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Abstract

In this doctoral thesis, a tomographic STED microscopy technique for
3D super-resolution imaging was developed and utilized to observe
bone remodeling processes. To improve upon existing methods, we
have used a tomographic approach using a commercially available
stimulated emission depletion (STED) microscope. A certain region of
interest (ROI) was observed at two oblique angles: one at a standard
inverted configuration from below (bottom view) and another from the
side (side view) via a micro-mirror positioned close to the ROI. The
two viewing angles were reconstructed into a final tomogram. The
technique, named as tomographic STED microscopy, was able to
achieve an axial resolution of approximately 70 nm on microtubule
structures in a fixed biological specimen.

High resolution imaging of osteoclasts (OCs) that are actively
resorbing bone was achieved by creating an optically transparent
coating on a microscope coverglass that imitates a fractured bone
surface. 2D super-resolution STED microscopy on the bone layer
showed approximately 60 nm of lateral resolution on a resorption
associated organelle allowing these structures to be imaged with super-
resolution microscopy for the first time.

The developed tomographic STED microscopy technique was further
applied to study resorption mechanisms of OCs cultured on the bone
coating. The technique revealed actin cytoskeleton with specific
structures, comet-tails, some of which were facing upwards and some
others were facing downwards. This, in our opinion, indicated that
during bone resorption, an involvement of the actin cytoskeleton in
vesicular exocytosis and endocytosis is present.

The application of tomographic STED microscopy in bone biology
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demonstrated that 3D super-resolution techniques can provide new
insights into biological 3D nano-structures that are beyond the
diffraction-limit when the optical constraints of super-resolution
imaging are carefully taken into account.

Keyword: Stimulated emission depletion (STED) microscopy,
tomographic microscopy, axial super-resolution, osteoclast, bone
resorption
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Tiivistelma

Viitoskirja kisittelee STED super-resoluutio
kerroskuvausmikroskooppitekniikan kehittimistd, sekd sen sovellusta
luuston uusiutumisprosessin havainnoinnissa. Tekniikka kehitettiin
kaupallista STED mikroskooppia hyodyntéen.
Kerroskuvausmenetelmé perustuu nédytteen kuvaamiseen kahdesta eri
suunnasta, alta sekd  sivusta; sivundkymid  muodostettiin
mikroskooppindytteen pdille, kuvattavan kohteen yldpuolelle vinosti
asetetun pienen peilin kautta, jonka jilkeen projektiot yhdistetddn
laskennallisesti yhdeksi kerroskuvaksi. STED kerroskuvaustekniikka
mahdollisti solun sisdisten mikroputkirakenteiden havainnoinnin 70nm
pitkittdisresoluutiolla.

Pystydksemme  kuvaamaan  luuta  aktiivisesti  resorpoivia
osteoklastisoluja  korkealla optisella erottelukyvylld, kehitimme
mikroskooppilasille muodostettavan, optisesti ldpindkyvén pinnoitteen,
joka  imitoi  murtunutta  luupintaa.  Pinnoite = mahdollisti
osteoklastisolujen luun resorptioon liittyvien soluelinten kuvantamisen
2D STED mikroskooppia kédyttden 60 nm lateraaliresoluutiolla; tima
on ensimmdinen kerta kun Kkyseisid solurakenteita on pystytty
kuvaamaan super-resoluutio mikroskoopilla.

Kaytimme kehitettyd tomografista STED tekniikkaa osteoklastisolujen
resorptiomekanismin kuvantamisessa, uutta ldpindkyvéié luupinnoitetta
hyvéksikéyttden. Tomografiatekniikalla muodostetuista kuvista
voidaan ndhdd aktiini tukirakenteiden spesifisid rakenteita, jotka
meiddn mielestimme viittaavat niiden osallistumiseen vesikkeleiden
endo- ja eksosytoosiin luun resorptioprosessin aikana.
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Tomografinen STED mikroskopia, yhdistettyni uuteen
luupinnoitteeseen avaa uusia mahdollisuuksia kolmiulotteisten
nanorakenteiden havainnointiin, tutkittaessa luuston
uusiutumisprosessia.

Avainsanat: STED mikroskopia, tomografinen mikroskopia, pitkittéis
super-resoluutio, osteoklastit, luun resorptio
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1 INTRODUCTION

Far-field optical microscopy is a favored tool to study many biological
and medical research problems because, unlike near-field or electron
microscopy techniques, it provides a flexible applicability in
applications aimed at revealing details and processes in a realistic
environment. The resolution of any imaging system is defined as an
ability to distinguish two separate objects within a small distance. In
far-field light microscopy, the optical resolution is limited, due to the
diffraction of light, and was described by well-known definitions; the
Abbe criterion and Rayleigh criterion (Abbe, 1873; Rayleigh, 1903).
According to the criteria, the diffraction-limited optical resolution is
about a half of the wavelength used, and even with modern optical
systems, e.g. confocal microscopy with high numerical aperture
objective lens, any two objects closer than about 200 nm could not be
seen separately in diffraction-limited far-field optical microscopy.

Recently developed techniques, super-resolution microscopy or optical
nanoscopy, provide resolution far beyond the diffraction-limited
resolution in fluorescence microscopy. In these techniques, the
diffraction of light is no longer the primary determinant of resolution.
The first demonstrated technique among all the super-resolution
microscopy techniques is stimulated emission depletion (STED)
microscopy. In this study, the improvement of resolution in three
dimensional (3D) STED microscopy, providing diffraction-unlimited
resolution is discussed. Any other improvement is distinguished as
“resolution enhancement.” This study focuses especially on the
resolution improvement in the axial direction (z-direction) along the
optical axis of the microscope system and this is in contrast to the
lateral direction (x-y direction), which is perpendicular to the optical
axis. Optical systems providing super-resolution in lateral and axial
directions are referred to as 3D super-resolution microscopy. Different
approaches for achieving 3D super-resolution are also reviewed here.

In addition, applications of the 3D super-resolution techniques in
solving biological questions are discussed and a study on bone biology
is presented. The osteoclast (OC) is a unique cell with its abilities of
multi-nuclei cell formation and bone resorption, and it has gained
scientific interest due to its relation and importance in bone diseases.
Within osteoclast biology, studies focusing on the role that the actin
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cytoskeleton plays during bone resorption are discussed. In this study,
for further understanding of actin cytoskeleton function during OC
resorption, an application of 3D super-resolution STED microscopy
together with a newly developed OC culture method is described.
Lastly, the experimental validation and an indication of the role that
actin plays in bone resorption are discussed.



2 REVIEW OF THE LITERATURE

In the following chapters super-resolution microscopy is introduced
with an insight into studies of bone biology. The first section of the
review focuses on the super-resolution techniques. Firstly, two
dimensional (2D) optical super-resolution microscopy is introduced.
Secondly, improvements of the axial resolution in super-resolution
techniques for 3D optical super-resolution microscopy are described.

The second section describes methodologies of osteoclast (OC) optical
investigations concerning the actin cytoskeleton in relation to bone
resorption. Firstly, the basic biology of OC and the importance of the
actin cytoskeleton during bone resorption are introduced. Secondly,
osteoclast culture substrates for optical microscopy are described.
Thirdly, optical investigations into the actin cytoskeleton in OC are
discussed.

2.1 Far-field optical super-resolution
microscopy

The available resolution of an optical microscope was limited because
of the diffraction of light until the end of the 20™ century. This
limitation was overcome when the first super-resolution techniques,
namely stimulated emission depletion (STED) (Hell and Wichmann,
1994) and ground state depletion (GSD) (Hell and Kroug, 1995), were
introduced. Over the last decade, the refinement and introduction of
different super-resolution modalities has completely changed our
understanding of resolution capabilities of optical microscopes, and
currently, they provide resolution down to a few nanometers
(Wildanger et al, 2012). The resolution improvement has been
expanded to all three dimensions, and the techniques have been applied
to study 3D structures of biological specimen to provide valuable new
biological insights (Schmidt et al., 2009; Shtengel et al., 2009).

2.1.1 Optical resolution in the light microscope

Ernst Abbe was the first to derive a concise mathematical presentation
of the optical resolution and proposed that the best resolution of any
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optical system with a circular aperture is described by the formula,

_ A
=3 Na (D

where d is the optical resolution or minimal distance between two
objects to be separated, 4 is the wavelength, and NA is the numerical
aperture of the objective lens specifying the focusing angle of the
optics and the refractive index. This limit of possible best resolution in
an optical system has been considered an unbreakable barrier in light
microscopy for more than 100 years (Abbe, 1873). In widefield optical
microscopy, the resolution is explained by light diffracted at two point
objects. At least the first order diffraction maxima needs to be
collected to resolve the two objects, so a higher numerical aperture
(NA) objective lens is needed to achieve a higher resolution. This is
practically limited due to space constraint up to about pi collection
angle or NA of 1.45 with an oil immersion objective lens. In laser
scanning confocal microscopy, optical resolution can be described as
the focal volume or the product of illumination and detection spots or
point spread functions (PSF). Optical resolution increase is approached
by different methods in reducing the extent of these PSFs. The main
determinant of the size of diffraction PSF is again the numerical
aperture of an objective lens used. Here, approaches to change the
shape of PSF are discussed.

Later, a ring-shape aperture or annular pupil for resolution
improvement in an optical system was proposed (di Francia, 1952).
The concept of annular aperture was experimentally demonstrated
through microscopy (Sheppard, 1977), and the same group achieved a
full width at half maximum (FWHM) of focal spot less than 100 nm in
solid immersion setup with annular pupil aperture together with radial
polarization (Sheppard and Choudhury, 2004). However, as di Francia
explained in his work, the approach is very limited in the detection of
light, because most of the light is blocked, limiting practical
application. Further, the inherent property of this technique in
suppressing the low frequency (low detail) components within the
aperture is that all high frequency components are amplified yielding a
PSF with several side maxima laterally and a severe extension of the
PSF (worsening of resolution) in axial direction due to poor axial
confinement of the wavefront.
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However, in the axial direction, there have been several successful
ideas to overcome the NA limit of a single objective lens by coherent
use of two light paths. The resolution improvements were achieved by
4pi microscopy and its widefield counterpart implementation, I°'M
(Gustafsson et al., 1995), in which light at focus from two objective
lenses were coherent to produce interference. Standing wave
microscopy (Bailey et al., 1993) utilizes similar approach but with
standing wave excitation illumination. These techniques have
improved axial resolution, down to 100 nm or even better. However,
the enhanced resolution achieved by these techniques was based on a
coherent use of light from the objective lenses, e.g., interference of
light at an optical focus, axially reducing the focal volume, so that the
diffraction nature of the light still limited the resolution in the
techniques. Moreover, the coherent use did not affect the PSF in lateral
direction, so it provided a focal volume reduction, but the lateral
resolution remained the same.

2.1.2 Super-resolution microscopy

In mid 1990s, two groups suggested that the diffraction barrier can
theoretically be circumvented in far-field fluorescence light
microscopy. Hell et al. claimed this by reducing effective PSF in
confocal microscopy by utilizing stimulated emission (Hell and
Wichmann, 1994) or triplet states of fluorescent molecules (Hell and
Kroug, 1995) and Betzig by localizing positions of individual emitters
sequentially (Betzig, 1995). The former two concepts were
experimentally demonstrated; STED microscopy in 1999 and 2000
(Klar and Hell, 1999; Klar et al., 2000), and GSD microscopy in 2007
(Bretschneider et al., 2007). The latter concept lead to the discovery
and demonstration of photoactivated localization microscopy (PALM)
utilizing a photoactivatable fluorescent protein (Patterson and
Lippincott-Schwartz, 2002) in 2006 (Betzig et al., 2006). These
techniques were realized based on the same principle; photoswitching
fluorescent molecules between two distinct states; dark and bright or
on and off states. The molecules are switched on and off within a
diffraction-limited distance to be differentiated. The mechanism of the
photoswitching for resolution improvement is well described in (Hell,
2004) and is shown in Figure 1.
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® — o

Dark (OFF)

®
Figure 1: Photoswitching concept (modified from Hell, 2004).
Molecular states, dark and bright (a), are controlled within
diffraction-limit (b and c) such that only single or a few emitters
emit so their positions are known or solved from recorded images.
The circles represent the areas of the diffraction-limited resolution.

Stimulated Emission Depletion (STED) microscopy and the
generalized concept of RESOLFT

In STED microscopy, fluorophores in the diffraction-limited focal spot
undergo two types of emission: spontaneous emission at the center and
controlled (and saturated) stimulated emission at the outer regions of
the focal spot. The mechanisms of the two types of emissions are
described in the Figure 2.

Bright S,

Excitation
STED
Spontaneous
Emission

Dark S,

Figure 2: Jablonski diagram for STED (Adapted from
Hell, 2003). Molecules excited to S, (Bright) state are
"switched off" by STED beam to S, state (Dark) under
the STED beam and emit longer wavelength photons
than spontaneous emission photons.
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STED microscopy utilizes two laser beams in confocal microscopy:
the excitation beam and high intensity spatially modified beam, called
STED beam. The two beams are overlapped on top of each other.
Fluorescent molecules illuminated by the excitation beam are excited
to the first singlet state. After vibrational relaxation, the excited
molecules are illuminated with the STED beam and “switched oft”
through stimulated emission to the ground state (Figure 2). The
photons from stimulated emission are at the same wavelength, phase,
polarization and direction as the STED beam. The wavelength of the
STED beam is set to overlap the tail of the emission spectrum, such
that the photons have a longer wavelength compared with the majority
of spontaneous emission photons and therefore can be filtered out. By
overlaying a doughnut shape STED beam on the excitation beam,
molecules at the doughnut center are allowed spontaneous emission,
while others under the STED beam are switched off and do not emit
spontaneous photons. As shown in Figure 3 this results in a reduction
in the effective excitation volume, and thus the resolution improves
(Hell, 2009). Using the non-linear nature of saturation of the depletion,
the theoretical STED resolution is not diffraction-limited. This
stimulated emission can be exaggerated by increasing the intensity of
the STED beam and at least in the theoretical formula, STED
microscopy approaches infinite resolution. The resolution of STED
microscopy is practically limited with dye bleaching (destruction) and
optical aberrations setting the true resolution limit. The resolution in
STED microscopy can be described with the following equation
(Willig et al., 2006);

d,.= A
e ) NA(L+I/1_,) (2)

where dy.q 1s the resolution in STED microscopy, [ is the intensity of
STED beam at the focal spot, and I, is the saturation threshold
intensity at which most of the fluorophores undergo stimulated
emission.
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Figure 3 STED microscopy (Adapted from Hell, 2009). (a) A
sample is scanned with overlapping excitation (green) and STED
(red) beams. (b) In STED microscopy, molecules under STED beam
are switched off (gray), and only those at the center are allowed
spontaneous emission (orange). Thus a less number of molecules
are recorded from each pixel, and (c) molecules within the
diffraction-limited area can be still distinguished as it scans. (d) In
confocal microscopy, the excitation spot is diffraction-limited, so a

larger number of molecules is excited simultaneously.

The STED effect on microscopic scale was spectroscopically presented
(Hell, Schrader, et al., 1995) demonstrating quenching spontaneous
emission by STED beam. Later STED microscopy succeeded to show
an approx. 30 % improvement (Klar and Hell, 1999). In the latter
work, authors overlapped two Gaussian shape beams with a slight
offset. This caused a STED effect only in a part of the excitation spot
resulting in PSF reduction and resolution improvement. Later STED
microscopy with a doughnut shaped depletion beam was demonstrated
(Klar et al., 2000). The STED beam effectively switched off the
excited fluorophores at the outer part of the excitation beam, providing
better reduction in the effective PSF volume. STED was also later
demonstrated with continuous excitation and depletion lasers (Willig et
al., 2006) and later on with pulsed excitation and continuous depletion
lasers with time-gated detection (Vicidomini et al., 2011). STED has
been widely applied in biological and live animal samples (Berning et
al., 2012; Bethge et al., 2013; Klar et al., 2000; Nagerl et al., 2008;
Schneider et al., 2015; Urban et al., 2011), demonstrating a wide
applicability of the technique in biological studies.

STED microscopy utilizes a concept known as reversible saturable
optical fluorescence transitions (RESOLFT). In microscopy techniques
based on RESOLFT, two distinct states (dark and bright) and non-
linearity of fluorescent molecules are controlled within a diffraction-
limited area. The concept was described well in (Hell, 2003, 2004), but
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already utilized in earlier works (Hell and Kroug, 1995; Hell and
Wichmann, 1994). In addition to STED and GSD microscopy,
RESOLFT microscopy with switchable fluorescent proteins or
switchable organic dyes has been proposed based on RESOLFT
concept. As dark and bright states GSD utilizes first excited and triplet
states, and RESOLFT microscopy utilizes fluorescent and non-
fluorescent states of photoswitchable molecules. Both have been
demonstrated experimentally in biological samples (Bretschneider et
al., 2007; Hofmann et al., 2005), and later RESOLFT microscopy
proved its good applicability in live samples due to its low illumination
intensity and fast imaging capability (Chmyrov et al., 2013).

Localization microscopy

In localization microscopy, the on and off states are controlled
stochastically. PALM was the first demonstrated localization
microscopy technique and it worked in a widefield fluorescence
microscopy scheme using a concept of single molecule switching
(Dickson et al., 1997). In order to avoid multiple fluorescent molecules
within the diffraction-limited area, which emit photons simultaneously
such that they diffract and overlap with each other on the detector, a
single molecule within the diffraction-limited distance is switched on,
while the others are kept at an off state (Figure 4). A researcher, using
PALM and all stochastic techniques, can record the positions of these
two molecules separately, by statistically switching them on. The on-
off switching is achieved from a photoactivation property of specific
fluorescent proteins in PALM (Betzig et al., 2006). By illuminating
with a low power blue laser, a few fluorescent molecules within
illumination area are randomly activated and enabled to luminesce.
Once activation is complete, the activated molecules are luminescent
under the excitation light while the other non-activated molecules
remain dark. Thus only the emitting (activated) molecules contribute to
the camera image. Once an image is acquired, the centroids of the
molecules are precisely localized from the acquired image and each
location is recorded on a virtual (or reconstructed) image. After the
localization, the molecule is switched off by photobleaching. The cycle
is repeated until positions of all molecules within the field of view
have been recorded (Figure 4).
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Figure 4 Localization microscopy (Adapted from Hell, 2009). (1)
Only a single molecule within diffraction-limited distance (black
circle) is activated to bright state (orange) and localized, while the
other molecules are kept in dark state (gray). (2) In the next image,
another different set of molecules are activated and localized. This
is repeated n times, and a final image is reconstructed with all the
localized molecules.

The precision of the centroid localization determines the resolution of
localization techniques, and in a simple case in which shot noise is
dominant, it is described with an equation (Thompson et al., 2002):

A Xz«/_% (3)

where s is the standard deviation of the PSF, and m is the number of
detected photons from each activated fluorophore before it bleaches. It
is worth noting that m varies from one molecule to another, therefore
the localization precision also varies. To ensure a certain localization
precision, molecular events with a low number of photon emission are
often discarded. Localization microscopy has achieved a resolution
close to 20 nm in a focal plane (Bates et al., 2007). The average
number of emitted photons is, in practice, limited due to
photobleaching, such that the attainable resolution in localization is
limited in most cases.

Since the first publication of PALM, a variety of localization
techniques has been introduced. The next technique after PALM was
stochastic optical reconstruction microscopy (STORM) (Rust et al.,
2006). In STORM, the on and off states were controlled by
photoswitching of fluorophores. Unlike photoactivation in PALM, in
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STORM molecular states go from dark to bright and then go back to
dark state after spontaneous emissions. However, besides the switching
mechanism, the technical principles are nearly identical. Later, the
localization technique was realized with normal organic dyes, e.g.,
Alexa Fluor, etc. The technique called “direct STORM (dSTORM)”
utilizes, similarly to GSD, the triplet state of fluorophores. By taking
advantage of the triplet state, which has a longer lifetime, the technique
achieves the dark state enabling on-off switching (Heilemann et al.,
2008). dSTORM is often referred also as GSDIM, which stands for
Ground State Depletion followed by Individual Molecule Return
(Folling et al., 2008). To avoid the usual bleaching of triplet populated
molecules dASTORM/GSDIM is performed with a specific mounting
media (van de Linde et al., 2011; Olivier et al., 2013). In another
localization technique, Universal Point Accumulation for Imaging in
Nanoscale Topography (uPAINT), on-off switching is achieved by
random molecular binding onto a cell membrane (Giannone et al.,
2010; Sharonov and Hochstrasser, 2006). It utilizes random bindings
of diffusing fluorescent molecules in solution and fluorescence
emission is detected when the molecules are bound to a sample
surface. Since the mounting medium contains nearly an unlimited
number of fluorescent molecules, in practice, fluorescence does not
deplete completely. The technique, uPAINT, is capable of live imaging
with possible lower phototoxicity, but the imaging is limited on
membrane surfaces.

Localization microscopy is a simple approach and can be achieved
with inexpensive light sources without any scanning elements, but it
requires a camera with a fast readout and high sensitivity. On the other
hand, it does not provide direct resolution improvement, but effective
resolution improvement from stochastic imaging and post
computational processes. Because of this feature, localization
microscopy has several drawbacks. Firstly, it can create artifacts due to
imprecise or inaccurate molecular localizations. Several articles
summarized important aspects to be considered in localization
microscopy, including sources of artifacts (Deschout et al., 2014;
Endesfelder and Heilemann, 2014). Authors stressed the importance of
fitting algorithms to be used for precise localization depending on the
emitter properties. Secondly, it was pointed out that localization
accuracy of fluorescent emitters in 3D sample depends on the
orientation of transition dipole and an offset from the focal plane
(Engelhardt et al., 2011). Thirdly, in general, localization microscopy
requires a longer time for image acquisition. Imaging of podosome
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dynamics in live cells with a temporal resolution of 4 seconds was
demonstrated using localization microscopy (Cox et al., 2012).
However, compared to other super-resolution techniques like STED,
the localization technique is not currently favorable in live sample
imaging.

Structured illumination microscopy (SIM)

Another approach, called structured illumination microscopy (SIM) or
patterned excitation microscopy (PEM), achieved super-resolution in
fluorescence microscopy by modulating excitation light into a specific
pattern structure. The principle originates in an idea that Moire fringes
created by a combination of illumination pattern and sample details
appear larger in size compared with the original sample details
(Heintzmann and Cremer, 1999). By imaging with the structured
illumination, information beyond the diffraction-limited resolution is
shifted to within the diffraction-limit in a process called “aliasing”
(Shroff et al., 2008), and therefore super-resolution information is
gained. However, during the process information at a certain area that
is in this so-called k-space is lost. To compensate for the loss of
information, a set of images from the same area are acquired with
different illumination pattern. For the ease of image acquisition and
reconstruction, a striped illumination pattern with different angles is
commonly used. After acquiring a series of images, they are
transformed to Fourier space and reconstructed in k-space, then
inverse-transformed for a reconstruction. Using the SIM technique
Gustafsson demonstrated a lateral resolution of 110 nm in biological
samples (Gustafsson, 2000). In the improved version of the technique,
called saturated SIM (SSIM) that utilizes the non-linearity of
fluorescence saturation, the achievable resolution is no longer
theoretically limited. However, achieving higher resolution requires a
higher illumination intensity and a larger set of images to be acquired,
and therefore this causes significant photobleaching in many cases.
Gustafsson demonstrated a 50 nm lateral resolution, but only in non-
biological samples (Gustafsson, 2005).

SIM is relatively fast in image acquisition when compared to
localization techniques and can be implemented in a rather simple
microscopic setup. Moreover, it is not limited to any specific dye, so it
gives a wide selection in fluorescent labeling. However, SIM is also
not pure optical microscopy and requires post image processing
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through Fourier transformation, which can create artifacts in typical
noisy fluorescence images. Therefore unlike STED microscopy
demonstrated deep in tissue (Urban et al., 2011), SIM has not been
demonstrated in such scattering sample, but only in highly transparent
samples (zebrafish embryo) at the depth of 45 um (York et al., 2012).
Although a theoretical resolution of SSIM is not limited, achievable
resolution improvement is two to three times in practice, and this is
significantly worse compared to STED or localization microscopy.

2.1.3 3D super-resolution microscopy

In optical microscopy, the axial resolution is generally inferior to the
lateral resolution due to elongation in focus along optical axis. In
confocal microscopy axial resolution is described, e.g., as follows
(Corle and Kino, 1996);

0.89A

=y “

where z is the axial resolution and #» is the refractive index. This is
approximately 3 to 5 times worse than the lateral resolution, and in 2D
super-resolution techniques the mismatch becomes even greater. Using
NA of 1.45 instead of the commonly used NA of 1.4, they achieved an
axial FWHM of 330 nm in confocal two-photon excitation microscopy
(Blanca and Hell, 2002). However, due to the physical space constraint
on practical microscope setup further NA increase is a challenge and
further resolution improvement by this approach is limited.

Physical limitations of illumination and detection

One of the simplest methods for axial super-resolution beyond the
diffraction-limit is physically limiting illumination and detection in the
range of super-resolution by slicing a sample into thin sections. This
approach is used widely in electron microscopy. By sectioning a
sample into 100 nm thick slices, axial super-resolution imaging was
demonstrated (Micheva and Smith, 2007; Nanguneri et al., 2012). All
the slices were imaged and later reconstructed into a 3D stack,
generating 3D information of an original sample. In this way, the axial
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PSF of the system does not matter, because the acquired information
comes only from the thin section whose thickness is beyond the
diffraction-limit. In the thin-sectioning approach, reconstruction of
many thin slices into a single 3D image stack is a challenge because of
alignment precision. During the reconstruction, each slice is rotated,
tilted, and translated to match adjacent slices using a computer, but
there is always a possibility of misalignment. In addition, sections can
be damaged during slicing. Therefore, physical modifications of the
sample between different z-sections do not guarantee reconstruction of
original sample structure and thus can cause artifacts.

PSF reshaping

During the initial stage of localization microscopy, lateral resolution
was improved, but not axial resolution. To avoid out-of-focus light in a
widefield approach, a total internal reflection fluorescence (TIRF)
microscopy scheme was utilized (Betzig et al., 2006; Rust et al., 2006),
limiting the illumination and thus emission within the evanescent field
above a microscope coverglass. However, TIRF is a near-field
approach and imaging depth was practically limited to the bottom of
the cell in TIRF setup, which restricts the technique to 2D super-
resolution on the surface of the sample holder.

This problem was solved using astigmatism and axial super-resolution
was achieved in a localization technique (Huang et al., 2008). For this
purpose, a cylindrical lens was inserted at the back aperture of an
objective lens introducing astigmatism, such that PSFs from molecules
at different axial positions are distorted differently. By differentiating
molecular axial positions from the degree of distortion and localizing
molecular positions in virtual image, axial resolution was improved.
With the technique, authors achieved approximately 100 nm axial
resolution. Later, the localization precision was improved by
introducing a phase filter instead of a cylindrical lens, achieving
approximately 60 nm resolution in biological sample (Lee et al., 2012).
The inherent limitation of this approach is that the axial localization is
limited within the range of focal volume of the objective lens used,
which is typically 500 — 700 nm, and experimental results with larger
z-range has not been reported yet.
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Modulated light

In the first implementation of STED microscopy, the resolution was
improved in all three dimensions, achieving 3D super-resolution (Klar
et al., 2000). By introducing a pi shift, the shape of the depletion beam
yielded a lateral doughnut shape with “caps” below and above the
focal plane along optical axis. However, with this setup, the lateral
resolution improvement was not dramatic, and the resolution reached
only close to 100 nm. To improve the lateral resolution, later studies
split the depletion beam into two paths creating lateral and axial
doughnuts (Harke et al., 2008). With the combination of the two
depletion beams, authors have achieved dramatic improvements
reaching 43 nm lateral and 125 nm axial resolution. However, as
mentioned in the equation (2), the achievable spatial resolution in
STED microscopy is dependent on the depletion beam intensity in
focus. By splitting the depletion beam into two optical paths to create
the two different doughnuts, the beam intensity for a single doughnut
is decreased and therefore the resulting resolution is compromised
(Harke et al., 2008). This can be compensated by increasing the
depletion beam power, but higher power in focus could cause damage
to the samples and, in practice, can limit the achievable resolution.
Moreover, it is reported that based on computational simulations axial
doughnut is more prone to local change of refractive index in a sample
compared to lateral doughnut (Mark et al., 2015). Therefore, higher
resolution degradation of axial resolution is expected with axial
doughnut in a complex or thick sample.

Gustafsson et al. have demonstrated 3D super-resolution in SIM
scheme, where modulated illumination light created a 3D lattice-like
pattern (Gustafsson et al., 2008). The 3D-SIM has the same challenges
as the 2D SIM: acquiring higher harmonic information is limited by
the significant photobleaching and computational post-processing may
introduce artifacts in noisy images. To our knowledge, the best
experimentally shown axial resolution is 250 nm (Schermelleh et al.,
2010), which is worse than STED or localization techniques.

Two opposing objective lenses

In early 1990s, 4pi microscopy improved axial resolution in confocal
microscopy using two opposing objective lenses (Hell and Stelzer,
1992). Together with two-photon excitation, it decreased the size of
PSF in the axial direction down to 100 nm (Hénninen et al., 1995).
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This brought the axial resolution to similar or even better than lateral
resolution. A similar approach in widefield microscopy was
demonstrated using standing wave excitation (Bailey et al., 1993) and
in I'M (Gustafsson et al, 1999, 1995). Even the resolution
improvement was only in the axial direction in these techniques, they
were combined with 2D super-resolution techniques to provide super-
resolution in three dimensions.

STED microscopy was implemented in 4pi microscopy scheme to
improve axial resolution, called 4pi-STED (Dyba and Hell, 2002),
demonstrating 33 nm axial FWHM. The STED beam was modified
through a phase plate with pi-shift in the middle of the aperture,
creating not only an x-y doughnut, but also a z doughnut. Because both
the excitation and detection was done only with one objective lens but
depletion was done with two opposing objective lenses, the resolution
improvement was fully realized by the STED depletion. Later another
technique called isoSTED was published, where lateral and axial
depletion beams were utilized in a 4pi depletion-setup (Schmidt et al.,
2008). Since the two objective lenses were used for excitation,
depletion, and collection of emitted photons, focal volume reduction
was significantly improved from the first 4pi-STED publication. The
isoSTED demonstrated an isotropic PSF of 40 nm in all directions.

In one of the 3D localization microscopy techniques, called
interferometric photoactivable localization microscopy (iPALM), the
opposing lens approach has achieved an axial resolution of 15 nm with
axial interferometric detection (Shtengel et al., 2009). In this
technique, the authors set up three optical detection paths at different
phases in order to obtain signal variation depending on an axial
position of a fluorophore at photoactivation. From the signal pattern at
each three detectors, axial position is determined. This has given the
best reported axial resolution in 3D super-resolution fluorescence
techniques so far.

3D super-resolution techniques with two objective lenses provide
significant resolution improvements, yet they require complex and
sensitive systems with interferometric based illumination and
detection. Also the techniques are based on interferometry between
two optical paths from two separate objective lenses, so any refractive
index change on the optical path can distort interference at the detector.
This, again, implies a limited use of the techniques in thicker samples.
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Multi-angle view reconstruction

Imaging a sample from different angles provides a possible gain in
axial resolution. The PSF of a microscope system is elongated along
the optical axis, so changing the observation angle changes the
sharpness of an image, respectively. The idea is to utilize the superior
lateral resolution in the axial direction.

Multi-angle view microscopy has been used to gain in axial resolution.
In the technique, information from multiple views is collected and
utilized to achieve 3D isotropic resolution. Initial work in this field
simply acquired and compared multiple views (Skaer and Whytock,
1975), but later work extracted higher frequency information from
each view and combined them into a final 3D image (Shaw et al.,
1989), called a “tomogram.” This approach, widely used in medical
imaging, is called “tomography.”

To generate multiple views from a single specimen, the target is often
observed either by rotating an optical axis or physically rotating the
sample. In order to have another view without sample rotation, a
smooth reflective surface has been used as a mirror and the target is
viewed via the mirror (Figure 5 a). Several studies have shown that
micro-mirrors can be used to generate views at multiple angles
(McMahon et al., 2009; Seale et al., 2008). These techniques were
used to track dynamic movements of small particles or cells in 3D
space, and for that particular purpose, images needed to be acquired
with a low numerical aperture objective lens with a large field of view
and subsequent poor depth discrimination imposed by the low NA. A
similar approach with a NA 1.3 objective lens in widefield microscopy
was demonstrated revealing chromatin dynamics in yeasts at improved
3D resolution, yet the technique was still diffraction-limited and did
not provide super-resolution (Hajjoul et al., 2009). In the examples,
reconstruction was done by calculating the molecular coordinates from
the mirror angle and optical path length (Berglund et al., 2009, 2010).

The first demonstration of axial super-resolution with a micro-mirror
approach was published by Tang et al. (Tang et al., 2010). In this study,
authors set a mirror in their sample and the ROI was imaged from two
different angles, using a 60x NA1.2 water immersion objective lens in
an inverted microscope. The mirror served in generating a view with
an angle of either 45 or 54.7 degrees (side view) in addition to a
normal observation angle (bottom view). The system was based on
PALM and PAINT super-resolution techniques, and the bottom view
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provided super-resolution localization in an x-y plane, whereas the side
view through the mirror in a y-z plane. By combining the acquired x-y-
z coordinate information of the molecules and assigning them in a
virtual 3D image, 3D super-resolution was achieved in the final image.
Authors claimed an approximately 20 nm localization precision with a
calibration sample and sub-100 nm precision in fixed bacterial and
neuronal samples. In the setup, the authors split a field of view into
two areas, with one focusing directly to the sample (bottom view) and
another via the mirror (side view) with a longer path in the sample.
This allowed simultaneous monitoring of ROI from two angles at
focus, whereas the setup limited the field of view significantly. The
advantage in this technique is that only two views were needed to
localize molecular positions in 3D space, therefore unlike other work
(McMahon et al., 2009; Seale et al., 2008), the authors used a single
surface reflector. Because the original resolution of the system was
lateral 2D super-resolution but diffraction-limited in axial direction,
unlike other 3D super-resolution techniques with a single view (z-
doughnut, isoSTED), image recording along the optical axis does not
require higher sampling rate than conventional imaging. Therefore, it
preserves fluorescent molecules better from photobleaching.

Multiple view microscopy by physical sample rotation was first
demonstrated by Skaer et al. (Skaer and Whytock, 1975). In the work,
authors tilted their sample up to 30 degrees in either direction and
imaged with 100x NA1.25 oil immersion objective lens in differential
interference contrast microscopy. In another work, authors
demonstrated a tomographic reconstruction in widefield fluorescence
microscopy (Shaw et al., 1989). They acquired z-stack images at up to
45 degrees in each direction by tilting the sample on Drosophila
melanogaster embryo using a 63x NA1.2 water immersion objective
lens. The authors showed a reconstruction of multiple views, typically
at three different angles from widefield 3D z-stacks, resulting in axial
resolution enhancement and contrast improvement in the final
tomogram. A tilting system capable of sample rotation from 0 up to
180 degrees using a 100x NA1.3 oil immersion objective lens was
developed (Bradl et al., 1992) and later the system was further
improved for 360 degrees rotation (Bradl et al., 1994). This approach
was applied into confocal microscopy with a 3D z-stack approach,
which enhanced resolution and contrast in the final tomogram
compared to the previous widefield approaches (Bradl et al., 1996;
Cogswell et al., 1996).
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Figure 5: Tomographic microscopy (Modified from Saux et al.,
2009 and Laksameethanasan et al., 2006). (a) In 3D z-stack
tomography, a 3D z-stack is acquired from several angles. Each z-
stack acquires full spatial information of ROI at a given resolution.
(b) In micro-rotation tomography, a single slice is acquired at
multiple angles. The distance between adjacent slices increases at
the edges, therefore, more number of views are required to cover
the whole volume of the ROL

In parallel to the tomographic reconstruction with 3D z-stack
approach, micro-rotation imaging was proposed and demonstrated
(Lizundia et al., 2005). In the technique one acquires a single image at
each angle of rotation (Figure 5 b). As theoretically explained in the
work by Laksameethanasan et al., the technique requires typically
more than tens of angles to acquire full information of the target,
because the outer edges of each view has longer distances to the
adjacent views (Laksameethanasan et al., 2006). It was pointed out
that, when the rotation center is away from the geometrical center of
the target, the risk of missing information is increased (Saux et al.,
2009). This means that more views are needed in case of an inaccurate
rotation. In 3D z-stack tomography, each observation can scan an
entire area of sample (Figure 5 a). Therefore, the 3D z-stack approach
is superior to the micro-rotation approach in reducing the number of
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ViEWS.

In tomographic microscopy, acquired images at multiple angles are
combined into one final 3D tomogram. Combining multiple views is
essential to utilize all the gained high frequency information in the
final tomogram. This process requires two steps; image registration in
which multiple views are precisely aligned in 3D space, and image
fusion in which multiple views are combined into a final image with
maximum amount of possible high frequency components included. As
it was pointed out that, because of the risk for artifacts and resolution
degradation from poor registration of multiple views, especially with a
Fourier transformation based algorithm, the image registration needs to
be precise in order to gain the best possible resolution enhancement
(Sétzler and Eils, 1997). On the other hands, to utilize all the high
frequency information in the final tomogram, the fusion algorithm of
the multi-view is of high importance as well. For this purpose,
computational algorithms for image registration and fusion have been
developed. The first implementation of a multiple view reconstruction
microscopy was demonstrated by Shaw's group (Shaw et al., 1989).
Over the last few years, the improvements in reconstruction algorithms
have been reported and software for semi-automated registration and
fusion has become widely available (Remmele et al., 2011; Rubio-
Guivernau et al., 2012).

The PSF volume reduction with different number of views and
different fusion algorithms in confocal 3D z-stack tomography were
compared (Sitzler and Eils, 1997). In the work, the authors concluded
that by reconstructing a tomogram with eight views, the enhancement
of resolution and image contrast was significantly improved compared
to two or four views. Later, it was demonstrated that with only three
views isotropic PSF can be achieved both in simulation and
experiments, thus succeeding in decreasing the number of views by
improving reconstruction algorithms (Heintzmann and Cremer, 2002).
In their work, they demonstrated resolution enhancement and
significant improvements in contrast and an isotropic 3D view in
biological samples.

In comparison with the sample rotation approach, the advantage of the
multi-view approach with mirrors is that the sample does not have to
be rotated and therefore, the sample can be a routinely used
microscope coverglass with cultured cells on top. This advantage gives
more freedom in sample preparations for wider applications of the
technique.
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2.2 Optical investigation of osteoclasts and
their functions

Osteoclasts (OCs) are in charge of bone resorption and play an
essential role in bone remodeling in human metabolism through
resorbing damaged bone and releasing resorption products, such as
bone minerals like calcium and collagens, to extracellular spaces. In an
adult individual, this bone remodeling process is held in balance
because bone density remains and possible injuries are “routinely”
corrected. When this bone remodeling loses its balance, a risk of bone-
related diseases is increased. In its most severe form, excess bone
resorption leads to osteoporosis.

Bone resorption processes are not fully understood due to their
inherent complexity. It appears that only a true environment stimulates
correct OC behavior and this fact makes detailed in vitro studies
difficult (Destaing et al., 2003; Geblinger et al., 2010; Lakkakorpi et
al., 1989). Therefore, creating better functioning tools for studies of
osteoclast bone resorption mechanisms and its regularization are of
high interest.

In the following, the biology behind OC resorption with an emphasis
on the subject of this thesis, creation of better tools for OC resorption
studies, is briefly reviewed.

2.2.1 Osteoclast subcellular structures and bone
resorption

Bone resorbing OC is a polarized cell with specific subcellular
organelles and structures, such as ruftfled border (RB), sealing zone
(SZ), functional secretory domain (FSD), basolateral membrane
(Takahashi et al., 2014; Teitelbaum, 2000). OCs are often found at
indentations in the bone surface, called resorption pits (RP) (Figure 6).
RB is a complexly folded membrane structure and has been considered
as an active resorption organelle (Véddninen and Horton, 1995). OCs
resorb bone under acidic environments, and in order to create the low
pH area at RB, OCs secrete protons together with resorption associated
proteins, such as various matrix metalloproteinases, tartrate-resistant
acid phosphatase, and collagenase by exocytosis (Teitelbaum, 2000).
During OC bone resorption, SZs surround the acidic environment by
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isolating RB from the outer intracellular space (Vadindnen and Horton,
1995). Minerals and fragmented collagen, degraded from bone, are
endocytosed at RB membranes, and the endosomes are transferred to
the secretory domain of the OCs by a vesicular transcytosis mechanism
(Stenbeck, 2002). Finally the resorption products are released from the

secretory domain of OCs into extracellular space (Nesbitt and Horton,
1997; Salo et al., 1997).

Bone resorption products .

Functional
t secretory
domain

Transcytotic
vesicle
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Figure 6: Osteoclast at bone resorption (Simplified from Takahashi
et al., 2014). OC is a expressing sealing zone as an adhesion
structure, ruffled border as a resorption site, and functional
secretory domain. Protons are secreted to the resorption pit, and
resorption products are transported to extracellular spaces from
functional secretory domain via vesicular transcytosis.

2.2.2 The expected role of actin cytoskeleton in
osteoclast bone resorption

The actin cytoskeleton is found in most eukaryotic cells and it plays an
essential role in cellular dynamics, e.g., cell motility. Actin filaments
(f-actin) are helical polymers with two strands consisted of the protein
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actin. F-actin can exist as a single filament, in bundles, or in networks.
F-actin has distinct plus and minus ends, and actin monomers bind to
the plus end to extend filaments, while the filaments disassemble from
the minus end to retract. The polymerization of actin is reversible, and
this provides assembly and disassembly of f-actin to generate rapid
cytoskeletal rearrangements in cellular dynamics (Dominguez and
Holmes, 2011). At leading edges of cells, plasma membranes are often
protruded and these dynamic morphological changes are driven by
actin extension/polymerization. One of actin-binding proteins, myosin
IT is known as a motor protein along f-actin to support the protrusion
during the cell motility (Vicente-Manzanares et al., 2009).

F-actin can form a variety of structures, such as branches, curved
meshes, assembled bundles, loosely-packed or tightly-packed parallel
bundles, and the formation of these structures are regulated by a
variety of actin-binding proteins, such as the Arp complex, filamin,
fimbrin, profilin, and a-actinin (Small et al., 2002). Actin is also
known for force generation as it polymerizes and branches (Theriot,
2000), not only in muscles but in other biological functions, and the
generated force is expected to be involved in cellular functions, such as
exocytosis, endocytosis, podosome (PD) formation, and phagocytosis.
During a type of endocytosis event, clathrin-mediated endocytosis
(CME), f-actin may play a key role by force generation during
membrane invagination, scission of budding endosomal vesicles, and
following transportation of the vesicles away from the membrane
(Collins et al., 2011; Mooren et al., 2012; Rust and Maritzen, 2015;
Smythe and Ayscough, 2006) (Figure 7). During these events,
branching of f-actin forms specific bundles with thicker heads called
comet-tail structures that hold clathrin-coated structures (Cameron et
al., 2001; Svitkina, 2013) (Figure 7 b).
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Figure 7: Clathrin-mediated endocytosis (CME) (Simplified from
Collins et al, 2011). (a) Clathrin forms an invagination of
membrane. Branching f-actin generates force and helps to close the
invagination and dynamin completes the vesicle formation with
scission. (a, b) The branching f-actin, known as comet-tail, pushes
the membrane and vesicles during and after endocytosis.

OC is known for expressing different actin morphologies; a podosome
which is a cluster of an actin spot and mostly found on non-bone
substrates (Marchisio et al., 1984); sealing zones (SZ) which is a thick
f-actin ring; and actin patch (AP) or cloud of f-actin whose function is
unknown (Luxenburg et al., 2007; McMichael et al., 2010; Szewczyk
etal., 2013).

Podosomes are subcellular structures with dense cores of f-actin
surrounded by adaptor proteins and focal adhesion proteins (Figure 8),
well described in (van den Dries et al., 2013), and they can be found in
OCs but also in other cells, e.g., macrophages or dendritic cells. The
adaptor proteins include vinculin, talin, and paxillin, and the focal
adhesion proteins include a variety of integrins. These proteins form a
ring-shape around the actin cores. PDs are known as adhesion
machinery of cells with highly dynamic structures (Destaing et al.,
2003; Luxenburg et al., 2012) and form protrusions at plasma
membranes in dendritic cells (Gawden-Bone et al., 2010). It was
proposed that PDs work as sensors to probe and sense the extracellular
environment (van den Dries et al., 2014).

OCs express PDs mainly on non-bone related substrates, such as glass
and plastics and they often form a dense ring of PDs called PD belts or
PD rings (Pfaff and Jurdic, 2001). Electron micrographs have shown
that PDs have interconnecting f-actin networks between individual
cores (Luxenburg 2007) and each filament extends in radial fashion
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from the core (Akisaka and Yoshida, 2015). PD-like structures are also
found on bone-related substrates (Akisaka and Yoshida, 2015). A
switch of SZ to PD belts in live OCs on a bone-mimicking substrate
was experimentally shown and it was suggested that PDs are organized
into SZ (Saltel et al., 2004), however, the direct transformation has not
been demonstrated yet. OC bone resorption is reduced when an
adhesion protein, aVP3 integrin, in PDs is inhibited and it is suggested
that the integrin-dependent signaling is needed for OC bone resorption
(Duong and Rodan, 1999; Novack and Faccio, 2011).

SZ mostly appears as a continuous thick ring of f-actin in fluorescence
microscopy with a typical ring width of 5 um and it is often used as a
marker for sites of bone resorption in OCs. In electron microscopy, SZ
appears as assemblies of dense actin networks, sometimes with PD-
like actin clusters (Akisaka and Yoshida, 2015; Luxenburg et al.,
2007). Although, SZ was introduced as an adhesion structure to bone
(Vaananen and Horton, 1995) and is widely accepted, the mechanisms
of its formation and adhesion at molecular level are not fully known.
For example, complete f-actin colocalization with dynamin in confocal
images was demonstrated (Bruzzaniti et al., 2005). The suggested role
of dynamin is to regulate clathrin-coated pits maturation and vesicle
formation during clathrin-mediated endocytosis (CME) (Mettlen et al.,
2009), and these have not been explained well in relation with the
suggested SZ function.

At RB, active exocytosis and endocytosis are expected to secrete
proton pumps such as V-ATPase (Stenbeck, 2002) and bone degrading
enzymes and to remove resorption products, respectively (Véddnanen
and Horton, 1995). Past studies suggested massive vesicular
transcytosis at RB (Nesbitt and Horton, 1997; Palokangas et al., 1997,
Salo et al., 1997), and recent studies suggested that CME is present
(Akisaka and Yoshida, 2015; Akisaka et al., 2006; Mulari et al., 2003).

On the inside of SZ, where RB is expected, f-actin structures, such as
APs (McMichael et al., 2010) and clouds (Szewczyk et al., 2013) have
been found. A variety of proteins have been localized at such
resorption sites, such as integrin B3 (Mulari et al., 2003), V-ATPase
(Szewczyk et al., 2013), clathrin (Akisaka and Yoshida, 2015; Akisaka
et al., 2006; Mulari et al., 2003), and dynamin (Mulari et al., 2003) as
resorption associated proteins, and the Arp complex for branching
actin formation (Irene Rita and Maragos Hurst, 2006). Clathrin is a key
protein in CME, which forms membrane invaginations for vesicle
generations (Kaksonen et al., 2006), and dynamin has been suggested,
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in association with membrane invagination and scission (pinching) of
the budding vesicles, to complete endocytosis events (Mettlen et al.,
2009) (Figure 7). The presence of these proteins with the Arp complex
strongly indicates f-actin association with the proteins during CME
events at RB, and therefore, visualization of f-actin structures in detail
within AP at RB is desired for indications of the involvement of f-actin
in the endocytosis mechanism.
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Figure 8: Podosome structure (Simplified from van den Dries et al.,
2013). Podosomes consist of an f-actin core and adaptor proteins,
e.g., talin, paxillin, and vinculin. The integrins are connected to the
actin core via adopter proteins and protruded through the cellular
membrane to sense its extracellular environment.

2.2.3 Osteoclast culture substrates for
microscopic investigation

Early studies of OC in vitro were mainly conducted on glass
(Marchisio et al., 1984) and bone (Chambers et al., 1984). OC
morphology and behavior cultured on bone substrates differ from those
cultured on glass, and OC expresses PDs on glass, but on bone it
expresses SZ and RB (Bruzzaniti et al., 2005; Destaing et al., 2003;
Luxenburg et al., 2007; Stenbeck and Horton, 2004). Therefore, it is
highly desired to study bone resorption mechanisms on the bone
surface. To study natural bone resorption of OC on bone, researchers
have investigated the cells on thin slices of bone, dentin, or ivory using
fluorescence confocal microscopy. However, due to the optical
properties of bone, high scattering and autofluorescence, optical
investigation of OC on bone has remained challenging. Even with
relatively modern systems, actin bundles were not resolved in SZ and
PD rings were barely distinguished from SZ due to the degradation of
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the optical resolution (Szewczyk et al., 2013).

Alternatively, researchers have developed bone mimicking substrates
with better optical properties, higher transparency and minimal
autofluorescence. ~ The  coatings were calcium  carbonate,
hydroxyapatite, apatite-collagen complex, vitronectin, titanium, and
calcite crystals (Brinkmann et al., 2012; Fuller et al., 2010; Geblinger
et al., 2010; Redey et al., 1999; Shibutani et al., 2000). However,
among studies on bone mimicking substrates, there are contradicting
results. It was shown that mineralized coating promotes SZ formation,
but not on a collagen substrate suggesting that OC recognition of
minerals promotes bone resorption (Saltel et al., 2004). On the other
hand, another study suggested that instead of minerals, vitronectin
activates OC bone resorption (Fuller et al., 2010). These studies
indicate strongly that OC research on bone is necessary and essential
for the understanding of bone resorption mechanisms. Therefore,
development of an osteoclast culture environment that facilitates both
natural OC resorption and high-resolution optical imaging is desired.

2.2 4 Investigation of osteoclast actin cytoskeleton
by optical microscopy

Electron microscopy provides ultra-high spatial resolution and good
contrast on membrane structures in biological samples. Using electron
microscopy in osteoclast studies, researchers resolved complex
membrane structures in RBs at bone resorption pits and hypothesized
that RB is the actual resorptive apparatus (Salo et al., 1997; Stenbeck,
2002). However, in electron microscopy, visualization of 3D actin
structures together with associated proteins is difficult especially with
an appropriate field of view. In addition, electron microscopy is mainly
used for fixed samples, and imaging dynamics in live samples is a
challenge. Fluorescence microscopy has provided many biological
insights in bone biology. For example, Salo et al. visualized subcellular
transcytosis routes of resorption products (Salo et al., 1997), Mulari et
al. found subdomains of RB (Mulari et al., 2003), and Saltel et al.
demonstrated dynamics of SZ on apatite collagen surfaces (Saltel et
al., 2004). However, because the resolution in those studies were
limited by the diffraction of light, available spatial information from
fluorescence microscopy was limited.

Some studies showed AP (actin cloud) structures inside of SZ, and
from the confocal axial view, the presence of f-actin was confirmed at
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the bone surface (McMichael et al., 2010; Szewczyk et al., 2013). The
authors claimed that the AP was associated with vesicular transcytosis
at RB. However, due to the limited optical resolution the detailed
structure of filamentous actin within the APs were not visible.
Moreover, as bone resorption extends in 3D, axial localization of actin
cytoskeleton at resorption site is as important as lateral extent.
However, due to inferior axial resolution, their data barely showed
relative axial position of the AP to SZ, but not axial details.

Nowadays, super-resolution fluorescence microscopy is widely used in
biological studies. It was demonstrated that two-color STED
microscopy partly uncovered the structure of podosome protein
complex by analyzing vinculin binding angles around podosomes at
the resolution beyond the diffraction-limit (Walde et al., 2014).
However, the STED system provided super-resolution only in two
dimensions, therefore, axial information in the study was limited. In
comparison, iPALM have visualized protein assemblies of focal
adhesion complexes at 3D super-resolution (Kanchanawong et al.,
2010) revealing axial distribution differences among the proteins.
From the acquired images, the group suggested axial protein
localization in the focal adhesion protein complex. The study
demonstrated a potential of 3D super-resolution microscopy in
biological studies. However, iPALM utilized two opposing objective
lenses and it implies a challenge in imaging biological samples on
specific substrates.

As mentioned before, the actin cytoskeleton is assumed to be involved
in transcytosis during bone resorption, and revealing nano-structures of
actin filaments at AP as RB would provide more information to
support the hypothesis of the f-actin involvement in the vesicular
transcytosis. This promotes an application of the 3D super-resolution
technique at the bone resorption site of OC.
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3 AIMS OF THE STUDY

The aim of this doctoral study was to realize 3D super-resolution
optical tomography utilizing a commercially available Leica TCS
STED (SP5) microscope (I) on a newly developed, super-resolution
compatible, bone-mimicking substrate (II) in a study of osteoclast bone
resorption (III).

The Leica commercial STED microscope enables optical super-
resolution, which is beyond the diffraction-limited resolution, but only
in two dimensions. By employing tomographic STED microscopy, we
have extended the 2D super-resolution system into 3D super-resolution
and investigated axial details of cellular structures at 3D super-
resolution (I).

Osteoclasts develop resorption machinery at a ruffled border (RB) on
the bone surface, and the actin cytoskeleton is expected to be involved
as a key player in this process. Due to the challenging optical property
of bone, the details of actin cytoskeleton in OC in a natural
environment have not been revealed optically before. To facilitate
super-resolution imaging of natural-like bone resorption, a bone
powder coating method on a microscope coverglass was developed.
Super-resolution imaging of the bone resorbing osteoclast was
demonstrated for the first time on a newly developed substrate (I1).

In order to investigate the 3D nano-structures of f-actin at bone
resorption site with fluorescence microscopy, the above-mentioned 3D
super-resolution tomographic STED technique was applied at the site
of bone resorption on the bone coated substrate (III).

In brief, aims of this study are:

1. Improving axial resolution of a commercially available STED
microscope by tomographic microscopy, enabling 3D super-
resolution STED microscopy (I).

2. Developing a bone powder coating method to facilitate super-
resolution optical investigation of osteoclast cultured on bone
surface (II).

3. Visualizing and analyzing actin cytoskeletal nano-structures at
3D super-resolution at the site of bone resorption, in order to
provide an indication about the role that the actin cytoskeleton
plays during bone resorption (III).






35

4 MATERIALS AND METHODS

This chapter summarizes materials and methods employed in this
study. For more details, original publications should be referred (I -
II1).

4.1 Sample preparation
4.1.1 Fluorescent nanoparticles

As a point source calibration sample for tomographic STED
microscopy, fluorescent nanoparticles (LifeTechnologies FluoSphere,
0.02 pm, Crimson Fluorescent) were used. For creating 3D
distributions, the particles were deposited on fixed HeLa cells cultured
on a microscope coverglass and mounted in 99 % 2,2'-Thiodiethanol
(TDE) following a protocol by Staudt et al. (Staudt et al., 2007).

4.1.2 Bone coating and osteoclast cell culture

Cortical human bones from three different donors were mechanically
pre-ground to produce millimeter scale powder. The pre-processed
bone was further milled in an ethanol suspension with a planetary ball
mill (Fritsch Pulverisette 6, Idar-Oberstein, Germany) to reach a
particle size of 10-1000 nm to produce a smooth coating.
Sedimentation was used to isolate bone particles in the range of 10-200
nm for coating. The milling balls used were 2 mm diameter ZrO»
particles from Retch (Haan, Germany). After milling, the bone particle
suspension was allowed to sediment for 2 hours. After the first
sedimentation step, the supernatant was taken out and allowed to
sediment for 16 hours. Only the fraction of particles remaining in
suspension was used for the coating step.

For bone coating on a microscope coverglass, a cleaned coverglass was
coated with poly-L-lysine by incubating in 0.01 % poly-L-lysine
solution (Sigma-Aldrich Corporation, St. Louis, USA, P1524)
overnight. Then, the coverglasses were coated with bone particles in
buffer with 10 mM PO4, 0.025 % (w/v) Triton X-100, and 0.05 %
(w/v) BSA. Finally the bone coating was fixed with 4 %
paraformaldehyde (PFA) for 20 minutes, washed with water, and
stored at 4°C.

In this study, two types of OC cultures were utilized: OC cultures were
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established from human peripheral blood, and secondly, from human
bone marrow-derived CD34+ stem cells (Lonza, Walkersville, USA).
Blood-derived human OC cultures from peripheral blood of healthy
volunteers were performed as previously described (Heervd et al.,
2010). Briefly, the monocyte fraction was isolated with Ficoll gradient
centrifugation according to the manufacturer’s protocol. Then cells
were seeded to coverslips and differentiated to multinuclear OCs in the
presence of medium containing alphaMEM (GIBGO, Grand Island,
NY, 41061-029), 10 % iFBS (GIBCO, Grand Island, NY, 16000-044),
10mM  HEPES (Sigma-Aldrich, HO0887), 1:100 penicillin-
streptomycin, RANKL (20 ng/ml, Peprotech, Rocky Hill, NJ, 310-01)
and M-CSF (10 ng/ml, R&D systems, Minneapolis, MN) for 8-10
days. Half of the medium was changed fresh after 3 to 4 days in order
to preserve auto- and paracrine signaling molecules. Human bone
marrow-derived CD34+ stem cells were suspended in culture medium
and allowed to attach to the glass, bone slice, or functionalized glass
surfaces. The culture medium (containing 10 % FBS, OCP BulletKit®
Lonza, Walkersville, USA) was supplemented with 33 ng/ml M-CSF
and 66 ng/ml RANK-ligand (OCP BulletKit® Lonza, Walkersville,
USA). After completion of osteoclast differentiation at day 7, all
culture medium was removed and fresh medium was added into the
wells. The mature osteoclasts were cultured for an additional 3 days,
allowing them to resorb bone.

4.1.3 HelLa cell and osteoclast immunostaining

To demonstrate tomographic STED microscopy in a biological sample,
HeLa cells, cultured on microscope coverglass, were labeled with
fluorescent molecules for microtubules. HeLa cells were fixed with 4
% PFA for 20 min, permeabilized with 0.2 % Triton X-100 for 20 min,
blocked with 5 % BSA and 0.1 % Triton X-100 for 45 min, treated
with primary anti-o-tubulin antibody (Sigma-Aldrich Close AA13, lot
120M4771) at 1:100 dilution in 1 % BSA with 0.1 % Triton X-100 for
1 hour, and treated with secondary anti-mouse antibody conjugated
with Atto647N (ATTO-TEC, Germany) at 1:100 dilution in the same
solution for 1 hour. Finally cells were mounted in TDE for
tomographic STED microscopy following a protocol by Staudt et al.
(Staudt et al., 2007). All the incubations were conducted at room
temperature.

For imaging bone resorbing OCs, cells cultured on bone coated
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coverglass were labeled with one of the following primary antibodies:
anti-dynamin antibody (BD Biosciences, Clone 41/Dynamin catalog
No. 610245), rabbit anti-arp2 antibody (abcam, ab47654), or rabbit
anti-V-ATPase antibody (Santa Cruz Biotechnology, sc28801)
followed by corresponding anti-mouse or anti-rabbit antibodies
conjugated with Alexa Fluor 488 (LifeTechnologies, U.S.A.) and
phalloidin conjugated with Star635 for f-actin (Abberior, Germany).
Cells were mounted in water.

For imaging bone resorbing OCs with tomographic STED microscopy,
cells cultured on bone coated coverglass were labeled for f-actin
following the above mentioned protocol but with primary anti-f-actin
antibody (Bioss, bs-1571R) at 1:100 dilution and secondary anti-
mouse antibody conjugated with Star635P (Abberior, Germany) at
1:100 dilution. Cells were mounted in TDE following a protocol by
Staudt et al. (Staudt et al., 2007).

4.2 Instrumental setup
4.2.1 Microscopic settings

For imaging the calibration nanoparticles, an excitation wavelength of
635 nm and a depletion wavelength of 735 nm were used, and the
fluorescence signal was detected with an avalanche photo diode (APD)
using a detection bandwidth of 665 — 705 nm. For imaging a-tubulin
stained HeLa cells with Atto647N, the same excitation laser and
detection bandwidth were used as the calibration sample, but the
depletion wavelength was changed to 770 nm. For imaging OCs on a
bone surface labeled with Star635P, an excitation wavelength of 635
nm and depletion wavelength of 760 nm were used and the emitted
fluorescence was detected with an APD a detection bandwidth of 665 —
705 nm. Exceptionally, the depletion wavelength was set to 735 nm in
case of tomographic STED microscopy on a bone surface in order to
gain better depletion efficiency with lower power. Alexa Fluor 488 was
excited at 488 nm and fluorescence was detected with a
photomultiplier tube (PMT) using a detection bandwidth of 500 — 560
nm. To visualize topography of the bone surface, a reflection light
from 476 nm was detected with PMT at a detection band of 460 — 475
nm. Image pixel size was set to 20 — 25 nm, satisfying Nyquist
criterion for the microscope used, and a line scan speed of 700 Hz with
line averaging of 8 or 16 were used. Z-stack images were acquired



38

with a step size of 250 nm.

4.2.2 Tomographic STED microscopy

For tomographic STED microscopy of the fluorescent nanoparticles
and HeLa cells labeled for a-tubulin, atomic force microscope (AFM,
Agilent 5500 SPM, Agilent Technologies, USA) was coupled to the
STED microscope. A commercially available gold-coated AFM chip
with the cantilever removed (CSC17 Cr-Au and NSC35 tipless Cr-Au,
Innovative Solutions Bulgariz, MikroMasch) was attached to the AFM
with an angle spacer and was used as a micro-mirror (see Figure 9).
The chip itself was used for the purpose since it formed a high quality
mirror surface. The mirror was manually set to a horizontal angle
between 20 and 30 degrees, and the angle was determined from the
acquired images during image processing. After mounting a sample,
the micro-mirror was positioned close to a ROI using the AFM
(Publication I). As a further simplified development, a custom-built
manual x-y-z translational stage was used as a micro-positioner with a
custom mirror for imaging of the osteoclasts on bone coating surfaces
(Publication III). The angle of the mirror on the manually operated
holder was determined similarly to the AFM mounted mirror from the
acquired images. The coated mirrors for the simplified setup were
provided by Dr. Pdadkkonen in Prof. Honkanen's group, UEF, Finland.

4.3 The protocol for tomographic STED
microscopy

For tomographic STED microscopy, a sample was imaged at two
different angles: one taken from below (bottom view) and another
taken via a mirror (side view) (Figure 9). The bottom view was
acquired with normal imaging, and the side view was acquired by
focusing deeper via the mirror to the same ROI. The observation angle
was dependent on the manually positioned mirror angle, which was
horizontal angle between 20 to 30 degrees. The re-focusing took
between a few tens of second to a minute for finding a mirror in a field
of view in the reflection channel and focusing deeper for 15 - 40 um.
In typical setting and samples, the bottom view required 10 to 20 slices
and the side view 20 to 40 slices. Due to the flat proportions of cells,
the side view required usually more slices.
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The acquired two 3D stacks, from the bottom view and side view, were
reconstructed with either manual or computational registration into a
3D tomogram containing super-resolution in all three dimensions. The
reconstruction with computational registration was done by a custom-
written software by Koho et al. and detailed parameters and settings
can be found in the work (Koho et al., 2015).
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Figure 9: Tomographic STED microscopy setup. The same region
in a sample is imaged at two different angles. The bottom view is
acquired from normal imaging and side view is acquired via a
mirror placed on top of the sample. The mirror was attached to the
AFM and its angle was adjusted with an angle spacer. The arrows
represent the resolution in each of the views. In the side view, axial
resolution depends on the mirror horizontal angle, 6. (Modified

from Publication 1)
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5 RESULTS AND DISCUSSION

We have realized 3D super-resolution tomographic STED microscopy
on a commercially available 2D super-resolution Leica STED
microscope (I). To facilitate super-resolution imaging of osteoclasts
(OC) on a bone surface, a bone coating method on microscope
coverglass was developed (II). These two techniques were applied
together to visualize nano-structures of actin cytoskeleton at 3D super-
resolution at a bone resorption site within OC (III).

5.1 Tomographic STED microscopy ()

Tomographic STED microscopy was first demonstrated on fluorescent
nanoparticles and microtubule-stained HeLa cells (I).

Firstly, 20 nm fluorescent nanoparticles deposited on cell surfaces
were imaged using tomographic STED microscopy. For acquiring a
view from the side of the target, a commercial gold-coated AFM chip
was set close to a ROI. Because the chip itself had a larger area and
higher quality surface than the cantilever, the cantilever was removed
and the chip surface itself was used as a mirror. The ROI was imaged
from two angles, one from below (bottom view) and another via the
mirror (side view). In this setup, with a mirror horizontal angle of 30
degrees, the side view created approximately 60 degrees in relation to
the bottom view. As shown in Figure 9, the axial resolution depends on
the horizontal mirror angle. Z-stack images were acquired from the
two views, manually registered in 3D space, and fused into a single 3D
tomogram. The fusion process was based on logical AND operation in
which only colocalizing pixels between the two views were taken into
the tomogram. The system was capable of resolving two separate
nanoparticles 75 nm apart in the bottom view (Figure 10 b and c) and
85 nm in the side view (Figure 10 d and e), demonstrating super-
resolution in both views. In the final tomogram, the system resolved
two nanoparticles that were 90 nm apart along z-axis, which
successfully demonstrated 3D super-resolution (Figure 10 g and h).
Compared to the previous studies (Heintzmann and Cremer, 2002), we
have succeeded obtaining nearly isotropic resolution in tomographic
microscopy only with two views.
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Figure 10: Tomographic STED microscopy on nanoparticles. Bottom view
image shows two closely located nanoparticles were resolved (a, b). (c)
Intensity line profile taken at arrows in (b) showed two separate peaks, which
were 75 nm apart. (d) Side view shows one nanoparticle separated from a
large cluster of nanoparticles. (e) Intensity line profile taken at arrows in (d)
showed two separate peaks, which were 85 nm apart. (f) Y-Z cross sectional
image from two registered and overlaid stacks, where bottom view in red and
side view in green. (g) The extracted overlap volume from (f) showing a
nanoparticle axially separated from a large cluster of nanoparticles. (h) The
axial intensity profile of tomogram (black dots) taken at the orange arrows in
(). Clearly two peaks are separated with a distance of 90 nm. (i) In the
corresponding axial intensity profile of bottom view Gaussian fit curve (red
line) showed only a single peak with FWHM of 820 nm. Scale bar 500 nm in
(@), 300 nm in (d) and (f). (I)
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Secondly, HeLa cells labeled for microtubules were imaged with the
tomographic STED microscopy to demonstrate the applicability of the
technique in biological samples (Figure 11 a). With a horizontal mirror
angle of approximately 23 degrees, the system revealed axial details
that were beyond the diffraction-limited resolution. Statistical analysis
of axial FWHM of microtubules in raw data was approximately 73 nm

in the side view, and it demonstrated axial super-resolution (Figure 11
b and d).
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Figure 11: STED microscopy side view on Hela cells. (a)
Orthogonal views of microtubules are shown. (b) Enlarged side
view image in Y-Z plane (square in a) shows PSF tilted at
approximately 45 degrees with rich axial details. (d) Intensity line
profile from (arrows in b) shows two peaks 80 nm distant were
resolved (vellow shade). (c) Similar Y-Z image from normal bottom
view shows PSF elongated in axial direction. (e) Intensity line
profile from (arrows in c) shows two peaks 500 nm distant were
resolved. Note that image (c) is not from image (a), but from
similar location in a corresponding normal STED image. (1)

In our system, the achieved axial resolution was worse than the
approaches with two objective lenses, such as iSoOSTED and iPALM
(Schmidt et al., 2008; Shtengel et al., 2009). However, when compared
to the axial resolution reported with single objective lens systems
(Harke et al., 2008; Huang et al., 2008; Schermelleh et al., 2010), the
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tomographic STED achieved better axial resolution.

As explained in Figure 9, axial resolution in side view depends on the
mirror angle. Theoretically, the mirror angle of horizontal 45 degrees
creates the side view perpendicular to the bottom view and will
provide the best axial resolution in tomographic STED microscopy.
However, a comparison of the resolution at the side view (85 nm) and
the final tomogram (90 nm) on nanoparticle data did not show a
significant resolution decline. With a mirror angle of 54.7 degrees
instead of 45 degrees, Tang el al. achieved similar z-resolution to x-y
resolution (Tang et al., 2010). Therefore, we hypothesized that the
axial resolution degradation at the mirror angles used in our studies,
which were smaller than 45 degree, is not significant because the
elongation of the STED PSF is about one order of magnitude in
comparison to the lateral size of the PSF. Importantly the equation for
the axial resolution in side view (Figure 9) goes to infinite when the
theta reaches zero degree. However, in our system, the theta was kept
much greater than zero due to space constraint.

Another aspect of the mirror angle is its relation to the number of z-
stack slices. A higher number of z-stack slices is needed as the mirror
angle approaches to 45 degrees due to the flat proportion of the cells
(Figure 5 a). And, at 45 degrees, imaging the sample surface with the
side view becomes a challenge, because the optical path becomes
parallel to the sample surface. Therefore, in our work, a smaller mirror
angle was used.

Due to a lack of computational registration, the alignment of two 3D
stacks with complex microtubule structures at high precision was not
possible for the first publication. As a result (I), only the data from
fluorescent nanoparticles was reconstructed into a final tomogram.
However, a computational registration and fusion on the HeLa cell

microtubule data was demonstrated in a recently published article
(Koho et al., 2015).

5.2 Bone powder coating and super-resolution
STED microscopy on osteoclasts (ll)

5.2.1 Technical achievement

The developed bone coating method was applied to microscope
coverglass and was evaluated for super-resolution optical imaging (II).
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The bone coated coverglass was found to be semi-transparent (Figure
12 a), and from the x-z confocal reflection image, the coating was
confirmed to be smooth and thin with approximately 7 um thickness
(Figure 12 b).

Figure 12: Bone coating on coverglass. Bone powder coating on
microscope coverglass (a), and its cross-sectional reflection image
(b) showing semi-transparent, smooth and thin bone layer. Scale
bar 10 um in (b). (1I)

2D super-resolution fluorescence microscopy was demonstrated on a
bone coated microscope coverglass (II). OC cultured on bone coating
was labeled for f-actin with phalloidin-Star635P and imaged by STED
microscopy. With the system, we measured a FWHM of 60 nm at a
small actin structure (in raw data without any post-image processing),
and this indicated that the system resolution is approximately 60 nm
(Figure 13 d and e). Compared with the best resolution of the system
on a calibration sample, which is approximately 55 nm, the resolution
degradation from bone coating was small. F-actin bundles 140 nm
apart were clearly resolved in the same image (Figure 13 e). In the
confocal image, neither detailed filamentous actin structures nor the
two peaks were resolved (Figure 13 a and e), and this demonstrates the
optical resolution improvement by STED microscopy on the bone
coating. A similar comparison was conducted on a bone slice, and
STED microscopy did not show a good resolution improvement
compared to the corresponding confocal image (Figure 13 f and g).
These results demonstrate that bone coating improves the optical
property of the substrate, generating less scattering and
autofluorescence, and facilitates super-resolution microscopy, in
comparison with the traditionally used bone slices.
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Figure 13: STED microscopy images of OC on bone coated
coverglasses. A small area of a sealing zone (f-actin) by confocal
(a), STED (b), and STED with deconvolution (c, STED+) are
shown. (d) shows an inset from (c) demonstrating detailed f-actin
network structures. (e) shows an intensity line profile from (d at
line), in which a small actin feature with FWHM of 60 nm and
adjacent peak with 140 nm distance are resolved by STED
microscopy, while corresponding confocal data only shows a single
peak. (f) is the confocal and (g) the STED images of a small f-actin
ring on a bone slice showing a very limited resolution improvement.
Scale bar I um in (c) and (g). (Il and unpublished data)

A high power STED beam (approximately 45 mW) was focused on the
sample in a viscous mounting medium and caused sample damage
from local heat generation. Considering that successful STED
microscopy with 120 mW depletion laser power at focus has been
reported (Vicidomini et al., 2014), the damage was caused because of
the bone coating. However, we found that as a mounting medium,
water served as a good heat exchanging component. This allowed, with
maximum STED beam power, best available resolution and
preservation of the sample.
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Even with the expected resolution degradation from optical aberrations
caused by the refractive index mismatch at the interfaces between
coverglass and bone and bone and water (Gould et al., 2012), we did
not experience drastic resolution degradation. This was assumed
because firstly, the interesting events in OCs were on the bone surface
and optical path in water was relatively short, and secondly, the smooth
and thin bone layer (Figure 12 a, b) provided minimal distortion on the
wavefront of excitation and depletion beams.

5.2.2 Biological achievement

To evaluate OC activities on bone coating, bone surface topography as
well as OC f-actin structures were studied (II). On the coating, two
types of OCs were cultured for 10 days and prepared for fluorescence
microscopy. The sample with bone marrow-derived OCs showed a
number of holes on the bone coating surface in reflection channel, as
RPs (Figure 14 a). In f-actin channel, a large actin ring as SZ was
observed (Figure 14 b). In merged channel, the SZ was confirmed
surrounding one of the RPs (Figure 14 c). In the sample with blood-
derived OCs, we again observed many RPs (Figure 14 d). In the f-actin
channel, APs as RBs and small actin rings (SARs) were observed
(Figure 14 e). In the merged channel, the actin signals were often
colocalized with the RPs (Figure 14 f). Unlike similar studies
conducted on bone slices (Szewczyk et al., 2013), f-actin bundles were
clearly visualized in the acquired images demonstrating a good optical
property of bone coating.

According to past studies (Chambers et al., 1984; Palokangas et al.,
1997), those holes as RPs found with SZ and APs as RBs on bone
surface (Figure 14 c and f) suggest strongly bone resorption by OCs.
To further confirm OC resorption with direct evidence, c-terminal
cross-linking telopeptides of type I collagen (CTX) were analyzed in
the culture medium after 10 days of cell culture (data not shown)
according to the protocol in (Heervd et al., 2010). The analysis
confirmed a higher concentration of CTX in the cultured medium with
OCs on bone coating, while very low concentration on bone coating
without OCs. This result confirmed the presence of OC active bone
resorption on the bone coating.
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Figure 14: OC bone resorption on bone coated coverglass. (a-c)
Within a sample with bone marrow-derived OCs, a number of RPs
were found in reflection channel (a) with a sealing zone in
fluorescence channel(b), which surrounded one of the RPs (c). (d-f)
Blood-derived cells prepared with same protocol also showed RPs
(d) with APs as RBs and small actin rings (e). Some of the APs were
found colocalized with RPs. Scale bar 20 um in (c) and (f). (1I)

STED microscopy applied on SZ (Figure 15 a-f) and AP revealed
(Figure 15 g-m) finer detailed filamentous network of dense actin
(Figure 15 e, h) compared with confocal images (Figure 15 d, g).
Especially in AP, the filaments were found forming bright puncta or
ring-like shapes (Figure 15 h, 1). A closer look of those structures
showed intense f-actin with different degrees of connecting filament
networks with varying sizes of around 100 nm (Figure 15 j-m).

Based on a study by electron microscopy (Collins et al., 2011), those
structures of circular shaped f-actin may indicate the presence of
vesicles surrounded by actin filaments for endocytosis, at which f-actin
may form comet-tails and can generate forces to support budding
endosomes for scission and further transportation. To the best of our
knowledge this was the first time that the circular shaped f-actin
structures were visualized in bone resorbing OC. The indication of f-
actin involvement during done resorption needs to be confirmed by
visualizing f-actin with vesicles stained for V-ATPase and resorption
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products as well as visualizing comet-tails with Arp2/3 complex.
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Figure 15: Examination of SZs and APs at 2D super-resolution. (a -
f) SZ-structure at different magnifications with widefield (a and b),
confocal (¢ and d) and STED (e and f) microscopy (f with
deconvolution). SZ showed a uniformly dense f-actin with a closely-
knit structure. (g - m) AP structure with confocal (g) and (h and i)
with STED showed an f-actin network structure with occasional
brighter puncta (i). Zoomed in STED images with deconvolution (j-
m) showed bright puncta with occasional circular shape that might
correspond to endocytosis events with surrounding f-actin. Scale
bar 50 umina, 10 umin b and c, 5 umindand e, 1 uminf, 2 um
ing-h, 0.5 umini, 0.2 um in j-m. (1)
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In combination with f-actin, two other proteins representing events
related to resorption and associated with f-actin and endocytosis were
imaged. One of those proteins, dynamin was to localize endocytotic
events, and another, Arp 2/3 complex to localize f-actin nucleation and
branching as a sign of force generation. Dynamin was found to
strongly colocalize with f-actin in AP (Figure 16 a-c). At the AP, f-actin
bundles were found colocalizing well with filamentous distributing
dynamin (Figure 16 h). Arp 2/3 complex was also found to strongly
colocalize at AP nearby a RP (Figure 16 e-g).

In our results, both dynamin and Arp 2/3 complexes were colocalized
strongly with f-actin at APs, and this suggests that RB is present at the
APs and endocytosis events and vesicular transports by generated force
from branching f-actin are ongoing. Based on the past studies about
dynamin (Mulari et al., 2003; Praefcke and McMahon, 2004) and Arp
complex (Collins et al., 2011), the presence of active bone resorption
and f-actin involvement at the APs as RBs are suggested.
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Arp2/3 g Bone (Reflection) = h

Arp 2/3 complex

Figure 16: Dynamin and Arp 2/3 complex at AP. (a - d) RP (c)
coincided with AP structures exhibiting a network of filamentous
actin (a) and dynamin (b) staining. (a) Actin at AP structures was
organized in form of intensely stained discs of networked actin with
a number of bright puncta. (b) Dynamin showed an intense staining
at AP structures, indicating specific accumulation at these zones
and vesicular endocytosis. (d) An overlay image of dynamin and
actin shows dynamin localizing at the puncta in actin network. (e -
f) AP structure of f-actin (e) that shows an intense Arp2/3 staining
organized in filaments (f) near a large RP (g). In merged image (h),
despite of considerable overlap, all actin signal does not fully
colocalize with Arp2/3. Scale bar: 5 um in (d), 20 um in (c) and

(h). (1)

5.3 3D super-resolution structures of actin
cytoskeleton at bone resorption site (lll)

5.3.1 Technical achievement

Tomographic STED microscopy was applied to investigate 3D extent
of actin cytoskeleton at 3D super-resolution (III). An area with
complex networking f-actin with RP in reflection channel was found in
a sample with OC cultured on bone coating. The AP like f-actin was
considered as RB, and the area was selected as a bone resorption site
and imaged with tomographic STED microscopy (Figure 17 a). The
area was imaged at two angles, one from below and another via a
mirror, which was set at horizontal angle of 29 degrees. The two views
were reconstructed into a tomogram with computational registration
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and fusion, according to a protocol by Koho et al. (Koho et al., 2015).
The depletion laser wavelength was set at 735 nm with 4.5 mW of
laser power measured at the focus.

In the bottom view, a comparison of confocal and STED images
showed approximately a two-fold improvement in lateral FWHM
(Figure 17 b, c, and 1). In the tomogram, the demonstrated resolution
improvement in axial direction was approximately 210 nm, which was
two times better when compared to the diffraction-limited resolution
(Figure 17 e and j). Therefore, considering the wavelength used, the
final tomogram was 3D super-resolution image.

Since the side view via a mirror has a longer optical path in a sample,
refractive index mismatch causes severe optical aberrations in the
view. Because of this, tomographic STED requires a precise refractive
index match between objective lens immersion and mounting media.
This fact did not allow us using water as mounting medium in this
setup. To avoid sample damage from a high power STED beam,
approximately 4.5 mW at the focus, which is only 10 % of available
beam power, was used. To compensate for resolution decline from the
reduced STED laser intensity, the depletion wavelength was shifted
from typically used 770 nm to 735 nm for higher depletion efficiency.
With these settings, we achieved axial resolution of approximately 210
nm. For further resolution improvement, viscosity of mounting
medium needs to be decreased without compromising its refractive
index.
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Figure 17: Tomographic STED microscopy on bone resorbing OC.
(a) A single confocal section with bone reflection signal (cyan) and
complex f-actin as AP (red) shows actin surrounding an empty area
on bone (broken circle in a) suggesting a RP and a RB. Maximum
intensity projection (MIP) image of the AP by STED microscopy (c)
shows more details than the corresponding confocal image (b). (i)
Intensity line profile of STED (red) from raw data shows FWHM
(from arrows in b) is about half of the corresponding confocal
(black) showing resolution improvement. (d) A MIP image of
tomographic STED with comet-tail like shapes indicated by
arrowheads. (j) A line profile (red in j) of STED tomogram (from e)
shows clear double peaks that are 210 nm apart while
corresponding profile (black in j) from normal STED (from f)
showed only a single peak. (g) and (h) are 3D snapshots taken at
arrowheads (1) and (2) in (d), respectively, showing comet-tail f-
actin  structures with upwards and downward orientations
indicating endo-/exocytosis events. Scale bar 2 um in ¢ and d, lum
in e. (1)
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5.3.2 Biological achievement

The visualized f-actin structures at 3D super-resolution in bone
resorbing OCs were analyzed (III). In the final tomogram, a number of
f-actin comet-tails was found (Figure 17 d). The comet-tails were
found very close to the bone surface (Figure 17 g, h) within several
hundreds of nanometers. With the nanoscale axial features resolved at
super-resolution, orientations of the comet-tails extending for 100 —
300 nm in axial direction were visualized. Some of the comet-tails
were directed downwards and some upwards (Figure 17 g and h,
respectively). The comet-tails suggest branched f-actin polymerizing
around vesicles (Cameron et al., 2001; Svitkina, 2013). In past studies,
the presence of exocytosis of vesicles to resorption sites and
endocytosis of vesicles containing resorption products from resorption
sites to FSD were suggested (Nesbitt and Horton, 1997; Salo et al.,
1997; Teitelbaum, 2000). According to those studies, the downwards
and upwards oriented comet-tails may suggest an existence of the
following events. The comet-tails directing toward the bone surface
may be carrying acidified vesicles with proteases for exocytosis to the
resorption area, and comet-tails directing away from the surface may
be carrying vesicles formed from endocytosis of resorption products.

Based on the previous studies (Hirvonen et al., 2013; Mulari et al.,
2003), the orientations of the comet-tails were expected to be area
specific, because more comet-tails going upward to be found at the
center, and the downwards counter-parts were located at the peripheral
area of the RB. However, our data did not support this specificity. One
reason could be that the RB in our data is approximately 10 um in size,
which is several times smaller than the ones in those previous studies.
We could hypothesize that a larger RB has more area specificity for
exocytosis and endocytosis.

5.4 Advantages and considerations of
tomographic STED microscopy

One of the benefits of our tomographic STED microscopy that is based
on a micro-mirror is its applicability to be utilized without modifying
the optics, in, e.g., commercial systems. Compared to past studies,
such as those using iPALM and isoSTED, which have been
implemented on custom-build systems, the flexible applicability is the
benefit of our approach.
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Another advantage of the tomographic STED microscopy is the nearly
isotropic resolution provided efficiently with a single objective lens.
According to a computational modeling (Mark et al., 2015), unlike the
lateral depletion beam (lateral doughnut), the axial depletion beam
(axial doughnut) had a non-zero center, which could result in
inefficient use of the depletion beam and lower signal-to-noise ratio
(SNR). The authors also indicated that an axial-doughnut is more
prone to refractive index change, and when imaged through a nucleus
it can be distorted up to an order of magnitude more than lateral-
doughnut. The distortion caused positional shift of intensity minima
occurred relative to the excitation beam, which implied a decline in
resolution. The tomographic STED microscopy utilizes the lateral-
doughnut in all directions for resolution improvements, thus it is
efficient in achieving nearly isotropic super-resolution; the system
achieved less than 100 nm 3D resolution with 45 mW in a pulsed laser
system.

Furthermore, it requires a lesser sampling rate because it obtains only
2D super-resolution information from each scan. Unlike other 3D
super-resolution techniques (Schmidt et al., 2008), tomographic STED
acquires super-resolution information only in two directions at each
view. This reduces sampling frequency in one direction and the
subsequent faster imaging prevents photobleaching and reduces heat
buildup in the sample. However, it should be noted that both the axial
resolution and the number of side view images for a 3D stack depends
on the mirror angle and they are a trade-off of each other. Therefore, a
researcher is advised to optimize the mirror angle according to a
purpose of each experiment.

A benefit of our technique compared to the tomography with sample
rotation in practical manner is its applicability. Unlike the sample
rotation approach (Heintzmann and Cremer, 2002; Saux et al., 2009),
the second view is obtained via a mirror and thus the sample itself is
not rotated. Therefore, no specific sample preparation, e.g., cells grown
in a thin glass pipette, is required, and hence our method allows
standard cell culture protocols to be used and provides more freedom
of biological sample preparation.

In the tomographic STED system demonstrated in this work, the
number of views was limited to two. It was demonstrated that the
resolution and image contrast in tomograms increased with a higher
number of views (Sitzler and Eils, 1997). However, super-resolution
information of fluorescent molecules in three axis can be acquired only
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from two views: the bottom view acquires in x-y and the side view in
y-z (Tang et al., 2010). And it was demonstrated that improved
reconstruction algorithms enhanced resolution in a tomogram with
fewer number of views (Heintzmann and Cremer, 2002). Therefore, for
a tomographic reconstruction, only two views would theoretically be
enough to generate isotropic 3D resolution with the available lateral
resolution. In general, super-resolution images are noisy with low
SNR. Because the noise is expected to distribute differently in each
view, increasing the number of observation angles together with
improvements in the reconstruction algorithms can possibly improve
the resulting image contrast in our technique. However, this is beyond
the scope of this thesis but worth mentioning for further improvements
in tomographic STED microscopy.
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6 CONCLUSIONS

We have developed a 3D super-resolution system, tomographic STED
microscopy, based on a commercial microscope with 2D super-
resolution (I). The technique was realized by having two oblique
observation angles using a micro-mirror, followed by reconstruction of
the two views into tomogram and demonstrated nearly isotropic
resolution less than 100 nm.

To study bone resorbing OC with super-resolution STED microscopy,
we developed a cell culture environment (IT) that facilitates natural-like
bone resorption and optical imaging at super-resolution. The culture
environment was realized by coating a microscope coverglass with
bone powder and forming a smooth and thin layer of bone. Images
acquired on the bone coating revealed nano-structures of circular shape
and puncta of actin cytoskeleton at AP as RB in bone resorbing
osteoclast at super-resolution.

To study 3D structures of OC actin cytoskeleton at bone resorption
site, the two above mentioned techniques were combined and applied
on human osteoclast (III). As a result, we have visualized the actin
cytoskeleton at the site of bone resorption at 3D super-resolution. The
reconstructed tomogram showed the specific f-actin structure, comet-
tails, which indicated force generating branching filaments. The
acquired data suggests an involvement of f-actin in vesicular
exo-/endocytosis in bone resorption, a role for the actin cytoskeleton in
the regulation of exocytosis of resorption associated proteins and
enzymes, and endocytosis of resorbed bone products.

As a conclusion, for the first time, this present study of 3D super-
resolution technique with a combination of bone coating method has
revealed fine detailed actin structures in bone resorbing OC (III). The
acquired results have brought a new perspective into bone biology. F-
actin may play a key role in exo-/endocytosis in bone resorption. This
demonstrated the system capability for better understanding biological
mechanisms by resolving finer structures at 3D super-resolution.
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