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Abstract

Novel biomimetic three-dimensional scaffolds have emerged over the last decades, and are
promising for applications in regenerative therapies, as well as in in vitro disease modelling
and drug testing. Thanks to their added dimension, these scaffolds are able to more accurately
mimic the topography of native cellular microenvironments compared to traditionally used
two-dimensional culture substrates. Here we cultured human neural progenitor cells on electro-
spun fibrous scaffolds in order to investigate how the fibrous topographical landscape influences
differentiation capacity and phenotypic fate. In contrast to previous findings, we found that
differentiation of progenitor cells cultured on fibrous scaffolds does not differ significantly from
that of progenitors cultured on flat glass slides. However, we found that the substrate has a
significant effect on the morphology and alignment of cell nuclei. To examine mechanotrans-
ductory pathways responsible for interpreting topographical cues into cell responses we cultured
cells with the myosin II inhibitor blebbistatin. As there were no differences in differentiation
between cells cultured on fibrous scaffolds or glass slides, we could not elucidate any mechan-
otransductory pathways. Nevertheless, we found that myosin II inhibition led to altered cell and
nucleus morphology. Finally, we highlight the need for more consistent methods and continued
research on this topic.
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Acronyms

2D two-dimensional
3D three-dimensional
ANOVA analysis of variance
BSA bovine serum albumin
CNS central nervous system
DAPI 4′,6-diamidino-2-phenylindole
DIV days in vitro
DMEMDulbecco’s Modified Eagle Medium
DMSO dimethyl sulphoxide
ECM extracellular matrix
F12Ham’s F12 nutrient mixture
FBS fetal bovine serum
GFAP glial acidic fibrially protein
hbFGF human basic fibroblast growth factor
hEGF human epidermal growth factor
hLIF human leukaemia inhibitory factor
hNPCs human neural progenitor cells
IAC integrin-associated complex
ICC immunocytochemistry
MAP2microtubule associated protein 2
MSCsmesenchymal stem cells
NSCs neural stem cells
PBS phosphate-buffered saline
PCL polycaprolactone
PFA paraformaldehyde
PLL poly-l-lysine
PLLA poly-l-lactic acid
PNS peripheral nervous system
RT room temperature
SEM standard error of the mean
SOX2 sex determining region Y-box 2
βIIIT class III β-tubulin

iii



Contents

1 Introduction 1
1.1 Neurological Disorders and the Need for new Therapies . . . . . . . . . . . . . . . . . 1
1.2 Mimicking the Cellular Microenvironment . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Mechanotransduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Biomimetic 3D Scaffolds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.5 Cell Sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.6 Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 Materials and Methods 9
2.1 Preparation of Substrates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Characterization of Fibres . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.3 Cell Assay and Expansion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Seeding of Cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.5 Alamar Blue Viability Assay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.6 Fixation and Immunocytochemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.7 Microscopy and Image Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.8 Statistical Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3 Results 16
3.1 Characterization of Electrospun Fibrous Scaffolds . . . . . . . . . . . . . . . . . . . . 16
3.2 Topography Effect on Differentiation . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.3 Topography Effect on Nucleus Morphology and Alignment . . . . . . . . . . . . . . . 20
3.4 Effects of Myosin II Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

4 Discussion 28
4.1 Effects of Substrate Topography on Cell Survival . . . . . . . . . . . . . . . . . . . . . 28
4.2 Effects of Substrate Topography on Differentiation . . . . . . . . . . . . . . . . . . . . 28
4.3 Effects of Substrate Topography on Nucleus Morphology and Alignment . . . . . . . . 31
4.4 Effects of Myosin II Inhibition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.5 Ethical Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
4.6 Conclusions and Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

References 34

Appendix A Blebbistatin Pilot Projects 39

Appendix B Additional Photo Montages 42

Appendix C Protocols and Recipes 44

iv



Chapter 1

Introduction

This thesis aims to improve our understanding of how nanotopography affects neural progen-
itor cell behaviour. This is important in the context of neurological disorders where three-
dimensional (3D) scaffolds have great potential for use in neuroregenerative therapies, e.g. in cell
transplantation, and in vitromodelling. For these applications, control over cell behaviour is vital
for both successful tissue regeneration as well accurate modelling of native microenvironments.
Thus, designing scaffolds with suitable mechanical properties is of great importance.

In this thesis, human neural progenitor cells (hNPCs) were cultured on electrospun fibrous
scaffolds and their behaviour was compared with that of hNPCs grown on traditionally used flat
substrates. Furthermore, the effects of myosin II inhibition on hNPCs were studied to elucidate
pathways responsible for translating mechanical cues into a cellular response. This introductory
chapter serves to introduce the reader to relevant background theory.

1.1 NEUROLOGICAL DISORDERS AND THE NEED FOR NEW
THERAPIES

Neurological disorders are indisputably a source of great suffering for hundreds of millions of
people all over the globe; not only do they reduce life expectancy and quality of life for the person
affected, but also place a huge burden on family and caregivers, and impose large costs on society.
For many neurological disorders, we still have a poor understanding of their cause, and despite
enormous amounts of research, we have yet to find cures.

Neurodegenerative diseases—a subset of neurological disorders—are characterized by loss
of neural cells in the central nervous system (CNS), or in the peripheral nervous system (PNS),
and include diseases such as Alzheimer’s, Parkinson’s, multiple sclerosis and amyotrophic lateral
sclerosis. These diseases have wide arrays of symptoms, ranging from cognitive impairment to
paralysis and death. Due to the limited regenerative capacity of the CNS (1) and the lack of
effective pharmaceutical treatments, the progression of neurodegenerative diseases can currently
only be slowed down, but the damage can not be reversed. In order to finally beat these diseases,
breakthroughs are needed in disease research, drug development and regenerative strategies.
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In VitroModels for DiseaseModelling and Drug Development

In vitro models are essential for disease research and drug development. They provide means
of studying disease mechanics and testing drug candidates in controlled environments, and in
contrast to animal models, human cell lines can be used. However, traditional two-dimensional
(2D) cell culture systems such as glass petri dishes—which have been the predominant in vitro
models for over a century—are poor mimics of native microenvironments, failing to recapitulate
important characteristics such as 3D topography, cell interaction with the extracellular matrix
(ECM), andmechanical properties. This leads to unnatural cell morphology and behaviour, and
consequently produces results which may not be reproducible in vivo (2–4).

In order to enable more progress in finding cures and treatments for neurological diseases,
improved in vitromodels are essential. Over the last decades, several different types of novel cul-
ture models have emerged which aim to better simulate the native 3Dmicroenvironment. Three
of the more prominent ones are electrospun fibrous scaffolds, hydrogel scaffolds and scaffolds
made from decellularized ECM.When cultured in these scaffolds, cells are no longer spatially re-
stricted by the horizontal plane, and can experience more natural interactions with the substrate
as well as with other cells, thus allowing more in vivo-like behaviour (5).

Neuroregenerative Therapies

Artificial scaffolds are also promising for use in neuroregenerative therapies in the CNS—
therapies which can replace or regenerate cells damaged or lost due to neurodegenerative diseases
or traumatic injury. Two main approaches are being researched for neuroregeneration: drug-
or biopharmaceutical-based strategies and cell-based strategies (6). The former aims to deliver
bioactive molecules to the CNS to promote tissue regeneration, while the latter uses cell trans-
plants to replace cells or promote neurogenesis via secretion of various factors (6). Cell-based
therapeutic strategies have been used in clinical trials, e.g. for transplantation of stem cells into
stroke patients (7 ). However, positive effects have been limited, with low cell survival and poor
integration observed in the region (6). These problems partly stem from the hostile environment
at the site of the damage, which is a result of the intrinsic response to neural atrophy.

After traumatic injury, stroke, or as a result of neurodegenerative diseases, neural cells die by
several different mechanisms. The accumulation of toxic debris from these cells activates a re-
sponse from nearby immune cells which eventually leads scar formation around the affected re-
gion, effectively turning it into a cavity. While this process certainly is a beneficial measure from a
protective standpoint, the sealed off cavity is rendered an inhibitory environment for neuroregen-
eration (8). This is part of the reason behind poor intrinsic neuroregeneration in theCNS, and is
an obstacle that needs to be overcome by cell-based neuroregenerative strategies. Transplantation
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of scaffolds is a promising novel strategy providing the needed structure for tissue regeneration
in such a cavity, and has been successfully performed on animals (9, 10).

1.2 MIMICKING THE CELLULAR MICROENVIRONMENT

In vitromodels for disease research and drug development must accurately simulate the relevant
in vivo microenvironment in order to provide reliable and translatable results. For regenerative
therapies, a growth-permissivemicroenvironmentmust be engineered in order to promote tissue
regeneration. Both of these challenges require knowledge of native cellular microenvironments
and what important cues they provide which guide cell behaviour. The cellular microenviron-
ment can be divided into biochemical andmechanical cues. One of the key elements of the mi-
croenvironment is the ECM, a 3D network of macromolecules (see Box 1.1) which surrounds
cells and provides structure and important cues (11).

The BiochemicalMicroenvironment

The chemical environment surrounding a cell in vivo is very complex and changes throughout
life, from development to adulthood, and as a result of disease. Not only are soluble nutrients
and factors needed for cell survival and normal function, butmany chemical cues also control the
fate of stem and progenitor cells (6). For example, neurotrophic factors, such as nerve growth
factor or glial cell derived neurotrophic factors, have roles in regulation of survival, proliferation
and maturation of certain neuronal types (12).

The ECM also provides important biochemical signals in the form of proteins which are de-
tected by cellular receptors. The presence or absence of ECM proteins—such as fibronectins,
laminins and collagens—have been shown to influence differentiation of stem cells (13). For ex-
ample, Rowlands et al. (14) showed that differentiation fate of human mesenchymal stem cells
(MSCs)—a type of pluripotent stem cells found in bonemarrow—cultured in vitrowas affected
by protein coating of the substrate. Furthermore, different artificial peptides derived from ECM
proteins have been shown to influence neural cell processes (6). For instance, the fibronectin-
derived sequence Arg-Gly-Asp increases cell adhesion and cell viability (15), while the laminin-
derived sequence Ile‐Lys‐Val‐Ala‐Val promotes neurite outgrowth (16).

The cellular proteins which detect these ECM proteins are the integrins—a family of trans-
membrane receptors responsible for adhesion and transmembrane signal transduction (17 ). In-
tegrins are heterodimers of an α and β subunit. Various combinations of different types α and β
subunits yield integrins with specific affinities for different extracellular ligands. (18). In addi-
tion to their role in chemical signalling, integrins are also vital for cellular mechanosensation, a
topic which I kindly refer the reader to further explore in Section 1.3.
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Box 1.1: Major CNS ECM Constituents

Proteoglycans are glycoproteinswhich are covalently linked to sulphated glycosaminoglycan
sidechains. Due to the anionic nature of these sidechains, they are able to efficiently bind
water and cations.
Hyaluronan consists of single chains of non-sulphated glycosaminoglycans. These too are
of anionic nature and can bindmassive amounts of water, making them a gel-like substance.
Tenascins are large glycoproteins which exist as different types. These types have either ad-
hesive or anti-adhesive properties and are believed to have a role in guiding axonal growth.
Fibronectins are large glycoproteins widely present in the ECM of the developing CNS.
They contain domainswhich bind to other fibronectins, other ECMcomponents or cellular
receptors. Like tenascins, fibronectins are believed to have a role in axonal growth as well as
neuronal migration.
Laminins are large glycoproteins which are present in the CNS in several different het-
erotrimeric forms. Laminins are important for adhesion and growth of both developing and
mature neurons. (11, 19–21)

Mechanical Factors

For a long time, chemical signals were considered the main determinants of cell behaviour and
stem cell differentiation. However, more recent research has highlighted the importance the me-
chanical environment for control of cell fate (13). Two important properties of the mechanical
environment are substrate stiffness and topography.

Substrate stiffness has been shown to have a significant impact on differentiation and prolif-
eration of stem cells. For example, Engler et al. (22) showed the importance of substrate stiffness
by culturing MSCs on substrates with different stiffnesses; they showed that MSCs cultured on
softermatrices with elasticities mimicking those of brains (E ∼ 0.1 kPa to 1 kPa) promoted neu-
ronal fate, while more rigid matrices proved myogenic or osteogenic. Leipzig and Shoichet (23)
further signified the importance of stiffness for neural differentiation; in their study they showed
that softer hydrogels (E < 1 kPa) promoted neuronal differentiation of neural stem/progenitor
cells, while stiffer hydrogels (E > 7 kPa) favoured oligodendrocytal differentiation.

The topographical landscape of the ECM is technically challenging to characterize in vivo,
and important parameters, such as fibre diameters and pore sizes vary both between and within
tissue (24). However, several different topographical cues with implications in cell behaviour
have been studied in vitro. For example, aligned electrospun fibres have been shown to promote
neuronal differentiation and affect neurite direction and elongation of neural stem cells (NSCs)
(25, 26). Many other geometrical features, among them microgrooves and patterned-islands,
have also been shown to affect a multitude of cell behaviours (27–29). How stiffness and topog-
raphy are converted into a cellular response is further discussed in Section 1.3.
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1.3 MECHANOTRANSDUCTION

Mechanotransduction refers to a collection ofmechanisms used by cells to sense theirmechanical
environment. Different strategies are used for this purpose and involve mechanosensitive ion-
channels, cell-cell adhesions, and cell-ECM adhesions (30). The latter of these is perhaps the
most important and is the focus of this thesis.

Mechanotransduction involves many different proteins and complex pathways—many of
which are still poorly understood and may vary between cell types (30, 31). Among the key
players of cell-ECM mechanosensation are integrins. These transmembrane proteins form the
core of integrin-associated complexes (IACs) via which cells bind to the ECM. The composition
of these complexes is indeed complex and includes a multitude of different molecules with vari-
ous functions: some molecules, e.g. vinculin and talin, are responsible for connection between
integrins and actin filaments, while others, e.g. focal adhesion kinase and paxillin, have signalling
or regulatory roles (32).

Integrin-ECMbinding alone does not provide the cell withmechanical information; to sense
the mechanical environment, force needs to be applied on the IACs. For sensing the rigidity of
the environment this force stems from actomyosin contraction: actin polymerization at nascent
cell edges pushes the cellmembrane outwardwhilemyosin II contraction pulls actin inwards; this
leads to a cyclic netmovement of actin in the cell. Since IACs bind to actin via adaptor proteins, a
cyclic force is applied on the IACs and the adaptor proteins. Although a complete understanding
of the transduction frommechanical to chemical signals is lacking, one of themechanismswhich
has been observed is that force changes the conformation of talin, exposing new binding sites for
vinculin, which in turn leads to a cascade of signalling events (30, 31, 33).

The forces which are generated by actomyosin contraction are not limited to IACs at the
cell membrane, but are furthermore transmitted via the cytoskeleton to the cell nucleus (34).
Here the mechanical forces affect the nucleus morphology which in turn may affect gene expres-
sion (35).

Disruption ofMechanotransductory Pathways Using Blebbistatin as aMyosin II Inhibitor

Blebbistatin is a small molecule with inhibitory effects on muscle and non-muscle Myosin II
function (36). As mentioned, actomyosin contraction is used mechanotransduction and thus
blebbistatin can be used to determine if myosin-dependent steps are involved in different phe-
nomena. As an example, blebbistatin was used in the previously mentioned study by Engler et
al. (22) concerning the effect of rigidity on the fate of MSCs; in their study the authors also ob-
served that the effect were abrogated by the addition of blebbistatin, indicating that the rigidity
sensing was dependent on actomyosin pathways.
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Figure 1.1. Schematic overview of the electrospinning process. A high voltage (HV) source
is connected between the nozzle of the syringe and the collector. Using a flat, static collector plate
(A) leads to randomfibres being formed, while using a rotating cylinder (B) as the collector yields
aligned fibres. The sheet of fibres produced can be cut into suitable shapes for cell culture.

1.4 BIOMIMETIC 3D SCAFFOLDS

Asmentioned, several novel types of 3D scaffolds have emerged over the last decades. Some of the
more common types are electrospun fibrous scaffolds, decellularized ECM and hydrogels (37 ).
These three types of scaffolds will be described below, with extra focus on electrospun fibrous
scaffolds, as they are used in the experimental part of this thesis.

Electrospun Fibrous Scaffolds

Electrospinning is a method for producing thin polymer fibres and has been used in various
fields—ranging from aerospace technology to textile industry—over the last century (38, 39).
Due to its ability to produce ECM-like fibrous structures from biocompatible polymers, electro-
spinning has more recently gained popularity as a method for producing scaffolds for cell culture
and transplantation.

An overview of the electrospinningmethod is shown in Figure 1.1. The polymer is dissolved
in a suitable solvent and placed in a syringe, the nozzle of which is connected to a high voltage
source. By placing a grounded collector plate a short distance away from the nozzle of the syringe,
an electrostatic force is applied on the dissolved polymer. As a pump slowly pushes the solution
out through the nozzle, the electrostatic force on the polymer eventually overcomes the surface
tension and a small string of polymer is pulledout towards the collector platewhere thefibres start
forming a randommesh (see Figure 3.1 in Section 3.1). A sheet of fibres is eventually formed and
can be cut into suitable shapes and used for cell culture.

An important advantage of using electrospinning is the ability to fine-tune scaffold prop-
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erties by using different materials or changing parameters of the fabrication. Several different
polymers have been used to make electrospun fibrous scaffolds for cell culture and have also
been FDA-approved for clinical use; most notable perhaps are the biocompatible and biodegrad-
able synthetic polymers polycaprolactone (PCL), poly-l-lactic acid (PLLA) and poly(lactic-co-
glycolic acid) (40). Many natural materials, such as collagen (41), hyaluronic acid (42) and silk
fibroin (43) have also be used for electrospunfibrous scaffolds. Furthermore, blends between syn-
thetic and naturally derivedmaterials have been used to achieve scaffoldswith specificmechanical
and biochemical properties (44, 45). Furthermore, electrospun fibres with encapsulated drugs
or proteins, such as growth factors, have been engineered (46 , 47 ); this enables slow release of
biomolecules over extended periods of time, providing additional means of mimicking the bio-
chemical microenvironment.

Several parameters of the electrospinning process can be varied to achieve specific topograph-
ical properties of the fibrous scaffold: fibre diameter can be controlled by changing the polymer
solution concentration, pump flow rate, applied voltage and distance between nozzle and col-
lector (48); uncompressed scaffolds can be achieved by using novel baseplate designs (49); and
scaffolds with aligned fibres can be achieved by using rotary collectors (48, 50).

Decellularized ECM and Hydrogels

Decellularized scaffolds are produced by removing cells from animal tissue, leaving only the
ECM (51). The method has been widely used for many types of tissue, such as myocardium,
kidney and PNS, but has attracted less interest for the CNS.

Hydrogels are crosslinked networks of hydrophilic polymers, which can be artificial or nat-
urally derived (52). The hydrophilic character allows the network to absorb large amounts of
water, giving it a gel-like structure, similar to that of the ECM (see Box 1.1). Different polymers
can be used for fabricating hydrogels, both natural (e.g. collagen, fibrin and alginate) and syn-
thetic (e.g. polyacrylamide and polyethylene glycol) (53). One benefit of hydrogels for regenera-
tive strategies is the possibility of administration via injection, allowing for easy and less invasive
implantation. Hydrogels are widely used for research and there are many established protocols
for their fabrication, and plenty of commercial products are available (53).

1.5 CELL SOURCES

Several different types of cells can be used for CNS in vitromodelling or regenerative strategies.
Common human cell sources areMSCs, induced pluripotent stem cells and hNPCs, all of which
are capable of differentiating into neural phenotypes (5, 6). Stem cells are characterised by their
inexhaustible capacity of self-renewing divisions which can produce identical stem cells or mul-
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tipotential daughter cells, i.e. cells which can differentiate into several different types of cells (54,
55). A closely related cell type are progenitor cells; these differ from stem cells in their limited ca-
pacity to divide into newprogenitors, and in theirmore limited differentiation potentiality. Neu-
ral progenitor cells, for example, can differentiate into the neuronal and glial cells of the CNS,
but are unable to produce the non-neural cell types of the CNS (54). Nevertheless, progenitor
cells are useful and important tools for in vitro studies and is the type used in this thesis.

hNPCs are expanded as neurospheres—free-floating spheroidal clusters of undifferentiated
neural stem cells or progenitors (56 , 57 ). The formation of neurospheres is a result of an en-
vironment where the cells can grow in suspension cultures in the presence of necessary growth
factors. However, as neurospheres grow to sizes around the nutrient diffusion limit, the death
rate of the central cells starts rising (58); to prevent this, neurospheres are dissociated to single cell
suspensions—enzymatically or mechanically—and passaged to new containers. The number of
times a cell line has been passaged is often used as an approximatemeasure of its age. After passag-
ing, single cell suspensions can be frozen, seeded for experiments, or continue being expanded;
in experiments where differentiation is desired, the suspensions are plated onto adherent surfaces
and cultured in a mediumwithout the aforementioned growth factors. The cells will then begin
to differentiate into neurons, astrocytes, and oligodendrocytes (57 ).

1.6 AIMS

The overall goal of this thesis is to study how topography affects the behaviour of hNPCs, and
how these effects are altered by inhibition of myosin II via addition of blebbistatin. More specif-
ically we are looking for effects on differentiation rate and fate, viability, as well as nucleus mor-
phology and alignment. These properties will be examined using immunocytochemistry (ICC)
with various markers (see Section 2.6). The following hypotheses are the basis of this thesis:

1. Substrate topography has an effect on differentiation capacity, i.e. the capacity for progeni-
tor cells to differentiate intomature glia or neurons; this will bemeasured by counting cells
expressing the progenitor marker SOX2.

2. Substrate topography has an effect on differentiation fate, i.e. whether the fate of a dif-
ferentiated progenitor cell is glial or neuronal; this will be measured by quantifying cells
expressing glial markers (GFAP) and neuronal markers (βIIIT &MAP2).

3. Substrate topography has an effect on cell nuclei elongation and alignment; this will be
measured by analysing the shape and orientation of nuclei stained by DAPI.

4. Inhibition of myosin II disrupts the substrate topography effects on differentiation capac-
ity and fate. This will be examined by culturing cells on 2D and 3D, with and without the
addition of blebbistatin.
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Chapter 2

Materials andMethods

This section describes themethods used in this thesis, and a short theoretical background is given
to certain steps. The thesis is divided into two main projects which will be referred to as project
A and project B; the former is related to hypotheses 1 to 3, while the latter will shed light on
hypothesis 4. Cell culture and fixation in project B was performed together with another master
student in the lab. An overview of the experimental work is displayed in Figure 2.1.

2.1 PREPARATION OF SUBSTRATES

Electrospun fibrous PCL scaffolds manufactured by Cellevate AB were used in both project A
andB. The fibres were electrospun on a thin PLLAbacking andwere cut into circular shapes and
sterilized. In project A, both random and aligned fibrous scaffolds were used, and in project B
only random fibrous scaffolds were used. Round glass slides were used as flat substrates in both
projects.

All substrates were sterilized in 70% ethanol. After rinsing with phosphate-buffered saline
(PBS), the substrates were coated with poly-l-lysine (PLL) (Sigma-Aldrich; Cat. no P4707) for
around 45min, rinsed with water and then stored in a sterile hood at room temperature (RT)
until used in experiments.

2.2 CHARACTERIZATION OF FIBRES

For project B, scanning electron microscopy was used to examine the electrospun fibres and mea-
sure the fibre diameters. One scaffoldwas sputteredwith 20 nmAu (Cressington Sputter Coater
108 auto, Cressington Scientific Instruments) and was thereafter examined in a scanning elec-
tronmicroscope (SU3500,Hitachi). Fibre diametermeasurementswere performedusing ImageJ
(NIH).

2.3 CELL ASSAY AND EXPANSION

The experimental work of this thesis uses hNPCs acquired from the forebrain of a 7 week post-
conception human fetus. This line of hNPCs was initially established by Carpenter et al. (59)
at the Karolinska University Hospital, Stockholm, Sweden, and was provided to us via Prof. A.
Björklund (Department of Experimental Medical Science, Lund University, Sweden).
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For expansion, hNPCs were cultured as free-floating neurospheres in expansion medium
consisting of DMEM/F12 (Gibco; Thermo Fisher Scientific; Cat. no. 21331020) supple-
mented with 1 % N-2 (Gibco; Thermo Fisher Scientific; Cat. no. 17502048), 2mm Pen/Strep-
l-Glutamine (Gibco; Thermo Fisher Scientific; Cat. no. 10378016), 0.6% D-(+)-Glucose
(VWR Chemicals; Cat. no. 101174Y), 2 µgml−1 Heparin (Sigma Aldrich; Cat. no. H3149),
20 ngml−1 hEGF (Prospec; Cat. no. CYT-217), 20 ngml−1 hbFGF (Prospec; Cat. no. CYT-
218), and 10 ngml−1 hLIF (Prospec; Cat. no. CYT-644); see Box 2.1 for description of the
medium composition. Incubation took place in 37 ◦C with 5% CO2 and a relative humidity
of 95 %. Dissociation was performed every 2 to 4 weeks using StemPro™ Accutase™ (Gibco;
Thermo Fisher Scientific; Cat. no. A1110501). After dissociation, cells were either frozen at
−150 ◦C for later use, seeded into new flasks for further expansion, or used in experiments.

2.4 SEEDING OF CELLS

Cell culture and seeding in project Awas performed by a previous master student in the lab. Pas-
sage 15 to 17 hNPCs were seeded onto glass slides or electrospun fibrous PCL scaffolds (random
and aligned). Cells were counted using trypan blue and an automated cell counter (TC20; Bio-
RAD). The seeding density was around 90 000 cells/cm2 for all wells. A total of three different
seedingswere performed, each on a separate day. In project B, passage 14 to 15hNPCswere seeded
onto glass slides or electrospun random fibrous PCL scaffolds. The seeding density was around
90 000 cells/cm2 for all wells. Here, only one seeding was performed.

Cells in both projects were cultured in differentiation medium consisting of DMEM/F12
(Gibco; Thermo Fisher Scientific; Cat. no. 21331020) supplemented with 1 % FBS (Gibco;
Thermo Fisher Scientific; Cat. no. A3840101), 1 % N-2 (Gibco; Thermo Fisher Scientific;
Cat. no. 17502048), 2mm Pen/Strep-l-Glutamine (Gibco; Thermo Fisher Scientific; Cat. no.
10378016), 0.6%D-(+)-Glucose (VWRChemicals; Cat. no. 101174Y), and 2 µgml−1 Heparin
(Sigma Aldrich; Cat. no. H3149); see Box 2.1 for a description of the medium composition.
Culturing took place in 37 ◦Cwith 5% CO2 and a relative humidity of 95 %.

In project A medium was replaced every second or third day until termination at 4 h, 10
days in vitro (DIV) or 20DIV. In project B, cell cultures were divided into three groups: one
negative control group cultured in normal medium; one myosin II-inhibited group cultured in
medium supplemented with 5 µm blebbistatin dissolved in 0.15% DMSO; and one vehicular
control group cultured inmedium supplementedwith 0.15%DMSO.Themediumwas replaced
every third day until termination at 20DIV. Before each medium exchange, phase contrast mi-
croscopy (Olympus; CKX53) was used to capture images of the cells grown on glass slides.
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Box 2.1: Culture Media

Three types of cell culture media were used in my experiments: basic medium, expansion
medium, and differentiation medium; all of these are based on the media used by Carpenter
et al. (59). Basic mediumwas not used for cell culture per se, but rather served as the base for
the other two types of media. Below is a description of the ingredients of the three types of
media. More details on the recipes can be found in Appendix C.

Basic Medium
Ingredient Description
DMEM/F12 1:1mixture ofDulbecco’sModifiedEagleMediumandHam’s F12

Nutrient Mixture; provides a high concentration of amino acids,
vitamins and other nutrients. Used for many different kinds of
mammalian cell culture.

Pen/Strep Mixture of penicillin and streptomycin, to prevent bacterial infec-
tions

Glucose Supplemental glucose.
N-2 Supplement A supplement developed specifically for neural cell cultures.
Heparin Needed for hbFGF stimulation (60).

ExpansionMedium
Ingredient Description
Basic medium Base of the medium.
hEGF Human epidermal growth factor. Appears to increase prolifera-

tion in the cell line but does not seem necessary for maintenance
and survival (59)

hbFGF Humanbasic fibroblast growth factor. Has been shown to increase
rate of proliferation and promote neuronal differentiation in the
cell line after seeding (59).

hLIF Human leukemia inhibitory factor. Similar effects to those of
hbFGF have been observed (59).

DifferentiationMedium
Ingredient Description
Basic medium Base of the medium
FBS Fetal bovine serum. Extracted from the blood of a bovine fetus.

Contains an undefinedmixture of growth factors, hormones, pro-
teins, vitamins and more (61).
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2.5 ALAMAR BLUE VIABILITY ASSAY

TheAlamar Blue viability assay is a commonly usedmethod for quantifying cell culture viability.
The active component of Alamar Blue is resazurin. Alamar Blue comes in an oxidized, non-
fluorescent state, but when incubated with live cells it acts as an electron acceptor in the electron
transport chain and is subsequently reduced to a fluorescent state. The concentration of the
fluorescent form is thus proportional to the number of live cells in the sample. By measuring the
fluoroscence (or absorbance) of Alamar Blue after incubation with cells, and comparing it to a
control, the viability of a cell culture can be quantified (62).

An Alamar Blue viability assay was performed in project B to measure the viability of cells
after 20DIV. Cells were incubated for around 3 hours in differentiation medium supplemented
with 10% Alamar Blue (Invitrogen; Thermo Fisher Scientific; Cat. no. DAL1025). Thereafter
media from all wells were transferred to a 96-well plate, and fluorescence was measured with an
emission wavelength of 590 nm and an excitation wavelength of 485 nm.

2.6 FIXATION AND IMMUNOCYTOCHEMISTRY

ICC is a method which uses antibodies to label proteins and molecules in cells and tissue (63).
This method can be categorised into two main types: direct and indirect. In direct ICC, anti-
bodies conjugated with fluorophores bind to a specific antigen. Using fluorescence microscopy,
the location of these antigens in a biological sample can be determined. In indirect ICC, two
different types of antibodies are used: primary, which bind to the antigen, and secondary, which
bind to the primary antibodies and are conjugated with fluorophores (63). For the experiments
in this thesis, indirect ICC was used to identify various proteins associated with different fates
of hNPCs; the choice of indirect ICC was based on cost and flexibility. To make full use of the
material, double staining was always employed.

Procedure

All cells were fixed in 4 % paraformaldehyde (PFA) in phosphate-buffered saline (PBS) at room
temperature and thereafter rinsed three times with PBS and stored in PBS at 4 ◦C until used in
ICC. Incubation with primary antibodies was done at 4 ◦C for at least 12 h in blocking buffer
consisting of 1 % bovine serum albumin (BSA) and 0.25% Triton-X in PBS. Following the incu-
bation, the samples were washed three times in PBS. Incubation with secondary antibodies was
performed in the dark at room temperature for 1 h in blocking solution. Thereafter samples were
washed again three times before they were mounted on glass slides using Vectashield® Antifade
MountingMedium with DAPI (Vector Laboratories; Cat. no. H-1200).
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Choice of NeuralMarkers

SOX2 as a marker for progenitor cells Sex determining region Y-box 2 (SOX2) is a tran-
scription factor discovered by Gubbay et al. (64) and Dailey et al. (65), and is involved in the
maintenance of neural stem cells and precursors. SOX2 is expressed in the nuclei of neural pro-
genitor cells until their final cell cycle before differentiation, and functions to inhibit neuronal
differentiation (66). SOX2will thus serve as amarker for undifferentiated hNPCs in this project.

GFAP as a marker for glial differentiation Glial fibrillary acidic protein (GFAP) is the main
major component of glial filaments, a class of intermediate filament predominantly found inma-
ture astrocytes (67 ). However, it has also been shown in mouse, that GFAP is expressed in pro-
genitors which through division give rise to immature neurons (68).

βIIIT andMAP2 as markers for neuronal differentiation Class III β-tubulin (βIIIT) is one
of several isoforms of tubulin, a globular protein which is the principal component of micro-
tubules. Of all isoforms, βIIIT is unique in the sense that it is believed to be almost exclusively
expressed in neurons (69). However, some studies have show that βIIIT is not always neuron-
specific: expression of βIIIT has also been shown to be expressed in fetal astrocytes (70), as well
as in different kinds of brain tumours (71).

Microtubule-associated protein 2 MAP2 belongs to a family of proteins which bind to and
stabilize microtubule (72). Several proteins in this family, including MAP2, are believed to be
neuron-specific. MAP2 consists of three polypeptides MAP2a, MAP2b, andMAP2c, of which
the latter is only present in the juvenile brain (73). WhileMAP2a andMAP2b indeed are neuron-
specific, MAP2c has also been shown to be expressed in GFAP+ precursors (74), a commonly
overlooked problem when attempting to identify neurons (75).

Antibodies Used

Table 2.1 and Table 2.2 on the next page show the primary and secondary antibodies used for
this thesis. All antibodies were tested by omitting each primary antibody and incubating with
secondary antibodies; this was done to ensure specificity and to find suitable dilutions.

2.7 MICROSCOPY AND IMAGE ANALYSIS

Microscopy was performed using a ZEISS Axio Imager 2 microscope. For each well, 3 to 4 areas,
preferably one in each of the four corners of the sample, and with an adequate number of cell
nuclei, were selected in a pseudo-random fashion. By viewing only the DAPI-channel when se-
lecting the areas, bias for any specific morphology or expression is reduced. One photograph was
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taken for each channel and area and saved in a lossless .tif format.
Nuclei and SOX2+ cells were counted using a semi-automatic approach: a python script

using functions from the sci-kit image package (76) was written to segment theDAPI- or SOX2-
channel of each image; each segmented imagewas thereafter checkedmanually to removepossible
double counts or missed counts. GFAP+, MAP2+ and βIIIT+ cells were counted manually.
A Python script using functions from the sci-kit image (76), OpenCV (77 ) and NumPy (78)
libraries was written and used for the nucleus analysis.

2.8 STATISTICAL ANALYSIS

All statistical work was done in Python using the scipy (79) and statsmodel (80) libraries, and all
graphs were constructed using the Matplotlib library (81). Differences between groups are mea-
sured by a one-sided analysis of variance (ANOVA) combinedwithTukey’sHSD,with p ≤ 0.05

considered significant. Statistics are presented as mean± standard error of the mean (SEM) un-
less stated otherwise. Different biological replicates are defined as separate seedings on differ-
ent days, while technical samples are from the same seeding, but different wells. Three different
significance levels are used for presentation in the graphs: p ≤ 0.05 (*), p ≤ 0.01 (**), and
p ≤ 0.001 (***). In project A, n = 3 biological replicates were used for most measurements,
while in project Bn = 1 biological replicate was used; statistical analysis using ANOVAwas thus
not used for project B.

Table 2.1. List of Primary Antibodies

Antigen Host Target Cell Dilution Source Cat. No.
βIIIT Mouse Early Neurons 1:2000 Sigma-Aldrich T8660
GFAP Rabbit Glial Cells 1:2000 Dako Z0334
SOX2 Mouse Progenitor Cells 1:1000 Santa Cruz Biotechnology sc365964
MAP2 Chicken Neurons 1:2000 Abcam ab5392

Table 2.2. List of Secondary Antibodies

Host Target Fluorochrome Dilution Source Cat. No.

Donkey Mouse Alexa Fluor® 488 1:400
Invitrogen

Thermo Fisher Scientific
A21202

Goat Rabbit Alexa Fluor® 594 1:400
Invitrogen

Thermo Fisher Scientific
A11037

Rabbit Chicken Texas Red® 1:200 Abcam ab6751
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Chapter 3

Results

3.1 CHARACTERIZATION OF ELECTROSPUN FIBROUS SCAFFOLDS

A top-view scanning electron microscopy image of the random electrospun fibres is displayed in
Figure 3.1 (left). Ten different images from different regions of the scaffold were used for mea-
suring fibre diameters. The average diameter was 769 nm (n = 1431), with a median of 635 nm,
highlighting the skewed distribution visible in the histogram in Figure 3.1 (right). Characteriza-
tion of the aligned fibres, which were used in project A, has been done previously (50).
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Figure 3.1. Characterization of random fibres. A scanning electronmicroscopy top-view im-
age of random electrospun fibres is shown in the left image. To the right is a histogram of mea-
sured fibre diameters (n = 1431) measured in 10 different images of the same scaffold.

3.2 TOPOGRAPHY EFFECT ON DIFFERENTIATION

General Observations

Cell count and density had generally increased from 0DIV to the later time points. However, for
a majority of the random fibre samples, and a few of the aligned, cell count was very low for the
later time points. Furthermore, due to the long time between fixation and staining, some of the
samples appeared to have dried. Due to this, cell counting was not possible for certain samples.
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Overall Differentiation Capacity

The fraction of SOX2+ cells was quantified to examine the differentiation capacity of hNPCs
cultured on different substrates. Figure 3.2 shows the percentage of SOX2+ cells over time for
cultures on glass slides, random fibrous scaffolds or aligned fibrous scaffolds. As can be seen, the
number of SOX2+ cells was high for all groups at all timepoints, indicating low differentiation.
Unexpectedly, the expression increased in all groups from 0DIV to 10DIV, albeit not signifi-
cantly. The majority of SOX2- cells at 0DIV were also MAP2-, likely indicating that these cells
are neither progenitor cells or their neuronal progeny. From 10DIV to 20DIV there was a slight,
but insignificant decrease in SOX2+ cells in the group grown on glass slides, possibly suggesting
differentiation into mature cell types. To conclude, phenotypic differentiation was slow for all
substrates and no significant differences could be found.
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Figure 3.2. Quantification of SOX2+ cells over time. F = cells cultured on flat glass slides;
R = cells on random fibrous scaffolds; and A = cells on aligned fibrous scaffolds. The mean of
each seeding and group is displayed as a data point; themean±SEM for these point is also shown.
n = 3 biological replicates for each group except for random 20DIV where n = 2 due to poor
samples. Each biological replicate consists of 2 to 3 technical replicates. No significant differences
were found between groups or timepoints.

Phenotypic Differentiation Fate

To examine the effect of topography on glial differentiation, the fraction of GFAP+ cells was
quantified. Figure 3.4 shows the percentage of GFAP+ cells over time. As evidenced by the data,
GFAPwas present in themajority of cells at all timepointswith a consistent percentage ofGFAP+
cells of around 60% for all groups and timepoints. No significant differences were present be-
tween any groups or timepoints. The morphologies of GFAP+ cells are changing over time (cf.
Figure 3.3 above with Figure B.1 & B.2 in Appendix B), with dense networks present in the later
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Figure 3.3. Fluorescence microscopy images at 20 DIV. The arrows show examples of neu-
rons, characterized by their stronger βIIIT expression, neuronal morphology and absence of
GFAP. Neurons stained by MAP2 are more difficult to distinguish, and more clear examples
are shown in Figure 3.5. Notice the alignment of cells cultured on aligned fibres. Scale bars are
100 µm.
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Figure 3.4. Quantification of GFAP+ cells over time. F = cells cultured on flat glass slides;
R = cells on random fibrous scaffolds; and A = cells on aligned fibrous scaffolds. The mean of
each seeding and group is displayed as a data point; themean±SEM for these point is also shown.
n = 3 biological replicates for each group except for random 20DIV which is omitted due to
poor samples. Each biological replicate consists of 2 to 3 technical replicates. No significant
differences were found between groups or timepoints.

timepoints. TheGFAP+ cells generally have large cell bodies, with thicker outgrowths than those
of neurons; on the flat glass substrate GFAP+ cells have very flat ”fried egg” -like appearances.

Interestingly, there must be an overlap in expression of GFAP and SOX2 at all timepoints as
they are both expressed by a majority of cells. This raises the question whether GFAP expression
alone truly is an indicator of glial differentiation.

To identify neuronal differentiation, the fractions of βIIIT+ cells and MAP2+ cells, respec-
tively, were quantified. However, these protein expressions were not straightforward to quantify.
βIIIT—commonly used as a marker for early neurons—was present aroundmost cells at all time
points, for most of the part by cells without neuronal morphology and with co-expression of
GFAP. However, at 10DIV, and even more so at 20DIV, a stronger expression of βIIIT could
be observed for certain GFAP- cells; the shape of this expression was also more neuronal-like,
i.e. tighter around the cell nuclei and with thinner and more defined outgrowths (Figure 3.5).
These cells were a surprisingly small minority at 20DIV, however, but based on morphology
and GFAP co-expression, none of the other weaker βIIIT+ cells could be confidently identified
as early neurons. Figure 3.6 shows the percentage of cells with strong, neuronal-like βIIIT expres-
sion. There are no significant differences between the substrates. Nevertheless, for cells grown
on flat glass slides, the number of positive cells increased steadily over time, with a significant dif-
ference (p ≤ 0.01) from 0DIV to 10DIV. The expression also increased from 0DIV to 10DIV
in the two fibrous scaffold groups, albeit not significantly. At 20DIV, the βIIIT+ cell count on
aligned fibres is very spread, with one seeding exhibiting the highest count of all groups, while
that of the others is much lower.
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MAP2—commonly used as a marker for more mature neurons—showed a pattern of ex-
pression to that of βIIIT, with a weaker non-neuronal-like expression present for most cells, and
aminority of cells with stronger, more neuronal-like expression at later timepoints; this minority
of cells also seemed to have a non-existent or much lower expression of SOX2, indicating dif-
ferentiation. The counting of these neuronal-like MAP2+ cells shows a pattern very similar to
that of the βIIIT+ cells (see Figure 3.6), but with an overall slightly lower percentage of positive
cells. There were no significant differences between different substrates, but significant differ-
ences were present between different timepoints: for cells cultured on flat glass slides there was
a significant difference in positive cells from 0DIV to 10DIV (p ≤ 0.05) and from 0DIV to
20DIV (p ≤ 0.01); for cells cultured in aligned fibres there was a significant differences from
0DIV to 10DIV (p ≤ 0.05).

While the overall percentage of cells identified as neurons is small, there were some areas in
certain samples where the percentage was much higher, and networks of neurons could be seen.
Examples of such areas are shown in Figure 3.5. The neuronal-like MAP2+ and βIIIT+ cells
in the flat group were generally located in a layer on top of the rest of the cells, as noticed by
adjusting the focal length of the microscope. For the fibrous scaffold samples on the other hand,
the neuronal-like cells were more spread in the z-axis.

3.3 TOPOGRAPHY EFFECT ON NUCLEUS MORPHOLOGY AND
ALIGNMENT

To examine the morphology and alignment of cell nuclei, the DAPI channel of each image
(from the MAP2 and SOX2 staining) was converted to a binary image using an Otsu threshold.
Watershed-based segmentation was used on the binary image to detect single nuclei. For each
nucleus, an ellipse with the same second central moments was identified; the area, orientation
and elongation (defined as the major axis divided by the minor axis) were calculated for each
ellipse. A lower limit for area was set to remove regions too small to be nuclei. Nuclei were
analyzed in terms of elongation and alignment.

Nucleus Elongation

The results of the elongation measurements are displayed in Figure 3.7. The data shows that the
cells cultured on aligned fibrous scaffolds or flat 2D surfaces exhibited themost elongated nuclei,
with significant differences compared with the random fibre group on 10DIV. While there are
no significant differences between nuclei on aligned fibres and flat 2D surfaces, the former appear
to be more elongated at all timepoints. Elongation increases significantly from 0DIV to 10DIV
in the aligned and flat groups, but does not seem to have increased further at 20DIV.
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DAPI GFAP βIIIT DAPI MAP2 SOX2

Figure 3.5. Fluorescence microscopy at 20 DIV showing clear neuronal differentia-
tion. The cells in the image on the left are cultured on flat glass slides and double stained with
GFAP (red) and βIIIT (green), and counterstained with DAPI (blue). The βIIIT+ cells are
GFAP- and show neuronal morphologies; they can be seen lying on top of a network of GFAP+
cells. The cells in the right image are cultured on aligned fibrous scaffold and double stained
with MAP2 (red) and SOX2 (green), and counterstained with DAPI (blue). The MAP2+ cells
have neuronal morphologies, and show low or non-existent expression of SOX2. Scale bars are
100 µm
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Figure 3.6. Quantification of βIIIT+ and MAP2+ cells over time. F = cells cultured on flat
glass slides; R = cells on random fibrous scaffolds; and A = cells on aligned fibrous scaffolds. The
mean of each seeding and group is displayed as a data point; the mean±SEM for these point is
also shown. n = 3biological replicates for each group except for random20DIVwheren = 2 in
forMAP2 and, and omitted completely for βIIIT due to poor samples. Each biological replicate
consists of 2 to 3 technical replicates. Significance levels: (*) p ≤ 0.05; (**) p ≤ 0.01; and (***)
p ≤ 0.001.
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Effect on Nucleus Orientation and Alignment

Tomeasure and compare nuclear alignment, the standard deviation σ of all nuclear orientations
in a sample is a useful parameter, with a smaller σ indicating better alignment and a larger σ
indicating a more uniform distribution. In a paper by Davidson et al. (82), the authors showed
that σ follows Gaussian law and can be used by Gaussian statistical tools such as ANOVA.

Themethod for obtainingσ is inspired by themethods used byYang et al. (83). First, nuclear
orientations from each sample are calculated in relation to a 0° reference angle (image x-axis) and
subsequently shifted to the interval [−90°, 90°]. Only nuclei with an elongation ratio over 1.5
were used in order to limit the statistics to nuclei with a clear orientation. For each sample σ is
then calculated. The reference angle is thereafter shifted 1° and σ is recalculated; this is repeated
until the reference angle has reached 179°. The reference angle which yields the lowest σ, i.e.
best alignment, was noted and this σ was saved for statistical comparison. For sample with a
completely uniform distribution of orientations σ = 52°, and for a sample where all nuclei have
exactly the same orientation σ = 0°

The orientations for all nuclei at 20DIV, normalized to the reference angle yielding the low-
est σ, are presented in the histogram in Figure 3.8 (left). The σ for each group and timepoint and
presented in Figure 3.8 (right). The histogram shows a clear difference in alignment between cells
grown on aligned fibrous scaffolds compared to the other substrates. The results of the σ com-
parison support this notion, with significant differences in alignment present at all timepoints.

3.4 EFFECTS OF MYOSIN II INHIBITION

Seeding and Culture of Cells in Project B

Directly after seeding, cell density and adhesion both appeared normal in all wells. After 4 h,
however, phase contrast microscopy revealed floating cells, generally low cell density as well as
large areas without any cells. Over the next several days, the cell density gradually increased to
more normal levels. Phase contrast microscopy is not possible for cells on fibrous scaffolds and
thus nothing could be told about the 3D groups until fixation and ICC.

After the addition of blebbistatin at 1DIV cell morphologies started changing compared to
the DMSO vehicular control and pure medium negative control; cells cultured with blebbistatin
exhibited thinner outgrowths and less pancake-like appearance. Figure 3.9 shows a comparison
of cells in blebbistatin and negative control at 7DIV.

During the last few days before fixation, both negative and DMSO vehicular control groups
showed signs of apoptosis, with floating cells and empty circular areas starting to form; the same
could not be observed for the blebbistatin groups. Furthermore, the cell density appeared higher
in both control groups compared to that of the blebbistatin treated group (see Figure 3.10).
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Figure 3.7. Results of the nucleus elongation analysis. Box plots (with outliers) of all elon-
gation measurements, pooled from all seedings, are displayed in the left image; between 1546 to
8055 nuclei were analyzed per group. In the graph on the right, themean of the each seeding and
group is displayed as a data point; the mean±SEM for these point is also shown. n = 3 biolog-
ical replicates for each group except for random 20DIV where n = 2. Each biological replicate
consists of 2 to 3 technical replicates. Significance levels: (*) p ≤ 0.05; (**) p ≤ 0.01; and (***)
p ≤ 0.001.
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Figure 3.8. Results of the nucleus alignment analysis. Nucleus orientations are normalized to
the reference anglewhich yields thehighest alignment of each sample. To the left, the orientations
at 20DIV fromall seedings are pooled together and shown inhistograms; 792 to 2287nucleiwere
analyzed for each group. To the right, the mean of the angular spread σ (described in the text)
for each seeding and group is displayed as a data point; the mean±SEM for these point is also
shown. n = 3 biological replicates for each group except for random 20DIVwheren = 2. Each
biological replicate consists of 2 to 3 technical replicates. Significance levels: (*) p ≤ 0.05; (**)
p ≤ 0.01; and (***) p ≤ 0.001.
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Figure 3.9. Phase contract microscopy images at 7 DIV. Note the obvious differences in
morphology between the two control groups, and the blebbistatin-treated group. Scale bars are
50 µm.
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Figure 3.10. Phase contrast microscopy images at 19 DIV. During the last few days in vitro,
circular holes devoid of cells started forming in the negative and vehicular control groups; these
holes were not present in the groups treated with blebbistatin. Cell density also appears much
higher in the two control groups. Scale bars are 200 µm.
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Figure 3.11. Results of the Alamar blue viability assay at 20 DIV. n = 6wells were analyzed
per group. Each data point represents the viability of a single well, normalized to the average of
the control group, and is presented with mean±SEM for each group.
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The results of the Alamar blue viability assay performed at 20DIV are displayed in Figure
3.11. There are large differences in viability between cells grown on glass slides and cells grown
on electrospun fibrous scaffolds. However, there are no clear differences in viability between
groups treated with different chemicals.

Effect of Blebbistatin on Differentiation Fate and Capacity

In line with the results of the viability assay, immunostaining revealed traces of extensive apop-
tosis for all groups on fibrous scaffolds, with insufficient material for phenotypic analysis. Thus,
nothing can be said about hypothesis 4. However, the effects of myosin II inhibition on hNPCs
cultured on glass slides was still examined.

Quantification of SOX2+ cells and MAP2+ cells is shown in Figure 3.13 and indicates a
majority of progenitor cells for all groups. The DMSO and blebbistatin groups appear to have
slightly larger percentages of differentiated cells. However, the blebbistatin group was very
spread, with two wells with less differentiation and one well with surprisingly high differentia-
tion. The same differences are mirrored in the MAP2 quantification: here only a few percent of
cells had differentiated into neurons in the control group, while an average of around 8% had
differentiated into neurons in the DMSO and blebbistatin groups. The neuronal differentiation
capacity was large in the blebbistatin group, with one well exhibiting up to 14% differentiated
neurons.

In the DMSO and negative control groups, cells were not evenly spread on the substrate but
appeared to often stick together forming local dense regions. Neuronal differentiation appeared
to be more present in these denser regions. In the blebbistatin group, cells were generally more
homogeneously spread and neuronal differentiation did not seem to be as affected by cell density.
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Figure 3.12. Fluorescence microscopy images at 20 DIV. The circular holes previously men-
tioned can be clearly seen in the negative control group. The higher cell density of both control
groups is also visible.
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Figure 3.13. Quantification of SOX2+ cells (left) and MAP2+ cells (right) at 20 DIV for
hNPCs seeded on flat glass slides. Themean of eachwell and group is displayed as a data point;
the mean±SEM for these point is also shown. n = 3 technical replicates for each group.
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Nucleus Elongation Analysis

Following the procedure described in Section 3.3. The nuclei of the different groups were ana-
lyzed in terms of elongation. The results are displayed in Figure 3.14 and indicate that myosin II
inhibitionwith blebbistatin has an effect on nucleusmorphology. Cells treatedwith blebbistatin
exhibit rounder nuclei than those of the vehicular control or negative control groups.
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Figure 3.14. Results of the nucleus elongation analysis. Cells treated with blebbistatin con-
sistently exhibit lower nucleus elongation.
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Chapter 4

Discussion

Control over phenotypic differentiation is important in both in vitro disease modelling and cell-
based regenerative therapies. Here we investigated how the topography of electrospun fibrous
scaffolds affects differentiation of hNPCs; we examined differentiation in terms of overall ca-
pacity as well as phenotypic fate. Furthermore, we analyzed how topography affects cell nucleus
morphology and polarization. Finally, to elucidate pathways responsible for potential effects, we
inhibited myosin II via the addition of blebbistatin to see if any topographical effects remain.

Our results show no significant differences in differentiation capacity or fate between groups
grown on glass slides, random fibrous scaffolds or aligned fibrous scaffolds. Nevertheless, we
found significant differences in nucleus elongation and alignment between the groups.

As our cell cultures on fibrous scaffold with addition of blebbistatin suffered from low via-
bility, the effects of myosin II inhibition remain unclear in these cultures. However, our results
suggest that the addition of blebbistatin to cultures on glass slidesmight affect cell differentiation
and nucleus morphology. Below, I interpret and discuss the results in more detail.

4.1 EFFECTS OF SUBSTRATE TOPOGRAPHY ON CELL SURVIVAL

After using immunostaining in project B, we discovered that cell count at 10DIV and 20DIV
was generally lower for the cultures on fibrous scaffolds—especially for those on random fibres,
where some wells were almost completely devoid of cells. In project B, the Alamar blue viabil-
ity assay showed low viability (Figure 3.11) for groups on fibrous scaffolds compared to those
on glass slides. After immunostaining we saw traces of cells, covering the whole sample, on the
fibrous scaffolds, but only few cells still present. Lower cell count and lower viability as mea-
sured by the Alamar blue assay does not mean poor survival per se, as a lower cell density might
be more optimal, and high viability measurements can be due to stressed cells (communication
with Ulrica Englund-Johansson). However, since the presence of cells was insufficiently large
to permit quantitative analysis, the survival cannot be considered optimal. The reasons for the
lower survival of hNPCs are unclear and should be investigated further.

4.2 EFFECTS OF SUBSTRATE TOPOGRAPHY ON DIFFERENTIATION

We show slow differentiation of hNPCs on all substrates, with a large majority of cells express-
ing SOX2 even after 20DIV. In the original study of the cell line, the authors showed almost
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complete differentiation after 7DIV, with only 5 % of cells being identified as progenitors at this
timepoint (59). In contrast to previous results (50), we also demonstrate that the choice of sub-
strate has no significant effect on neuronal differentiation fate of hNPCs. The question arises
whether substrate truly has no effect, or if theremight be differences between different substrates
but the overall differentiation is too slow for any effects to be visible after 20DIV.

Quantification of βIIIT+ cells andMAP2+ cells

MAP2 and βIIIT expressions were difficult to quantify. βIIITwas expressed in nearly all GFAP+
cells, and similarly MAP2 was expressed in nearly all SOX2+ cells; furthermore, these cells did
not exhibit typical neuronal morphologies. However, there were cells with clear neuronal mor-
phology and neural marker expression and these were the basis for our inclusion criteria for the
neuron quantification. The number of βIIIT+ cells was generally higher than that of MAP2+
cells which was expected as MAP2 is generally used as a marker for more mature neurons.

Quantification of βIIIT+ cells andMAP2+ cells was made difficult by the fact that neurons
often lay at a different focal depth compared to other cells; this was especially true for cells grown
on fibres, as their topography permits larger cell spread in the z-axis, a phenomenon which has
been observed and quantified in previous studies in our lab (50). As a result, it was difficult to
capture images where all cells could be seen sharply enough to be quantified, and more neurons
might have been missed in the fibrous scaffold groups. To improve quantification, and make it
more consistent between the different substrates, other analytical methods could be employed.
One option is using confocal microscopy with z-stack imaging. This could be combined with
flow cytometry and/or Western blotting, to get different measurements of protein expression in
the samples.

Quantification of GFAP+ Cells

The number of GFAP+ cells was relatively constant throughout the culture and there were al-
most no differences between groups. It is unclear whether these GFAP+ cells truly are mature
astrocytes. Research has shown that GFAP is expressed in progenitor cells which can give rise to
neuronal progeny (68). As mentioned there must be a large overlap in GFAP and SOX2 expres-
sion, and this could be explained by the fact that GFAP+ cells not necessarily are astrocytes, but
a type of glial progenitor cell.

Potential Reasons for Slow Differentiation

The cell line used has the capacity of neuronal differentiation, as evidenced by the clear neuronal
morphologies and expression of neuronal markers observed in some samples. Nevertheless, dif-
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ferentiation is slow and the reason for this is unclear as themethods are close to identical to those
of previous studies in our lab (50) which have shown faster differentiation. There are some dif-
ferences however: the hNPCs in the present study were from a relatively late passage 15 to 17,
and differentiation of the cell line has been shown to vary with different passage numbers (59).
This could be explained by the drift of cell lines over time if they are heterogeneous and non-
immortalized (communication with Ulrica Englund-Johansson).

In this thesis I have focused on topographical effects on hNPCbehaviour. It is possible, how-
ever, that certain biochemical parameters are lacking which may promote differentiation of our
cell line. For example, our substrates are coated with PLL to improve adhesion, but additional
coating with ECMproteins, such as laminins or fibronectins, or with artificial peptide sequences
such as Arg-Gly-Asp could furthermore promote cell survival and differentiation. Unpublished
work from our lab suggests that coating substrates with various laminins may have an effect on
both hNPC survival and overall differentiation capacity.

Apart from ECM proteins, certain growth factors might be in low concentration in our
medium. Differentiation media are commonly supplemented with 10% FBS in order to attain a
suitable concentration of growth factors needed for differentiation. The differentiationmedium
used in this thesis is based on the medium originally used by Carpenter et al. (59) for the same
cell line, and contains only 1 % FBS. While this lower concentration has worked well in many
studies, it might not be sufficient under all conditions. Furthermore, the biochemical composi-
tion of FBS may vary substantially between manufacturers and different batches (84). For more
consistency between studies, a better approach would be to use a chemically defined medium.
Unpublishedwork fromour group has shown that hNPCs cultured in chemically defined Brain-
Phys™medium exhibitedmore neuronal differentiation compared to those cultured in the same
differentiation medium used in this thesis.

Another potential issue with our medium may be the high concentration of glucose. The
concentration of glucose in DMEM/F12 is 17.5mm, which is already 2 to 5 times higher than
what has been observed in hyperglycemic patients (85). Addition of supplemental glucose ac-
cording to our medium recipe yields a total glucose concentration of around 40mm,many times
higher than that in a normal adult brain. While we are using hNPCs from fetal forebrain, and
the developing brain does require higher glycemic levels than the adult brain (86), it would be
surprising if such a high concentration really is needed. Furthermore, high glucose levels has been
shown to inhibit neural stem cell differentiation (87 ) and proliferation (88); and interestingly,
both of these studies defined a high glucose concentration as 25mm, i.e. only around 60%of that
of our medium. As previously mentioned, hNPCs cultured in BrainPhys™ medium—which
has a glucose concentration around 2.5mm (85)—showed good survival and neuronal differen-
tiation, indicating that our cell line performswell with lower glucose levels. Further investigation
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into howmedium composition affects hNPC behaviour would be valuable for continued use of
this cell line.

4.3 EFFECTS OF SUBSTRATE TOPOGRAPHY ON NUCLEUS
MORPHOLOGY AND ALIGNMENT

We demonstrate that hNPCs on random fibrous scaffold have nuclei with significantly shorter
elongations compared to those of hNPCs cultured on flat glass slides or aligned fibres. Further-
more, nuclei on aligned fibres are quite consistently more elongated than those on flat surfaces,
but not significantly. Nucleus morphology has been linked to gene expression for certain cell
lines (35); it would be interesting to investigate if the same is true for hNPCs, which is why such
studies are on-going in our laboratory using microarrays. Over time, most groups exhibited in-
creased elongation and neuronal differentiation, and future research could be done to examine
whether there exists a connection between these two observations. However, as will be discussed
below, inhibition ofmyosin II led to a decrease in elongation, andpossibly an increase in neuronal
differentiation fate, which would not be in line with this hypothesis.

Not very surprisingly, the nuclei tend to align with the topographical features of the sub-
strate. We demonstrate significantly higher alignment of nuclei grown on aligned fibres com-
pared to those grown on isotropic surfaces. Neural alignment to topographical features has been
previously observed in anumber of studies (25, 89, 90) andhas implications in cellmigration (50)
and may also influence phenotypic differentiation fate of stem cells (47 ). Our results do not in-
dicate any connection between nucleus alignment and differentiation, but this should be further
investigated using better experimental methods.

4.4 EFFECTS OF MYOSIN II INHIBITION

We had hoped to use myosin II inhibition to study mechanotransductory pathways responsible
for topographical effects on differentiation of hNPCs. However, as no significant differences
in differentiation were found between groups on glass slides and fibrous scaffolds in project A,
and due to poor viability of cells on fibrous scaffolds in project B, no conclusions can be drawn.
However, we can still examine the effects of myosin II inhibition on cells grown on glass slides.

Using phase contrast microscopy during culture we observed that the addition of blebbis-
tatin to hNPC cultures led to thinner outgrowths of cell, and less flat appearances compared to
both negative and vehicular controls. Furthermore, we observed that blebbistatin-treated group
had lower cell density than the two control groups. Finally, the two control groups, but not the
blebbistatin-treated group, started exhibiting circular areas devoid of cells in the last days of cul-
ture. These circular areas appeared to form a sort of hexagonal patternwhich has previously been
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observed with the same cell line as well as with induced pluripotent stem cells (personal commu-
nication with Ulrica Englund-Johansson). Since blebbistatin affects cytoskeletal contractility,
effects on cell morphology are not surprising; however, the reasons for lower cell density and lack
of empty circular areas are unclear. Possible explanations include potential effects on mitosis,
cell survival, migration and cell-cell adhesion, but more research is needed to ascertain the true
reasons.

Both blebbistatin and, albeit less prominently, vehicular control seemed to increase neuronal
differentiation compared to negative control, as seen by the increase in fraction of MAP2+ cells
(and decrease in SOX2+ cells); however the spread of data points is rather large and only one bi-
ological replicate was examined, making the strength of these results rather weak. Differences in
nucleus elongation between blebbistatin-treated groups and the control groupswere visible, with
those of the former being noticeably shorter. This may indicate the role of actomyosin contrac-
tility for conveying topographical cues to the nuclear envelope. Future experiments to examine
whether myosin II inhibition has an effect on nucleus alignments would be interesting.

4.5 ETHICAL ISSUES

Research using stem cells, and especially human embryonic stem cells, is associated with ethical
concerns and controversies (91). Many of these concerns arise from beliefs that life starts at con-
ception and that embryos thus should share the same moral rights as adults. A more prevalent
view in the scientific community is that embryos, although not human beings, can be consid-
ered potential human beings and thus need to be handled with respect; as such, their use for stem
cells must be justified by the aims of the research (91). A benefit with the cell line used in this
thesis is its mitotic capacity: the progenitor cells can be expanded with exponential growth (59)
and can be frozen for later; consequently progenitors from a single embryo can be used for a vast
amount of experiments, with potential for contributing to the improvement of quality of life for
countless patients worldwide.

Another ethical issue, which is common for almost all biomedical research, is the use of ani-
mals. In this thesis, we have studied cell culture on fibrous scaffolds, and have not used any animal
models; furthermore, one of the promising uses of fibrous scaffolds is the ability tomimic in vivo
microenvironments and thus they hold potential to reduce the need of animal models for disease
research and drug development in the future. Nevertheless, in vitro research requires animals for
obtaining antibodies, proteins and other biological material. One ingredient used in our experi-
ments which has attracted a great deal of concern is FBS, the extraction of which causes suffering
for the fetal calf (92). More humane alternatives for FBS media are available and include donor
horse serum-based media (93) and serum-free media (61).
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4.6 CONCLUSIONS AND OUTLOOK

The main findings of this thesis are presented below:

1. We show no significant differences in overall differentiation capacity, or phenotypic fate
between hNPCs seeded on glass slides and electrospun fibrous scaffolds.

2. We show that hNPCs tend to align with the topographical features of the substrate, with
significant differences in nucleus alignment between cells on aligned fibrous scaffolds and
those cultured on glass slides or random fibres.

Electrospun fibrous scaffolds and hNPCs are promising for use in regenerative therapies and in
vitro disease modelling. However, much research still needs to be done in order to obtain more
consistent results. More specifically, potential differences in overall differentiation capacity be-
tween different passages of hNPCsmust be surveyed; the effects of medium composition should
be examined, and here I would advocate the use of chemically defined media; finally, the low cell
survival on random fibrous scaffolds should be investigated. Nevertheless, continued research in
this field will certainly generate important results for the progress of neuroregenerative medicine
and in vitromodelling of neurological diseases.
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Appendix A

Blebbistatin Pilot Projects

PILOT 1

Aim The aim of the first pilot study was to in-
vestigate the toxicity of blebbistatin and its vehicle
DMSO, and find an optimal concentration where
myosin is noticeably inhibited, but the cell viabil-
ity is not adversely affected. Two different concen-
trations, 1 µm and 20 µm, of blebbistatin were ex-
amined. The blebbistatin was dissolved in DMSO
and thus two control groups with the correspond-
ing concentrations ofDMSOwereused for compar-
ison.

Methods Passage 12-13 hNPCs were seeded
onto PLL-coated glass slides in a 24-well plate,
with a cell count of 100 000 per well. The cells
were cultured in 1% FBS medium for a total of
20 DIV, replacing the medium every other day.
Starting at 1 DIV, the respective chemicals were
added to their corresponding wells when replac-
ing the medium. Cell morphologies were pho-
tographed using a phase contrastmicroscope before
eachmedium exchange. At 20DIV, anAlamar Blue
cell viability assay was conducted and thereafter the
cells were fixed with 4 % PFA.

Results Phase contrast microscopy on day 1 in
vitro – before the addition of the respective chem-
icals to the media – revealed similar morphologies
for all groups. However, many wells showed an un-
even spread and number of cells, with very few cells
in some wells. At 3 DIV, the cells treated with bleb-
bistatin appear to have thinner outgrowths, but no
quantitative analysis was done. At higher DIVs the
cells of many wells have multiplied in numbers and
started forming larger dense clusters and the mor-
phology differences were less noticeable. For the
higher blebbistatin and DMSO concentrations, the
number of cells was decreasing and traces of cell
death were visible. At 20 DIV before the termina-
tion of the experiment, the number of cells per well
was more polarized: the cells had either multiplied

several times or had almost completely died. The re-
sults of the Alamar Blue viability assay performed
at 20 DIV are displayed in Figure A.1; the results
show similar viability for the untreated group and
the 0.1% DMSO group. Both the 20 µm blebbis-
tatin and 2% DMSO groups have very low viabili-
ties, similar to that of the control groupwithout any
cells.
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Figure A.1. Results of the Alamar Blue via-
bility assay at 20 DIV. Results are displayed
as measurements and mean±SEM. The con-
trol group to the left was a sample of medium
without cells

Discussion The results indicate that the cells
treated with 20 µm blebbistatin or 2 %DMSO have
poor viability over time; this is probably due to the
high concentration of DMSO, which is above rec-
ommended levels for cell culture. The large spread
of viability in the 1 µm blebbistatin group can likely
be explainedbypoor cell seeding; before treating the
group with blebbistatin it was noted that the cell
count was low in two of the wells. In conclusion,
both 1 µm and 20 µm blebbistatin seem to cause a
noticeable change in morphology after 3 DIV, but
after this time the effect is less noticeable. Further-
more, 2 % DMSO seems to be toxic to the cells and
thus it is difficult to examine the effect of 20 µm
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blebbistatin over longer times. For a next experi-
ment, using less diluted blebbistatin would be suit-
able, more concentrations should be studied, and
cell seeding technique must be improved.

PILOT 2

Aim and Scope The aim of the second pilot
study was to further investigate how different con-
centrations of blebbistatin affect cell morphology
and viability; we examined the effects of three differ-
ent concentrations: 1 µm, 5 µm, and 10 µm and cor-
repsonding control groups. We cultured the seeded
cells for 10DIV instead of 20DIV as in the first pi-
lot, since we had observed that morphology differ-
ences of the different groups were visible already af-
ter a few days. In this pilot, we examined cell mor-
phology using phase contrast microscopy, we ex-
amined differentiation using ICC with SOX2 and
MAP2 as markers, and we assessed viabilities using
anAlamar Blue assay. We intended to includeWest-
ern blotting as an additional means to study differ-
entiation markers, but our protein concentrations
were too low to finalize this plan.

Methods Passage 14-15 hNPCs were seeded
onto PLL-coated glass slides with a concentration
of around 75 000 cm−2. All groups were cultured
in 1 % FBS medium, with the respective chemicals
added with every medium exchange from 1 DIV
and on. Morphologies were documented at 1, 3,
6 and 9DIV. At 10DIV, the viabilities were ex-
amined in an Alamar blue viability assay, and the
cells were subsequently fixedwith 4 %PFA.Cells in-
tended for Western blot analysis were trypsinated,
and lysed using RIPA buffer at 11DIV; protein
concentrations were thereafter measured in a Pierce
Rapid Gold BCA Protein Assay.

Results Morphology differences between the
5 µm, 10 µm and their control groups were noticed

after a few hours after the addition of the respec-
tive chemicals to the cultures, and were persistent
throughout the culture until fixation. The 1 µm
group showed smaller differences with its control
group. Quantificationof cellmorphologieswas per-
formed (data not shown) and indicated a larger pro-
portion of unipolar or multipolar cells with long
processes for the cells treated with blebbistatin. For
the control groups, smaller round cells or large flat
cells were more common.

The Alamar Blue assay (Figure A.2) indicated
differences in viability for the different groups, with
the group treated with the highest DMSO concen-
tration surprisingly exhibiting the highest viability.
Manyof the lowviabilitymeasurements correspond
to wells in which we had seen a low cell count since
1DIV.

The cell counting showed high expression of
SOX2, with no significant difference between any
groups. Furthermore, all cells expressedMAP2, but
none were similar to the type of expression seen in
project A, indicating a lack of differentiation into
neurons. In light of these results, and the low pro-
tein concentrations following the RIPA lysis, we
deemed it fruitless to continue with a Western blot
analysis.

Discussion The DMSO concentrations in this
pilot do not seem to have any toxic effect on the
cells; instead we can attribute the low viabilities
of certain groups to poor seeding consistency and
possibly to toxic effects of blebbistatin. Neverthe-
less, as the 5 µm blebbistatin group showed clear
differences in cell morphology, and higher viability
than the 10 µm group, we chose to continue with
this concentration for our next experiments. As we
saw no clear differentiation tomature neurons after
10DIV we will revert to a culture time of 20DIV,
and to increase cell density, differentiation and via-
bility, we will seed the wells with a higher number
of cells.
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Figure A.2. Results of the Alamar Blue viability assay at 10DIV n = 4wells were analyzed
per group. Each data point represents the viability of a single well, normalized to the average of
the control group, and is presented along with mean±SEM for each group.
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Figure A.3. Quantification of SOX2+ cells at 10 DIV. The mean of each well and group is
displayed as a data point; themean±SEMfor these point is also shown. n = 3 technical replicates
for each group except 10 µm blebbistatin, where cell count was too low for quantification. The
results reveal overall high expression of SOX2 indicating low differentiation.

41



Appendix B

Additional PhotoMontages
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Figure B.1. Fluorescence microscopy images of the different groups in project A at 0 DIV.
Notice the presence of cells which are neither SOX2+ orMAP2+. Scale bars are 100 µm.
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Figure B.2. Fluorescence microscopy images of the different groups in project A at 10 DIV.
Cell numbers have increased since 0 DIV, and morphologies have changed. Notice the presence
of clear neuronal differentiation in the βIIIT staining. Scale bars are 100 µm.
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Appendix C

Protocols and Recipes

CULTURE MEDIUM RECIPES

Basic medium and complete (expansion) medium were prepared according to the recipes below.
Differentiation medium was prepared by adding 1% FBS to basic medium. All media were fil-
tered with a 0.2 µm filter after preparation. Basic medium should be used within one month,
complete medium and differentiation medium within one week.

Basic Medium
Ingredients 50ml 100ml 500ml
DMEM/F12 1x
ThermoFisher no 21331-020 47ml 94ml 470ml

N-2 Supplement
ThermoFisher no 17502-001 0.5ml 1ml 5ml

L-Glutamine P/S
(Stock 200mm, 10000 units /ml
Penicillin, 10 000 µg/ml streptomycin)
ThermoFisher no 10378016

0.5ml 1ml 5ml

Glucose 0.6%
(Stock 30%)
Sigma no G70213

1ml 2ml 10ml

Heparin 2 µg/ml
(Stock 10mg/100ml)
Sigma no H3149

1ml 2ml 10ml

Complete Medium
Ingredients 50ml 100ml 500ml
Basic Medium 50ml 100ml 500ml
EGF, rec. human EGF
(20 ng/ml, stock: 100 µg/ml)
Prospec, CYT-217

10 µl 20 µl 100 µl

bFGF, rec. basic human FGF
(20 ng/ml, stock: 100 µg/ml)
Prospec, CYT-218

10 µl 20 µl 100 µl

LIF, rec. human LIF
(10 ng/ml, stock: 10 µg/ml)
Sigma, no L5283
Prospec CYT-644

50 µl 100 µl 500 µl

44



THAWING AND EXPANSION OF HNPCS

1. Get frozen cells in the cryovials in dry ice

2. Prepare 50ml tubes for every 2 cryovials of the same batch and add 7ml to 10ml of basic
medium.

3. Quick thaw the cryovials in a 37 ◦Cwater bath.

4. Add 1ml of basic medium to the cells to dilute the freezing medium, as DMSO is toxic to
the cells and immediately transfer the content to the rest of the basic medium in the 50ml
tube.

5. Centrifuge at 300g for 5 min.

6. Aspirate supernatant and resuspend the pellet in 2ml expansion medium.

7. Transfer the cells into a T75 flask containing 18ml of expansion medium.

8. Check cells under the microscope.

9. Incubate in a cell culture incubator at 37 ◦C, 5% CO2, 95 % humidity.

10. Two (2) days after, add 20ml of fresh expansion medium to each T75 flask and then re-
move 20ml of the suspension into a new T75 flask.

11. Incubate in a cell culture incubator at 37 ◦C, 5% CO2, 95 % humidity.

12. Feed cells (each flask) with 3ml to 4ml every 3rd to 4th day until the neurospheres are big
enough and ready for dissociation.

PASSAGING/DISSOCIATION OF HNPCS NEUROSPHERES W. ACCUTASE

1. Transfer content (neurospheres) of T75 flask into a 50 ml tube

2. Centrifuge for 5 min at 1600 rpm

3. Aspirate supernatant and resuspend cell pellet with 5 ml DPBS without Ca++Mg++

4. Centrifuge for 5 min at 1600 rpm

5. Aspirate supernatant and resuspend cell pellet with 1 ml Accutase.

6. Incubate for 10 min at RT

7. By pipetting up and down, using a 100 µl pipette, dissociate cells until all the neurospheres
are in a single cell suspension

8. Add 4 ml of fresh medium to the tube

9. Centrifuge for 5 min at 2000 rpm
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10. Aspirate supernatant and resuspend cell pellet with appropriate volume of fresh medium

11. Count the cells using Trypand Blue and TC20 automatic cell counter.

12. Seed according experiment, e.g.:

(a) Expansion: 2.4M cells in 15 to 20 ml of expansion medium
(b) Freezing: 4M cells in 15 to 20 ml of expansion medium
(c) Differentiation: According to experimental setup in differentiation medium

HNPC FREEZING AND THAWING

Medium Preparation

Freeze Medium
Ingredients 5ml 10ml 50ml
Basic medium 4.1ml 8.25ml 41.25ml
DMSO 100%
(final conc. 7.5%) 0.4ml 0.75ml 3.75ml

BSA
(final conc. 10 %) 0.5 g 1 g 5 g

1. Add BSA to basic medium. To dissolve BSAwarm the mixture at 37°C water bath. Note:
BSA and basic medium can stay for 1 week at 4°C.

2. Add DMSO (just before the freezing).

3. Sterile filter with 0.2 µm filter. (Store at 4°C if not used immediately)

Freezing of Cells

1. Passage as usual and seed them at 4 million per flask

2. Two days after the passage (small spheres) spin down the cells (no passaging!) and add
1ml of freezingmedium (approximately 4million per cryovial) Thus, take one T75with 4
approx million cells per flask to one cryovial. The numbers will not be exact, but it is not
so important here

3. Put the cryovials with cells in a freezing container into -80 degrees for 1-2 days and then
finally store at -150°C (liquid nitrogen tank)
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IMMUNOSTAINING FOR FIXED CULTURED CELLS

Before starting stainings:

• Prepare blocking solution (PBS + 1% BSA + 0.25% Triton X) and have it at RT

• Prepare calculations and solutions with Ab. Note: primary and secondary antibodies di-
luted in “blocking” solution (1x PBS or TBS + 1% BSA + 0.25% Triton X)

• Have 1xPBS or 1 x TBS at RT

• Bring slides/ culture plates with cells from the cold room and keep them at RT (at least 30
min). When at RT, they ready to use.

Note: Be consistent when using the salt buffer (PBS or TBS)

Procedure:
Day 1

1. Optional: Pre-incubate samples in blocking solution with 5% serum for 30min.

2. Aspirate and add primary antibody solution and incubate for at least 16 h at 4 ◦C. Re-
member do not let the cells be without solution for more than 10-15 seconds.

Day 2

1. Collect primary Ab solution and immediately add 1xPBS/ TBS for washing (15min “in-
cubation”)

2. Wash once more (15min “incubation”)

3. Aspirate the washing buffer and add secondary ab solution. Incubate for 1 h (minimum
45min) at RT in the dark.

4. Collect secondary Ab solution and immediately add 1xPBS/ TBS for washing so that cells
don’t dry

5. Wash once more

6. Mount using anti-fading media containing DAPI:

(a) Cultures in round glass coverslip:
i. Add a drop of mounting medium on the glass slide
ii. With a forcep, carefully pick up the cover slip from thewell and place it onto the

droplet ofmountingmedium (avoid bubbles formation). Note to turn the cov-
erslip upside down so that the cells are the ones in contact with the mounting
medium.

iii. Optional to put a big coverslip on top
(b) Cultures on fibrous scaffolds:
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i. Remove the plastic ring
ii. With a forcep, pick up the fiber scaffold and place it onto the glass slide face up

(cells up). Perhaps try to remove the excess buffer from the fibers, by touching
sideways a paper mat.

iii. Immediately (fast) add a drop of the mounting medium on top of the fiber
scaffold, and make sure that it cover all fiber mesh.

iv. Place a cover slip on top of the sample avoiding bubbles

7. Place the glass slides into the carton folder and store it at−20 ◦C freezer

ALAMAR BLUE ASSAY

Materials and Reagents:
• AlamarBlue kit

• Culture media

• 96 well plate with opaque black walls for fluorescence measurements

• 3 % SDS solution

• Aluminium foil

Procedure:
1. On the day of viability assay, prepare AlamarBlue (AB) solution by mixing 1:9 (1/10th

volume) of AlamarBlue:Culture medium. Note: prepare some extra for blank/negative
controls

2. Aspirate all culture medium from each culture well and immediately add 400 µl (if using
a 24w plate) of freshly prepared AB solution

3. Wrap the plates with aluminium foil (protection from direct light)

4. Incubate at 37 ◦C. Determine the time of incubation by checking the plate every hour

5. Add 50 µl of 3 % SDS solution into each well to wells in a 96w plate (black walls). Note:
only the number of wells necessary)

6. Transfer 100 µl from each well of the medium after incubation with AB solution to indi-
vidual wells in a 96w plate containing 3 % SDS. SDS will stop the reaction.
NOTE: Plate can be stored at RT for up to 24hrs (or 1 d to 3 d at 4 ◦C) before recording
data, provided that the contents are protected from light and covered to prevent evapora-
tion.

7. Record results using fluorescence or absorbance as follows:

• Fluorescence measured at 530-570 nm excitation wavelength and 590nm (580-
620nm) emission wavelength

• Absorbance is monitored at 570 nm and 600 nm
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