mass of proteins within the spindle, the stoichiometry of spindle proteins could have changed upon adding tubulin due to the recruitment
of additional MAPs and motors. The increase in microtubule density could be driven by
different mechanisms capable of influencing it, such as altered microtubule nucleation or
increased microtubule amplification. One way to test whether the mass density increase was
due to additional tubulin incorporated in the structure or other proteins would be to alter
microtubule dynamics, which would increase spindle length but have no effect microtubule
density [107]. In the next chapter we suggest some biochemical perturbation experiments
that could be used to deduce which mechanisms are actually able to influence the microtubule
and total mass density.
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Chapter 4
Conclusion and Outlook
The size and shape of a metaphase spindle has to be set and maintained faithfully to allow
the structure to perform its function of separating chromosomes during cell division. Research over the last few decades has established that these morphological properties of the
spindle are emergent in nature, and are brought about by the cumulative activity of multiple
components performing their functions in a simultaneous controlled manner.
In this work we show that the shape of spindles is maintained by a balance of forces and provide first insights into the spindle mass and density— two important physical characteristics
that describe the spindle as a material. Additionally, we demonstrate how the overall density
of the structure remains constant and does not rely on its size. The density of microtubules
within the structure and the actual amount of building blocks (tubulin) available are however,
directly able to influence these physical properties.
Further, comparing spindles from two different systems allowed us to establish that spindles
with distinct morphologies have different mass and densities. This hints towards discrete
physical and biochemical mechanisms at work in the two systems for regulating their respective material properties.
Additional experiments need to be performed to assert the biological relevance of this new
information, to understand which mechanisms are actually responsible for controlling these
biophysical properties and to investigate whether different biological environments use different means to modulate spindle mass and density. In this section, I will highlight some of
the relevant open questions and discuss a few experiments that will help clarify them.
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Is there any interplay between active forces, spindle
shape and its mechanics?

Our experiments in both Xenopus egg extracts and HeLa cells have provided a thorough
quantification of the refractive index and mass density of wildtype spindles (Section 2.8
and 2.10). In addition, the results from this study and previous literature [95] suggest that
perturbing the activity of molecular force generators alters spindle shape and reorganises
the microtubule network within the spindle. Our results also demonstrate that microtubule
density plays an important role in determining spindle material properties. A pending
question that remains is whether material properties of spindles are affected when the spindle
is forced to acquire new steady-state shapes. This seems likely, as for example, microtubule
density is reduced. Additionally, it is still unclear whether any mechanical effects are induced
upon spindle shape and density changes. To investigate both the material and mechanical
properties, one could first measure the mass density of biochemically perturbed spindles and
then combine it with the readout from Brillouin microscopy.
Brillouin microscopy is an optical elastography technique that has recently emerged as a
powerful way to investigate the mechanical properties [104] of different biological material.
The technique has already been successfully used to investigate the biomechanical properties
of living cells [113], investigate liquid to solid phase transitions in cells [3] and measure
mechanical changes upon repair of entire tissues in the spinal cord of zebrafish [115]. It
measures the Brillouin scattering, an inelastic process which takes place due to the interaction
of light with thermally induced density fluctuations. The amount of scattering depends on
viscoelastic properties of the material being examined. By analysing the shift induced in
the scattered light spectrum and the width of the Brillouin peak, it is possible to analyse
properties such as the materials longitudinal modulus and viscosity respectively. To correctly
quantify the viscoelastic properties of a sample using Brillouin microscopy, the refractive
index and material density are necessary [104]. Brillouin shifts of more solid components are
usually higher than the ones generated by more liquid ones. This technique thus represents
an exciting new method to probe spindle micromechanics in a non-contact manner.
Currently, a combined setup capable of epifluorescence, ODT and Brillouin microscopy
is available at the Guck lab at the Technische Universität Dresden and at the Max Planck
Instiute for the Science of Light in Erlangen. Measurements with this setup would allow for
molecule-specific characterisation of the spindles material properties. One could again take
advantage of the open nature of the Xenopus egg extract system to reconstitute large spindles
and perform experiments to first measure spindle mass density and then the Brillouin shift to
calculate both longitudinal modulus and internal viscosity. Using biochemical perturbation
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strategies it would be possible to specifically target known MAPs and motors that are capable
of influencing spindle morphology by modifying microtubule dynamics and density. For
example, it would be interesting to test how the longitudinal modulus of the structure develops
during spindle assembly and to probe the importance of mechanical robustness when key
spindle assembly factors like TPX2 are perturbed. Another feasible experiment would be to
dissect the role of key force generators, such as Kinesin-5 and Dynein in maintaining the
spindles mechanical properties. This perturbation could allow us to check whether spindle
mechanical integrity is influenced upon spindle shape changes. One could also tweak the
microtubule dynamics by stabilising microtubules or destabilising microtubules, and quantify
the effect on the spindle as a material. Additionally, increasing or decreasing the microtubule
mass with the help of purified MAPs or chemicals could enlighten us about the cross-talk
between spindle biochemistry and mechanics.

4.2 Can spatial restrictions impact spindle mass density?
A surprising result from this study was that smaller HeLa spindles had a significantly higher
mass density in comparison to their much larger Xenopus egg extract counterparts (Section
2.7 and 2.10). However, when spindles of different lengths were analysed in Xenopus egg
extracts we found that the mass density did not depend on the size of the spindle formed
(Section 2.9). A source of these differences could be generated by the distinct architecture of
the two spindles, such as due to the presence of densely bundled microtubules in k-fibres
of HeLa spindles. In addition, distinct molecular mechanisms may have evolved in the two
systems to control the local density of the structure by altering rates of microtubule nucleation
or amplification.
Physical features such as the cytoplasmic volume can regulate spindle size by limiting the
amount of material available for spindle assembly [33], [40], [85]. It would be interesting
to investigate if volume could regulate microtubule and mass density as well. Our data
from HeLa cells already suggests that increasing volume affects the overall density of the
spindle. However, in this experiment the concentration of the material in the cytoplasm
was also reduced due to hypotonic shock. An ideal experiment to test this would involve
assembling biochemically similar spindles in compartments (similar to [33], [40]) of different
sizes (Figure 4.1A) while maintaining an environment with the same concentration of raw
materials. One could then investigate the material properties of two populations: small
spindles in small droplets (Figure 4.1B) and large spindles in large droplets (Figure 4.1C) of
droplets, using techniques such as ODT.
The rationale behind the experiment would be that the space through which necessary spindle
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building blocks such as tubulin, nucleators and spindle assembly factors could diffuse (red
circles, Figure 4.1D) would differ depending on the volume of the droplet. Recent research
studies suggest that spindle microtubules are able to spatially localise nucleators and other
spindle assembly factors, which are required to create more microtubules to maintain spindles
of a certain dimension [93], [18]. Thus, it might be safe to think of the spindle as an active
sink capable of localising and enriching itself with factors that it would need to build more
microtubules and maintain itself. In small droplets the factors would diffuse quickly over
shorter distances, allowing them to reach the spindle and be more efficiently incorporated
into the microtubule network (Figure 4.1D). This would increase the microtubule density
within the spindle and also enhance overall mass density. In large droplets (assuming that
the diffusion rates are unchanged) the factors would have to diffuse over longer distances
because of the greater space available and would take more time to reach the spindle, interact
with the microtubule network and be incorporated into it. As a result, the efficiency and
rate of microtubule-dependent interactions such as microtubule amplification would be
lower causing the density of the structure to be lower in comparison to the smaller droplets.
However, the overall mass of the spindles formed in larger droplets would be higher because
the structure itself would occupy a larger volume and thus contain more material.
I have already started investigating this possibility and have successfully been able to generate
cytoplasmic droplets of different sizes containing spindles (Figure 4.1A-C). Currently, we
are in the process of building a stand alone ODT for use in Berlin and are optimising the
ODT imaging protocol to acquire and analyse this data.
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Figure 4.1 Cytoplasmic droplet experiments to test the effect of boundary conditions.
An experiment designed to test if spindle mass density is influenced by spatial restrictions. A
microfluidics based approach can be used to encapsulate Xenopus egg extracts in droplets
(A) that vary in size. Smaller spindles form in (B) small droplets and larger spindles form
in (C) large droplets. Small droplets could represent the scenario in cells. (D) Schematic
representing the influence the volume of the droplet could have on the incorporation of
building blocks into the spindle. The number of building blocks available in smaller droplets
would also be lower. Scale bar = 10 µm.
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Which biochemical mechanism increases spindle mass
density?

In this study we found a correlation between the microtubule density– a morphological
characteristic that is regulated by the activity of multiple spindle motors and the spindle
mass density (Section 2.8). When we added assembly competent Xenopus laevis tubulin to
steady-state spindles, the size of the spindles increased and surprisingly also the microtubule
density and mass density (Figure 4.2A). A possible explanation for these observations could
be the increase in overall microtubule polymer mass. Imaging with the help of ODT thus
presents a powerful new way to visualise, quantitatively measure and investigate the effect of
mechanisms that are capable of modulating microtubule mass. These include microtubule
dynamics [107], microtubule nucleation and amplification [18], [43]. It would be interesting
to investigate the effect of these biochemical processes both individually and in unison.
To test which mechanisms are able to influence spindle material properties one could reconstitute steady-state spindle in extracts and then supplement reactions with purified proteins
whose biochemical activity and effects on spindles have been previously well characterised.
These include: XMAP215 which could be used to affect microtubule growth, TPX2: which
could influence microtubule amplification and γ-TURC: which could be used to investigate
microtubule nucleation.
XMAP215 is a processive microtubule polymerase which increases microtubule growth
velocity [10]. Spindle length in Xenopus extracts was found to be directly proportional to
the XMAP215 concentration and activity [107]. Interestingly, microtubule density remained
constant. TPX2 on the other hand is a well characterised spindle assembly factor capable of
rapidly increasing microtubule mass (microtubule amplification) by microtubule branching
with the help of Augmin [101]. Further, adding wildtype TPX2 to Xenopus spindles has
been shown to increase microtubule density and reduce spindle length via a mechanism
involving recruitment of additional Kinesin-5 to spindle poles [42]. γ-TURC is the universal
microtubule nucleation template and is a large protein complex that is necessary for the
assembly of spindles both in vitro and in vivo. Supplementing this complex directly to the
extract would allow us to test what would happen to spindle material properties on increasing
the concentration of nucleators available in the system.
In addition to increasing microtubule mass, one could also decrease the this parameter and
overall microtubule density using Op18 a microtubule destabiliser or chemicals such as
Nocodazole in low concentrations. Increasing Op18 concentration is able to decrease spindle
length and reduces the density of microtubules by depleting the non-kinetochore microtubules
[47], which coincidentally also reduces spindle elasticity [121].
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Figure 4.2 Investigating which mechanism could be responsible for increasing spindle mass
density.
(A) Effect of increasing tubulin concentration on spindle length and its material properties.
(B) MAPs and spindle proteins that influence the microtubule mass and density within
spindles, and could act as potential mechanisms for increasing overall spindle mass density.
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Taken together this work provides a quantitative characterisation of the biophysical properties
of an active, living form of soft matter— the metaphase spindle. The data obtained from
this study throws light on how the global features of the structure, such as its shape are
influenced by forces. Additionally, with this work we were successful in acquiring unbiased
physical measurements of the crowded molecular environment within the spindles. We also
investigated some of the physical and biochemical factors that were capable of influencing
it. Importantly, we have laid down the ground work for future quantification of spindle
mechanical properties with the help of advanced techniques such as Brillouin microscopy.
Our work can also provide a basis for further experimental and theoretical work aimed at
investigating the contribution of the spindle's material properties in maintaining its length
and shape at steady-state.

Chapter 5
Materials and Methods
5.1
5.1.1

Biochemical perturbation assays
Xenopus egg extract preparation

Xenopus egg extract was prepared using a protocol similar to the one mentioned in [39]. A
brief summary of the protocol is provided below.
Adult Xenopus laevis females were primed with 100 U of PMSG at least 3 days before
preparing extracts. 16-20 hours prior to when eggs were needed frogs were boosted with
1000U of HCG. Each frog was then separately kept in a container containing 2 liters of 1 X
MMR at 16°C.
The next morning, eggs were collected and kept in separate batches. Each batch was rinsed
with 1 X MMR to remove any debris. Puffy apoptotic eggs or immature eggs were discarded
with the help of a Pasteur pipette. The batches were then washed with Dejelly buffer twice
for 3 minutes. Solutions were exchanged carefully, and the eggs were swirled inside the jar
to help dejelly them quicker. Care was also taken to avoid leaving the eggs in Dejelly buffer
for longer than 10 minutes in total. Once the eggs were dejellied the excess dejelly buffer
was discarded and replaced with CSF-XB buffer. Eggs were washed twice with CSF-XB or
until necessary. Importantly, any residual debris, waste or apoptotic were removed to keep
the solution containing eggs as clean as possible. Next, each batch of eggs was washed with
50-100ml of CSF-XB containing protease inhibitors (diluted 1:100 from stock). Centrifuge
tubes were loaded with 1ml of CSF-XB containing 10µl of Cytochalasin D (1:1000 of stock
solution). Eggs were packed with the help of a cut Pasteur pipette into each tube, preferably
to the top or at least three-quarters of the way. Each tube was then placed into a polyallomer
tube and was transferred to a clinical centrifuge kept at room temperature.
To pack the eggs, tubes were spun at 500 rpm for 30 seconds and then 2000 rpm for 1.5
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minutes. Any residual buffer was removed from the top of the tubes. Tubes were then loaded
into a JS-13.1 rotor and spun at 10700rpm for 20 minutes at 4°C. During the spin, syringes,
tweezers, tubes to store the extract and other miscellaneous items required for preparing the
extract were kept on ice.
After the spin, the middle cytoplasmic fraction was collected with a syringe and placed in an
Eppendorf tube. Cytochalasin D (1:1000) and protease inhibitor (1:100) was added to the
extract. Extract was spun again for 15 minutes at 10000 rpm in a pre-cooled centrifuge to
clarify the extract before using the reactions for experiments.
To test the quality of extracts, 30µl of fresh CSF-extract was pipetted into an Eppendorf tube.
2µl of demembranated sperm nuclei (concentration: 107 nuclei/ml) was added to the reaction
along with 0.3µl of labeled tubulin (0.2 mg/ml stock). All extract reactions are performed
at 18°C unless mentioned. A water bath was brought to the right temperature to incubate
required reactions. The reaction was incubated for 20 minutes. 5µl of the extract was then
placed on a coverslip along with 5µl of fixative solution. The slide was then checked under
an epifluorescence microscope for mitotic asters. Extracts showing bright asters with high
microtubule density only were chosen for the spindle assembly reactions.

5.1.2

Spindle assembly reactions

The best batch of extract was usually chosen for spindle assembly. To 50µl of CSF-extract,
5µl of sperm nuclei was added along with 0.5µl of labeled tubulin and 0.5µl of 60mM CaCl2 .
The reaction tube was placed in the water bath and incubated for 80 minutes. Additionally,
one volume of CSF extract (50µl) was kept separately in an Eppendorf tube on ice and
labeled as the Add-Back extract. To this volume of extract 2.5µl of purified XErp protein was
added to ensure the extract remained in M-phase. After 80 minutes of incubation, on volume
of fresh CSF extract (Add-Back) was mixed thoroughly with the incubating extract. This
new reaction mixture was then incubated for an additional 60 minutes with gentle pipetting
every 10-15 minutes to ensure the components were homogeneously distributed. After the
incubation period, 5µl of extract was squash fixed along with 5µl of fixative solution between
two coverslips to check for reconstituted spindles. In some cases, the extract was allowed to
incubate for 15-30 minutes longer to allow spindle assembly.

5.1.3 ∆Kinesin-5 and ∆Dynein inhibitions
To inhibit Kinesin 5 activity, STLC (S-trityl-L-Cysteine) was used and to inhibit Dynein
activity a monoclonal antibody against the 74kDa intermediate chain of Dynein was used
(MAB 1618, Merck). Stocks of STLC and the antibody were diluted down to the required
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final concentration (5µM and 0.5mg/ml respectively) and supplemented to spindle assembly
reactions. Care was taken to ensure that the volume of inhibitor solution added to the reaction
did not exceed 10% of the total volume of extract present in the tube. As controls, DMSO
and a PBS solution was supplemented to two separate tubes containing extracts. All spindle
reactions reactions containing inhibitors were then incubated in an 18°C water bath for half
an hour. After the incubation, fixed samples were prepared by squashing extract between
two glass coverslips with an equal volume of spindle fixative solution (0.3 ml formaldehyde
37 %, 0.6 ml glycerol 80%, 1ml MMR buffer and 1µl Hoechst 33342).

5.1.4

Imaging fixed spindles

Slides containing fixed spindles were imaged using a Nikon Eclipse Ti microscope with
a CSU-X Spinning Disc Confocal scanning unit attached. Images were acquired using a
60X Plan Apo Oil objective (with NA 1.40) or a 100X Plan Apo Oil objective (with NA
1.45) and an Andor iXon3 DU-888 Ultra EMCCD camera. NIS Elements software was used
to control the microscope and acquire z stacks. Image stacks were always acquired with
the minimum possible step size in accordance with the Nyquist criterion. Care was taken
to ensure that the laser power used to excite the fluorophores and camera exposure time
was kept similar between different samples from different experimental days. Images were
exported as multi-channel nd2 files.

5.1.5

Analysing image stacks

To analyse the data from the image stacks, macros and pipelines based in FIJI and CellProfiler
were utilised. Images were first pre-processed by converting the nd2 files into 16bit multichannel TIFFs. Sum projections for each channel from each stack were created to form 32bit
images. To continue the analysis each image was split and stored as a 16 bit image for further
processing using CellProfiler. To analyse the morphological parameters of the spindles
contained in the images, a previously published image analysis pipeline [34] was used.
Automatic thresholding was used to delineate the boundaries of the spindle. In the images
where automatic thresholding was unable to detect spindle boundaries the Otsu segmentation
strategy was utilised, and the thresholding level was set manually. Upon completion of
analysis, an Excel worksheet containing all measured parameters was generated which was
used to obtain the individual parameters mentioned in Fig. 2.2.
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Parameters used for quantifying spindle morphology

To process the spindle images and obtain morphological features the measurement module
of CellProfiler was utilised. Upon thresholding and creating masks of the spindle region
an ellipse was generated in 2D which had the same normalized second order moments as
the original object. Spindle length was obtained from the major axis length of this ellipse.
Spindle width was defined as the minor axis length of the same ellipse. The aspect ratio was
calculated by dividing the length of the major axis by the minor axis. The eccentricity was
calculated by dividing the distance between the foci of the ellipse with the same normalised
2nd order moment by the major axis length. The value of eccentricity varied from 0-1. An
ellipse with an eccentricity of 0 would be a circle and that with a value of 1 would be a line
segment.

5.2
5.2.1

Optical stretcher experiments
Building the optical stretcher

To construct the optical stretcher for the physical perturbation experiments a SU-8 patterned
coverglass (chip) containing grooves where optical fibres could be aligned was used (Originally designed by Christoph Faigle [24]). Chips were manufactured by the Guck lab, TU
Dresden. Figure 5.1 shows a picture of the chip used for building the optical stretcher and a
cross sectional view of the groove on which optical fibres could be placed. Two optical fibres
connected to two diode laser boxes were stripped, cleaned and cleaved before performing the
manual alignment of fibres on the chip. The chip was placed onto a stereo microscope to
see the grooves and one fibre was inserted carefully into a groove. Once in place, a weight
consisting of two nuts was placed onto the fibre to keep it in place. Using a forcep or by
rotating the fibre carefully with fingers, the fibre was carefully pushed into the groove until it
snapped firmly in place. This process was repeated again for the second fibre as well. Care
was taken to ensure that the core of both fibres were as well-aligned as possible. Once both
fibres were in place they were fixed in position with the help of NOA81 (Norland Products,
Inc.). A UV lamp was used to cure the NOA81 into a hard-transparent polymer that ensured
the fibres would not move. Multiple drops of NOA81 were used along the length of the
groove on the chip.
Once the chip was ready it was placed onto a custom cut piece of hard plastic that would
ensure that the chip would remain on a flat surface. This entire contraption was then carefully
moved and placed onto the stage of the laser scanning microscope which would be used for
imaging. A rubber O-ring was cleaned, and a layer of vacuum grease was applied on one
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side of it. This O-ring was placed in the centre of the chip where the trapping region was
also present. This O-ring acted as a reservoir in which a small volume of extract (10-12µl)
could be pipetted in, used for the duration of the experiment and even replaced with fresh
extract if necessary.

A

B
62.5µm

Trapping region

Patterned groove
OS chip used for experiments.

SU-8

30µm

Glass coverslip
Cross sectional view of an optical fiber
fixed onto a groove of the OS chip.

Figure 5.1 Chip used for aligning optical fibres to build the optical stretcher.
(A) Picture of the chip. Trapping region and a patterned groove have been highlighted. (B)
Schematic showing a cross sectional view of an optical fibre fixed onto a patterned groove.
Figure modified from [24].
For manipulating the contents of the extract, a micro-capillary with an internal diameter of
60µm was used (VacuTip FCH). This micro-capillary was inserted into a micro-manipulator
setup (Injectman2, Eppendorf) that was integrated into the microscope. The micro-capillary
was positioned at a distance of about 200-300 µm away from the trapping region and was
rotated until the opening was parallel to and slightly above the surface of the chip. The
pipette containing the micro-capillary was also connected to an air filled syringe system that
could be used to generate both positive and negative flow to move objects around within the
extract droplet. Care was also taken to ensure that the extract only filled the micro-capillary
and not the tubing connected to the syringe as it could clog and obstruct the flow of air easily.

5.2.2

Imaging setup used with the stretcher

To image extract samples during the experiments either a Zeiss Axiovert 200M inverted
microscope with an LSM700 scanning unit or an Olympus IX81 inverted microscope with
the FV1000 series confocal scanning unit was utilised. To position the micro-capillaries
and find the exact position of the trapping region, low magnification air objectives [20X
Plan Apochromat (Zeiss) or 40X UPlan Apochromat (Olympus) were used]. To excite
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the labeled tubulin that was required to visualise spindles and other microtubule structures
inside the sample, laser diodes (555nm and 561nm) were used. Along with fluorescence
detection, transmitted light images were also acquired using a 40X UPlan Super Apochromat
objective lens(NA 1.35) from Olympus. Images were acquired at the fastest frame rate
possible [3 frames per second (Zeiss) and 2 frames per second (Olympus)] to detect minute
changes on trapped objects as a result of stretching experiments, while keeping a full field of
view. The microscopes were controlled with either Zen software from Zeiss or the FV1000
software from Olympus. Images were acquired either in the .lsm format or the .oif format as
multi-channel images.

5.2.3

Calibrating and controlling laser power

To control the power output from each laser a manual controller unit containing knobs to
control the current being supplied to each laser diode was used. The maximum current that
could be supplied to each diode was 550mA. As the output from the laser unit only showed
the current flowing into the diode circuit, calibration curves were created every month to
track the power output from each laser and to reliably convert the readout of current in mA
to mW, while performing experiments. To measure the power output from each fibre an
integrating sphere photodiode power sensor and a digital power meter were used. Figure
5.2 shows the example of a calibration power vs current curve. The blue line and red lines
indicate the power output from either laser. Each square or circle represents an independently
measured power reading.

5.2.4

Analysing time series data

To analyse the multi-channel time series data generated during the physical perturbation
experiments, FIJI was used. Images were imported into FIJI using the Bioformats plugin and
were analysed using custom plugins or available built in functions such as the Measurement
tool. For example, to measure the deformation along the major and minor axis upon stretching
a vesicle in Fig. 2.6, straight lines were drawn between the boundaries of the structure either
along its major or minor axis and measurements were made after every one second. To track
the distance moved by objects during the optical manipulation experiments the centre of
the object was detected manually and its position was tracked along the field of view, in
either the bright-field or fluorescent image stacks. A similar approach was used to track the
centre of the monopolar spindle in Fig. A.2 and to detect the movement of the right pole in
Fig. A.2. To quantify the distance moved by bipolar spindles upon being affected by optical
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Figure 5.2 Calibration curve for laser power.
Blue and red line indicate calibration curves for the two lasers used for OS experiments.
Each datapoint is an independent measurement acquired on an individual day.
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forces from the stretcher in Fig. A.3 the distance travelled by one pole during the time frame
recording was manually measured as well.

5.3
5.3.1

Measuring spindle refractive index
Optical diffraction tomography

To obtain quantitative refractive index information of spindles assembled in Xenopus egg
extracts an optical diffraction tomography setup (similar to the one used in [1]) was used.
Along with quantitative phase imaging this optical setup also allowed for epifluorescence
imaging which was necessary to find the exact regions where spindles were located as they
exhibited refractive indices similar to the surrounding extract. Additionally, this allowed for
labelling of other molecules of interest with different fluorophores allowing measurements
from the setup to be both quantitative and specific. Figure 5.3 shows the optical setup used
for the ODT experiments in more detail.
To obtain refractive index tomograms, a coherent laser beam (532 nm) was split into two
using a single mode fibre optic coupler. One beam was used as a reference beam and the
other was used to illuminate the sample. A tube lens was used to guide the sample beam
to illuminate the sample through a water dipping objective lens (Zeiss PlanApo, 40X, NA
1.0). Using a dual axis galvanomirror the sample beam was rotated, thereby illuminating the
sample with 150 incident angles ranging from -48°to +48°. The scattered light was collected
using a high numerical aperture water immersion objective lens (Zeiss C-Apo, 63X, NA 1.20)
and interfered with the reference beam at the imaging plane to generate spatially modulated
holograms. These holograms were recorded with a CCD camera. To obtain the optical
fields generated by the light diffracted from the sample, a field retrieval algorithm based
on Fourier transformation [148] was utilised. Another algorithm was used to reconstruct a
3-dimensional refractive index tomogram by mapping the Fourier spectra of the optical fields
based on the Fourier diffraction theorem [129], [67].
Epifluorescence imaging was also performed using the same setup. An incoherent beam
from a halogen lamp was coupled into a three-channel dichroic mirror. The excitation and
emission filters for the necessary fluorophores were alternated and the emitted fluorescence
light was captured by the same camera as in the ODT setup. Exposure times were usually
kept at 900ms for each channel. The fluorescence image was correlated to the cross-sectional
slice of the reconstructed tomogram at z=0 µm to identify the location of structures in the
tomogram.
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Galvanomirror
2×2 SMFC

TL
CL
sample
OL

Laser
λ = 532 nm
Camera BS

DM
TL

M

Halogen
Lamp
Figure 5.3 ODT-fluprescence setup.
Optical setup used for RI and epifluorescence measurements used in this study. Optical setup.
SMFC: Single mode fibre coupler, TL: Tube lens, CL: Condenser lens, OL: Objective lens,
M: Mirror, DM: Dichroic mirror, BS: Beam splitter.
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Sample preparation for ODT

To label microtubules fluorescently labeled tubulin (5-TAMRA tubulin) was added to the
extracts and Hoechst 33342 was added to label DNA. For imaging with the ODT setup fixed
samples were prepared by squash fixing 5µl of extract with 5µl of fixative solution, between
two coverslips. The sample was then placed on a stage plate insert and fixed in position with
the help of tape. For live spindle measurements, 6-10µl of extract was squashed between a
cleaned gridded coverslip (ibidi) and a regular coverslip. The gridded coverslip was used to
acquire the position of grids containing spindles which allowed for easy identification and
selection of spindles within the volume of extract present between the two coverslips. Placing
the sample between two coverslips also allowed for better contrast during epifluorescence
imaging, as it confined all the material into a thin layer.

5.3.3

Glycerol addition experiments

To test the influence of glycerol on the refractive index of spindles, glycerol was added in
different concentrations (by volume) to tubes containing steady-state spindles. Each tube
was then incubated for a short time period (10 minutes) in an 18°C water bath. Following the
incubation, the live sample was squashed between two cover slips and imaged similar to the
samples mentioned in the previous section.

5.3.4

Analysing epifluorescence and ODT images

All ODT and fluorescence images were analysed either in FIJI or Matlab. Both kinds of
images were converted into 16bit tif files for analysis via a Matlab script. To create masks
of the region inside and outside spindles, regions within the epifluorescence image were
thresholded manually or using Otsu thresholding. Figure 5.4 shows the masks of the regions
inside and outside the represented in Figure 2.9, Measurements of the average refractive
index in different regions were made using the Analyze menu in FIJI.
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A

B

Epifluorescence image of spindle

Mask for regions inside the spindle

C

Mask for regions outsiide the spindle

Figure 5.4 Masks used to measure RI in different regions.
(A)Epifluorescence image of a spindle and corresponding masks of (B) spindle region and
(C) cytoplasm used for average RI measurements.

5.4
5.4.1

Investigating the mass density of spindles
Calculating mass density from the refractive index

Mass density values were calculated from the central slice of the 3D refractive index tomogram, which had the dimensions 80µm X 80µm X 0.5µm. Since the RI value of most
biological specimens was linearly proportional to the concentration of dry matter (proteins)
the formula

nspindle = nextract + αCspindle
(5.1)
was used to calculate the mass density. Here nspindle was the refractive index of the spindle as
measured from the ODT image. nextract was the refractive index of the extract as measured
by an Abbe refractometer. The value of nextract varied from experiment to experiment. Table
shows the RI values of the extract over three experimental days. α was the refractive index
increment (0.190 for proteins and biomolecules [154], [6]) and Cspindle was the concentration
or mass density in spindles. The concentration of proteins in the extract is known and
is usually around 100 mg/ml (as reported in [36] and measured independently using the
Bradford assay). Using this concentration value the concentration of individual components
and regions could be back calculated.
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Measuring mass density of individual biomolecules and regions
in Xenopus spindles.

Fluorescent dyes to label microtubules, DNA and membrane containing components were
added to the extract. Fluorescence images in the respective channels allowed for localisation
of the exact position of these molecules. The fluorescence and ODT images were opened
with FIJI and from each fluorescence image the position of 5µm X 5µm square ROIs were
recorded using the ROI manager. The average RI of each ROI was then measured from the
ODT image. For each spindle 5 individual ROIs were recorded from each channel and in total
the value of 320 ROIs for each biomolecule were measured. The RI values were subsequently
converted to mass density information using the relation mentioned in the above section.
To test how the refractive index was distributed spatially inside spindles, line scans were
performed along the longitudinal axis of 36 different spindles on both fluorescence and
ODT images. Each scan was performed over a region that was 50µm long and 5µm wide to
keep consistency with the ROIs measured for individual biomolecules. Spindles were also
classified into zones similar to what has been done in [134]. The pole region was defined as
the area within 5µm from the edge of each spindle pole. The spindle equator was the region
within ± 5µm from the centre of each spindle. The spindle middle region was defined as the
rest of the area of the spindle that was present between these two layers. For each spindle,
the position of each region was recorded and transferred to each ODT image to measure the
mass density.
To calculate the microtubule density, epifluorescence images were deconvolved using a
custom Matlab script. The fluorescence images were then normalised from 0-1 by dividing
the gray value at each pixel by the maximum gray value in the deconvolved image. The
microtubule density at each region was then finally calculated by dividing the total normalised
fluorescence intensity value by the area of each region.
For the Ashby plot the Young's modulus of the three spindle regions was obtained from [134]
and plotted against the individual mass density values from each spindle region.

5.4.3

Density and mass measurements in spindles of different lengths

To measure the mass density of spindles of different lengths, a mask was first created of the
spindle boundary from respective epifluorescence image. This was recorded via the ROI
manager and transferred to the ODT image from which the average RI value was measured.
Equation 5.1 was then used to calculate the mass density. To calculate microtubule density,
the fluorescence image was first normalised as mentioned above in the previous section.
The total fluorescence intensity was then divided by the area of each spindle to get the
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final microtubule density value. To measure the total microtubule mass, the normalised
fluorescence image was utilised and the gray value from every single pixel within the mask
of the spindle region was added. To measure the dry mass in pg of the spindle the average
mass density of each spindle was multiplied by the volume it occupied in the central slice of
the tomogram.

5.4.4

HeLa cell culture

A HeLa Kyoto cell line stably expressing TUBB5-LAP (provided by the Hyman lab, MPICBG) was used for both epifluorescence and ODT imaging. Cells were cultured in an
incubator maintained at 37°C, 95% humidity and 5% CO2 . Cells were grown in 10cm
dishes or T-25 cell culture flasks using a cell culture medium (DMEM) containing Glucose,
Na-Pyruvate, L-Glutamine, 1% Penicillin-Streptomycin and 10% heat inactivated FBS.
Cells were passaged when they reached 70-90% confluence. To passage cells, any remaining medium was removed and cells were washed with pre-warmed PBS. Cells were then
tyrpsinised with 3 ml of pre-warmed Trypsin/EDTA solution and placed in the incubator for
5 minutes. Following this, the cells were rinsed with 7ml of pre-warmed cell culture medium.
The suspension was transferred to a falcon tube and spun down with a tabletop centrifuge at
1000rpm for 2 minutes. The residual medium was aspirated from the tube and the cell pellet
was diluted to the required concentration. Following this, cells were pipetted into culture
dishes and placed back in the incubator.
For the ODT experiments cells were grown on glass bottom petridishes and an objective
heater was used to maintain the condenser objective at 37°C.

5.4.5

Analysing images from HeLa cells

HeLa cell images were acquired using the combined ODT-Fluorescence setup in Figure
5.3. RI tomograms were reconstructed using a Matlab code and provided the 3-dimensional
refractive index information of all components inside the cell. An epifluorescence image of
the central plane of the spindle was also captured, which was also used to create masks of
the regions inside and outside the spindle.
To measure the RI of different biomolecules labeled with fluorescent dyes, square ROIs
that were 2µm X 2µm in length were defined and their positions were recorded using the
ROI manager. The average RI from each square was then measured. Just like in Xenopus
spindles 5 ROIs per biomolecule were registered for each spindle and a total of 41 cells were
analysed. To evaluate the spatial distribution of RI and fluorescence inside the spindle along
its longitudinal axis line scans were performed. These scans were conducted over a region
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that was 20µm long and 2µm wide. To measure the microtubule density within each spindle,
a mask of the spindle was created by Otsu thresholding. Dividing the total fluorescence
intensity within the thresholded area by the mask gave us the required density value.

5.4.6

Calculating spindle mass density in HeLa cells

To calculate the mass density in HeLa cells, the average refractive index was first measured
from the ODT image using the spindle masks or the ROIs and plugged into Equation 5.1
. The concentration of the proteins in the cytoplasm of cells has been reported to be 100
mg/ml as well (http://rpdata.caltech.edu/publications/SnapShot2010.pdf and [153]) and the
refractive index of the cell has been measured to be 1.360 [66]. Deviations from these values
as calculated from the equation could then be used to measure the mass density in the ROIs
selected for each biomolecule.

5.5 Microtubule density perturbations
5.5.1

Hypotonic shock on HeLa cells

To test the effect that the concentration changes could have on spindle mass density, HeLa
cells were exposed to a hypotonic shock. Briefly cells were allowed to grow to about 70%
confluence in glass bottom petridishes with 3 ml cell culture media. To induce hypotonic
shock, 2 ml of the original media was removed and replaced with pre-warmed double
distilled water, causing a 66% dilution of the media. Measurements made with an Osmometer
indicated that the osmolality of the media reduced from 300 mOsm/kg to 170 mOsm/kg.
After the shock cells were incubated in a 37 °C incubator for an additional 10 minutes to
equilibrate the solution. Following this dishes were transferred to the ODT-fluorescence
setup and imaged.
For the time-lapse experiments osmotic shock was induced while the dish was on the stage
of the microscope. A pre osmotic shock image was acquired of mitotic cells as well before
starting the experiment. Images were periodically acquired every 5 minutes after inducing
the hypotonic shock. Cells were tracked for one hour.

5.5.2

Analysing epifluorescence and ODT images of HeLa cells

Analysis of epifluorescence and ODT images of HeLa cells exposed to hypotonic shock was
similar to what has been described in the previous sections. To calculate the microtubule density spindle images were thresholded and the total fluorescence intensity in each spindle mask
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was divided by its area. For measuring the RI and mass density of different biomolecules, 2
µm x 2 µm ROIs were recorded from the fluorescence image and superimposed on the ODT
image. A 100 ROIs from 20 cells were analysed to provide the statistics in Figure 2.14.
To calculate the cell volume in Figure 2.15 the ODT images stacks were used. Otsu 3-D
thresholding was used in FIJI was utilised to segment the regions in each Z-slice that belonged
to the cell. The segmented stack was then converted into a binary image and the volume
was calculated with the help of the Voxel Counter plugin. To measure the mass density of
the cytoplasm a mask for the cytoplasm was created by subtracting the mask representing
the entire cell from the mask of the spindle. The average RI value of this region was then
measured.

5.5.3

Purifying Xenopus laevis tubulin

To purify tubulin, an affinity chromatography column and a modification of the purification
protocol mentioned in [146] was used. The column in particular contains the TOG domains
purified from the S. cerevisiae protein Stu2 which selectively bind with tubulin. Briefly,
Xenopus laevis egg extract was prepared using a protocol similar to the one mentioned in
Section 5.1.1. An equal volume of BRB80 was added to the extract and the resulting solution
was spun at 80000rpm at 2°C for 15 minutes. All subsequent steps were performed in a cold
room maintained at 4°C. The supernatant from the tubes was then loaded onto the column
which had been equilibrated before with 1XBRB80. The column was then subsequently
washed with BRB80 twice. Next, BRB80 containing MgCl2 and ATP was used to wash the
column multiple times. After this step tubulin was eluted using the elution buffer into 1ml
fractions. Using a Nanodrop the fractions containing tubulin were identified. A Bradford
assay was used to identify the peak fraction as well. The fractions were then desalted in
1XBRB80 with PD10 Columns. The tubulin was then concentrated to the maximum possible
concentration with the help of protein concentration columns, aliquoted and flash frozen in
liquid nitrogen.

5.5.4

Tubulin addition experiments

For the experiments involving the perturbation of tubulin concentration, steady-state spindles
were first assembled in Xenopus extracts. The aliquot of concentrated tubulin that was used
for each experiment was thawed on ice and diluted down to the required concentration
using 1XBRB80. 2 µl of tubulin at the desired concentration was then pipetted into a tube
containing 18 µl of extract that contained spindles. Care was taken to ensure that the volume
of solution added to the extract reaction was always 10% of the total volume of the reaction
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to prevent biochemical inactivation by over-dilution. As a control 2 µl of 1XBRB80 was
supplemented to a tube containing 18 µl extract. Once all the reaction tubes had been
prepared they were incubated at 18°C in a water bath for 30 minutes.
After the incubation, 6-10 µl of extract was sandwiched between a gridded glass coverslip
and a normal coverslip and was fixed onto the stage insert with tape. The position of spindles
was recorded with an epifluorescence microscope and the sample was transferred onto the
ODT setup. Using the coordinates obtained from the gridded coverslips the stage was moved
to the appropriate location and ODT and epifluorescence imaging was performed.
For analysing the images, a protocol similar to the one mentioned in Section 5.4.3 was used.
Briefly, masks of spindles were obtained from the fluorescence image which were recorded
and transferred onto the ODT image from which the average RI was calculated. To measure
microtubule density normalised fluorescence images were used and for measuring spindle
length the pole-pole distance of each spindle was measured manually. To calculate the total
microtubule mass, the total fluorescence intensity from each normalised spindle image was
added up and for calculating the dry mass, the volume of the spindle in the central slice was
multiplied by its mass density

5.6

Statistical analysis and plotting graphs

Graphs of measured values in this study were plotted using GraphPad Prism. To compare the
differences between two groups, the Mann-Whitney U test was utilised. The alpha value was
set at 0.05 and the p value was calculated to test how different the groups were from each
other. P values greater than 0.05 were represented by ns. A single * indicated a p value≤0.05,
** indicated p values≤0.01, *** indicated p values ≤0.001 and **** indicated p values
≤0.0001. If necessary graph visuals such as line thickness, fonts and colours were optimised
using Adobe Illustrator.
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Chemical / Material

Supplier

hCG
PMSG
L-Cysteine
cOmplete protease inhibitor tablets
Cytochalasin-D
XErp protein
STLC
Anti-Dynein Antibody(MAB 1618)
DMSO
PBS
NOA81
Hoechst-33342
5-TAMRA
DiOC6
DiI
Glycerol
High glucose DMEM (+ L-glutamine, + sodium pyruvate)
FBS
BSA
Trypsin/EDTA
ATP
GTP

Sigma
Greiner bio-one
Roth
Roche
Sigma
purified in-house
Sigma
Merck
Sigma
Capricorn Scientific
Norland Products
Thermo
Thermo
Thermo
Sigma
Sigma
Gibco
Gibco
Sigma
Capricorn Scientific
Sigma
Sigma

Table 5.1 List of chemicals and materials used in this study.
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List of equipment

Device/Consumable

Model

Manufacturer

Rotor
Biological safety cabinet (Class II)
Centrifuge
Cell culture incubator
Microscope slides
Glass coverslips
Glass bottom petridishes
Microscopes
Objectives
Optical fibres
Single mode GaAs lasers
Manipulator
Micro-capillaries
Air Syringe
Power meter and sensor
Optical fibre cleaver
Fibre stripper
Nd-YAG laser (ODT)
ODT Optical components
ODT Camera
Galvanomirrors
Gridded coverslips
TOG Columns
Nanodrop
Osmometer

JS-13.1
HeraSafe KS
Avanti JXN-26
HeraCell 240i
1.5mm frosted
22 x 22mm/18 x 18mm
FluoroDish
mentioned in each section
mentioned in each section
780HP
LU0808M250
Injectman2
VacuTip FCH
SAS-SE
S142C and PM100D
S326
FTS4 and TO6S16

Beckman Coulter
Thermo Scientific
Beckman Coulter
Thermo Scientific
Marienfeld
Corning
World Precision Instruments
Multiple
Multiple
Thorlabs
Lumics
Eppendorf
Eppendorf
Research Instruments
Thorlabs
Fitel
Thorlabs
Laser Quantum
Thorlabs
FLIR
Thorlabs
ibidi
as in [146]
Thermo
Fiske

Flea3 USB3
GVS012/M
Grid-500
prepared at MPI-CBG
2000
Model 210

Table 5.2 List of equipments used in this study.
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List of software

Software

Developer

Adobe Illustrator CC
FIJI
CellProfiler
Image analysis pipeline
NIS-Elements Advanced Research
Olympus Fluoview
Zen 2
Visiview
Matlab R2018a
Prism 6

Adobe Systems
[114]
[57]
[34]
Nikon
Olympus
Zeiss
Visitron
Mathworks
GraphPad

Table 5.3 List of software

5.10

Buffers

Component

Weight/Volume

1M NaCl
20 mM KCl
10 mM MgCl2
20 mM CaCl2
1 mM EDTA
50mM HEPES pH 7.8

292.2 g
7.46 g
10.17 g
11 g
10ml (0.5 M Stock)
59.58 g

Table 5.4 10 X MMR (5 liters)

Component

Weight/Volume

2 M KCl
20 mM MgCl2
2 mM CaCl2
Filter sterilise, store at 4° C

292.2 g
20 ml (1 M Stock)
2 ml (1 M Stock)

Table 5.5 20 X XB-Salts (1 liter)
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Component

Weight/Volume

10 mM HEPES
50 mM Sucrose
20 X XB-salts
5mM EGTA
Adjust pH to 7.7 with KOH, prepare buffer fresh

2.38 g
17.11 g
50 ml
10 ml (0.5 M Stock)

Table 5.6 CSF-XB (1 liter)

Component

Weight/Volume

2 % w/v L-Cysteine
10 X MMR
Adjust pH to 7.8 with NaOH, prepare buffer fresh

20 g
25 ml

Table 5.7 Dejelly buffer (1 liter)

Component

Weight/Volume

Formaldehyde 37%
Glycerol 80%
1 X MMR
Hoechst 33342 (10 mg/ml)
Store at -20°C

0.3 ml
0.6 ml
1 ml
1 µl

Table 5.8 Fixative solution (2 ml)

Component

Weight/Volume

80 mM K-PIPES
1 mM MgCl2
1mM EGTA
Adjust pH to 6.8 with KOH, store at -20°C

12.1 g
0.5ml (1 M Stock)
1 ml (0.5 M Stock)

Table 5.9 5 X BRB80 (100 ml)
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Appendix A
OS can exert force on microtubule
assemblies in Xenopus egg extracts
To investigate the ability of the BOSS to exert forces on objects within extracts and to test
the stability of the trap created, a simple experiment illustrated in Figure A.1 was performed.
Briefly, an object of interest (represented by the yellow circle) was placed in the center of the
trapping region using the microcapillary manipulator. The optical stretcher was turned on
with equal power for each beam (Figure A.1A). Next, the power from one of the fibers was
increased (middle frame, Fiber 2 in illustration). As a result of this, the forces exerted on the
surface of the object become unequal and the object moves up to a new trapping position
closer to the top of the fiber where the surface forces should again be at equilibrium. Upon
reducing the power of each fiber back to the original values, the stably trapped object should
now move back to its original trapped position at the center of the channel (Figure A.1A,
right frame).
First, this optical manipulation experiment was performed on HEK293 cells (Figure A.1)
that were mixed into the extract (10 % of total volume). Cells typically have a refractive
index of 1.36-1.38 [75], which is slightly higher than Xenopus extracts (1.359, measured by
Abbe refractometer) A trapping power of 0.2 W was used (0.1 W from each fiber). With the
trap already on, a cell (Figure A.1B, indicated by the white box) was placed into the trapping.
The cell was trapped and moved to the center of the channel (first frame, Figure A.1B). The
power from the lower fiber was then increased to 0.25 W (+0.1 5W) which resulted in the
cell moving up. About 50 seconds later, the cell reached a new stable trapped position which
was 45µm higher. Reducing the power from the lower fiber resulted in the cell moving back
to approximately its original position (original center of the cell indicated by the black dotted
line) after 110 seconds. Next, the same experiment was performed on microtubule asters that
formed in extracts upon incubating isolated centrosomes from cells. Trap power was set to
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0.3 W (0.15 W from each fiber) and the centrosome was placed in the center (Figure A.1C).
To manipulate the sample, the power from the bottom fiber was increased to 0.3W (+0.15W).
As a result of the power increase the structure moved up slightly by ~15µm in 12 seconds.
Reducing the power resulted in the centrosome aster returning back to its original position.
Thus, it was possible to manipulate a microtubule assembly like a centrosome aster with the
help of the modified OS setup. However, in comparison to cells, a similar increase of power
of +0.15 W generated a very small movement of the microtubule assembly.
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Figure A.1 OS can exert force on cells and centrosomes in Xenopus egg extracts.
(A) Schematic demonstrating the experiment used to test the ability of the OS to exert force
on samples in extracts. The left frame shows an object of interest (yellow circle) that is
placed into the trapping region using the microcapillary manipulator. When the power from
the bottom laser (Fiber 2) is increased (middle frame) the stably trapped object moves up to
a new trapped region. Upon reducing the power from the bottom laser (right frame) to the
trapping power value, the object moves back down to its original position. Results from the
same experiment performed on (B) HEK293 cells that were mixed into the extract and on
(C) centrosomes assembled in extracts. Each frame represents a different time point in the
experiment which has been indicated in the top right corner. Scale bar = 60 µm
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A monopolar spindle (enclosed in a white square) that formed in the extract was also
successfully manipulated with the help of the optical stretcher (Figure A.2A) The trapping
power was set to 0.3 W and a monopolar spindle assembly (30µm in size) was placed in the
center using the microcapillary. By increasing the power by 0.05 W the monopole started
moving up towards the top fiber (middle in Figure A.2A). After about 22 seconds the power
from the bottom fiber was reduced by 0.07 W. As a result of this the monopole moved
back to its original trapped position (Right frame in Figure A.2A, white line represents the
original centre of the trap). This experiment was performed for about 80 seconds during
which the position of the monopole was tracked. Figure A.2B shows the distance moved
by the monopole during the experiment. Green region represents the time during which the
power from the bottom fiber was increased and the red region represents the time when it
was decreased.
When a similar experiment was performed on a bipolar spindle, the effect of the optical
forces was minimal. A trapping power of 0.3 W was used to manipulate a 30µm long spindle
(Figure A.2C). Increasing the power from the bottom fiber by 0.05 W caused the spindle to
slightly pivot upwards after 15 seconds. Reducing the power by 0.05 W caused the right pole
to move down slightly after another 15 seconds, but not back to its original position. Plotting
the position of the right pole with respect to the original trapped position indicates the slight
movement of the spindle (Figure A.2D). It was therefore difficult to optically manipulate a
bipolar spindle.
Multiple attempts were made to trap spindles which in the best case resulted in spindles
being pushed towards the stable trapping region but exiting soon after. This was often
due to drag forces generated in the viscous egg extracts as a result of the flow created by
the microcapillary manipulator. Two examples of this are highlighted in Figure A.3. In
the first example, a spindle (Figure A.3A, white ellipse) near the bottom fiber of the OS
experienced optical forces and started moving up towards the centre of the channel. The
spindle also rotated anti-clockwise as it moved up by 67µm in about 26 seconds (white dotted
line indicates the original position of the spindle). However, after 47 seconds the spindle
moved out of the trap and drifted in the direction of the general flow, as shown by the white
arrow pointing to the left in the last frame. In the second example(Figure A.3B), a spindle
was pulled into the trap, started rotating and moved down towards the centre of the channel
in about 12 seconds. However, after 18 seconds and moving a distance of 20µm from its
original position (indicated by the white dotted line) the spindle exited the trap and began
moving to the right, which was where the opening of the microcapillary manipulator was.
Therefore, despite being able to push spindles with the help of the optical forces from the
stretcher it was not possible to stably trap them. Had the gradient and scattering forces been
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Figure A.2 OS can exert force on monopolar and bipolar spindles.
(A) Optical forces from the OS were used to move a monopolar spindle away from the trap
center (middle frame, 15 sec) and back to its original position (right frame, 40 sec). (B) Plot
tracking the movement of the monopolar spindle away from the trap center upon modulating
the power from the bottom optical fibre, during the entire experiment. Green areas indicate
the time during which power from the fibre was increased by 0.5 W. Red areas indicate the
time during which power from the fibre was reduced by 0.7 W. Each circle represents the
position of the centre of the monopole from the trap center, measured at one second intervals.
(C) Optical forces from the OS could also be used to push a spindle pole away from the trap
center (middle frame, 15 sec) and back down to its original position (right frame, 30sec). (D)
Plot tracking the movement of the right pole from the trap center upon modulating the power
from the bottom fibre. Green area indicates the time during which power was increased by
0.05W and red area indicates the time during which power was decreased to the original
value. Each circle represents the position of the right pole, at 5 second intervals. (A and C)
Each frame represents a different time point in the experiment and has been indicated in the
top right corner Scale bar = 30 µm
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strong enough the spindle would have aligned on the trapping axis and stayed in the trap
without any effect from the flow in the channel.
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Figure A.3 Weak forces are unable to stably trap spindles.
(A) A spindle (indicated by the white oval) was pushed by the optical forces and started
rotating while moving up (=67ţm) towards the center of the channel. However, these forces
were not stronger than the flow in the channel and the spindle exited the trap and drifted in
the direction of flow (indicated by the white arrow). (B) Another example demonstrating a
spindle interacting with the optical forces, as it rotates and moves down (=20ţm) to the trap
center (0-12 sec). However due to the flow, the spindle exited the trap and started floating to
the right (indicated by the white arrow). Dotted white line indicates the original position of
the spindle in both examples. Scale bar = 30 µm

Appendix B
Glycerol is responsible for RI
enhancement in fixed spindles
Since the RI of fixed samples was remarkably different from live spindles, experiments
were performed understand which component in the fixative solution was responsible for
enhancing the RI. The fixative solution used consisted of formaldehyde, which cross links
proteins and glycerol, which helps to maintain the stability of proteins and prevents them
from unfolding [140]. Measurements made with partial wave spectroscopy (PWS) indicate
that in HeLa cells, 4% paraformaldehyde fixation has minimum effect on the cell size and on
the refractive index heterogeneity [73] of the cytoplasm. On the other hand, adding glycerol
to an aqueous solution containing proteins has also been shown to increase the overall RI of
the solution [118].
To test the effect glycerol could have on spindle RI, it was added to tubes containing preassembled spindles at different concentrations (25% and 50% v/v). Figure B.1 shows the
refractive index of three representative spindles from the control, +25% glycerol and +50%
glycerol conditions. Adding glycerol increased the overall refractive index of the extract
from 1.361 to 1.390 (+25% glycerol) and to 1.412 (+50% glycerol). Additionally, as can be
seen in the representative images, the RI of both the spindle and the condensed chromosome
increased. Figure B.2 shows a quantification of the average refractive index of spindles
and the extract, upon adding glycerol to the reaction from two independent experiments. In
comparison to the control, the average refractive index of the spindle increased to 1.393 ±
0.003 upon adding 25% glycerol. On adding 50% glycerol the average RI further increased
to 1.413 ± 0.005. Interestingly, it was also possible to visualise rod like structures within the
spindle which looked similar to microtubule bundles. These rods became even more distinct
upon 50% glycerol addition. These experiments indicate that glycerol is the component
present in the fixative solution that is responsible for increasing the refractive index of fixed
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Figure B.1 Glycerol increases spindle RI.
Representative fluorescence and RI image of a (A) Wildtype spindle, spindle formed in
extract containing (B) 25% glycerol and (C)50% glycerol. Microtubules = red, DNA= blue.
Rainbow colormaps indicate the Ri range within each image. Scale bar = 10 µm
Glycerol is a known low molecular mass crowding agent which is used routinely in biochemical and molecular biology assays (DNA/RNA/protein purification, crystallisation). Glycerol
has also been shown to reduce the critical concentration required to polymerize tubulin and
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at low concentrations is often supplemented in in vitro assays to polymerise microtubules
[61]. At high concentrations of glycerol however, the dynamic instability parameters of
microtubules are reduced. The glycerol added either selectively bound to the dense protein
network present inside spindles or increased the local concentration of protein inside spindles
by a macromolecular crowding effect. The same holds true for the condensed chromosomes
which upon glycerol addition seem to be most affected in terms of RI increase.
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Figure B.2 Quantification of extract and spindle RI upon adding glycerol.
Average extract and spindle RIs were calculated from each condition and plotted. n=14
spindles from each condition. Yellow circles indicate extract RI and red circles indicate
spindle RI. Mann Whitney U test was used for statistical analysis. **** p<0.0001. Black
bars indicate median and interquartile range.

Appendix C
Protein concentration linearly increases
with RI
Refractive index values have been utilised since the 1950s to determine the dry mass and
concentration of solids in living cells. Most calculations including the one in this study are
based on a model [5] treating the cytoplasm as a solution enriched in solid material which
have a specific refractive index increment, α. This solid material mostly consists of proteins,
which have a mean α value of 0.190 ml/gram [154]. Using this alpha value and the refractive
index of a known medium, Equation 5.1 can be used to calculate the relative differences in
concentration in the sample. If there is information available about the protein concentration
in a sample such as that of the Xenopus egg extract or cell cytoplasm one may use these
relative differences to calculate the concentration of specific components such as the spindle
or DNA.
To illustrate how the concentration or mass density of a simple protein solution scales with
its RI, a simple experiment was performed. A concentrated solution of BSA (100 mg/ml)
and distilled water was first prepared. Next, the RI of the solution was measured with the
help of an Abbe refractometer. Along with the RI measurement, the protein concentration
was measured with the help of a Nanodrop spectrophotometer by measuring the absorbance
at 280nm. The BSA solution was then serially diluted 9 times and both measurements
were made after each dilution. This experiment was repeated was three times to account
for experimental variability. Figure C.1 shows a graph where the measured RI and average
protein concentrations were plotted against each other. As can be clearly observed from
this, the measured protein concentrations linearly scaled with the RI. The refractive index
increment from this graph was 0.20 ml/g which is very similar to other experimental and
theoretical measurements from published literature.
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Figure C.1 Measured protein concentration linearly scales with RI. Graph showing how the
two parameters are correlated. Each black circle represents the average RI and concentration
measured from 3 independent experiments. Bold red line indicates a linear regression fit of
the data and dotted lines represent the 95% confidence interval.

Appendix D
Spatial distribution of RI varies in
Xenopus and HeLa spindles
As indicated previously in this study the refractive index and mass density of HeLa spindles
is significantly different from that of Xenopus spindles. To further investigate differences
between the spindles from each system we analysed the distribution of these properties along
the longitudinal axis of the spindle. Figure D.1A and C show a representative HeLa and
Xenopus spindle respectively. The red line running along the structure indicates the region
over which longitudinal line scans were performed to quantify the RI. Along with the RI,
the fluorescence from the tubulin and DNA channels were also measured. Line scans along
HeLa spindles (Figure D.1B) reveal that the RI (black line) was maximum at the spindle
center, coinciding the position of the chromosomes (indicated by the blue line). The RI
then reduced along the spindle (red line indicates tubulin fluorescence) and reduced further
upon exit from the spindle region and into the cytoplasm. In comparison, the RI along the
longitudinal axis in Xenopus spindles remained relatively flat (Figure D.1D) with a minor
dip at the spindle center and an increase upon exiting the spindle. The tubulin fluorescence
in the case of Xenopus spindles formed two clear peaks with a dip at the center. This dip at
the center was where the peak of the DNA fluorescence was found, signifying the presesence
of condensed chromatin at that position. Thus, the fluorescence and RI distributions along
the longitudinal axis of both spindles was distinctly different.
This suggests that the dry mass within each structure was spatially distributed differently in
each spindle.
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Figure D.1 Spatial distribution of RI varies in Xenopus and HeLa spindles.
Representative (A) HeLa and (C) Xenopus spindle. Red box indicates the region over which
line scans were performed. Graphs representing the distribution of RI (black), tubulin
fluorescence intensity (red) and DNA fluorescence intensity (blue) in (B) HeLa spindles and
(D) Xenopus spindles. n=30 spindles from each system. The bold line indicates the mean
value and the dotted lines are the standard deviation, Scale bar = 10 µm.
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Manuscripts in preparation
• Biswas, A., Kim, K., Cojoc, G., Guck, J and Reber, S. "Investigating the optical and
material properties of metaphase spindles". Unpublished manuscript and working title.
• Hirst, W., Biswas, A. and Reber, S. "Tubulin contributes to spindle length control in
Xenopus frogs". Unpublished manuscript.
– In addition to the work presented in this manuscript I performed computational simulations and biochemical experiments for another research project in the lab. The aim
of this project was to investigate how tubulin biochemistry contributed to setting the
microtubule mass and length of Xenopus spindles.

