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ABSTRACT

During this study, advances in bioimaging have affected the biomedical research
field. In this thesis, traditional microscopy and selected new techniques, namely
microcomputed tomography (uCT), STED microscopy and laser-capture
microdissection have been combined to study complex tissues in human adults such
as developing peripheral nerves, bones and osteoclasts to reveal previously unseen
features of these tissues and cells.

Confocal microscopy was used to analyze the adult and developing human
peripheral nerves. Tight junction proteins were localized to subcellular structures of
myelinating Schwann cells. The combination of tight junction proteins differed from
that of rodents. Furthermore, claudin expression was weak in fetal endoneurium
during the second trimester, and the junctions were not fully maturated by the end of
the third trimester. The results suggest that the maturation of Schwann cell autotypic
junctions continues after birth.

Various imaging modalities were combined in order to analyze the phenotype of
the NflOcl mouse model. pCT revealed narrowed growth plates and slight
differences in trabecular and cortical bone in NfOcl” mice, but not in the
osteoporotic bone phenotype. However, in vitro studies showed accelerated bone
resorption capacity and a hyperactivated Ras signaling pathway in Nf1-- osteoclasts.

STED microscopy uncovered new features of actin, as bending and branching
filaments were demonstrated in human osteoclasts. New features of actin filaments
were detected also in macrophages and keratinocytes. The results emphasize the
importance of bioimaging techniques in studying challenging tissues.

KEYWORDS: Super-resolution, NF1, osteoclast, tight junction, Schwann cell, actin
cytoskeleton,
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TIVISTELMA

Viitoskirjassa tutkittiin vaikeasti kuvannettavia kudoksia, aikuisen ja kehittyvin
sikion perifeerista hermoa, luuta sekd osteklasteja yhdistdmailld tavanomaisia
kuvantamismenetelmié valikoitujen mikroskopian erityismenetelmien kanssa.

Aikuisen ja kehittyvin sikion perifeerinen hermo kuvannettiin konfokaali-
mikroskopialla. Tiiviit liitokset sijaitsivat solunsisiisissd rakenteissa myeliinié tuot-
tavissa soluissa. Tulokset eroavat aiemmin jyrsijoilld tehtyihin havaintoihin ndhden.
Tiivisliitosproteiini klaudiinin ilmentyminen oli vdhdistd toisen raskauskolman-
neksen aikana, eivétka tiiviit liitokset ehtineet kehittyd loppuun asti viimeisen kol-
manneksen loppuun mennessd. Todennédkoisesti tiiviit liitokset kehittyvit vield
syntymaén jilkeen.

Ehdollisesti poistogeenisen NflOcl -hiirimallin ilmiasua tutkittiin yhdistimalla
useita kuvausmodaliteetteja. Mikrotietokonetomografian avulla havaittiin saéri-
luussa kasvulevyn madaltuneen seké kuoriluussa ettd hohkaluussa havaittiin useita
pienid muutoksia, mutta vastoin olettamusta kudoksessa ei todettu Iuukatoon
viittaavaa. Soluviljelyolosuhteissa Nf-/- osteoklastit hajoittivat aggressiivisesti luuta
seki niiden Ras-signaalireitti oli aktivoitunut.

STED mikroskoopin avulla paljastui uusia aktiinin ominaisuuksia. Aktiinin
havaittiin taipuvan ja haarautuvan ihmisen osteoklasteissa sekd muissa solu-
tyypeisséd, makrofageissa ja keratinosyyteissd. Nami tulokset korostavat biokuvan-
tamisen tekniikan tarkeyttd varsinkin, kun kohteena on haastava kudos.

AVAINSANAT: Superresoluutio, NF1, osteoklasti, tiivis liitos, Schwannin solu,
aktiinitukiranka
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1 Introduction

This dissertation is composed of three original studies that were initiated to
investigate tissues and cell types affected in neurofibromatosis type 1 (NF1)
syndrome being specifically peripheral nerves and bones. Bioimaging with various
techniques play a major role in forming this dissertation. Visualization of
immunofluorescence labeling developed during this study was started using
traditional florescence microscopy and confocal laser scanning microscopy and
completed with images taken with a super-resolved stimulated emission depletion
(STED) microscope. Micro-computed tomography (uCT) is an X-ray imaging
method downscaled from clinical use to study small targets such as the
microarchitecture of mouse trabecular bone. In certain objects, uCT can replace
laborious histomorphometry. Laser-capture microdissection allows for the selection
of the region of interest in a tissue under the microscope and the cutting of the cells
with a laser for further analyses using various methods of biochemistry or molecular
biology.

The connective tissue of peripheral nerves contains three layers being the
epineurium, perineurium and endoneurium. Neurofibromas are the most
characteristic feature of NF1. They are benign tumors that originate from peripheral
nerves and contain all the elements of the nerve connective tissue. The perineurium
forms a barrier that regulates diffusion and maintains the homeostasis of the
endoneurium (Peltonen. et al., 2013). The cell extensions of neurons from the central
nervous system, the axons, are surrounded by Schwann cells. Schwann cells can
either wrap the axons with a myelin sheath, or one Schwann cell may invaginate the
axons without forming myelin. Tight junctions form a selective diffusion barrier in
all types of epithelia. In addition, tight junctions exist in certain other specific
locations such as perineurium. Neighboring perineurial cells are sealed with tight
junctions to form a protective diffusion barrier between the epineurium and the
endoneurium (Pummi et al., 2004). Prior to this study, tight junction components had
been described in mouse nerves and were shown to be present between the lamellae
of myelinating Schwann cells thus forming so called autotypic junctions (Poliak et
al., 2002).
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Introduction

Patients with NF1, both men and women, have an increased risk for osteoporosis
and bone fractures (Heerva et al., 2010; Kuorilehto et al., 2005). NF1 is caused by
pathogenic variants of the NFI gene, which encodes the neurofibromin protein.
Neurofibromin is a negative regulator of the Ras signaling pathway, which in turn,
regulates various cellular functions such as proliferation and differentiation
(Jouhilahti et al., 2011). Osteoclasts are cells that continuously resorb bone tissue,
while osteoblasts synthesize new bone. If the resorption exceeds synthesis, the bone
becomes osteopenic, which can further proceed to osteoporosis. Over-activation of
resorption capacity has been noted in osteoclasts cultured from patients with NF1
(Heervi et al., 2010).

Osteoclasts are multinucleated cells that originate from bone marrow monocytes.
Osteoclast cultures can be initiated by isolating monocytes from peripheral blood,
and the cells can be differentiated into bone resorbing multinucleated cells in the
presence of the receptor activator of nuclear factor kappa-B ligand (RANKL).
Typical structures of osteoclasts include the actin-rich podosome belt and actin ring
in addition to a common actin cytoskeleton and cell protrusions. These cellular
structures are associated with osteoclast-specific functions such as bone resorption,
cell fusion and cell motility that require rapid remodeling of the actin network. The
appropriate architecture of the actin network is formed when actin-binding proteins
branch, elongate, bundle, form cross-links and eventually accelerate by severing the
actin filaments in a coordinated manner (Pollard, 2016).
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2 Review of the Literature

2.1 Imaging

211 The roots and principles of modern imaging

Imaging has contributed to the development of bioscience and modern medicine.
The roots of modern imaging extend to the 17" century, when a primitive
compound/light microscope was invented, and bacteria were observed for the first
time in 1672 (Hooke, 1665). Initially, the histology of various tissues was described
concurrently with the development of the light microscope and histochemical
staining solutions in the early 1900s. Histological details at the nanoscale, such as
microscopic cellular junction plaques, were identified using the electron microscope.
However, the molecular composition of these subcellular structures remained
unclear until fluorescence microscopy and fluorescent probes, such as fluorescent-
conjugated antibodies began to increase in use slowly since 1980 (Geisse, 2009).
Bioimaging is based on several basic imaging techniques such as light and
fluorescence microscopy, electron microscopy and computed tomography. Light
microscopy is useful to recognize the histological details up to a resolution of 200
nm. The electron microscopy technique exceeds the resolution of light microscopy.
A method was published in 1931 by Ruska and Knoll (Ruska & Knoll, 1931).During
the 1940s, commercial electron microscopes were manufactured and enabled the first
observations of viruses. The methodology of electron microscopy become more
commonly available in the 1970s, and the number of publications increased
markedly (Harris, 2015). There are two types of electron microscopy being
transmission electron microscopy and scanning electron microscopy. Transmission
electron microscopy is based on an accelerated electron beam that is directed through
a thin specimen to generate an image. Scanning electron microscopy uses electron
beams, which by reflecting, allows for visualization of the topography of a coated
specimen. Electron microscopy can detect much smaller details than light
microscopy, for instance, it can detect the plasma membrane and cellular junction
plaques at the nanoscale. However, electron microscopy reveals structural details
only from fixed specimens and thus cannot be used to image live biological objects,
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Review of the Literature

because the method requires the vacuum system (Arana-Chavez & Castro-Filice,
2019; Geissinger & Abandowitz, 1976).

Each of the basic imaging methods has expanded to a large group of various
applications, such as atomic force microscopy, scanning electron microscopy, nano-
computed tomography, stochastic optical reconstruction microscopy (STORM) to
mention a few applications. Especially in recent years, imaging has been focused on
detecting subjects at the nanoscale (Galbraith & Galbraith, 2011) A major
development of technical applications, equipment and reagents allows for three-
dimensional (3D) and four-dimensional, (4D) bioimaging, and five-dimensional
(5D) bioimaging (Chu et al., 2020). All these advancements have required and
benefited from the simultaneous advances in computing technologies. This thesis
work has focused on selected imaging methods, which are mostly based on
fluorescence and X-ray methods.

21.2 Principles of microscopy

Physical quantities determine the requirements and limits of all types of imaging.
Light or photons behave like energy-containing particles and have features of waves.
Therefore, according to wave-particle duality, a wave can be reflected, refracted,
diffracted as well as be absorbed and emitted. The imaging is based on these qualities
of a wave, and the utilization of the waves is the cornerstone of imaging.

Principles of bioimaging are based on the physical properties of electromagnetic
radiation in visible and non-visible wavelengths and magnification. The imaging
process produces and detects wavelengths of electromagnetic radiation. The
electromagnetic spectrum contains all the wavelengths of photons being visible light,
ultraviolet, infrared, micro- and radio waves as well as ionizing radiation such as
gamma- and X-radiation. Different wavelengths can be used to image objects of
various properties and sizes. The wavelength of visible light is from 400—700 nm
and the wavelength of X-rays is less than 10 nm. Therefore, each wavelength of
photons requires special imaging and detector equipment. Furthermore, white light
is a mixture of wavelengths of visible spectrum which is detected by widefield
microscopy whereas each color of visible spectrum is separated with fluorescence
microscopy. (Ryan et al., 2017). Basic principles of widefield and confocal
microscopy are summarized in Figure 1.

Optical imaging is based on biophysical properties such as magnification,
resolution and contrast. Magnification involves the idea to enlarge a target specimen.
Magnification is a physical quantity that is proportional to the distance between the
specimen, lenses and image. Magnification is also proportional to the field of view
and amount of refracting light in order that greater magnification reduces the amount
of refracted light, and the visible area is smaller compared to the original field of
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view. Due to the reduction of light, an additional light source is needed (Abbe, 1873;
Rayleigh, 1903).

In addition to magnification, the resolution strongly affects the imaging process.
Resolution can be defined as the shortest distance at which two adjacent spots can be
distinguished as a separate structure. The optical resolution of microscopy (d)
(formula: d=AM2NA) is proportional to wavelength (&) and the numerical aperture (NA)
(Rayleigh, 1903). The numerical aperture is classified as a value of lens capacity,
which gathers the light from a feasible angle (NA=Nsin6). The resolution of light
microscopy is limited to 200 nanometers (Goodwin, P. C., 2015). The point spread
function (PSF) is the experimental or theoretical concept which reduce excessive
fluorescence thus to improve the resolution of scanning confocal microscopy images.

Contrast indicates the difference in luminance or color, which makes an object
distinguishable from the other object or background. Contrast can be adjusted in
many ways.

Widefield microscope Confocal microscope
Detector - Detector
Ocular - — | E— Pinhole
Objective [ \Dichroid mirror
Specimen it i Optical lense

—_— .
Aperture —
P Specimen
Source of light Q

Figure 1. Principles of widefield microscopy and confocal microscopy.

Applications of the light microscopy at the present include basic screening and
histology, automated virtual microscopy and fluorescence microscopy. The benefits
of confocal laser microscopy include the possibility of using thicker samples and
production of clearer images compared to fluorescence. Fluorescence microscopy
was routinely used in the 1970s and, since the 1980s, more fluorescent probes have
become available (Bayguinov et al., 2018).

Limitations of traditional fluorescent microscopy include inaccurate localization
of a fluorescent spot compared to confocal and STED imaging. In general,
phototoxicity and photobleaching during the long-term imaging process have been a
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problem of conventional fluorescence microscopy. On the other hand, these features,
such as photobleaching, can be utilized as a critical step of the certain imaging
method such as fluorescence recovery after photobleaching.

2.1.3 Super-resolution microscopy

Super-resolution refers to the ability to detect a specimen at nanoscale resolution.
Super-resolution microscopy is based on principles of light and confocal microscopy
and fluorophores. In practice, the super-resolution is achieved, when an excess of the
emitting light wave is excluded by optical- or mechanical modifications. Benefits of
super-resolution imaging are particularly noticed in studies where the focus is on
structural and dynamical details of biomolecular components such as subcellular
structures.

Super-resolution microscopy is categorized into three major microscope
techniques being stimulated emission depletion microscopy (STED), structured
illumination microscopy (SIM) and localization microscopy. These three techniques
share the same property of reducing the interfering fluorescence (Feng et al., 2018).

Regular fluorescent spot STED fluorescent spot

Depletion laser wave

N\

Figure 2. Principle of STED super-resolution.

STED microscopy was invented by Hell and Wichmann. They proposed a theory,
where a higher resolution can be achieved by depleting the original emission wave,
which in the end, increases the resolution through a reduction of the PSF (Hell &
Wichmann, 1994). The theory of depletion and reduction of emission can be
demonstrated as a doughnut-shaped emission wave. Coherent waves switch off
circumferential emission (the yellow doughnut shape in Figure 2), and the remaining
emission wave (Figure 2, red spot) is detected and processed into an image (Klar et
al., 2000). In practice, an additional laser beam, which generated the coherent waves,
is incorporated into ordinary confocal microscopy equipment. Resolution of STED
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microscopy varies depending on the sample, fluorophore and other technical details
of the protocol, the laser beam and the equipment system. Axial resolution varies
from 100 to 30 nm. Computed tomography at the micro-scale

X-rays are one type of high-energy, electromagnetic radiation, and they have
been used for decades as a scientific tool. All the applications of the computed
tomography equipment include an X-ray tube, a radiation filter and a collimator, a
detector and a camera (Boerckel et al., 2014). The principle of X-ray imaging is
based on detecting the X-rays that are transmitted through the specimen. Briefly, the
X-rays are produced in an X-ray tube and are directed through the radiation filter and
a beam-narrowing collimator. Attenuated X-rays then penetrate the specimen, when
apart of the X-rays is absorbed into the specimen in a tissue-specific manner. Finally,
the transmitted X-rays are captured by a detector and camera for further digital
processing (du Plessis et al., 2017).

The intensity of transmitted X-rays in the formation of the computed tomography
image is based on the tissue-specific ability to absorb X-rays, the intensity of the X-
ray beam and the distance between the X-ray tube and the detector. Each tissue has
a unique density or radiological resolution, and the image is a spatial summary of
transmitted X-rays. A higher contrast is formed into an image when the dense tissues
absorb most of the X-rays. For instance, bone is a radiologically denser tissue than
muscle or nerves. Thus, when X-ray imaging is adjusted optimally for bone tissue,
nerves are barely distinguished from surrounding soft tissues.

Several advanced methods of X-ray imaging have been used as tools for basic
science and modern medicine. A well-known method is computed tomography (CT)
which produce cross-sectional images. Micro-computed tomography, nCT, which is
an application used by basic researchers, was designed for small objects such as
murine or other tissue samples (Elliott & Dover, 1982). The first micro-scanners
were established in 1982 but were not commercially available until the mid-nineties
(Riiegsegger et al., 1996). The spatial resolution of in vivo pCT is 50-200 pm, ex
vivo pCT is 5-100 um and nano-CT is 50—600 nm. A major advantage of computed
tomography imaging is that it is a non-destructive method with high spatial
resolution due to the cross-sectional imaging process. Therefore, the ability to
reconstruct 3-dimensional images favors naturally multidimensional objects such as
bone. One advantage of the non-destructive method of puCT is that the structural
modalities are measured directly from three-dimensional specimens, while
traditional histomorphometric analyses require production of histological slices and
therefore produces 2-dimensional data (Bouxsein et al., 2010). uCT can be used, for
example, to study the metabolism of bone, to follow the healing of fractures, to
monitor pharmacological treatments and to study genetic bone diseases. Nowadays
nCT has become a standardized method for murine imaging and has partly replaced
laborious histomorphometry.
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214 Laser microdissection

Improvements in microscopy technology include a laser-assistant method, laser-
capture microdissection (LCM), where the target is identified with light or
fluorescence microscopy and extracted by an infrared or ultraviolet laser
technique. Resolution, in this context, is referred to as the ability to select
specimens and to discard an interfering biological substance. LCM is based on
identification and isolating a target specimen such as cell populations, single cells,
DNA and RNA (Mahalingam, 2018). After isolating, additional procedures such
as sequencing and amplification of DNA, analyzing RNA or protein expression
profiles can be commenced (Cummings et al., 2018; MacDonald et al., 2019).
With this methodology, specific gene mutations, gene expression profiling,
proteomics, epigenetic alterations and metabolic profiling can be studied in health
and disease (Cheng et al., 2013). For example, in medical conditions such as
cancer, LCM provides opportunities to analyze alterations of specific cell
populations at the molecular lever in the original environment (Ong et al., 2020).
Furthermore, laser-capture microdissection is applicable for forensic investigation
(Costa et al., 2017).

Two major implementations, which are based on infrared or ultraviolet laser
techniques, are commercially available (Hunt et al., 2020; Vandewoestyne et al.,
2013). One application of laser microdissection, laser-pressure catapulting
technology, is based on two strategies being with an ultraviolet laser detachment of
a target specimen that falls due to gravity into the collection tube or by a catapulting
pressure of laser that lifts the target specimen to the adhesive collection tube (Brasko
et al., 2018). One of the major benefits of laser microdissection is to avoid physical
contact between the sample and the microdissection system, which thus prevents
contamination of the specimen with a non-target tissue or having chemical
modification of the target molecules. A second application of microdissection is
operated by infrared beams. Infrared beams melt the target specimen into a
thermoplastic ethylene vinyl acetate polymer film that contacts the tissue section.
After lasering, the target specimen is attached to thermoplastic films, and the whole
complex is lifted up to further analysis (Gallagher et al., 2012). Ultraviolet and
infrared laser microdissection methods can also be combined.

Specific identification of the target specimen can be increased by using several
labeling methods such as common histological procedures, indirect
immunolabeling and in sifu hybridization prior to laser capturing. Advantages of
LCM are its rapid procedure, increased tissue sensitivity, avoidance of
contamination and delineation of the target specimen (Baldelli et al., 2015; Brasko
et al., 2018; Lutz & Peng, 2018).
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215 Post-processing of images

Nowadays, digital post-processing includes much more than adjustment of
brightness and contrast. The post-processing could be described as a laborious part
of bioimaging protocols. The aim of the post-processing is to modify raw imaging
data into a more feasible format. For example, single plain sections are combined to
a 3-dimensional image. The imaging resolution can be improved with additional
post-processing software provided by microscope manufacturers. In addition,
imaging data can be converted to numeric data for further statistical analysis.

The resolution can be enhanced with computational processes. Particularly, in an
optical imaging process such as confocal microscopy, deconvolution has become as
standard method during the last years. Deconvolution includes a group of
mathematic algorithms. These algorithms determinates the original focus of the
emitting (light) source and eventually decreases scattered light emission thus to
improve the resolution (Laasmaa et al., 2011; Sage et al., 2017).

Even though the super-resolution imaging method has taken a place in the field
of bioimaging, a need for image post-processing has not decreased. Instead, the
super-resolution technique has increased the amount of raw imaging data. These
processes are time-consuming, and computing power is limited. Various research
has been focused on to improve post processing techniques in order to reduce time
and effort. Perhaps the most powerful method is an artificial intelligence, specifically
a deep learning (Gong et al., 2020; Wang, Hongda et al.,, 2019). Advanced
deconvolution algorithms learn to recognize the factors that increase the image
resolution. Therefore, only some of raw images are selected for further analysis
instead of all raw images. As an end result, the process is accelerated tenfold to
several thousandfold (Guo et al., 2020).

Post-processing is already a valuable method to increase the quality of
bioimaging. Perhaps in the future, a researcher should pay more attention to
advanced post-processing techniques in order to save time and data processing
capacity and to obtain higher quality data.

2.2 Specific tissues, bone and nerves

2.21 Bone

2211 Bone tissue

The skeleton provides the structural strength and protection for the body. Long bones

and cartilaginous synovial joints make locomotion possible. In addition,
hematopoietic and mesenchymal cells are produced in the bone marrow cavity in flat
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(e.g., hipbone) and short (e.g., vertebral bodies) bones. The skeleton is a reservoir
for calcium and minerals that enable homeostasis. Bone tissue is composed of a
calcified collagenous matrix and cellular components such as osteoclasts, osteoblasts
and osteocytes. Cartilage is associated with bone, although cartilage is a distinct and
specialized type of connective tissue. Chondrocytes are organized into stratified
layers of cartilaginous tissue especially at the growth plate and joint surface. Type 11
collagen and aggrecan are characteristics for the extracellular matrix of cartilage.

Bone tissue contains 20 to 40% of organic components, 50 to 70% of inorganic
components such as hydroxyapatite and phosphate carbonate, 5 to 10% water and
less than 3% lipids. Approximately up to 90% of organic components contains type
I collagen. Other organic components such as types III, V and X collagen,
hyaluronan, albumin, bone sialoprotein, proteoglycans, non-collagenous
glycoproteins, osteonectin; osteopontin and osteocalcin have been recognized
(Clarke, 2008; Feng, 2009).

The human adult skeleton consists of 80% cortical bone and 20% trabecular
bone. However, approximately 80% of active bone remodeling takes place in
trabecular bone (Langdahl et al., 2016). During aging, bone remodeling increases in
cortical bone and decreases in trabecular bone.

Bone is a dynamic tissue and displays continuous remodeling. Bone turnover
studies show that human adult bone tissue is renewed in ten-year cycles. In this
remodeling process, osteoclasts are recruited in order to degrade the old bone tissue.
After bone resorption, osteoclasts are programmed to go into apoptosis. Osteoblasts
initiate new bone formation and mineralization. An imbalance between the catabolic
and anabolic state promotes the development of medical conditions such as
osteopenia or osteopetrosis (Novack & Mbalaviele, 2016).

2212 Regulation and differentiation of osteoclasts

Osteoclasts are multinuclear bone resorbing cells that originate from a hematopoietic
cell lineage. Granulocyte-macrophage precursors can differentiate into dendritic
cells, monocytes, macrophages and osteoclasts (Boyce et al., 2009; Georgess et al.,
2014) Circulating hematopoietic stem cells or monocytes are recruited from the
blood. M-CSF and RANKL are essential for normal osteoclast differentiation, and
both cytokines are secreted by osteoblasts (Hodge et al., 2007; Xing & Boyce, 2014;
Yasuda et al., 1998). Macrophage colony-stimulation factor (M-CSF) drives
monocytes to form colonies and further stimulates monocytes to differentiate into
osteoclast precursor cells. M-CSF binds to the c-Fms receptor in the cell membrane
of the osteoclast precursor, and M-CSF has an effect on signaling pathways such as
MAPK, ERK, Jun N-terminal kinase (JNK), which in turn, activate the transcription
factor called the nuclear factor of activated T-cells, cytoplasmic 1 (NFATcl). NFAT
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regulates the transcription of osteoclast-specific genes such as tartrate resistant acid
phosphatase (TRACP), OSCAR and cathepsin K. The receptor activator of nuclear
factor kappa-B ligand (RANKL), a member of tumor necrosis factor family,
promotes osteoclast precursor cells to fuse into multinuclear osteoclasts. In addition,
several cytokines, such as the vascular endothelial growth factor receptor 2
(VEGFR-2), growth differentiating factor-15, insulin-like growth factor 2,
interleukin-6 (IL-6), IL-17 and transforming growth factor-p (TGF-p) have been
described to promote osteoclast differentiation (Hayashida et al., 2014).
Osteoclastogenesis is inhibited by osteoprotegerin (OPG), which is a decoy receptor
for RANKL. Osteoprotegerin is secreted by osteoblasts (Lacey et al., 1998; Simonet
et al., 1997). Other inhibitory cytokines are interferon gamma (IFN-y) and IFN-(,
IL-4, IL-10, IL-12, IL-13 and IL-18 (Hayashida et al., 2014).

Cells can be recognized according to their differentiation state during
osteoclastogenesis using certain cell surface markers. The surface antigen CD34 is a
marker for hematopoietic stem cells. Monocytes express RANK, aV[3 integrin and
the surface antigen CD14. Osteoclast precursors express DC-STAMP, E-cadherin,
protocadherin-7, a disintergrin and the metalloporeinase (ADAM). Fully
differentiated osteoclasts express o V3 integrin, cathepsin K, the calcitonin receptor,
the IgG-like receptor and the osteoclast-associated receptor (OSCAR), which is a
member of the leukocyte receptor complex protein family (Miron et al., 2016;
Pereira et al., 2018).

2.2.1.3 Bone resorption

Bone resorption includes a cascade of cytoskeletal rearrangements, secretion and
degradation. Prior to initiation of bone resorption, multinucleated osteoclasts have
to become polarized, which includes the forming of four distinct structures being a
sealing zone, a dense membranous ruffled border, a basolateral domain and a
functionally secretory domain (Figure 3).
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Figure 3. Resorbing osteoclast.

Osteoclasts adhere on the bone matrix via a special focal adhesion type called a
podosome (Destaing et al., 2003). The protein composition of a podosome includes
intracellular proteins such as actin, talin, vinculin and paxillin and the
transmemebrane protein called aVB3 integrin (Chabadel et al., 2007; Chellaiah &
Hruska, 2003). aVB3 integrin recognizes the Arg-Gly-Asp motif and is a receptor
for vitronectin, osteopontin, type I collagen and bone sialoprotein. At the basolateral
side of osteoclast, clusters of podosomes are reorganized into podosome belts, which
precedes the formation of an actin ring (Teitelbaum, 2011). Bone resorbing
osteoclasts feature a sealing zone, which is an osteoclast-specific actin containing
structure. The sealing zone encloses a space between the ruffled border of an
osteoclast and the bone matrix to form resorption lacuna. The degradation of bone is
carried out by carbonic anhydrase II, which produces protons (H"), while V-ATPases
at the ruffled border deliver H' to the resorption lacuna. In addition, a chloride
channel selects Cl ions to the resorption lacuna. Other proteolytic agents such as
TRACP, cathepsin K and matrix metalloproteinase-9 are excreted to the resorption
lacuna. The degraded bone matrix is transported via a transcytotic route and are
excreted in a functionally secretory domain. Transcytotic vesicles are transported via
microtubules and small GTPases to a functionally secretory domain to be discharged.
The degraded bone matrix contains TGF-f3 and IGF-1 that are considered to induce
osteoblast recruitment and the production of a new bone matrix. The degraded bone
matrix also contains c-terminal telopeptides and soluble calcium.
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2.2.2 Peripheral nerves

2.2.21 Structure of peripheral nerves

Human peripheral nerves have a triple layer system to form a protecting barrier for
axons, for review see (Peltonen et al., 2013). Figure 4 summarizes the structural
details of peripheral nerve. The nerve trunk is covered with the epineurium, which
is the outermost layer with embedded nerve fascicles and blood vessels. The
epineurium provides mechanical strength and is mainly composed of fibrillar
collagens, fibronectin and elastin fibers. The cell types of epineurium include
fibroblasts, adipocytes and lymphocytes. The structure of the epineurium is not
known to contribute to diffusion barrier properties.

: : Perinerium
Epineurium

Endoneurium

Schwann cell

= =— W\ (——
Axon

Figure 4. The structural features of peripheral nerve, epineurium, perineurium and endoneurium.

The perineurium surrounds groups of axon-Schwann cell units. The perineurium is
composed of concentric layers of flat, polygonal perineurial cells. The number of
perineurial cell layers is related to the size of the nerve fascicle with larger fascicles
in the more perineurial cell layers (Thomas, 1963). The perineurium functions as a
selective nerve-tissue barrier to maintain the strictly regulated homeostasis of the
endoneurial space. The perineurial diffusion barrier is partly formed by the
exceptionally thick basement membranes on both sides of each perineurial cell
(Gamble & Eames, 1964). The main component of the diffusion barrier is the tight
junctions between overlapping cell membranes of adjacent perineurial cells (Reale
et al., 1975). The perineurial tight junctions are composed of claudins-1 and -3,
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occludin and zona occludens (ZO-1). In the adult perineurium, continuous strands of
tight junctions encircle the perineurial cells and seal the contacts between the
neighboring cells. The meeting points of several perineurial cells are most tightly
sealed Schwann cells surrounding axons are embedded in the endoneurium, which
is the innermost connective tissue structure of peripheral nerve Schwann cells and
myelination (Pummi et al., 2004)

Schwann cells can be divided into myelinating and non-myelinating cells (Figure
5). Myelinating Schwann cells wrap around a single axon, while a variable number
of axons and also collagen fibrils can become invaginated into non-myelinating
Schwann cells. The main function of Schwann cells is to isolate the axon and to
enhance the velocity of electrical impulses.

Non-myelinating Myelinating
Schwann cell Schwann cell

AP

Axon

Figure 5. The schematic illustration of a myelinating and non-myelinating Schwann cells.

During the myelination, the cell membrane of the Schwann cell wraps several times
around the axon. Membrane sheets are organized into compact and non-compact
structures such as the Schmidt-Lanterman incisure, the paranodal region, the nodal
region and the inner- and outer mesaxon. The structural details have been
summarized in Figure 3. These structures have distinct roles to support metabolism
and to serve in the transcellular and radial pathway to maintain ion and molecular
trafficking (Arroyo & Scherer, 2000).

Even though the structural details of the endoneurium have been characterized
with light and electron microscopy decades ago (Gamble & Eames, 1964; Thomas,
1963), the molecular composition has been investigated during the recent decades.
The studies carried out in animal models have revealed autotypic cell junctions, i.e.,
cell junctions that adhere to cell membrane sheaths of a single Schwann cell. The
tight junction, gap junction and adherens junction components have been localized
to the adjacent membrane lamellae of myelinating Schwann cells of mouse nerves.
Tight junction complexes lineate into compact and non-compact myelin structures.
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In addition, adherens and gap junctions have been localized to Schmidt-Lanterman
incisures (Poliak et al., 2002).

Myelinating Schwann cell
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Incisure
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Unwrapped Schwann cell

Figure 6. Specific subcellular structures of Schwann cell: Schmidt-Lanterman incisure, paranodal
area, and mesaxon.

Schwann cells surrounding axons are embedded in the endoneurium, which is the
innermost connective tissue structure of a peripheral nerve. Schwann cells can be
divided into myelinating and non-myelinating cells. Myelinating Schwann cells
wrap around a single axon, while a variable number of axons and also collagen fibrils
can become invaginated into non-myelinating Schwann cells. The main function of
Schwann cells is to isolate axon and to enhance the velocity of electrical impulses.

During the myelination, the cell membrane of a Schwann cell wraps around the
axon. Membrane sheets are organized into compact and non-compact structures such
as the Schmidt-Lanterman incisure, the paranodal region, the nodal region and the
inner- and outer mesaxon (Figure 6). These structures have a distinct role to support
metabolism and to serve in the transcellular and radial pathway to maintain ion and
molecular trafficking (Spiegel & Peles, 2002).

Even though the structural details of the endoneurium have been characterized
with light and electron microscopy decades ago, the molecular composition has been
studied rather late. The studies revealed that Schwann cells have autotypic cell
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junctions, i.e., cell junction proteins that adhere to adjacent cell membrane sheets of
the single cell (Fannon et al., 1995; Kikuchi et al., 2010; Poliak et al., 2002). These
unique autotypic tight junctions lineate compact and non-compact myelin structures.
In addition, adherens and gap junctions have been localized to Schmidt-Lanterman
incisures.

2.3 Neurofibromatosis

2.3.1 Neurofibromatosis syndrome

Neurofibromatosis type 1 (NF1), called von Recklinghausen syndrome, is an
autosomal dominant disease that is caused by mutations in the NF1 gene. NF1 is one
of the most common genetic syndromes with an incidence of 1:2000 (Huson et al.,
1988; Uusitalo et al., 2015). A tumor suppressor protein, neurofibromin, is encoded
by the NF1 gene, and it is a negative regulator of the Ras signaling pathway (Martin
et al., 1990). NF1 syndrome is caused by a mutation in one NF1 allele, but the
pathological mechanism of severe clinical manifestations such as malignant
peripheral nerve sheath tumor (MPNST) and congenital pseudarthrosis are
considered to result from two distinct mutations leading to loss of heterozygosity
(LOH) (Fang et al., 2009; Lee et al., 2012; Skuse et al., 1989; Upadhyaya et al.,
2008). Approximately 50% of mutations in NF1 patients are sporadic, and the
remaining mutations are considered to be inherited. Furthermore, the penetrance of
the clinical syndrome is 100%.

NF1 disease affects mainly the peripheral and central nervous system, the
skeleton and the skin. The most common clinical features of NF1 disease are benign
cutaneous neurofibromas, café-au-lait macules, Lisch nodules, multiple bone
defects, learning disabilities and a higher risk for malignancies such as MPNSTs and
intracranial gliomas, breast cancer, gastrointestinal stromal tumors (GIST) and
pheochromocytoma (Peltonen et al., 2017; Tabata et al., 2020; Uusitalo et al., 2017)
NF1-patients have a two-fold increased life-time risk for malignancies (59.6% vs.
30.8%) (Uusitalo et al., 2016). Furthermore, NF1 patients die 16 or 26 years in men
and women, respectively, earlier than the general Finnish population (Uusitalo et al.,
2015).

A NF1 diagnosis is based on clinical symptoms according to National Institutes
of Health (NIH) criteria. The NF1 disease belongs to RASopathies sharing some
clinical features such as abnormal skin pigmentation and defects in skeletal, vascular
and nervous system with Noonan, Leopard and Costello syndromes (Bezniakow et
al., 2014). In fact, modern applications of gene sequencing provide diagnostic tools
to distinguish similar diseases, if a clinical diagnosis needs to be verified. However,
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medical support is mostly restricted to symptom-related therapy, surgical operations
and medical counseling due to a lack of curative treatments.

2.4 Clinical features

241 Defects in the nervous system

Benign cutaneous neurofibromas are visible hallmarks of NF1 disease affecting at
least 80% of adult NF1 patients (Anderson & Gutmann, 2015; Plotkin et al., 2012).
Neurofibromas arise from a single peripheral nerve or bundles of nerve plexus and
are composed of a mixed-cell population of peripheral nerve such as Schwann cells,
fibroblasts, perineurial cells, mast cells, axonal components and a collagenous
extracellular matrix (Peltonen et al., 1988). Cutaneous neurofibromas cause a
generally aesthetic disadvantage but may be painful and cause itch. Approximately
5-10% of plexiform neurofibromas transform into malignant tumors. The majority
of MPNSTs are histopathologically classified as high-grade sarcomas. These tumors
have a poor prognosis due to a high probability of recurrence and metastasis (James
et al., 2016). MPNST affects 8-13% of NF1 patients (Evans et al., 2002). Most of
the brain tumors are benign pilocytic astrocytomas or optic gliomas. These optic
gliomas are particularly diagnosed in pediatric NF1 patients. Instead, glioblastomas
resulting in a fatal outcome are rare. However, the mean overall survival of
glioblastoma is rather high at 9.25 years in pediatric NF1 patients, while patients
without NF1 survive 1.08 years on average (Huttner et al., 2010). Non-tumor
neurological manifestations, for instance, learning disabilities and attention defects,
are common in NF1 patients, while seizures and mental retardation have been
considered to be uncommon features of the NF1 disease (Anderson & Gutmann,
2015).

24.2 Skeletal defects

Skeletal abnormalities in NF1 disease can be classified as impaired bone
metabolism, abnormal bone growth, remodeling and bone healing. Skeletal
abnormalities affect more than 50% of NF1 patients and are categorized into general
and focal abnormalities. General abnormalities include osteopenia/osteoporosis, a
short stature and macrocephaly, which are classified as mild abnormalities. Focal
abnormalities are sphenoid wing dysplasia, dystrophic scoliosis, tibial dysplasia,
cystic lesions, enlarged mandibular canal particularly in women, and chest wall
deformities (Elefteriou et al., 2009; Visnapuu et al., 2018). The quality of life and
medical condition varies according to the severity of bone manifestations. For
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instance, macrocephaly does not restrict daily activities, while severe dystrophic
scoliosis increases morbidity.

Osteoporosis was the first bone abnormality that was associated with the NF1
disease in the 1950s (Gordan, 1951; Ortuzar et al., 1956). Current osteoporosis
research started at the beginning of the 2000s (Illés et al., 2001). NF1-related
osteoporosis displays specific features. One of the exceptional features of bone
manifestations is the decreased bone mineral density at a young age beginning at 37
year old equally in males and females (Heerva et al., 2010; Kuorilehto et al., 2005).
In addition, osteoporotic bone is localized to load-carrying parts of the body affecting
20-50% of NF1 patients (Kuorilehto et al., 2005; Tucker et al., 2009). Osteopenia
often progresses to osteoporosis within 12 years (Heervi, E. et al., 2013). The fragile
bone phenotype increases fracture risk. Adult NF1 patients have an approximately
5-fold fracture risk and pediatric NF1 patients display a 3.5-fold fracture risk
compared to a healthy population (Heervé, E. et al., 2012; Tucker et al., 2009).
Several studies have shown that bone metabolism is increased in NF1 patients. Many
metabolic markers such as the C-terminal cross-linking beta-telopeptide of type I
collagen, alkaline phosphatase, osteocalsin, TRACP5b and the N-terminal
propeptide of procollagen type I have revealed similar results (Heerva et al., 2012;
Petramala et al., 2012). Low levels of 25-OH vitamin D and high levels of serum
parathyroid hormone have been associated with abnormal bone metabolism in adult
and pediatric NF1 patients as well (Riccardi et al., 2020). A constant catabolic state
of bone tissue, decreased bone mineral density and increased fracture risk encourage
pharmacological treatments. NF1 patients suffering from osteoporosis were treated
with bisphosphonate alendronate for 23 months. After alendronate treatment, bone
metabolic markers were normalized, but bone mineral density was recovered less
than expected (Heervé et al., 2014).

Bone softening and anterolateral bowing of the tibia precede congenital
pseudarthrosis of the tibia (CPT), which is usually observed before the age of 3 years
and affects 1-4% of NF1 patients. Histological analysis showed atypical fibrous
tissue formation, increased cartilage formation and impaired bone recovery at the
pseudarthrosis site (Sakamoto et al., 2007). Studies suggest that the loss of two NF1
alleles in mesenchymal stem cells precedes the formation of pseudarthrosis even
though experiments are not replicative in all cases (Lee et al., 2012; Leskeld et al.,
2009; Sakamoto et al., 2007; Sant et al., 2015; Stevenson, D. A. et al., 2006). It is
interesting to note that common treatments of CPT are ineffective to induce bone
healing (Tikkanen et al., 2010). Details of current operative and pharmaceutical
treatments are discussed in the reviews by Stevenson and Eisenberg (Eisenberg &
Vuillermin, 2019; Stevenson et al., 2013).

Dystrophic scoliosis is diagnosed in 2% of pediatric NF1 patients, and it may
progress rapidly. Loss of heterozygosity has been associated as a one
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pathomechanisms of dystrophic scoliosis in NF1 patients (Margraf et al., 2019).Like
CTP, dystrophic scoliosis is often difficult to treat. New approaches to surgical and
pharmaceutical management are under investigation (Tauchi et al., 2020; Yao et al.,
2019).

243 The NF1 gene

The NF1 gene was mapped to chromosome 17 band q11.2 for the first time in 1990
(Wallace et al., 1990). The NF1 gene is one of the largest genes in humans spanning
287-kilobases (kb) of chromosome 17, including 57 constitutive and 4 alternatively
spliced exons (exons: 9br, 10a2, 23a, 48a) (Danglot et al., 1995; Gutman et al., 1993;
Kaufmann et al., 2002; Trové-Marqui & Tajara, 2006). In addition, the three other
genes OMGP (oligodendrocyte-myelin glycoprotein), EVI2A (ecotropic viral
integration site) and EVI2B are embedded in intron 27 of the NF1 gene. These genes
are transcribed in opposite direction on the NF1 gene (Cawthon et al., 1990; Cawthon
et al., 1991; Viskochil et al., 1991).

The NF1 gene displays a rather high mutation rate with approximately 1x10 per
gamete per generation (Huson et al., 1989). Nearly 2700 (2660 recorded in The
Human Gene Mutation Data Base) individual mutations have been described.
Approximately 80% of NF1 gene mutations are truncating, which leads to the
disruption of NF1 gene expression. NF1 gene mutations are most frequent in exons
3, 5 and 27 and the structural segments of which favor a higher mutation rate.
However, these gene locations cannot be considered as “hot spots.” Furthermore,
most of the remaining NF1 gene mutations are classified to missense mutations,
where the content of amino acid has been changed, and dysfunctional neurofibromin,
in the end, is expressed (Abramowicz & Gos, 2014). Nonetheless, obvious genotype-
phenotype correlations have not been demonstrated with some exceptions (Liu et al.,
2020). Microdeletions are classified as short sequences in the chromosome, up to 5
mega-base pairs. 5% of all NF1 patients carry a microdeletion and feature severe
abnormalities such as childhood overgrowth, a higher risk for malignancies
compared to other NF1 patients, early onset of cutaneous neurofibromas,
dysmorphic features in the extremities and face and cognitive abnormalities
(Cawthon et al., 1990; Kehrer-Sawatzki et al., 2017; Upadhyaya et al., 1998).
Conversely, a 3-bp in-frame deletion in exon 17 has been related to mild symptoms
such as pigmentary lesions in skin and iris in the absence of neurofibromas
(Upadhyaya et al., 2007). Furthermore, variable phenotypes are observed in patients
carrying the same NF1 gene mutation. This suggests that the NF1 gene is regulated
by other agents, such as modifier genes and epigenetic factors, in addition to a NF1
mutation (Szudek et al., 2002; Yapijakis et al., 2016).
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Somatic mutations are present in all other cells, while mutations in germline cells
are excluded. Therefore, somatic mutations do not lead to genetic syndromes and are
not inherited (Martincorena & Campbell, 2015). Somatic mutations in genes, which
are associated with tumor suppressing and cell signaling, give rise to variable
malignant tumors. Somatic mutations in the NF1 gene have been associated with
malignancies such as melanoma, non-small lung squamous cell carcinoma, ovarian
adenocarcinoma, pancreatic carcinoma, gastric adenocarcinoma, glioblastoma and
bladder uroepithelial carcinoma in non-NF1 patients (Kiuru & Busam, 2017). For
instance, a data showed that each lung adenocarcinoma featured approximately 2—5
sporadic mutations including NF1 (Shi et al., 2016). In addition, a somatic mutation
in the NF1 gene is a common finding in gastric cancer patients without NF1
syndrome (Hu et al., 2016).

24.4 The NF1 protein

The NF1 gene encodes neurofibromin, a tumor suppressor protein. Neurofibromin
has 2818 amino acids and a molecular weight of 280 kDa. Principally, neurofibromin
is a catalytic domain of guanosine triphospatase (GTPase) thus switching active
RAS-GTP to inactive RAS-GDP eventually inhibiting the Ras signaling pathway
(Bergoug et al., 2020). Neurofibromin is highly conserved among species. For
example, mouse neurofibromin is 98% homologous to human neurofibromin
(Bernards et al., 1993). A study showed that neurofibromin is ubiquitously expressed
in various tissues during the ecarly phases of embryogenesis Otherwise,
neurofibromin is normally expressed in the nervous system when studied with adult
rats (Daston et al., 1992; Daston & Ratner, 1992). Neurofibromin is also expressed
in bone and cartilage. Neurofibromin expression is detected in hypertrophic and
mature cartilage, in periosteum as well as in osteoclasts in adult rodents, and protein
is also detectable in cartilage during the embryogenesis (Kuorilehto et al., 2004).

2.4.5 Nf1 mouse models

In order to elucidate the pathological mechanisms of bone manifestations, several
Nfl mouse models have been generated. Genetically modified mouse models
provide an opportunity to evaluate the specific role of a certain cell population,
evaluate gene inactivation in a dose-dependent manner and serve as models for bone
remodeling and repairing.

A traditional knockout mouse model, where Nfl gene inactivation was
completed in both alleles (Nf17), leads to lethal phenotype due to cardiorespiratory
abnormalities by embryonic day 14.5 thus emphasizing the critical role of
neurofibromin during the development (Brannan et al., 1994). Instead, heterozygous
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Nfl knockout mice (Nfl™) remained vital but did not feature macroscopic or
histological bone- or nervous system-related abnormalities seen in NF1 patients.
However, Nfl"- mice displayed higher tumorigenesis, and histopathological analysis
showed tumors being classified as lung adenocarcinoma, fibrosarcoma, lymphoma,
lymphoid leukemia and hepatoma. Half of the tumors displayed the LOH according
to the two-hit hypothesis (Jacks et al., 1994).

In vitro methods have been a remarkable tool to analyze the molecular
pathological mechanisms in Nfl-related mouse models. Bone marrow mononuclear
cells isolated from Nf1*" mice were differentiated into osteoclasts. The results
showed that Nf1*- osteoclasts displayed an increased activation of the Ras signaling
pathway, a higher capacity of bone resorption and an increased survival rate (Yang
et al., 2006). These results correlate with human data, which showed that osteoclasts
differentiated from monocytes of NF1 patients displayed similar results (Heerva et
al., 2010; Stevenson, David A. et al., 2011).

Conditional knockout mouse models have been created to analyze targeted NF1
gene inactivation in a time-, tissue- or cell-specific manner. Targeted inactivation of
the Nfl gene is based on Cre/loxP technology, where the Cre recombinase enzyme
is coupled to the guidance of specific gene promoter (Zhu, Y. et al., 2001). Details
of the protocol are described in the Material and Methods chapter. Bone-related
conditional knockout mouse models mainly focus on Nfl gene inactivation in the
mesenchymal cell lineage (i.e., osteoblasts and chondrocytes) or the myeloid cell
lineage (i.c., osteoclasts).

Several Nfl mouse models focus on evaluating the role of mesenchymal cell
lineage in bone-related pathogenesis in order that gene inactivation is targeted to
mesenchymal cell lineage during several phases of differentiation (Elefteriou et al.,
2006; Kolanczyk et al., 2007; Wang, W. et al., 2011). The results show that Nfl gene
inactivation in the early phase of mesenchymal cell lineage leads to remarkable bone
manifestations. In the Nf17°¥°%, Prx1Cre mouse model, where Nfl gene inactivation
is programmed during early and late stages of limb bud development, macroscopic
findings such as severe deformities of joints, a bowing tibia and shortened bones
were detected. In addition, increased bone porosity was detected by back scattered
electron microscopy. At the microscopic level, the results suggested that number of
osteoclasts was increased in a consequence of abnormal osteoblast differentiation,
even if the genotype of osteoclasts remained normal (Kolanczyk et al., 2007). NF1
gene inactivation restricted to osteoprogenitor (Nf1¢°>”") cells displayed similar
features of a phenotype seen in Nf17¥1°x; Prx ] Cre mice (Wang et al., 2011). Instead,
in a mouse model featuring NF1 gene inactivation in fully differentiated osteoblasts
(NF1°*"), no macroscopic abnormalities were detected. Histomorphometric analysis
showed increased bone volume, which correlates to in vitro findings such as
abnormal osteoblast and osteoclast differentiation and delayed bone mineralization
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(Elefteriou et al., 2006). Even though structural details of Nf17¥1x;Prx1Cre and
NF1°- mouse models were originally analyzed using standard histomorphometry
and pCT, additional imaging with high resolution pCT, small-angle X-ray scattering
(SAXS) and scanning acoustic microscopy (SAM) was carried out. The results
showed the fine details of Nfl-deficient bone featuring larger lacunae, decreased
mineral density and softening of cortical bone, while mineral particle size and
orientation remained normal (Kiihnisch et al., 2014)

In bone-related Nfl mouse models, neurofibromin deficiency in mesenchymal
or hematopoietic cell lineages promote the formation of bone abnormalities. Gene
inactivation during the early phases of cell differentiation contributes to severe bone
abnormalities, while Nfl gene inactivation in fully differentiated bone cell lineages
leads to mild bone abnormalities seen in NF1 patients. Furthermore, cell signaling
pathways such as MAPK/ERK, Serine/threonine-specific protein kinase (Akt) and
mammalian target of rapamycin (mTor), which are essential for decent
osteoclastogenesis, are disturbed (Rhodes & Yang, 2016).

The role of neurofibromin deficiency in hematopoietic progenitor cells and
osteoclasts has been evaluated using two Nfl mouse models, in which one Nf1 allele
is inactivated in myeloid progenitor cells (LysMCre;Nfl11%*) or terminally
differentiated osteoclasts (CtskCre;Nf17¥*) (Rhodes et al., 2015). The results
showed that heterozygous neurofibromin expression is not sufficient to induce
macroscopic bone abnormalities, even though Nf1 expression is disrupted during the
early phase of hematopoietic differentiation. In vitro studies using LysMCre;Nf1o¥*
mice showed that osteoclasts were larger in size, the actin structure was altered and
resorption capacity was increased in osteoclasts. The results of the CtskCre;Nf11¥*
mouse model revealed rather a normal bone phenotype suggesting that Nfl-deficient
osteoclasts are sufficient to maintain bone homeostasis.

Bone-specific mouse models have also been used to analyze the biological
responses in cell signaling pathways. In general, Nfl deficiency predisposes to
hyperactivation of the Ras signaling pathway and downstream effectors in
mesenchymal and hematopoietic cell lineages. Abnormal activation in
serine/threonine-specific protein kinase; Akt and mTOR, signaling pathways has
been reported (Ma et al., 2012; Yang et al., 2006). Hyperactivation of these signaling
pathways generally predisposes to unnecessary cell growth, differentiation,
proliferation and motility. Hyperresponsivity of the receptor for colony-stimulating
factor-1, c-Fms, and TGF-p, results in a gain-in function in neurofibromin-deficient
osteoclasts (He et al., 2012; Rhodes et al., 2015). Hyperstimulation of c-Fms
increases activity in the c-Fms downstream effectors being Erk1/2 and p90RSK in
Nfl-deficient osteoclasts. Increased expression of [B-catenin is associated with
cellular dysfunction in the absence of neurofibromin. Increased osteoclast activity
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and abnormal osteoblasts have been associated with alterations in the Wnt/B-catenin
signaling pathway (Ghadakzadeh et al., 2016).

Genomic engineering and phenotypic findings of bone-related Nfl mouse
models provide a model for experimental procedures such as fracture healing,
pseudarthrosis and osteoporosis with surgical or pharmaceutical modifications.
Several studies have been performed to rescue Nfl-related bone abnormalities to
normalize aberrant cell signaling. Furthermore, experimental procedures of
pseudarthrosis in healthy mice are unsatisfactory due to a high bone metabolic rate
and a rapid healing process (Kuorilehto et al., 2006). A recent study showed that
local administration of adenovirus (Ad-Cre) into a surgically induced tibial fracture
site in Nf11¥fx mice yielded pseudarthrosis, where cells showed a LOH
(Ghadakzadeh et al., 2016). The healing process of pseudarthrosis was normalized
by modulating the B-catenin antagonist Dickkopf-1. Similar results have been
obtained with Nfl1Prx1Cre and NF1°* mouse models by administrating lovastatin
locally to a surgically-induced fracture site (Kolanczyk et al., 2008; Wang et al.,
2011). Even though Nfl deficiency facilitates dysfunction of each bone cell type,
most of the Nfl mice are inadequate models for osteoporosis. However, anabolic
bone metabolism can be induced with ovariectomy. Nfl1”- mice display a decreased
bone mineral density compared to healthy control mice after ovariectomy (Yang et
al., 2006). Bone loss could be prevented and treated with PLX3397, a selective c-
Fms inhibitor (He et al., 2012).

2.5 Cell junctions

2.5.1 General principles about cell junctions

Cell junctions operate between the cytoskeleton and the cell microenvironment to
bind individual cells to the extracellular matrix or to attach cell membranes of
adjacent cells. The first observations of cell junctions were made by electron
microscopy from epithelial tissue, which was easily available and simple to process.
Electron microscopy studies recognized that tight junctions, adherens junctions and
desmosomes are three distinct morphological structures in the junctional complex.
Studies also demonstrated the relationship of these cell junctions to the
microenvironment, particularly localization in the cell membrane and the association
to adjacent epithelial cells (Adil et al., 2020; Farquhar & Palade, 1963; Thomas,
1963). Subsequently, gap junctions and focal adhesions were also recognized. The
development of immunohistochemical techniques and advanced methods for
production of specific antibodies showed the diversity of cell junctions from a
biomolecular perspective. These observations revealed the molecular composition
of cell junctions, which are discussed below in this context.
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252 Intercellular junctions from a functional point of view

Cell junctions have been classified according to their structural and functional
properties. Cell junctions increase mechanical strength, form a barrier, allow ions
and small molecules to diffuse and participate in cell signaling (Hartsock & Nelson,
2008; Wehrle-Haller, 2012). These properties maintain the homeostasis of the
microenvironment and participate in developmental processes at the cellular and
tissue level. One of the essential functions of tight junctions is to define cell polarity,
when a cell is divided into its apical and basolateral side according to the localization
of tight junction strands. Furthermore, tight junctions participate to maintain
intercellular homeostasis by forming a semi-selective diffusion barrier. Particularly,
adherens junctions and desmosomes increase mechanical strength and stabilize cell-
cell adhesion, while gap junctions provide intercellular communication to allow the
ions and small molecules to diffuse freely (Goodenough & Paul, 2009). Focal
adhesions are localized between the cell and extracellular matrix to adhere the cell
to the substratum. Focal adhesions participate in cell migration and increase
mechanical strength (Wu, C., 2007).

253 Tight junctions

Tight junctions, formerly named as zonula occludens, were identified for the first
time in 1963 by electron microscopy (Farquhar & Palade, 1963). In epithelial cells,
tight junction proteins are composed of strands to adjoin cells. Two tight junction
proteins of adjacent cells are orientated in opposite positions in the plasma
membrane (Mineta et al., 2011). A major function of tight junction is to form semi-
selective barrier.

The tight junction protein complex is categorized to transmembrane proteins
and intracellular scaffolding proteins. The molecular assembly of tight junction
proteins is summarized in Figure 7. Four-pass transmembrane proteins being
claudins, occludin, tricellulin and single-span transmembrane proteins junctional
adhesion molecules (JAM) and coxsackie and adenovirus-associated receptor (CAR)
are connected to intracellular scaffolding proteins such as the zona occludens (ZO)
1, 2, and 3; multi-PDZ domain protein 1 (MUPP1) and the membrane associated
guanylyl kinase with inverted orientation (MAGI) (Steed et al., 2010). Eventually,
the tight junction complex is linked to cytoskeletal components of actin and
microtubules (Hartsock & Nelson, 2008).
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Figure 7. Molecular assembly of tight junction proteins.

Claudin, a major molecule of the tight junction complex, is encoded by 27 individual
genes in the human and mouse and is highly conserved among species (Mineta et al.,
2011). Claudins commonly feature homotypic interactions but occasionally claudin-
3 forms heterotypic interactions with claudin-1, claudin-2, claudin-3 or claudin-5.
Heterotypic claudin interactions have been suggested to participate in the fine tuning
of paracellular permeability (Overgaard et al., 2011). The expression profile of
claudins correlates to the functional properties in a tissue-specific manner. For
instance, claudin-16 and claudin-19 are expressed in the kidney to regulate
paracellular ion reabsorption (Hou et al., 2009), whereas claudin-11 is expressed in
myelinating oligodendrocytes in the central nervous system (Denninger et al., 2015)
and in Sertoli cells in testis (Mazaud-Guittot et al., 2010).

Claudins, specifically claudin-1, were first discovered to regulate paracellular
homeostasis by forming a selective barrier. Furthermore, claudin-2, -4, -10, -16 and
-17 are considered to form pores to allow selective paracellular water and ion
diffusion (Liang & Weber, 2014). Claudins also participate in cell signaling with
their cytoplasmic tails. Previous studies show that claudins are involved in the
regulation of cell signaling pathways such as the MAPK, Akt, Protein kinase A and
C and Rho (Gonzalez-Mariscal et al., 2008). In addition, claudins seem to operate,
in some cases, as a receptor via extracellular domains. Particularly claudin-1, -3, -4
-6, -9, occludin and the Clostridium perfringes enterotoxin function as a co-receptor
for the hepatitis C virus (Freedman et al., 2016).

Occludin was the first transmembrane tight junction molecule to be recognized
and found to be widely expressed in several organ tissues such as the intestine, the
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liver, the kidney, the lung and the brain (Furuse et al., 1998; Hwang et al., 2013).
Occludin forms tight junctions with other occludin molecules when junctions are
classified to homotypic junctions. Furthermore, occludin contacts with the other
claudins to form heterotypic tight junctions as well. Occludin is encoded by the
occludin gene and forms a four-pass transmembrane protein including two
extracellular loops, two intracellular domains and cytoplasmic N- and C-terminal
domains (Saitou et al., 1997). Eventually, occludin is linked to the actin cytoskeleton
via the ZO-1, ZO-2 or ZO-3 proteins (Figure 7).

The significance of occludin has been somewhat unclear. Occludin regulates
paracellular permeability in a size-selective manner rather than maintaining barrier
function (Campbell et al., 2017). Furthermore, previous studies have suggested that
occludin is not a necessary molecule for decent tight junction formation. The results
of the occludin knockout mouse model showed that the formation and function of
normal tight junction remain even if the expression of occludin is prevented (Saitou
et al., 2000; Schulzke et al., 2005). Occludin expression is transiently increased in
skin epithelial cells during the wound healing (Volksdorf et al., 2017). Furthermore,
occludin expression is occasionally replaced by tricellulin, a tight junction protein,
which is usually binds three neighbouring epithelials cells to form tricellular
junctions in epithelial cells (Ikenouchi et al., 2008).

254 Adherens junctions

Originally, adherens junctions were found concurrently with tight junctions. Adherens
junctions, in general, are localized to the vicinity of tight junction strands and
desmosomes. Adherens junctions anchoring adjacent cells increase stability, maintain
integrity and cell polarity (Farquhar & Palade, 1963). Structural components of
adherens junctions are categorized to classic transmembrane proteins cadherins and
intracellular proteins such as plakoglobin, and alpha-, beta- and p-120-catenins. These
intracellular proteins connect the adherens junction to the actin cytoskeleton.
Assembly of adherens junction proteins is illustrated in Figure 8. The cadherin
superfamily contains over a hundred proteins, which represent several subtypes such
as classical cadherins, protocadherins, desmosomal cadherins and cadherin-related
families, for instance (Hartsock & Nelson, 2008). However, this overview has focused
on classical cadherins. The classical cadherin family consists of E-, P-, M-, N- and R-
cadherins. The most prevalent cadherin, E-cadherin is expressed in epithelial cells
widely to ensure strong intercellular adhesion (Goodwin, M. & Yap, 2004). Cadherins
are single-pass transmembrane glycoproteins. The structure of classic cadherin
includes five extracellular repeat domains, one transmembrane domain and two
catenin-binding domains (Coopman & Djiane, 2016).
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Figure 8. Schematic illustration of adherens junction proteins.

Intracellular proteins of adherens junctions, a-catenin, B-catenin and p120-catenin
have their specific role to adjoin cadherins to actin cytoskeleton. In addition to their
mechanical properties, catenins serve as a route for signaling pathways. For instance,
B-catenin binds to transcription factors in order to regulate gene expression via Wnt
signaling pathway (Alok et al., 2017). p120-catenin interacts with Rho GTPases,
which in turn, regulate cell migration and cell motility (Schackmann et al., 2013).

255 Focal adhesions

Focal adhesions form a large group of adhesive structures, which can be divided
according to their molecular composition, function and subcellular localization to
several subtypes such as classical focal adhesions, focal complexes, fibrillary
adhesions, podosomes, invadopodies and three-dimensional matrix adhesions
(Wozniak et al., 2004). Here, the focus is on classical focal adhesions and
podosomes. Focal adhesions mediate the cytoskeleton interactions with the
extracellular matrix (ECM) and vice versa. Focal adhesions bind intracellular actin
mechanically to the extracellular matrix via transmembrane proteins, integrins and a
heterogenic group of cytoplasmic molecules (Figure 9). Focal adhesions are
expressed in various cell types. Specifically, podosomes are abundantly expressed
in monocyte-derived cells such as osteoclasts, macrophages and dendritic cells
(Luxenburg et al., 2007). Up to sixty focal adhesion proteins have been recognized
in mammalian cells (Wu, 2007; Zhu, L. et al., 2020).
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Figure 9. Schematic illustration of focal adhesion molecular assembly.

Transmembrane proteins of focal adhesion include integrins and transmembrane
proteins such as the layilin glycoprotein receptor for hyaluronan and the syndecan-4
heparan sulfate proteoglycan receptor for fibronectin (Wehrle-Haller, 2012).
Integrins contain alpha (o) and beta (B) subunits. At least 18 a-subunits and 8 B-
subunits have been identified, and they can form 24 distinct heterodimeric
compounds. Integrins act as receptors for stimuli from ECM and cytoplasmic
signaling pathways (Oh et al., 2017; Renner et al., 2016). For instance, the a5p1
integrin is a receptor for fibronectin, a glycoprotein in the ECM.

The cytoplasmic group of proteins is rather large, and these proteins, for
example, integrin-linked kinase (ILK), parvin, focal adhesion kinase (FAK),
paxillin, talin, vinculin, tensin, vinexin, profilin and Rho participate in cell signaling
and have structural or enzymatic properties. Other cytoplasmic molecules of focal
adhesions feature differences according to structural and enzymatic properties.
Cytoplasmic proteins can be classified as kinases, phosphatases or modulators of
small GTPases, which have enzymatic properties. These proteins mediate cell
signaling pathways such as FAK, protein kinase C (PKC) and Src (Wehrle-Haller,
2012).

Cytoplasmic proteins, for instance, a-actinin, talin and vinculin participate in
focal adhesion formation to increase and maintain structural strength. Talin has
binding sites for actin, integrin B3, vinculin and FAK and acts as a structural
mediator between actin cytoskeleton, cell signaling pathways and ECM via integrin
molecules. Cytoplasmic proteins of focal adhesion complex regulate the integrity
and adhesive properties of focal adhesions in complicated manner.
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256 Desmosomes

Desmosome junctions are hyper-adhesive intercellular structures, which maintain
structural integrity and tissue homeostasis. Desmosomes are widely expressed in all
vertebrate tissues and share structural and functional similarities with adherens
junctions. Desmosomes consist of three molecular components, the desmosomal
cadherins being desmoglein and desmocollin, armadillo proteins and desmoplakin.
Four isoforms of desmoglein and three isoforms of desmocollin have been
distinguished (Lowndes et al., 2014).

Desmoglein and desmocollin are single-pass transmembrane proteins that form
a bond between adjacent cells in a homo- or heterophilic manner in the presence of
calcium ions (Celentano et al., 2017). The cytoplasmic domain of desmoglein or
desmocollin adhere to the armadillo residue of intracellular desmosomal plaque
proteins such as plakoglobin or plakophilins. Eventually, the intracellular protein
desmoplakin adjoins the molecular complex to intermediate filaments.

A recent study characterized desmosome structure of human primary
keratinocytes in super-resolution by direct stochastic optical reconstruction
microscopy (dISTROM) (Stahley et al., 2016). For the first time, dimensional features
such as the length of desmosomal plaque molecules, could be measured.
Furthermore, the mutual localization of these molecules was analyzed. dASTROM
(microscopy) was even superior to electron microscope in showing the details.
Furthermore, particularly in myocardial tissue, intercalated discs contain a special
adhesive structure, called the area composita, which contains molecules from
adherens junctions and desmosomes. For example, o-catenin interacts with
plakophilin (Vite & Radice, 2014). It has been suggested that the hybrid junction
reinforces intercellular adhesion when tissue is under a heavy mechanical burden.

25.7 Gap junctions

The first observations of gap junctions were detected by electron microscopy when
this method became common during the 1960s (Dewey & Barr, 1962). Gap junctions
are widely present in various cell types in vertebrates and invertebrates. Gap
junctions are organized into clusters in the cell membrane, whereas tight junctions
align in strands (Mese et al., 2007). Gap junctions connect the intracellular spaces of
the neighboring cells.

Structural studies have shown that gap junction channels are formed by two
opposing hemichannels leaving a small extracellular gap, approximately 2-3 nm,
between the adjacent plasma membranes. A hemichannel is a hexamere that consists
of six connexin molecules (Calderon & Retamal, 2016; Revel & Karnovsky, 1967).
Connexins are a large, transmembrane protein family encoded by 21 genes in
humans (S6hl et al., 2005). Each connexin is a four-pass transmembrane protein
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containing two extracellular loops and one intracellular loop. A heteromeric
hemichannel is formed of two different connexins, while a homomeric hemichannel
contains one connexin isoform. Furthermore, a pair of hemichannels can adjoin in a
homo- or heterotypic manner.

Gap junctions play a significant role in intercellular communication in order to
maintain tissue homeostasis. Furthermore, a single hemichannel maintains molecule
diffusion between the intracellular and extracellular space. Gap junction channels
enable ions and small molecules such as glucose, glutamate, adenosine triphosphate
(ATP), cyclic adenosine monophosphate (cAMP), inositol 1,4,5-trisphosphate (IP3)
and small RNA molecules to diffuse passively when channels are opened. Closed
gap junction channels prevent molecule diffusion (Calderon & Retamal, 2016).
Several factors such as changes in pH, protein-protein interactions, phosphorylation
and redox reactions regulate functional properties of gap junctions. In humans, gap
junctions play a crucial role in various tissues. Several studies have mapped connexin
distribution in a cell- and function-specific manner. For instance, connexin 43 is
ubiquitously expressed in the skin, the heart, the eye and the brain, whereas connexin
30.3 is expressed in skin, kidney and placenta (Mese et al., 2007).

258 Intercellular junctions from a clinical point of view

Alterations in cell junctions reflect cellular behavior and eventually to the functional
properties of the organ system. The expression pattern of cell junction proteins is a
dynamic process, which is regulated in a tissue-specific and developmental manner.
Furthermore, inadequate function of cell junctions provides pathological
mechanisms to several medical conditions such as genetic disorders, autoimmune-
related diseases and cancers.

Tight junctions participate in maintaining a barrier system in the skin, the
intestine, blood vessels and the nervous system (Steed et al., 2010). Dysfunctions of
these barriers are considered to be one possible pathological mechanism of several
diseases. For instance, altered claudin expression has been reported to increase the
dysfunction of the gastrointestinal barrier. In diarrhea-predominant irritable bowel
syndrome (IBS) patients, expression of the tight junction protein, claudin-2, was
increased in epithelial cells in ileum, whereas expression of claudin-15 was increased
in the colon when IBS patients followed a gluten-containing diet (Ishimoto et al.,
2017; Wu, R. L. et al., 2017). Alterations in the blood-brain barrier have been
associated with neurological diseases such as stroke, epilepsy or Parkinson disease
(Sweeney et al., 2019). Furthene expression of the tight junction protein, claudin-11,
is upregulated in the plasma of multiple sclerosis patients (Hassanzadeh et al., 2016).
However, the precise mechanisms of this neurodegenerative disease are unclear.
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Adherens junctions and desmosomes are, similarly to tight junctions, expressed
in epithelial cells, for instance, in the heart, the intestine, the skin and the bladder to
increase mechanical strength (Hartsock & Nelson, 2008). Alterations in cadherin
expression have been associated with conditions such as uncontrollable growth in
cancer tissues. Decreased E-cadherin expression has been associated with several
epithelial-derived malignancies such as breast cancer, ovarian cancer, non-small cell
lung cancer, bladder cancer and cancers in the gastrointestinal tract (Becker et al.,
2002; Kaszak et al., 2020). Furthermore, decreased E-cadherin expression in breast
cancer tissue suggests a poor prognosis (Li et al., 2017). Adherens junctions are
widely expressed in the central nervous system. For instance, several psychiatric
disorders such as schizophrenia, attention-deficit/hyperactivity disorder, bipolar and
depression disorder as well as the spectrum of autism have been associated to
abnormal cadherin expression. Particularly cadherin-7, cadherin-11 and cadherin-13
have been shown to associate with these psychiatric disorders (Hawi et al., 2018). In
general, desmosome-related diseases cause visible symptoms such as skin blistering
and woolly hair in addition to myocardial manifestations by genetic mutation,
autoimmune-related or infectious mechanisms (Celentano et al.,, 2017).
Pathophysiological alteration, such as abnormal expression of desmosomes,
promotes carcinogenesis in epithelial-derived malignancies (Stahley et al., 2016).

Abnormal expression of integrins and focal adhesions have been associated with
various malignant conditions, which emphasize the importance of controlled cell
dynamics. From a pathologically mechanical point of view, integrins are a presumable
target of therapeutic treatments. Previous studies have shown that the increased
expression of integrin aSP3 is associated with breast, prostate and lung cancer and
contributes to bone metastasis and medical complications such as bone-related pain
and pathological fractures. Various clinical trials of a5B3 antagonists are currently
ongoing (Karakus et al., 2020; Tang, L. et al., 2020; Zhao et al., 2020). a5B1 integrin
is highly expressed in human glioblastoma cell cultures. The expression of a5p1
integrin is associated with uncontrolled adhesion, migration and proliferation. These
malignant features of glioblastoma cells can be suppressed by interference of the a5p1-
integrin signaling pathway with cucurbitacin B (Touihri-Barakati et al., 2017).

Gap junctions are mainly distributed in skin, nervous tissue, heart and muscles
to maintain intercellular communication. A deficient function of gap junctions leads
to dysfunctions of these organs (Goodenough & Paul, 2009; Skerrett & Williams,
2017). For instance, connexin gene mutations lead to several hyperproliferative skin
disorders, which share similar clinical manifestations such as palmoplantar
keratoderma, sensorineural deafness, nail dystrophy and hypotrichosis (Lilly et al.,
2016). Furthermore, malignant features of hepatocellular carcinoma and dysfunction
in lymphatic vessels, the pulmonary vasculature and pulmonary epithelium have
been associated with abnormal gap junction formation (Wong et al., 2017).
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2.6 The Cytoskeleton

2.6.1 General principles about the cytoskeleton

Three players of the cytoskeleton being actin microfilaments, intermediate filaments
and microtubules compose highly dynamic structures that participate in nearly all
cellular events including various subcellular processes, maintenance of cell shape
and motility and increasing mechanical strength.

The earliest observations of actin were from 1942, when actin was detected as a
separate protein from myosin, the contractile component of muscles (Risal et al.,
2004). Microtubules were found within the cell during mitosis, and tubulins were
found by disrupting the microtubules with colchicine (Borisy & Taylor, 1967).
Intermediate filaments were recognized for the first time with electron microscopy
(Ishikawa et al., 1968). The first evidence of cell dynamics was revealed with
contrast microscopy. The studies showed that cells actually migrate. Details of actin
filament architecture were seen with electron microscopy (Abercrombie et al., 1970).
Invention of green fluorescent protein (GFP) brought advances in actin research. The
connection between actin and focal adhesions was discovered in 1978, and some of
the proteins of focal adhesion complexes were characterized. Combining the
microscope with a video camera has enabled studies of cell movements since 1981.
Connections between actin and cell signaling, for example, the modulation of cell
functions by Rac and Ras via actin were found in the 1990s (Spiering & Hodgson,
2011).

26.2 The cytoskeleton from a functional point of view

The cytoskeleton plays a role in cell shape, cell migration and structural strength,
and it also serves as a route for intracellular trafficking, for instance, in cell
organelles, proteins and vesicles. Even though the cytoskeleton has been considered
as a supportive and stabilizing structure, dynamics of the cytoskeleton include rapid
interactions with cell junctions and signaling pathways, which in the end, lead to
continuous reorganization of cytoskeletal components and cell junction molecules.
Interactions of these cytoskeletal components have been studied from many
perspectives (Dogterom & Koenderink, 2019).

2.6.3 Actin

Actin is widely expressed in all eukaryotic and prokaryotic cells. Actin was first
detected as a contractile component of muscle and actin filaments purified from
muscle. The earliest attempts to recognize actin from chicken breast muscle by
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antibody labeling were performed in 1961, and imaging was proceeded with
fluorescent microscopy (Tunik & Holtzer, 1961). Later, by immunohistochemical
methods, actin was found also in non-muscle components, such as stress fibers.

G-actin F-actin

Polymerization Depolymerization

Figure 10. Equlibrium of filamentous actin formation and degradation.

Actin filaments are composed of globular actin (G-actin) monomers, which are
actively polymerized to filamentous actin (F-actin). Two actin protofilaments are
orientated in a parallel direction to form a single helical actin filament (Coutts & La
Thangue, 2016). Filamentous actin is polarized. The barbed end is the fast-growing
end, where actin turnover favors active and rapid polymerization (Figure 10). On
the other hand, depolymerization is prevalent in the pointed end. Polymerization of
actin is accelerated by ATP and ions such as magnesium and calcium (Blanchoin et
al., 2014). Three main steps being nucleation, elongation and depolymerization take
place continuously, and equilibrium of these three steps is coordinated with multiple
regulatory proteins and interactions.

Dynamics of actin filaments at the cellular lever are regulated in a complicated
manner. Various actin containing dynamic structures, such as cell protrusions and a
leading edge, are actively regulated and maintained by actin-binding proteins. These
actin-binding proteins are categorized according to function being nucleation,
capping, crosslinking, bundling and severing (Siton-Mendelson & Bernheim-
Groswasser, 2017). Numerous actin-binding proteins, at least 150, have been (Risal
et al., 2004) described, and the most significant proteins are discussed in this context
(Schoenenberger et al., 2011).

Actin nucleation-promoting factors include several heterogenic protein families
such as Arp2/3 complex, formins and tandem-monomer-binding nucleators. Actin
nucleators initiate the polymerization or increase the length of actin filament. The
Arp2/3 complex is associated with the branching of actin filaments. The molecular
composition of the Arp2/3 complex includes Arp2, Arp3 and five additional subunits
being Arp C1-5 (Abella et al., 2016). The Arp2/3 complex is located at the branching
site of actin and initiates polymerization in order to grow new actin filament in the
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presence of nuclear promoting factors such as the Wiskott-Aldrich syndrome protein
(WASP) and other WASP homologs, cortactin and Ena/VASP proteins.

Formins are actin nucleators de novo, in which case, nucleation is initiated from
G-actin monomers. Formins are diaphanous-related formins (DRFs) which belong
to subfamily of Rho GTPase-binding formin homology (FH) proteins. Formin
proteins such as Dia, DAAM and FRL in mammalian cells are regulated by Rho
GTPase (Isogai & Innocenti, 2016). Formins have strong affinity naturally, and are
autoinhibited, which ensures that formation of actin filaments is not uncontrollable.
The regulation of actin structures by formins has been related to cellular processes
such as vesicle trafficking, membrane protrusion, migration, participating in
asymmetric cell division and also in cell-cycle and apoptosis—related processes.

A common nucleation-promoting factor called cortactin is expressed in nearly
all mammalian cell types and, in general, it has a major influence on cell migration
by regulating the actin cytoskeleton (van Rossum, Agnes G. S. H. et al., 2005). The
actin nucleation-promoting factor is encoded by the cortactin gene. Cortactin was
first categorized as a substrate for the Src non-receptor tyrosine kinase. Later, studies
showed that cortactin activates the Arp2/3 complex in order to initiate the actin
branching. Cortactin contains numerous phosphorylation sites, binding sites for
Arp2/3, actin, the SCR Homology 3 (SH3) domain, p120-catenin and ZO-1 (Kelley
et al., 2010) Cortactin regulates nucleation of filamentous actin instead of globular
actin. Furthermore, cortactin inhibits debranching and stabilizes the actin network
(MacGrath & Koleske, 2012).

Capping proteins prevent excessive actin polymerization by blocking the barbed
end of the actin filament. Capping proteins are members of the gelsolin superfamily,
and proteins, such as gelsolin, villin, advillin, superfillin, adseverin, the flightless I
homolog and CapG are expressed in mammalian cells (Shekhar et al., 2016). Some
of these capping proteins also participate in actin severing by binding to the pointed
end of an actin filament.

Actin severing proteins accelerate actin depolymerization and coordinate the
disruption of actin filaments. One of the actin severing proteins, cofilin, is required
for actin disassembly in the presence of proteins coronin and Aipl
(Andrianantoandro & Pollard, 2006). Furthermore, cofilin has been categorized to
an actin nucleator de novo like formins. Cofilin induces depolymerization of the actin
filament into monomers, which are recruited to the barbed end for actin
polymerization and extension. Low concentrations of cofilin induce the dissociation
of actin filament from the minus end, while high concentrations of cofilin inhibit the
severing process. Cofilin is targeted into the nucleus during DNA damage and cell
stress (Chang et al., 2015).
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264 Microtubules

Microtubules participate in cell migration, maintaining several cellular processes
such as cell shape, transportation of organelles, ciliary function, vesicles and
positioning the cell organelles, for instance, during the mitosis. Microtubules are
encoded by several genes to yield nine a- and nine -tubulins and three y-tubulins in
mammalian cells (Gadadhar et al., 2017). A heterodimer, a subunit of microtubule,
is composed of a- and B-tubulins, which are polymerized to protofilaments. 13
protofilaments form a hollow tube.

Active polymerization and hydrolyzation are required for rapid cellular
processes, and the half-life of microtubules is generally 5—10 minutes. A microtubule
is continuously polymerized at the plus (i.e., growing) end and depolymerized (i.e.,
shrinking) at the minus end. Microtubules can be extended from the plus and minus
ends. Depolymerization at the minus end may occur 100-fold faster than
depolymerization at the plus end. The plus and minus ends determine the polarity of
microtubules similarly to actin filaments. The microtubule organization center
(MTOC) is at the minus end. The y-tubulin complex (y-TuC) form the template to
induce a- and B-tubulin nucleation (Lin et al., 2015).

Tubulin isotypes are expressed in a cell- or function-specific manner. For
instance, B1-tubulin, which is encoded by TUBBI1 gene, is related to hematopoietic-
specific tubulin expressed in platelets and megakaryocytes. Mutation in TUBBI1
gene induces thrombocytopenia and bleeding symptoms (Fiore et al., 2017).
Furthermore, expression of 3-tubulin was detected in neuronal cells and neuronal
malignancies, and B3-tubulin was considered to be a neuron-specific marker
(Katsetos et al., 2003). However, transient expression of B3-tubulin was detected as
a molecular component of the mitotic spindle in keratinocytes, two transitional cell
carcinoma cell lines T24 and 5637, human fibroblasts and Schwann cells isolated
from benign neurofibromas of NF1 patients (Jouhilahti et al., 2008). These findings
together illustrate the diverse functional properties of tubulin isoforms. In addition,
the molecular function of microtubules and microtubule-associated proteins are
regulated by posttranslational modifications such as tyrosination, acetylation and
glutamylation (Gadadhar et al., 2017). For instance, polyglutamylation of
microtubules in neuronal cells promotes neuronal differentiation and survival
(Rogowski et al., 2010).

Microtubules participate in mitosis and operate intercellular trafficking of
proteins, organelles and vesicles. Microtubules are involved in cellular events such
as proliferation, migration, maintaining cellular shape and secretory processes.

Microtubules also participate in signal transmitting. Specifically, microtubules
guide neuronal growth and separate chromosomes during mitosis. Microtubules
cooperate with actin and intermediate filaments to control, for example, cell
migration and wound healing and influence T-cell-based immune responses. Actin-
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microtubule interactions transmit signals to Rho GTPases, which in turn, regulate
the assembly of focal adhesions, actomyosin contractility and actin dynamics
(Etienne-Manneville, 2013).

2.6.5 Intermediate filaments

Intermediate filaments are categorized into six types according to their sequence,
gene structure and cell-type specific expression patterns being type I: acidic keratins;
type II: basic keratins; type III: desmin, vimentin, glial fibrillary acidic protein
(GFAP) and peripherin; type IV: neurofilament proteins and alpha-internexin; type
V: nuclear lamins and type VI: nestin and synemin.

Thus far, over 65 genes have been identified to encode intermediate filaments,
which comprise one of the largest gene family in humans (Tang, D. D. & Gerlach,
2017). Intermediate filaments are expressed in a developmental- and cell-specific
manner. Most of the intermediate filaments are localized in the cytoplasm (i.e.,
cytoplasmic) but type V intermediate filaments, being lamins, are expressed in the
nucleus. Lamins are localized beneath the nuclear membrane to form a supportive
network and increase the structural strength of the nucleus (Tang & Gerlach, 2017).
For instance, type I and II intermediate filaments are expressed in epithelial cells,
while expression of type IV intermediate filaments, neurofilaments, is restricted to
neural tissue. The most ubiquitously expressed intermediate filament in various cell
types is vimentin. The main intermediate filament in non-myelinating Schwann cells
in peripheral nervous system is the glial fibrillary acidic protein (GFAP). GFAP is
also expressed in astrocytes in the central nervous system and in enteric glial cells.

Intermediate filaments contain o-helical and non-o-helical domains. Non-a-
helical domains contain numerous phosphorylation sites. The a-aminoterminal head
is essential for assembly of intermediate filaments, and the carboxyterminal head of
intermediate filaments is essential for the organization of intermediate filaments.
Intermediate filaments contain subunits 1A, 1B, 2A and 2B. Compared to
microtubules and actin filaments, intermediate filaments do not express any polar
elements. Intermediate filaments are transported via microtubules with dynein and
kinesin (Hookway et al., 2015).

2.6.6 A clinical point of view about the cytoskeleton

The cytoskeleton participates in nearly every intracellular and intercellular function
and mechanism that is associated with, for example, intracellular molecule
trafficking, tunneling nanotubes, cell migrations and invasion, cell division and cell
and tissue differentiation. Mutations in cytoskeletal genes have been associated with
various medical conditions, particularly with malignant tumors. Therefore, some
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intriguing medical conditions related to the abnormalities in the cytoskeleton have
been highlighted in this review.

Diseases in which the cytoskeleton is affected, lead to similar symptoms seen in
diseases were junction protein expression is aberrant. Features of malignant cells
include ability to migrate, invade, adhere and detach. In malignant diseases, all three
components of the cytoskeleton being actin, microtubules and intermediate filaments
display alterations in tissue in a developmental manner.

An actin binding protein, cortactin, is associated with a poor prognosis of cancer.
Cortactin participates in the development and maturation of invadopodia. This
feature is particularly important to invasive cancer cells. Overexpression of cortactin
has been detected from invasive cancers such as glioblastoma, colorectal cancer and
melanoma. Therefore, cortactin has been categorized as a biomarker of invasive
cancer (Castellanos-Martinez et al., 2020; MacGrath & Koleske, 2012).

Alterations in microtubules have been associated with tumorigenesis.
Microtubules participate in chromosome separation during mitosis and serve as an
ideal mechanism to target in cancer treatment. In general, the expression of y-tubulin
is a mandatory component in mitotic spindle formation in human cells. Furthermore,
y-tubulin is overexpressed particularly in stage III non-small cell lung cancer
(Maounis et al., 2019). Therefore, it is feasible to understand the association between
y-tubulin, uncontrollable cell proliferation and cancer. Mutations in BI-, BIIA- or
BIVB-tubulin isotypes have been associated with breast cancer (Wang et al., 2017).
Alterations in microtubule expression have been reported in various malignancies.
These molecular pathological mechanisms provide pharmaceutical opportunities to
control abnormal growth of malignancies and treat patients (Cermak et al., 2020;
Federico et al., 2020).

Altered lamin expression has been associated with several cancers. For instance,
in prostate cancer, laminA/C is overexpressed in prostate cancer tissue, and
inhibition of the lamin synthesis decreases prostate cancer cell locomotion/migration
in vitro (Kong et al., 2012). Alterations in lamin expression have been associated
with cancers, and the modulation of lamins in cancer cells decreases the motility of
cancer cells.
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3 Aims

The purpose of the present study was to examine complex tissues namely peripheral
nerves and bone tissues by combining specific imaging techniques. Furthermore, the
study was also performed to elucidate the role of the neurofibromin-deficient
osteoclasts play in the pathological mechanisms behind bone abnormalities
associated with NF1 disease.

The specific aims of the study were:

1. To study Schwann cell autotypic tight junctions in human adult and
developing peripheral nerves.

2. To characterize the bone phenotype of a Nf1Ocl mouse model ex vivo and in
vitro.

3. To image the actin cytoskeleton of osteoclasts at super-resolution.
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4 Materials and Methods

41 Materials

4.1.1 Human adult and fetal peripheral nerves (I)

All human tissue and blood samples were obtained with the appropriate informed
consent and approval of the Joint Ethical Committee of Turku University Hospital
and University of Turku, Finland.

Human adult peripheral nerve samples were obtained from healthy 16-, 21-, 39-
and 40-year-old men, who had died in accidents. Sciatic nerve samples were taken
during autopsies performed at the Department of Pathology, Turku University
Hospital, Finland. Sciatic nerve samples of four fetuses were removed during
autopsies performed at the Department of Pathology, Turku University Hospital,
within 2 days of spontaneous miscarriage after premature labor at 19, 23, 26 and 37
weeks of gestation. The autopsies showed no macroscopic or chromosomal
abnormalities. Samples were either used as frozen section samples or fixed with
formalin and embedded in paraffin.

Great auricular nerve samples were removed from four patients (57-75 years of
age) for surgical reasons encountered in the course of parotidectomies performed in
the Department of Otorhinolaryngology-Head and Neck Surgery, University of
Turku. Nerve samples were immediately fixed in 10% formaldehyde for 15 min.
Nerve samples were cut into 2—-3 mm pieces, and excess tissue was removed under
a preparation microscope. Epineurium and perineurium were opened, and
endoneurial tissue were transferred onto silanated glass slides. Endoneurial tissue
was teased with fine needles to separate Schwann cell axon units. After air drying,
the samples were postfixed and permeabilized in methyl alcohol at -20°C for 20 min.
Slides were blocked for 30 min with PBS containing 1% BSA and 0.1% Triton-X-
100. Samples were treated with the same antibodies and protocol as the frozen
sections.
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4.1.2 Human osteoclast cultures (Il)

The protocol of human osteoclast culture is described by Heervd and coworkers
(Heervd et al., 2010). Blood samples were obtained from healthy volunteers.
Mononuclear monocytes were isolated using Ficoll centrifugation. The fraction of
white blood cells was collected from each sample and washed with phosphate-
buffered saline. Isolated monocytes were differentiated into osteoclasts in medium
containing alpha-MEM (Gibco, Grand Island, NY), 10% heat-inactivated fetal
bovine serum (Gibco, Grand Island, NY penicillin-streptomycin, RANKL (20 ng/ml,
Peprotech, Rocky Hill, NJ) and M-CSF (10 ng/ml, R&D systems, Minneapolis,
MN).

41.3 Macrophage cultures (Il)

Macrophage cultures were established as previously described with some
modifications (Tedesco et al., 2015). The initial steps of the procedure mainly follow
the protocol of osteoclast cultures. Monocytes were isolated to form blood samples,
which were obtained from healthy volunteers. Monocytes were seeded to petri dishes
and allowed to adhere for 2 hours. Non-adherent cells were rinsed away, and
adherent cells were differentiated into macrophages for 7 days in medium containing
alpha-MEM, 10% heat-inactivated fetal bovine serum, penicillin-streptomycin and
M-CSF.

414 Keratinocyte cultures (Il)

Keratinocyte cultures were established as previously published (Siljaméki et al.,
2014). Briefly, skin samples were obtained from mammoplastic operations of
healthy women. Keratinocyte differentiation was induced in the presence of a high
(1.4 mM) Ca* concentration, and cell cultures were then used for indirect
immunofluorescence labeling.

4.1.5 Generation of the Nf1Ocl mouse strain (lll)

Generation of the NflOcl mouse strain is based on the cross breeding of two
previously published mouse models being Nf11°¥ox (Zhy et al., 2001) and TRAP-
Cre mice (Dossa et al., 2010). Specific Nfl gene inactivation is processed with the
Cre-LoxP system. Inactivation of the Nfl gene is based on excision of exons 31 and
32, when the TRACPCre promoter is active. The principle of Cre-mediated
recombination is schematically illustrated in Figure 11. Briefly, exons 31 and 32 are
flanked with LoxP sequences in Nf17¥1*mjce. The sequence of the Cre enzyme is
incorporated into the vicinity of TRACP promoter in TRAP-Cre mice. The
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TRACPCre promoter regulates the expression of the Cre enzyme. The Cre enzyme
recognizes LoxP sequences and induces the recombination. Consequently, excision
of exons 31 and 32 results in a functionally inactive Nfl gene.

_|TRACP Promoterl Cre }— —| LoxP H Exon 31 H Exon BZH LoxP '—

/7~ O\

Exon 31

LoxP

Figure 11. Schematic illustration of Cre-mediated recombination in Nf1 gene.

Nf1¥lox mice were generated in the laboratory of Dr. Luis Parada (University of
Texas Southwestern Medical Center) and the TRAP-Cre mouse strain has been
generated by Dr Jolene Windle (Virginia Commonwealth University, Richmond,
VA). Nf11¥x and TRAP-Cre were mated and produced the Nfl1Ocl mouse strain.
The Nf1Ocl mice were maintained in the modern animal housing facilities of the
Central Animal Laboratory of the University of Turku under the guidelines of the
University Ethics Committee.

4.1.6 Genotyping of Nf1Ocl mice and osteoclasts (I1)

To genotype Nf1Ocl mice and osteoclasts, DNA was isolated from ear marks and
osteoclast cultures (see below) with DNeasy® Blood & Tissue Kit (Qiagen, Hilden,
Germany) by a protocol provided by the manufacturer. PCR for recognizing wild
type, native and recombined Nflflox alleles was carried out as previously described
(Zhu et al. 2001). A primer pair P1-P4 detected the Nflflox allele and LoxP
produced a 350-bp band, a PCR with primer pair P1-P3 showed a band from the wt
allele (480 bp) and a third primer pair P1-P2 detected completion of Cre-mediated
recombination. The sequences for primers (5" to 3') were: P1, CTTCAGAC
TGATTGTTGTACCTGA; P2, CATCTGCTGCTCTTAGAG GAACA; P3,
ACCTCTCTAGCCTCAGGAATGA; P4, TGATT CCCACTTTGTGGTTCTAAG.
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To genotype each bone cell type form in the bone tissue section, cells were
isolated with laser microdissection to an adhesive cap of collection tubes. Collection
tubes were vigorously vortexed and centrifuged to detach cell content from an
adhesive cap. DNA was isolated by using QIAamp DNA FFPE Tissue Kit (Qiagen)
according to the manufacturer. PCR was performed in two parts. DNA was pre-
amplified using the P1-P2 primers, and pre-amplified DNA was treated as described
for genomic DNA (see above).

4.1.7 Tissue samples from the Nf1Ocl mouse strain (ll1)

Mice were sacrificed at the age of 8 weeks. Body and spleen weights were measured.
Tissue samples including liver, spleen, kidneys, heart, skeletal muscle, the central
nervous system, reproductive organs, the digestive track, femur, tibia and the
calvaria were collected and fixed with 10% formalin for 2448 h. For the paraffin
embedding, the tibias and femurs were decalcified with 10% EDTA incubation for
2 weeks. For pCT and three-point bending analysis, tibias were fixed with 10%
formalin for 24-48% and stored in 70% ethanol.

4.1.8 Culturing of mouse osteoclasts (lI)

Mouse osteoclast cultures were performed as previously described (Bradley and
Oursler 2008). Cell cultures were established from spleens of homozygous Nf1Ocl
" mice and control Nf1Ocl"* mice. Cells were pressed out from spleen, and cell
suspensions were seeded onto a petri dish. Mononuclear precursor cells were
differentiated into mature osteoclasts in the presence of alpha-MEM (Gibco, Grand
Island, NY), 10% heat-inactivated fetal bovine serum penicillin-streptomycin,
RANKL (20 ng/ml, Peprotech, Rocky Hill, NJ) and M-CSF. Cultures were
differentiated for 0, 2, 4, 7 or 10 days as previously described (Heervi et al., 2010).

419 Antibodies

Several commercial mono- and polyclonal preparations were used as primary
antibodies. The antibodies, suppliers and product data are listed in Table 1.
Information of the secondary antibodies, conjugated stains and nuclear stains used
in this study can be found in Table 2.
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Table 1. List of primary antibodies.

Antibody

Rabbit Pab to human claudin-1
Rabbit Pab to human claudin-2
Rabbit Pab to humanclaudin-3
Rabbit Pab to human claudin-4
Rabbit Pab to human claudin-5
Rabbit Pab to human claudin-11
Rabbit Pab to human occludin
Rabbit Pab to cow S-100
Mouse Mab to human claudin-5

Mouse Mab to human type IV collagen

Mouse Mab to human E-cadherin
Mouse Mab to human ZO-1
Mouse Mab to human occludin

Mouse Mab to human pan Na1 channel

Mouse Mab to human Class Il b-tubulin

Rabbit Pab to human Phospho-p44/42
MAP Kinase(Thr202/Tyr204)
Mouse Mab to human p44/42 MAP Kinase

Rabbit Pab to human Phospho-AKT
(serd73)
Rabbit pab to human pan-

AKT(phosphoT308)
Rabbit pab pan-AKT

Rabbit pab to huma Akt1 (C-20)
Rabbit Mab to human c-Src

Mouse Mab to human Cortactin
Rabbit Pab to human Arp2 antibody

Mouse Mab to human cofilin
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Cat. no

51-9000

51-6100

34-1700

32-9400

34-1600

36-4500

71-1500

18-0046

35-2500

C1926
33-4000

33-9100

33-1500

S8809

MMS-
435P
9101

4696
9271
ab3844

9
ab8805

sc-1618
2109
55579
ab4765

7
53934

Source

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA
Sigma-Aldrich, St. Louis, MO

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA

Zymed Laboratories Inc, South
San Francisco, CA
Sigma-Aldrich, St. Louis, MO

Nordic BioSite, Taby, Sweden

Cell Signaling Technology,
Beverly, MA

Cell Signaling Technology,
Beverly, MA

Cell Signaling Technology,
Beverly, MA

Abcam, Cambridge, UK

Abcam, Cambridge, UK

Santa Cruz Biotechnology Inc,
Santa Cruz, CA

Cell Signaling Technology,
Beverly, MA

Santa Cruz Biotechnology Inc,
Santa Cruz, CA

Abcam, Cambridge, UK

Santa Cruz Biotechnology Inc,
Santa Cruz, CA

Used
in
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Table 2. List of conjugated staining reagents, secondary antibodies and nuclear stains.

Antibody Cat. Source
no
Alexa-Fluor 488-conjugated goat anti-mouse IgG | A11029 | Molecular Probes,
Eugene, OR
Alexa-Fluor 568-conjugated goat anti-mouse IgG | A11011 | Molecular Probes,
Eugene, OR
Alexa Fluor® 488 Phalloidin A12379 | Molecular Probes,
Eugene, OR
ATTO 647-Phalloidin 65906 | Sigma-Aldrich
Dil Stain: 1, 1’-Dioctadecyl-3, 3, 3’, 3- D3911 Molecular Probes,
tetramethylindocarbocyanine perchlorate Eugene, OR
Hoechst 33342 H3570 | Molecular Probes,
Eugene, OR
Phalloidin conjugation STAR635 2-0205- | Abberior GmbH,
002 Gottingen, Germany
Quant-iT™ PicoGreen® dsDNA Reagent P7581 Molecular Probes,
Eugene, OR
Rabbit Anti-Goat IgG, HRP-linked P 0160 |Dako, Glostrup,
Denmark
Swine-Anti-Rabbit IgG, HRP-linked P02170 | Dako, Glostrup,
Denmark

4.2 Methods

Used

This thesis includes common and specific microscopy techniques, protein analyses
and histological staining methods which are categorized according to publication.
Microscopy equipment and softwares are listed in Table 3. Histological staining

methods are listed in Table 4 and protein analyses are seen in Table 5.

Table 3. Equipment used in cell and tissue imaging.

Microscope

Zeiss LSM 510 META confocal microscope equipped with argon-ion and helium-neon
lasers (Zeiss; Jena, Germany) and LSM 3.0 software

Leica TCS SP5 STED microscope, equipped with MaiTai HP (Leica Microsystems
GmbH, Mannheim, Germany and Spectra-Physics, US) and operated with LAS AF
software (Leica Microsystems)

Olympus BX51TF Digital Virtual Microscope Olympus BX51TF Digital Virtual
Microscope)

SkyScan 1072 microcomputer tomography reconstructed by NRecon 1.6.3.1 software,
CTAnNn 1.9.3.0 and CTVol 2.1.1.0 softwares and DataViewer 1.4.2 software (Skyscan).
Zeiss Axiolmager M1 microscope with AxioCam ICc3 cameran ane AxioVision Release
4.8 software

Zeiss P.A.L.M. laser microdissection
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Table 4. Histological staining methods.

Method Used in
Alizarin Red and Alcian Blue staining Il

Acid Phosphatase Leukocyte (Trap) staining I
Hematoxylin and eosin (HE) staining 11-111
WGA-lectin staining 1-111

Table 5. Methods of protein analyses.

Method Used in
Indirect immunofluoresence 1, 10, 11
Avidin-Biotin labeling Ml
Western transfer analysis ]
Enzyme-linked immunosorbent assay (ELISA) 1]

4.2.1 Confocal and STED microscopy (I, I1)

Systematic confocal and STED imaging were used. Each sample was optically
sectioned into multiple layers. The scanning process was extended to cover the entire
subject including axial and lateral dimensions. Therefore, all the details of the sample
were taken into account. Further, optically sectioned layers were processed to
individual images or 3-dimensional reconstructions.

Imaging of all nervous tissue samples was carried out using a Zeiss LSM 510
META confocal microscope (Table 3). The objectives had a magnification of x40
(oil immersion, NA 1.3), x63 (oil immersion, NA 1.4) and x100 (oil immersion,
NA1.4).

Sequential imaging of human osteoclasts was carried out with confocal mode
and STED mode (Table 3). Phalloidin Atto647N or Star635 was excited by a 635
nm pulsed laser (LDH-P-C-640B, PicoQuant, Berlin, Germany), and fluorescence
was collected with an avalanche photo diode detector at a 665705 nm range.

For super-resolution STED imaging, Atto647N or Star635 was depleted at 760
nm. Images of cells stained with Dil were acquired with a water immersion objective
lens (NA1.2 63x water, Leica) and the remainder was acquired with an oil immersion
objective lens (NA1.4 100x oil, Leica). The confocal pinhole was set to one airy unit
with a line-scan speed of 600 Hz with a line averaging of either 8 or 16. The pixel
size (sampling) was set to 20 nm for STED imaging thus satisfying the Nyquist
sampling requirement (Nyquist 1928).
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4.2.2 Micro-computed tomography (lll)

Structural details of bone architecture and bone content were evaluated with micro-
computed tomography. Formaline-fixed tibias of Nf1Ocl™*, Nf1Ocl*- Nf1Ocl”- mice
were scanned with a SkyScan 1072 (Skyscan, Aartselaar, Belgium) X-ray
microtomograph with following settings: an X-ray tube of 72 kV and 138 pA, a pixel
size of 5.32 um, a 1.3 s exposure time, a 180° rotation in 0.45° rotation steps.
Transmission X-ray images were recorded, and primary data were reconstructed by
NRecon 1.6.3.1 software (Skyscan). Trabecular and cortical bone analysis and
visualization and bone mineral density (BMD) analysis were carried out by CTAn
1.9.3.0 and CTVol 2.1.1.0 software (Skyscan) according to the manufacturer's guide.
The thickness of growth plate was analyzed by DataViewer 1.4.2 software
(Skyscan). Triplicate measurements were analyzed from the lateral, medial and
central parts of the growth plate.

423 Laser microdissection (I11)

Laser-capture microdissection was utilized in genotyping each bone cell type:
osteoclasts, osteocytes and chondrocytes from the tissue section. Sections of tibia in
Nf1Ocl** and Nf1Ocl”" mice were processed with P.A.L.M. laser microdissection
equipment (ZEISS, Jena, Germany). Each bone cell type was pooled from 10
histological sections on average. Briefly, paraffin-embedded sections of tibia were
stained with Trap-kit according to the manufacturer. TRACP-positive osteoclasts,
chondrocytes of the growth plate and diaphyseal osteocytes were identified with
FLUAR 10x/0.50 objective and Zeiss Axiovert 200 microscopy. The region of
interest was delineated from each tissue section using a PALM®Robo software. The
catapulting pressure of the laser beam detached the cell content from the glass slide
and lifted the cell content to an adhesive cap of a collection tube. DNA was isolated,
and the concentration was analyzed with PicoGreen® to ensure sufficient DNA
content. Genotyping was performed as described earlier.

4.2.4 Histomorphometric analysis of spleens and
megakaryocytes (ll)

Histological sections were imaged by an Olympus BXS51TF Digital Virtual
Microscope (Olympus, Tokyo, Japan), saved in .vsi file format, and analyzed by
dotSlide software (Soft Imaging System GmbH, Miinster, Germany). Four equal
areas (1 x 106 um?) from each H&E-stained spleen sections were randomly selected
for histomorphometric analysis with dotSlide software, and areas of white and red
pulp were measured. The percentage of white pulp from the total tissue area was
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calculated, and the number of megakaryocytes (MKs) and their total area were
determined from the histological sections.

4.2.5 RNA analyses for claudin expression (l)

RNA was isolated from the sciatic nerves of 19- and 26-week-old fetuses and adult
great auricular nerves. Nerve tissue samples were immediately submerged in
RNAlater RNA Stabilization Reagent (76104; Qiagen, Valencia, CA). RNA was
isolated using the RNeasy Mini Kit (74104; Qiagen) according to the protocol
provided by the manufacturer. RNA was reverse transcribed into single-stranded
cDNA and used as templates for PCR amplification. PCR reactions, to detect
expression of claudins 1-11, and GAPDH, were performed using a MultiGene-12
RT-PCR profiling Kit (PH-083B; SuperArray Bioscience, Frederick, MD) according
to the protocol provided by the manufacturer. PCR reactions for claudin-19 were
performed as described (Lee et al. 2006) using claudin-19 primers (sense primer: 5'-
AATTTGGCCCAGCCCTGTTCGTGG- 3’ anti-sense primer: 5'-
GATTGGATGTGACCGTCCAGGGCG-3'). The PCR product size was 290 bp.

4.2.6 Bone resorption analyses (l1)

Nf1Ocl™* and Nf1Ocl” osteoclast cultures were performed as described earlier. For
bone resorption assays and IIF, 1 million cells were plated to each bovine bone slice
in 24-well plates. Five mice (n=5) from each genotype were used, and five parallel
cultures per mouse were established. Culture medium was collected on the 10" day,
and concentrations of C-terminal telopeptides of type I collagen (CTX) were
measured using a CrossLaps® for Culture (CTX-I) ELISA kit (Immunodiagnostic
Systems Ltd., Boldon, Tyne and Wear, UK). Analysis was performed according to
the manufacturer's protocol, and the results were correlated to the bone slice area.
Resorption pits of the bone slice were visualized by wheat germ agglutinin (WGA)-
lectin labeling as described previously (Heerva et al., 2010).

427 Three-point bending assay (lll)

A three-point bending assay was carried out as previously described (Peng et al.,
1994). Tibial bones were compressed at a constant rate of 0.155 mm/s until
breakdown. Mechanical parameters, such as ultimate strength with a maximal load
in N, and energy absorbed by the bone tissue representing structural toughness were
analyzed using RatBone analyzer v1.2 software (Timo Rautiala, Oulu, Finland).
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5 Results

5.1 Tight junctions in peripheral nerves

5.1.1 Tight junctions in human adult nerves (l)

To analyze the localization of autotypic tight junction expression patterns in human
adult peripheral nerves, indirect immunolabeling was performed, and the nerves
were analyzed using confocal microscopy. To assist in the localization of autotypic
tight junction proteins, which seal adjacent membrane lamellae of the same cell,
Schwann cell-specific structures such as nodal and paranodal regions, Schmidt-
Lanterman incisures and the inner- and outer mesaxon, were first visualized in teased
nerve fibers. Frozen sections of peripheral nerves were labeled with antibodies for
type IV collagen, E-cadherin and Na* channels. A schematic illustration of Schwann
cell summarizes these endoneurial structures in Figure 12. The results showed that
the transmembrane protein, claudin-1, was the most prominent tight junction protein
when analyzed with indirect immunofluorescence at the protein level and RT-PCR
at the RNA level. Claudin-1 was localized to the paranodal area, to the Schmidt-
Lanterman incisures and to mesaxons. Claudin-1 was co-localized with adherens
junction protein E-cadherin in Schmidt-Lanterman incisures and outer mesaxons. In
addition, claudin-1 co-localized with the intracellular tight junction protein ZO-1 in
paranodal regions and partially co-localized in the inner mesaxon. At the RNA level,
RT-PCR analysis showed robust claudin-1 expression in the human adult auricular
nerve.

Claudin-2 was detected in the Schmidt-Lanterman incisures and in the paranodal
areas thus co-localizing with E-cadherin. Claudin-2 expression was also seen in the
inner mesaxon, while E-cadherin could not be detected in the inner mesaxon. Even
though the expression pattern of claudin-2 was mainly similar to claudin-1, claudin-
2 expression was sparser in the outer mesaxon. Claudin-3 expression was recognized
in the Schmidt-Lanterman incisures and outer mesaxons. Claudin-5 was occasionally
expressed in only the Schmidt-Lanterman incisures. Expression of claudin-4 and
claudin-11 was not detected by indirect immunofluorescence.
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Figure 12. Schematic illustration and actual fluorescent labeling pattern of subcellular structures in
myelinated Schwann cell such as paranodal area, mesaxons, Schmidt-Lanterman
incisures and node of Ranvier. The expression of tight junction proteins and adherens
junction proteins in human peripheral nerve is localized to each subcellular structure.

Localization of the transmembrane protein occludin was also characterized.
Occludin expression was mapped to Schmidt-Lanterman incisures and the outer
mesaxons, but the expression pattern was weak, punctate and sparse. Occludin also
co-localized with claudin-2. None of the tight junction proteins analyzed could be
mapped to the nodal region. The expression pattern of tight junction and adherens
junction proteins is summarized in Figure 12.

Claudin expression was analyzed at the RNA level using RT-PCR. The results
showed that mRNAs of claudins 1-4, 6-9, and 11 were expressed. However,
expression of claudin-5 and claudin-10 mRNA were not observed. mRNA
expression of claudin-19 could not be detected in samples of adult great auricular
nerve and fetal sciatic nerves at 19 and 26 weeks of gestation.

51.2 Tight junctions in developing nerves (I)

The claudin expression pattern was characterized from a developmental aspect with
confocal microscopy. Frozen sections of fetal sciatic nerves at 23 and 37 weeks of
gestation were labeled for claudin-1, claudin-3, ZO-1 and occludin. The results

60



Results

showed, in general, a linear punctate labeling pattern of all tight junction proteins at
23 and 37 weeks of gestation indicating mesaxonal localization. The claudin-1
labeling pattern was punctate at 23 weeks of gestation. In addition to a linear labeling
pattern, occasionally claudin-1 was orientated in a circular shape suggesting
localization in Schmidt-Lanterman incisures. Later at 37 weeks of gestation, the
structure of the fetal sciatic nerve still remained somewhat immature. The result
showed that claudin-1, claudin-3, occludin and ZO-1 featured a punctate labeling
pattern. Certain structural details such as the inner- and outer mesaxons could not be
distinguished from each other while Schmidt-Lanterman incisures, mesaxons and
paranodal regions were distinguishable at this time point, although the labeling
pattern of tight junction proteins was punctate.

52 The Nf10Ocl mouse strain

5.2.1 Creating a conditional knockout Nf1Ocl mouse strain (I1)

The principles of a conditional knockout Nfl mouse model are described in the
Material and Methods on page 49. The Nf1%¥fx and Trap-Cre mice were mated to
generate a new NflOcl mouse strain. Mating yielded a Nf1Ocl mouse strain, where
the Nfl gene is inactivated in osteoclasts and precursors, while other cells contain a
normally functional Nfl gene. NflOcl™, NflOcl” and NflOcl” mice were
apparently healthy by displaying a normal body and behavior. Body weight and stature
were also normal in all mice. The skeleton was evaluated at the macroscopic level.
Alizarin red/alcian blue staining did not show any macroscopic abnormalities in the
skeleton or in cartilage. However, the spleen was obviously enlarged in Nfl1Ocl”" mice.
Spleen weight of NflOcl”~ mice was actually twofold compared to control mice or
heterozygous Nfl1Ocl™* mice. Other macroscopic or microscopic abnormalities were
not observed in internal organs such as the liver, the kidney, the heart, skeletal muscle,
the central nervous system, bone marrow, reproductive organs and the digestive track.

522 Genotyping Nf1 gene inactivation in mouse bone (ll)

To analyze inactivation of Nfl gene in bone, TRACP-positive osteoclasts, osteocytes
and chondrocytes were collected from formalin-fixed, paraffin-embedded bone tissue
samples with laser-capture microdissection. Implementation of laser-capture
microdissection was crucial in detection of the Nfl gene inactivation directly from bone
tissue in a cell-specific manner. The recombined DNA sequence was recognized by PCR
as described earlier (Zhu et al., 2001). The 280-bp PCR product was detected only in
osteoclast samples, which indicates inactivation of Nfl gene. The 350-bp PCR product,
which recognizes the intact Nfl flox allele, was observed in osteoclast, osteocyte and
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chondrocyte samples. The results clearly confirmed that the Nfl gene was inactive
specifically in osteoclasts in vivo. The results also demonstrated that the activity of the
TRACP promoter is sufficient to induce the conditional Nfl gene inactivation in a cell-
specific manner as expected. Inactivation of the Nfl gene was also confirmed from
Nf1Ocl™ and Nf1Ocl™ spleen-derived cell cultures and from ear mark samples.

5.2.3 Alterations in Ras and PI3K signaling pathways in
bone and cultured osteoclasts (Il)

A NF1 gene mutation is related to accelerated activity of the Ras signaling pathway
in osteoclasts (Yang et al., 2006). Phosphorylated p44/42 mitogen-activate protein
kinase (MAPK) indicates accelerated activity in the Ras signaling pathway. Ras
activity was analyzed by immunolabeling the bone tissue in vivo and differentiating
osteoclast cultures in vitro. Tibial bone sections of NflOcl™~ and Nf1Ocl” mice
showed a positive immunoreaction for phosphorylated p44/42, which was localized
to osteoclasts. The immunolabeling pattern for phosphorylated p44/42 is seen later
in Figure 14. As expected, tibial bone sections of control mice remained negative.

Activity of Ras signaling pathway in differentiating osteoclasts was evaluated by
western transfer analysis. Since the spleen is a reservoir of monocytes, spleen cell
suspensions of NflOcl** and NflOcl”~ mice were differentiated to multinuclear
osteoclasts, and cell cultures were analyzed on days 0, 2 and 4. The results showed
that phosphorylated p44/42 was detected in osteoclast cell cultures isolated from
Nf1Ocl™" and Nf1Ocl”~ mice. However, the analysis revealed that Nfl-deficient
(Nf10Ocl™) osteoclast cultures displayed a twofold increase in Ras activity in general.
Specifically, on day 4, Ras signaling pathway was markedly accelerated in Nfl1Ocl
" osteoclast cultures. The results suggest that deficiency of neurofibromin
predisposes to the hyperactivation of Ras signaling pathway during the osteoclast
differentiation.

Additionally, the role of neurofibromin in PI3K signaling pathway was
evaluated with western transfer analysis. Akt, a downstream target of PI3K,
accelerates PI3K signaling pathway in its phosphorylated state. The results showed
that increased levels of phosphorylated Akt were detected in Nf1Ocl”" osteoclasts.
However, the expression prolife of phosphorylated Akt followed different
timetables in different sample sets, and the results were not conclusive even though
the experiments were carried out with two Akt and two p-Akt antibodies. To
summarize, neurofibromin is involved in regulation of Ras signaling pathway in
osteoclasts. Even haploinsufficient expression of neurofibromin predisposes to
hyperactivation of Ras signaling. Neurofibromin may also have an influence on
the PI3K signaling pathway.
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524 Morphometric analysis of tibial bones of Nf1 knockout
mice (II)

Sequential pCT was carried out to study structural details of tibial bone. Additional
post-processing of raw data yielded parameters according to Parfitt’s nomenclature
(Parfitt et al., 1987). Tibial bones of NflOcl”*, NflOcl"”- and NflOcl”~ mice were
analyzed. Cortical and trabecular bone (Figure 13) were characterized separately. In
general, alterations were slight but significant. Diaphyseal bone of tibia was used to
cortical bone analysis. The results showed that the tissue volume and cross-sectional
area of cortical bone and bone marrow cavity were smaller in Nf1Ocl” mice. These
results were similar despite the gender. However, the bone volume was equal in each
group. In fact, the relative content of cortical bone was increased in NflOcl”" mice
compared to Nf1Ocl** mice. The thickness of cortical bone was evaluated from the
anterior, lateral, medial and posterior parts. The results confirmed that thickness of
cortical bone was equally distributed in the diaphyseal bone.

Trabecular bone

Cortical bone
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Figure 13. 3D reconstructed uCT image of tibial bone shows trabecular and cortical bone
compartments which were included in the analysis.

The proximal metaphysis of tibia contains trabecular bone, which was analyzed
similarly to cortical bone. Morphometric analysis showed that bone volume was
smaller, and a smaller number of trabecles was detected in NflOcl”- mice. Bone
characteristics in heterozygous NflOcl”" mice appeared to be of an intermediate
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phenotype compared to that seen in NflOcl”~ and NflOcl”* mice. In addition,
statistical analysis revealed that the standard deviation particularly in heterozygous
Nf1Ocl” females was variable. To conclude, the results of morphometric data
suggested that tibial bones of knockout mice were smaller compared to control mice,
although the results were not statistically significant.

Bone mineral density was evaluated from morphometric data. Equal bone
mineral density was detected in trabecular and cortical bone in Nf1Ocl**, Nf1Ocl*
and Nf1Ocl”" mice. In addition, three-point bending analysis did not show any
abnormalities in mechanical strength in Nfl1Ocl”- and Nf1Ocl”- mice compared to
Nf1Ocl*”* mice. The results of bone mineral density and mechanical properties
suggest that Nf10Ocl mice do not represent a fragile or osteoporotic bone phenotype.

Control bone Nf1 Ocl -/- bone
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Figure 14. Conditional Nf1 gene inactivation in osteoclasts predispose alterations in bone:
narrower growth plate, disorganized chondrocyte columns, and hyperactivation of Ras
signaling pathway beneath the growth plate.

During the post-processing of the morphometric data, the morphology of the growth
plate seemed to be variable. Thus, the thickness of growth plate was measured from
three distinct points in reconstructed images. The growth plate was approximately
20% more narrow in NflOcl” mice compared to control mice. In addition,
histological alterations were seen particularly in the proliferative zone, where
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chondrocytes in columns were disorganized. These alterations in growth plate are
summarized in Figure 14. To conclude, in the morphometric analysis of cortical and
trabecular bone, Nfl-deficient mice featured minor alterations in their bone volume
and their growth plates.

5.2.5 Histomorphometric analysis of spleen (Il)

Since NflOcl”” mice displayed an enlarged spleen, histological analysis was
evaluated carefully. In general, the histology of enlarged spleens was apparently
normal. The ratios of red and white pulp remained equal. White pulp covered 40.6%
of the total area in spleens of knockout mice, and 42% of the total area in spleens of
control mice. The number of megakaryocytes was calculated from histological
sections of spleen. Enlarged spleens of NflOcl”~ mice featured significantly
increased number of megakaryocytes (8.5 MKs/mm?) compared to control spleens
(3.2 MKs/mm?, P < 0.001). However, no evidence of increased myeloid cell
proliferation was detected.

5.2.6 Differentiation of Nf1-deficient osteoclasts (II)

Features of osteoclasts, such as differentiation capacity, morphology of the
cytoskeleton and the ability to resorb bone were further studied. Spleen-derived
osteoclast cultures from Nfl1Ocl™* and Nfl1Ocl” mice were established. Cells were
seeded on the bovine bone slice, and cultures were differentiated to osteoclasts for
10 days. Cells containing more than three nuclei were considered as mature
osteoclasts in these experiments. Equal numbers of osteoclasts differentiated to
mature osteoclasts in Nfl”~ and Nfl** genotypes (ratio 1:1002, P = 0.908).
Osteoclasts were labeled with phalloidin to evaluate the morphology of the actin
cytoskeleton. Imaging was performed with wide-field fluorescent microscopy.
Morphological alterations such as disorganized actin ring formation and variable cell
size and irregular cell shape were distinguished in Nfl-deficient osteoclasts.
Occasionally Nf1”~ osteoclasts contained several small actin rings.

5.2.7 Bone resorption capacity of Nf1-deficient mouse
osteoclasts (Il)

Bone resorption capacity was evaluated by measuring the concentration of the C-
terminal telopeptide of type I collagen (CTX) from culture medium and visualizing
the resorption pits in bovine bone slices with WGA-lectin staining method.
Approximately a 30% higher secreted CTX concentration (0.096 + 0.006 nM/mm?
vs. 0.065 £ 0.007 nM/mm?, P < 0.002) was detected in medium collected from
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Nf1Ocl” cultures compared to control cells. In addition, bone resorption pits in
bovine bone slice appeared larger in size and featured an irregular shape in Nf1Ocl
" cultures compared to bovine bone slices in NflOcl™* and NflOcl”" osteoclast
cultures. To summarize these results, Nfl-deficient osteoclasts displayed an
abnormal actin cytoskeleton in addition to showing increased bone resorption
capacity.

53 Cultured human osteoclasts

5.3.1 Bending and branching of actin (lII)

The actin cytoskeleton of cultured human osteoclasts was investigated using STED
super-resolution microscopy. Briefly, mononuclear monocytes were isolated from
human blood samples and differentiated into osteoclasts. Actin was visualized with
phalloidin labeling, and nuclei were stained with Hoechst nuclear stain. The actin
ring and podosome belt are typical characteristics of osteoclasts, which are located
in the basal side of cell. Therefore, systematic imaging was extended to cover the
whole cell. The results revealed that the actin cytoskeleton featured unexpected
morphology in osteoclasts. Curved and branched actin filaments fulfilled the
intracellular space from the basal side of the cell to the top of the cell (Figure 15).
At the basal side of the cells, actin displayed a common morphology, which was
easily recognizable in scattered actin-rich adhesion complexes such as podosomes
or podosome belts. Immediately above the podosomes, characteristics of actin
changed into curved and branching filaments. Specifically, systematic imaging of
each and all optical sections revealed that curved and branched actin filaments had
loosely enclosed nuclei. Furthermore, the cell membrane was visualized with a Dil
membrane stain solution to evaluate colocalization of membrane ruffles and curved
actin. The results showed that the cell membrane was intimately in contact with
curved actin filaments and cell membrane delineated actin containing structures in
subcellular localization. Occasionally, actin filaments were accumulated in the
vicinity of cell membrane. Curved actin filaments were observed also in human
macrophages and keratinocytes. Thus, bending actin is not a specific feature of
osteoclasts of multinucleated cells as such.
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Curved actin

Micrometer-level
tube

Podosomes

Figure 15. Scematic illustration of osteoclast. STED microscopy revealed actin filaments being
curved and branched in intracellular space whereas cell protrusion, MLT, contained
straight actin filaments.

5.3.2 Micrometer-level tubes associate closely to nuclei (l11)

Systematic imaging with super-resolution microscopy revealed that osteoclasts
displayed cell protrusions, which are named as the micrometer-level tube (MLT).
MLTs were located between two osteoclasts as bridge-like structures significantly
above the cell culture substratum. MLTs contained straight actin filaments which
extended up to 40 um, and diameter varied 1-5 pm. 3D-reconstructed images
demonstrated more details of the morphology and location of MLTs. The membrane
staining showed that MLTs were covered by a cell membrane, and that the cell
membrane continued seamlessly between two cells. Actin filaments of MLT seemed
to integrate into both osteoclasts. Main findings of MLT are summarized in Figure
15. Actually, labeling for actin or cell membranes could not to distinguish MLT and
adjacent osteoclasts as separate individual structures. One crucial finding was that
the nuclei of osteoclasts located in the vicinity of protrusive MLTs. Curved actin
filaments surrounded nuclei and continued as straight actin filaments in the MLT.
The results also showed that occasionally a single nucleus was located inside of
MLT. Nuclei located in MLTs showed elongated morphology while the intracellular
nuclei were rounded. These findings suggest that nuclei were transferred from one
osteoclast to another via MLTs.

5.3.3 Arp2/3, cofilin, cortactin and c-Src expression pattern
in osteoclasts (lll)

Osteoclasts were labeled for Arp2/3, cofilin, cortactin and c-Src in order to evaluate
the dynamics of actin. The results showed that Arp2/3 was expressed abundantly on
the basal side of osteoclasts. A punctate labelling pattern of Arp2/3 was localized to
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the branching site of actin as expected. Cofilin was accumulated in the middle part
of osteoclasts near nuclei and did not co-localize with actin. Cortactin was also
detected near nuclei. In addition, cortactin was occasionally co-localized in the
vicinity of podosomes at the cell periphery. Labeling for c-Src was partially co-
localized with curved actin filaments in the cell periphery and around the nuclei. The
results showed evidence of active actin dynamics in osteoclasts.
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6.1 Developmental aspects of bioimaging

The ultimate goal and a dream of scientists developing and using bioimaging
techniques would be to reach the point where whole-body imaging in single cell
resolution is available (Susaki & Ueda, 2016). This type of imaging would help to
unravel pathological mechanisms behind diseases and develop new and effective
treatments.

Genetically modified mouse models have been a powerful and widely used tool
in modeling diseases during the past 20-30 years, but the determining of the
phenotypic consequences of gene modifications have been laborious. It is also
possible that phenotypic data has been missed due to incomplete analyses. Whole-
body imaging on single cell level would allow, for example, studying the whole
transgenic animal and various tissues or tumor cells in their natural environment
without time-consuming processes of histological staining. Imaging techniques used
in the present study have aimed at a careful analysis of the mouse phenotype by
combining information from various methods. For example, combining data of pCT
images of mouse bones with histology, and combining protein and genotype analyses
of selected cell types by utilizing laser-capture microdissection revealed the slight
phenotypic differences of knockout mice in Study II.

Imaging at the nanoscale level has advanced bioimaging during the recent years.
The laser-scanning microscope technique enables for the detection of more than one
research objects simultaneously and can localize the target more accurately than
fluorescence microscopy. When the first Study (I) of this thesis was carried out,
confocal laser scanning microscopy had become widely available, and the technique
was up to date. However, STED microscope would have been a much more powerful
tool in the analyses of Schwann cell junctions but was not yet in routine use during
those experiments. Luckily, STED microscope was available for the third Study (I1I)
of this thesis and revealed previously unforeseen views of actin structures in cultured
cells. With STED resolution, the previously fuzzy image of the actin “cloud”
sharpened to filaments of bending and branching actin. Findings from these the new
techniques may create a need for a new nomenclature of these structures.
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Nowadays, a modern technology for imaging of several fluorescent labels
simultaneously would probably be multiphoton microscopy. Live multiphoton
microscopy would be the most up-to-date method for studying transgenic animals.
Live multiphoton microscopy without need for labeling will probably be the next
step in obtaining real-time molecular level information from single cells in live
tissues.

6.2 Imaging challenges and some solutions in
studying human peripheral nerves

The structure of peripheral nerve is challenging to study for three main reasons. First,
the availability of fresh tissue samples that is very limited because human beings
have few peripheral nerves which can even be biopsied for diagnostic purposes
without causing functional damage. The great auricular nerve is a superficial branch
of the cervical plexus and innervates parts of the skin in cheek, earlobes, and scalp
behind the ear. This nerve must be sacrificed sometimes during operations for
squamous cell cancer, which has metastasized into the parotic gland. The nerve
excision causes little functional damage for the patient. Collection of the nerves from
the cancer operations provided a unique opportunity to obtain fresh nerve tissue for
the study. Developing nerves used in the study had been collected for the previous
studies (Jaakkola et al., 1993; Pummi et al., 2004). The second challenge in studying
peripheral nerves is the structure of the tissue. Preparation of the peripheral nerve for
histology is easiest by cutting cross-sections. However, cross-sections of nerves
provide a very limited view of longitudinal structures such as axons and Schwann
cells. Cutting the tissue longitudinally is possible, but the Schwann cell axon units
are embedded in the collagenous extracellular matrix of endoneurium and thus does
not reveal long stretches of Schwann cells. Teasing is a technique in which the axon-
Schwann cell units are separated from the endoneurial connective tissue material
using thin needles. This technique used on fresh nerves provided an opportunity to
image Schwann cells and their autotypic junctions in unforeseen detail. The third
challenge in imaging through immunofluorescence labeling of Schwann cells is the
absence of simple background staining. The commonly used nuclear stains do not
serve as good landmarks for longitudinally stretched Schwann cells, or axons which
do not have nuclei in peripheral nerve. Instead, antibodies for Na* channel were used
to localize nodes of Ranvier, S-100 was chosen for Schwann cells, axons could be
visualized using class III tubulin and antibodies for type IV collagen were used to
delineate the basement membranes of Schwann cells.

It was somewhat surprising to find tight junction components only in autotypic
junctions of Schwann cells, such as areas which the seal of the cell membrane
contacts various layers of one myelin-forming cell, while adjacent Schwann cells did
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not show junctional components in internodal areas. Autotypic tight junctions were
demonstrated in areas of non-compact myelin being paranodal regions, mesaxons
and Schmidt-Lanterman incisures. The protein composition of these areas showed
slight differences. The junctions of paranodal regions contained E-cadherin, claudin-
1, claudin-2 and ZO-1, while mesaxons additionally revealed that claudin-3 and
Schmidt-Lanterman incisures also expressed claudin-5. Labeling for occludin was
only present in mesaxons and was punctate. Mapping the junctions to developing
nerves showed punctate labeling for claudin-1, claudin-3, ZO-1 and occludin, which
corresponds to the immature myelin sheaths. It can be speculated that the formation
of Schwann cell takes place simultaneously with myelination. The molecular
composition of human autotypic junctions showed some differences compared to
mice (Poliak et al., 2002), which again emphasizes the need for human studies prior
to drawing general conclusions based on mouse models.

Although this study resulted in the knowledge of tight junction components
present in Schwann cell autotypic junctions, the structure of the junctions and
existing claudin combinations in junctions are not known. The selection of tight
junction components in Schwann cells differ from those in epithelial tight junctions
in which occludin is a crucial sealing protein. In fact, we do not know the exact
function of these junctions in Schwann cells either. It can, however, be speculated
that the autotypic junctions of Schwann cells differ from epithelial tight junctions, in
their structure, and perhaps for their function because of the different requirements
for diffusion barriers in peripheral nerve and epithelia, and because the autotypic
junctions are located between the cell membranes of the same cell when Schwann
cells wrap around axons.

It should also be noted that the expression of claudin-2, -3 and -5 differs between
murine and human nerves (Poliak et al., 2002). Thus, conclusions of Schwann cell
autotypic junctions cannot be drawn solely based on murine studies.

This study adds to the basic knowledge of the structure of peripheral nerves. The
results have been cited in studies concerning, for example, the blood-nerve barrier,
nerve damage and neuropathies.

6.3 Lessons learned in characterizing the Nf Ocl
mouse model

Osteopenia and osteoporosis are common in adult patients with NF1 (Elefteriou et
al., 2009; Heervé et al., 2010; Kuorilehto et al., 2005). In the current study, a
conditional knockout mouse strain, NflOcl, was generated to model osteoclast
abnormalities seen in NF1 patients and to study the role of the neurofibromin-
deficient osteoclasts in bone dynamics. A conditional knockout was generated using
the TRACP promoter, which has previously been used in mouse models generated
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to study osteoclasts (Dossa et al., 2010). The results showed that Nfl inactivation
was successfully targeted to osteoclasts. Specifically, a targeted analysis at the
cellular level was carried out using LCM. After TRACP staining of osteoclasts,
chondrocytes and diaphyseal osteocytes were microdissected using laser
microdissection equipment. Samples of each cell type were pooled, and DNA
analysis showed that the Nfl gene is inactivated only in osteoclasts, while the other
bone cell types remained wild type. Without this imaging application, it would not
have been possible to ensure that the Nfl knockout was successfully targeted to
osteoclasts. Another possible method to study knockout effects in different cell types
separately would have been to isolate cells from mouse bones and to differentiate
them in culture. However, setting up pure cultures and using various growth factors
in differentiation would not have been straightforward either and would potentially
introduce other potential errors.

Contrary to our hypothesis, the Nf1Ocl mouse strain did not reveal apparent
osteoporotic bone phenotype. The bones were macroscopically normal in size and
shape and did not show abnormal fragility. Several reasons may explain the outcome.
First, the mechanical load of mouse bones differs from human because of their
different postures. Second, osteoporosis in individuals with NF1 takes place in
tissues with a NF1*~ background, and all cells are haploinsufficient for NF1, while
in the mouse model, the surrounding tissues had a Nfl*"* genotype. Third, various
environmental and physiologic factors such as hormones play a role in osteoporosis,
which cannot be taken into account in a mouse study. Several mouse models have
been created to model bone alterations in NF1, and modeling the NF1-driven
osteoporosis has proven to be challenging also in other studies (Kiihnisch et al.,
2014). It is apparent that the timing of the knockout during the differentiation of
osteoclasts may be important in the phenotype, and the earlier timing may yield more
apparent changes (Rhodes et al., 2015).

6.4 Imaging in the characterization of Nf1 genotype
of bone cell types

Because the results did not show evidence of an altered phenotype, more modern
imaging methods were applied to study the bones in more detail. Micro-computed
tomography (uCT) provides three-dimensional data and has in part replaced older
laborious histomorphometric methods, in which various measurements are carried
out on histologic sections. And if needed, the tissue is still available for histology.
Analysis of bones by pCT detected slight abnormalities in bone that would not have
been evident without this technique. pCT revealed that the tibial bone marrow cavity,
trabecular tissue volume and the perimeter of cortical bone were smaller in Nf1Ocl
mice compared to control mice. Nfl mice also demonstrated another unexpected
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finding with their growth plate of long bones narrowed, and chondrocytes displayed
abnormal morphology and seemed disorganized in Nf1Ocl mice.

The most apparent findings in the NflOcl mouse strain were detected at the
cellular level. Microscopic analysis of phalloidin fluorescence showed that actin
structures were disorganized in neurofibromin-deficient osteoclasts. These results
were similar to the Nfl”~ mouse models, where one NF1 gene is inactivated in
osteoclasts, or the inactivation is programmed to an early phase of osteoclastogenesis
(LysMCre;Nflflox/+) or after completion of osteoclastogenesis (CtskCre
;Nflflox/+) (Jacks et al., 1994; Rhodes et al., 2015; Yang et al., 2006). All the results
together suggest that neurofibromin is necessary in proper osteoclastogenesis and
bone homeostasis.

6.5 Correlation of the results of the mouse model
with findings in NF1

The results of clinical and translational studies carried out during and after the
initiation of the present study emphasize that the abnormalities in bone resorption
caused by NF1 mutations is a clinically relevant study object. The skeletal phenotype
of NF1 includes a variety of bone abnormalities including pseudarthrosis scoliosis
and osteopenia, which tends to develop into osteoporosis (Heerva et al., 2014).
Osteoporosis or osteopenia can be diagnosed at a rather young age and also in men
with NF1 (Kuorilehto et al., 2005). Besides, increased risk for bone fractures and
delayed bone healing has been recognized in NF1 patients (Heervi et al., 2012).
These findings can be explained by the effects of NF1 in Ras signaling. Increased
Ras signaling, abnormal cell differentiation and increased bone resorption capacity
in vitro have been reported in osteoclasts cultured from NF1 patients (Heervi et al.,
2010). In the present study, neurofibromin-deficient mouse osteoclasts also
displayed enhanced bone resorption capacity and a hyperactivated Ras-signaling
pathway in vitro.

A recent report demonstrated that, in addition to the Ras/MEK/Erk signaling
pathway, human osteoclastogenesis is regulated by multiple interacting signaling
pathways including also PI3K and mTOR. The results of the study by Pennanen et
al. also emphasize the differences between human and murine osteoclasts with
respect to the regulation of differentiation. Inhibition of MEK, PI3K and mTOR
reduced markedly the number of NF1-deficient osteoclasts, but no effect was
observed in control samples (Pennanen et al., 2021).

In normal bone, chondrocytes are aligned to columns in the growth plate, while
in Nfl knockout mice, chondrocytes in the growth plate were disorganized.
However, Nfl gene was confirmed to represent the wild type, and contrary to Nf1”
osteoclasts, Ras signaling pathway was not hyperactivated. While cell-cell
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communication between the osteoblast and osteoclast has been studied to some
extent, the cell-cell communication between osteoclasts and chondrocytes remains
unknown. The findings may suggest that osteoclast-chondrocyte, cell-to-cell
communication may exist and contribute to the regulation of bone homeostasis. The
slight abnormalities in the growth plate seen in NflOcl mice may suggest one
plausible pathoethiology explaining why NF1 patients are shorter than the general
population. Another Rasopathy, namely Noonan syndrome, is also related to short
stature (Hauer et al., 2018).

One of the unexpected findings in Nf1Ocl mice was splenomegaly. Histological
analysis revealed that spleen contained a remarkable amount of megacaryocytes,
which arise from a hematopoietic cell lineage. Juvenile myelomonocytic leukemia
JMML is very rare form of leukemia characterized by an overproduction of
immature monocytic and granulocytic cells that infiltrate various organs, including
the spleen, the liver, the lung, the skin, and those in the gastrointestinal tract. JIMML
is rarely associated with NF1 in children (Niemeyer, 2018; Wang, Wei-Hao et al.,
2021). A case report has been published, where chronic myeloid leukemia and
splenomegaly were diagnosed in an adult NF1 patient (Gulhane & Kotwal, 2015). In
addition, thrombocytosis has also been described in a patient with NF1 (Hasle et al.,
1997). In general, a myeloidcell lineage-related abnormalities are not common
features of the NF1 disease itself (Uusitalo et al., 2016). In the Nf1Ocl mouse model,
both alleles of the Nfl gene were inactivated, whereas other cell types remained as
a healthy genotype. This may suggest that a sporadic and second inactivation of NF1
gene could promote abnormal behavior in a myeloid cell lineage, which may
predispose to splenomegaly and myeloid cell lineage malignancies.

6.6 Novel insights into the actin cytoskeleton

Our understanding of cultured osteoclasts and the nomenclature of the cell structures
are based on imaging studies using fluorescence microscopy and confocal laser
scanning microscopy. During differentiation, the cell-matrix contacts of osteoclasts,
the podosomes, are organized into a belt which is surrounded by a loose actin “cloud”
at the cell periphery (Saltel et al., 2008). Comprehensive super-resolution imaging
of cultured osteoclasts revealed new aspects of the cell structure. The actin “cloud”
was in fact composed of curved actin filaments. Systematic whole-cell imaging from
the basal aspect of the cells to the top visualized an extensive cone-like arrangement
of curved actin, which constantly embedded the nuclei. Based on these findings, it
could be speculated that the actin structure was called a “cloud,” because the
resolution of conventional fluorescence microscopy or even laser-scanning
microscopy could only reveal dizzy fluorescence instead of separate actin filaments.
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Discussion

Actin filaments themselves have been considered to be straight or in globular
form. Most of the studies on actin structure have been carried out in vitro on purified
actin filaments. These circumstances thus lack the natural intracellular environment.
Actin is involved with various cellular functions such as cell migration, vesicle
trafficking and cytokinesis, which are highly dynamic processes. The curved form
of actin has been connected to properties such as restoring energy. Our results using
a super-resolution microscope clearly showed that the actin filaments in osteoclasts
are bending and branching. Similar bending actin filaments were also present in
macrophages and keratinocytes that demonstrated that bending in the actin network
is not specific to osteoclasts or multinucleate cells but is a more general component
of cytoskeleton in cultured cells. The bending and branching actin cytoskeleton is a
novel concept, which has not previously been reported. However, a single study
showing that curved actin is present in nucleus has been published (Kokai et al.,
2014).

Super-resolution microscopy imaging also revealed another feature that would
have remained unseen with conventional confocal microscope. For example,
osteoclasts formed intercellular protrusions that were not in contact with the cell
substratum. Occasionally, these protrusions between the cells contained a single
nucleus. When this study was carried out, literature about these structures was sparse.
More studies have since emerged naming the structures as tunneling nanotubes,
filopodia bridges, conduit, tubes or nanotubules (for review see Dupont et al., 2018).
Tunneling nanotubes represent a dynamic structure that the cells can use to
communicate with each other and exchange small molecular particles. It is also
possible to exchange cell organelles such as lysosomes and mitochondria. Our study
was the first to show transfer of nuclei. Nanotubes could be important means of
translocation for nuclei during the formation of multinucleated osteoclasts. Research
on tunneling nanotubes is expanding and seems to be a potentially important field
that will develop in the future.
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V4 Conclusions

Bioimaging was a major part of this study. Advanced imaging methods, used alone
or in combination, revealed findings in complex tissues bone and peripheral nerve
that otherwise would not have been discovered.

Tight junctions of Schwann cells in human adult and peripheral nerves were
localized to the specific cell membrane structures of non-compacted myelin
compartments. These junctions were autotypic, i.e., they were formed between the
adjacent cell membranes of the same cell. E-cadherin, claudin-1, claudin-2 and ZO-
1 were detected in all locations, although slight differences in claudin composition
were detected between junctions of paranodal regions, mesaxons and Schmidt
Lanterman incisures. Developing nerves showed discontinuous labeling for tight
junctions at 23 gestational weeks, which corresponds to the immature state of myelin
and emphasizes that the nerve-tissue barrier of Schwann cells is not developed at this
time point. Furthermore, these results together emphasize the importance of human
data even if various mouse models have been invaluable tool for scientists. It is
essential to comprehend the molecular differences between the species when data is
translated from mouse to man. These results give us new insight about the structural,
and perhaps, physiological properties of nerve-blood-barrier.

A mouse strain Nf1Ocl, in which the NF1 gene was conditionally knocked out
in osteoclasts, was generated and analyzed in detail. The phenotype showed slight
abnormalities of bone, as the tibial bone marrow cavity, trabecular tissue volume and
the perimeter of cortical bone were smaller in NflOcl mice compared to control
mice. The growth plate of long bones was narrowed, and chondrocytes displayed
abnormal morphology that seemed disorganized in NflOcl mice. However, the
osteoporotic phenotype could not be detected ex vivo, whereas in vitro analysis
showed that bone resorption capacity is increased, and the actin cytoskeleton
appeared abnormal in Nf1”" osteoclasts. Taking into account the major alterations in
chondrocytes and growth plate, slight alterations in bone microarchitecture and the
results of in vitro analyses, these findings together suggest that neurofibromin is
essential for proper bone homeostasis by influencing the microenvironment and bone
cell communication. Nfl-deficient osteoclasts alone are insufficient to induce the
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bone abnormalities seen in NF1 patients. The pathomechanisms of bone
abnormalities remains unclear in NF1 disease to some extent.

Cultured osteoclasts were analyzed using indirect immunofluorescence and
STED microscopy. Systematic whole-cell imaging from the basal aspect of the cells
to the top showed an extensive cone-like arrangement of actin that constantly
embedded the nuclei. Surprisingly, the actin filaments in osteoclasts were bending
and branching. Corresponding curved actin was also demonstrated in cultured
macrophages and keratinocytes. In addition, an intercellular protrusion, a
micrometer-level tube was bridging between two osteoclasts and enclosed a single
nucleus occasionally. In future, the superresolution microscopy may detect curved
actin in other cell types which features rheological properties.
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