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Abstract

In this thesis, labelling strategies for vimentin, the protein building block of
intermediate filaments which are used as a cancer cell marker, were investi-
gated in the U2OS human cell line. Different fixative and primary antibodies
were characterized and tested until a successful immunostaining procedure
was found. Also, different transient transfection strategies to efficiently label
vimetin with different types of plasmids were tested; all coding for vimentin
coupled to a reversible photo-switchable protein. With the labelling methods
learnt and applied in this work the vimentin structures can be imaged with ad-
vanced super resolution microscopy techniques such as STED and RESOLFT.
This cutting edge technology enabled the imaging of the fine vimentin filamen-
tous structures with a precision far beyond the diffraction limit. The filament
thickness distribution was investigated for the different labelling strategies with
a method including an ImageJ macro and a Matlab script, which I developed
to parallelize the analysis for multiple filaments simultaneously. It was found
that the endogenous vimentin marked with primary-secondary antibodies were
mostly found in the thickness range 50-80 nm. Further, I found that transient
transfection can cause misslocalization and variable levels of expression of the
vimentin molecules. On this line, I optimized the transient transfection pro-
tocol to minimize these effect and to increase the number of marked cells.
Finally, vimentin filaments in cells with low level of expression were measured
with a final size distribution comparable to the previous mentioned labelling
methods. In conclusion, I established successful protocols, which enable to
mark and image vimentin with STED microscopy as a ground for future live
cell super resolution imaging.
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Chapter 1

Introduction

The on-going development of techniques focused on breaking the far-field
diffraction barrier of visible light, summarized under the term super-resolution
microscopy, has opened up new possibilities in biomedical research. Imaging
in the nanometerscale by fluorescent labelling of proteins in the cells makes
it possible to study their distribution and function closer than what has been
possible before with diffraction-limited optics in the visible light spectra. The
deterministic group of super-resolution techniques include STED, GSD and
RESOLFT and utilizes a scanning scheme. Whereas PALM, STORM and
SPDM are stochastic wide-field methods where super-resolution is obtained
by single molecule localization. Among these techniques, RESOLFT allows
to perform live sample imaging in the nanometer scale, by means of reversible
photoswitchable fluorescent proteins. In the most common live cell imaging
methods, the protein of interest is fused to a fluorescent tag and is introduced
to the cell as an external host protein bacterial or viral vectors. Another way
to label the protein of interest in live sample is the integration of the fluores-
cent protein into the genome of the cell, with the so called genome editing
techniques. Since all the super-resolution techniques are based upon fluo-
rescent labelling of the structure of interest, it is important to optimize the
labelling for the different techniques in order to improve the image quality i.e.
high spatial resolution and contrast. Furthermore, it is important to achieve
an understanding of how the fluorescent labelling affect what is observed to
obtain reliable, physiological relevant, information of the labelled biological
proteins of interest. [1]

To study the fine vimentin cellular structures, the major intermediate fil-
ament protein of mesenchymal cells, super-resolution microscopy is required,
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CHAPTER 1. INTRODUCTION

since their filament thickness is in the 10 nm range [2]. However, in fluores-
cence microscopy we are not looking directly at the protein itself, but we
visualize it by various methods of labelling, either by fluorescent proteins
fused to the protein of interest or antibodies coupled to fluorescent dyes.
Therefore it is important to quantify how the method for visualizing the pro-
tein of interest affects its appearance, morphology and distribution. U2OS is
a human epithelial cell line that is well known to be a suitable cellular model
for imaging studies, since it is particularly flat [3]. Moreover, a stable knock-
in version has been developed by means of the CRISPR/Cas9 genome editing
technique; U2OS knockin cell line expressing vimentin fused together to the
reversible switchable Enhanced Green Fluorescent Protein 2 (rsEGFP2). [4].
This makes this cell line advantageous for study vimentin under different
fluorescent labelling and imaging conditions.

It has been observed that vimentin is over-expressed in different types of
epithelial cancers and its expression can be used as a marker for identifying
epithelial-mesenchymal transition, enabling initiation of metastasis. The cel-
lular distribution of vimentin and its function in correlation to tumour growth
is not yet fully understood, but gaining more knowledge about the cancer-
vimentin relationship can potentially be meaningful in cancer-treatment. [5]

This thesis is divided into three parts; the first objective is to give a
theoretical background about super-resolution microscopy and different flu-
orescence labelling strategies utilized for imaging vimentin by fluorescent
imaging techniques; immunofluorescence, labelling by plasmid transfection
and genome editing by CRISPR/Cas9. The second goal is to investigate
parameters that can affect immunofluorescence and over-expression by in-
vestigating different transfection procedures and optimizing immunostaining
of vimentin for confocal and STED microscopy in the U2OS cell line. The
final goal of this works is to quantify how the different methods for labelling
vimentin affect the visualization of the protein, concerning vimentin morphol-
ogy and distribution, when examined by confocal fluorescence microscopy or
STED super-resolution microscopy.

The first part of this thesis gives a theoretical background about super-
resolution with special focus on STED and RESOLFT together with the
different labelling strategies that were studied in this project. After this, the
materials and methods that were used are described. Lastly the results are
presented and discussed followed by the conclusions.
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Chapter 2

Background

2.1 Far field fluorescence super-resolution mi-
croscopy

Fluorescence light microscopy is based on fluorophores absorbing light re-
sulting in an electronic transition followed by fluorescence emission when
relaxation occurs back from the excited electronic energy level to the ground
energy level. The emitted photons will always have a longer wavelength due
to energy loss, which enables detection of emitted fluorescence separated from
the irradiating light. [6]

For a long time, the resolution limit for fluorescence light microscopy was
governed by the Abbe diffraction barrier of light, given by:
d = λ/(2n sin θ) = λ/(2NA), where λ is the wavelength of the incoming
light, n is the refractive index of the immersion media and θ is the half-angle
maximum of the objective light cone. The on-going development of super-
resolution techniques have managed to break this limit by various methods.
In following sections, an introduction about two of these techniques will
be given; STED and RESOLFT super-resolution microscopy. Both these
techniques are far-field scanning microscopy techniques. [7]
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CHAPTER 2. BACKGROUND

2.1.1 STED

The PSF is limiting the achievable resolution, since it is not infinetly narrow.
In STED microscopy, the STED beam depletes the peripheral parts of the
PSF by stimulated emission and only a small central part of the original ex-
citation beam spot is left to send out fluorescence of the fluorophore emission
wavelength. [7]

An excited fluorophore relaxes back to the ground-state by various pro-
cesses that can be either spontaneous relaxation such as emittance of fluores-
cent light or stimulated relaxation can occur. Stimulated emission occurs for
photons matching the energy-gap between the excited state and the ground
state.

An excited fluorophore relaxes back to the ground-state with a rate kS1→S0

given by
kS1→S0 = kS1→S0,spont + σISTED, (2.1)

where the first term on the right hand side is due to the relaxation processes
and the second term is due to stimulated relaxation back to the ground-state.
σ is the transition cross-section which is fluorophore specific and ISTED is the
STED laser power. For depletion purposes the stimulated rate term given
by Eq. 2.1 has to out-compete the spontaneous rate term that is the inverse
fluorescence lifetime τf , σISTED >> 1/τf , with τf in the order of 10−9s and
a typical cross-section is σ ≈ 10−16/cm2. [8]

The probability for a fluorophore being in the excited state decreases
as kS1→S0 given by Eq. 2.1 is increased by applying a higher ISTED that
is desirable for depletion, approximately according to e−ISTED/IS . Where
IS ≡ 1/στf is the saturation intensity which is usually in the range IS ≈
1− 10MW/cm2.

The STED power usually used is in the of range 0.1 − 1GW/cm2. [7]
While stimulated emission depletion can be obtained for significantly lower
STED intensities, this power is needed in order to give a resolution in the
nanometerscale. For a doughnut-shaped STED beam the resolution is de-
scribed by,

d ≈ λ/(2NA
√
1 + ISTED/IS) (2.2)

From Eq. 2.2 it is obvious that increasing ISTED over IS could give infinetly
high resolution. However for very high STED laser powers the detected
signal become low and the specimen may get damaged. The STED beam is
however usually shifted to the longer wavelengths in the orange/red parts of
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CHAPTER 2. BACKGROUND

the light spectra, which gives less biological photodamage than for the lower
wavelengths usually used for excitation. [8]

2.1.2 RESOLFT

In RESOLFT imaging another phenomena instead of stimulated emission
depletion is utilized for breaking the diffraction barrier. For this technique
reversible photo-switchable proteins fused to the protein of interest are photo-
switched by the doughnut-shaped beam to reduce the fluorescent spot de-
tected by a point scanning microscope. In RESOLFT, the photo-switching
mecahnism gives a lower saturation intensity since the fluorescence lifetime
basically is zero for a protein where the fluorescence mechanism has been
switched off. Since the resolution given by Equation 2.2 is governed by IS,
RESOLFT superresolution imaging can be done using considerable lower
light intensities than for the STED case. This has a less damaging effect
on the sample. The on- and off-switching of these proteins require inten-
sities in range W-kW. For the photo-switching proteins, many on and off
switching cycles are required for a high resolution and a high quantum yield.
High switching kinetics is also important since proteins can be cycled many
more times before bleaching with this property and faster scanning can be
obtained. The switching kinetics as a limiting factor for specimen scanning,
makes RESOLFT a slower technique for imaging than STED. The fastest
switching cycles are in the µs range and for these switchers over 1000 switch-
ing cycles can be obtained. [1]

2.1.3 Organic dyes for STED

Organic dyes are usually used for fixed immuno-stained samples in STED
imaging, with the exception of tagging cell surface proteins and using cell
permeable dyes for which live cell imaging can be done. [8]. For STED
imaging it is important to have dyes that are photostable and have a high
quantum yield. Reference [9] gives a list of several organic dyes that has been
used successfully for STED imaging.
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CHAPTER 2. BACKGROUND

2.1.4 Reversible photo-switchable proteins for RESOLFT

In live cells, labelling is usually done by fusing the protein of interest to
a fluoresecnt protein (FP). Since the Green fluorescent protein (GFP) was
found in jellyfish [10], a lot of different version of the GFP have been devel-
oped, in order to improve its original photophysical properties. The common
structure of these FPs consist of a beta barrel formed by 11 strands and an
alpha-helix including the chromophore that gives fluorescence. These FPs
have a size around 5 nm. [1] This size may have impact when it is used as
a fluorescent tag to study the function and distribution of a protein of in-
terest. In comparison to organic dyes, FPs are less photostable with a lower
brightness. [8]

In 2005 the RESOLFT concept started to be applied, however the photo-
switchable proteins used had low quantum yields and faded after a low num-
ber of switching cycles. In 2011 this field had a break-through when a new
photo-switchable protein, rsEGFP was introduced by Grotjohann and Testa
et al. [11] with improved photophysical properties. This rsFP was success-
fully used for RESOLFT imaging of live cells. Since then several photo-
switchable variants of this protein has been developed with modified proper-
ties. The rsFPs can be photoswitched by cis-trans isomerization or hydration
and rehydration. The switching cycles are of different types. Positive switch-
ers are excited to emit fluorescence by the same wavelength that switches
them on, and off-switching is achieved using an other wavelength. The neg-
ative switchers such as rsEGFP variants have so far the fastest switching
cycles. They are switched off by the same wavelength of light for which they
give emission of fluorescence and switches on by another wavelength. Dreik-
lang is an example of an uncoupled switcher. In this case the off-switching
is obtained by another wavelength than that giving fluorescent emission. [1]
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CHAPTER 2. BACKGROUND

2.2 Labelling strategies
In this section the main principles of the different labelling strategies that
were investigated in this study are described. These were; Immunofluo-
rescence, transient transfection via plasmid DNA and genome editing with
Crispr/Cas9.

2.2.1 Immunofluorescence

Immunostaining is a technique based on the use of antibodies, that can be
coupled to a fluorescent dye, to detect a specific protein in a sample. Anti-
bodies are glycosylated proteins that are a part of the bodys immune-system
where they recognize harmful antigens. Specific antibodies for immunola-
belling are produced by injecting the antigen (the protein of interest) into
mammals which then produce the antibodies that can be purified from the
animal blood. Antibodies have a Y-shaped structure with some specific sites.
Figure 2.1 is a schematic view of an antibody where specific sites are colour
coded and the antigen binding sites are indicated. [12]

Figure 2.1: Schematic image of an antibody.

Two different ways of immunostaining by means of fluorescence can be
used. In the direct method, the antibody that recognize its target is directly
coupled to a fluorescent dye. In indirect immunofluorescence the primary
antibody is against the protein of interest and the secondary antibody that
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CHAPTER 2. BACKGROUND

recognizes primary is coupled to a dye. [12] In this study the later procedure
was utilized for immunostaining of vimentin and GFP fused to vimentin. This
labelling strategy is advantageous for STED imaging since the dyes that are
coupled to the secondary antibody can give a high fluorescence signal and
these samples can be kept for imaging for a long time. To be considered
for this labelling strategy is that conventional antibodies have a molecular
weight of about 150KDa and 10 nm in size. [1]

Immunofluorescence technique requires a proper preparation of the sam-
ple and various methods can be used, depending on the protein structure
of interest. One thing to consider is that the antigen sites should be avail-
able to the antibodies in order to get a proper staining and one should also
consider that fixation procedures might ruin the structure of interest. A
common fixation procedure is to use a denaturing agent that precipitates
proteins and also gives access for the antibodies to penetrate the cell mem-
brane. Some common denaturants used are; methanol, ethanol and acetone.
Another common fixation method is chemical crosslinking of the proteins
by aldehydes forming covalent bonds between the proteins. Commonly used
aldehydes are paraformaldehyde and glutharaldeyde. However for aldehyde
fixation, the cell membranes has to be permeabilized to allow antibodies pen-
etrate the cell membrane. Permeabilization detergents such as Triton ×100
and NP−40 are commonly used for this.

In order to avoid unspecific binding of antibodies, the fixation and per-
meabilization steps are followed by blocking reactive sites that are not the
protein of interest. Proteins without a high affinity to the antigen can be
used for blocking. The antibodies with a higher affinity to the target antigen
can then out compete any blocking protein occupying the antigen site. [12]

In order to obtain an efficient staining, meaning preservation of protein
structure after fixation and permeabilization. Also, meaning that antibodies
are bound to most antigen sites and most secondary antibodies are bound to
the first, the immunostaining procedure must be optimized for each antibody
and antigen.

The immunostained samples are mounted on cover-slips by different mount-
ing media of various properties enabling fluorescence preservation and long
time storage of the samples. [13]

12



CHAPTER 2. BACKGROUND

2.2.2 Transient transfection via plasmid DNA

Labelling by transient expression via plasmid DNA of a fluorescent fusion
protein is advantageous since it is a fast and simple procedure that enables
live cell imaging and is moreover utilized for RESOLFT using reversible
photo-switchable fluorescent fusion proteins. [1] Transient transfection is the
process of introducing and expressing a protein of interest into a host mam-
malian cell, using bacterial plasmid vectors. A plasmid is a small circular
bacterial DNA molecule that is physically separated from the chromosomal
DNA and can replicate independently. It is called transient because this
do not result in DNA being included into the genome and the DNA is only
present in the cell for a finite period of time until it is degraded or diminish
in fission of cells. The DNA sequences of the plasmids can be designed to
encode for the proteins of interest fused to a tag that can be expressed by
the host cell. This means that by transfecting cells with DNA plasmids, ex-
ogenous expression of the protein of interest can be induced in cells. There
are many factors influencing the protein expression and different cells will ac-
quire different copies of the plasmid, and express different amount of protein.
[14]

The fluorescent fusion protein plasmid

Plasmids used for transfection are double stranded circular molecules of re-
combinant DNA sequences. The DNA sequences of the plasmid codes for the
protein of interest which is inserted into the plasmid sequence between the
plasmid restriction sites. Also, the plasmid DNA contains other sequences
that are necessary for protein expression to occur in the cell. The introduced
DNA has to contain a promoter sequence to start the process of transcription
and also a termination codon to stop the transcription. Since the transcrip-
tion results in mRNA that is to be translated into a protein by ribosomal
interaction, the expression vector has to code for translation initiation and
termination as well. [14]

13
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Protein expression in the transfected cell

In order for protein expression to occur as a result of plasmid DNA transfec-
tion, the DNA has to reach the nucleus where transcription is initiated. The
protein of interest expressed by the cell is usually studied from 24 h up to a
week after transfection. The amount of protein expressed and how long time
it takes for it to happen depends on cell type and the plasmid used.

The transfection efficiency, that is how large percentage of the cell popu-
lation that is transfected depends upon several parameters such as; cell type,
the number of passages, time of recovery after passage, complete growth
media constitution, confluency, method of transfection and plasmid related
parameters such as size, topology and amount of plasmid. [14]

2.2.3 Genome editing with CRISPR/Cas9

By editing the cell genome, fluorescent fusion proteins can be expressed in
levels close to the endogenous. This means that proteins fused to a reversible
photo-switchable protein by genome editing enables them to be studied by
live-cell RESOLFT imaging.

The CRISPR/Cas9 method of genome editing technique was inspired
by the bacterial immune system. CRISPR stands for; clustered regularly
interspaced short palindromic repeats, which has been found in bacterial
chromosomes. CRISPR allows short spacer sequences of viral DNA in be-
tween these repeats. Cas genes occurs close to the CRISPR sequences in the
chromosomal DNA from which Cas proteins in the form of helicases and nu-
cleases are produced that can unwind and cut DNA at sites specified by the
CRISPR spacer sequences. This system provides recognition and destruction
of bacteria pathogens.

When applying the CRISPR/Cas9 system for genome editing in mam-
malian cells, the engineered Cas9 binds to the single stranded guide RNA
(gRNA) that is also known as the CRISPR RNA and makes a double stranded
cut in the genome at the site specified by the gRNA. This double stranded
break is either repaired by non-homologuos end joining which means that
two free DNA ends are connected or it can be repaired by chromoatid ho-
mologuos recombination where DNA sequences are exchanged between two
highly matching sequences of DNA. Insertion of DNA vectors into the cells
can be used as a repair template instead of sister chromatids and in this
way, the desired modified genome sequence can eventually be incorporated
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into the cell genome at places that can be specified by designing the gRNA
sequence. [15]

2.3 Vimentin structure in the nanoscale
Intermediate filaments, the group including vimentin and that are built up
out of protein fibres, show a high variability in structure compared to the
other two groups of cytoskeletal filaments; microtubules and microfilaments
that are made up of globular subunits linked together. Several research
papers have been published regarding different types within the class of in-
termediate filaments where structure, assembly and function have been in-
vestigated. [16]

The structure of human vimentin that can be found in mesenchymal cells,
was reviewed by Herrmann and Aebi in 2004 [2]. The protein fibers from
which the the vimentin filaments are built, are made up of alpha-helices with
an N-terminal and a C-terminal domain on each end, that have a different
structure and function. Two alpha-helices usually forms a rope-like structure,
a coiled coil. Coiled coil dimers are key building stones for the vimentin
filaments. These dimers can in turn associate in an anti-parallel manner into
tetramers that in mature vimentin is approximately side-by-side along the
filament. These tertamers are called "unit length filaments", (ULFs) and
electron microscopy suggested that they are about 60 nm long. The ULFs
bind to form longer filaments and these longer filaments can in turn add
together as well. It has been observed that for different stages of assembly, the
vimentin diameter is in a highly varying range. From electron microscopy it
has was found that mature vimentin filament has a diameter of about 11 nm,
while during the assembly, the ULFs and the partly assembled filaments
have a diameter in the range 15− 16 nm. In another study with atomic force
microscopy, it was found that the ULFs had a diameter in the 20 nm range
and a length of 70 nm.
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Chapter 3

Methods and Materials

3.1 Cell lines
The cell lines used in this study were the U2OS cell line and a genome edited
variant of it. U2OS is an mammalian adherent epithelial cancer cell line,
obtained from an 15 year old Caucasian woman with bone ostersarcoma [3]
and it has been shown to be a cell line that is a suitable transfcetion host [17].
In 2015 a genome edited variant of U2OS was presented by Ratz and colleges
[4], developed through the Crispr/Cas9 genome editing technique. This cell
line express vimentin fused to the photo-switchable green fluorescent protein,
rsEGFP2, at levels close to the endogenous ones.

Both cell cultures were cultured at 37 ◦C and 5% CO2. They were grown
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine
serum (FBS) and 50 IU/ml of penicillin-streptomycin.
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3.2 Antibodies and fluorescent dyes
The antibodies used in this work are listed below. They came from four
different companies; Cell Signaling, Abcam, BD Biosciences and Molecular
Probes.

Primary antibodies

Rabbit anti-vimentin (D21H3) XP (Cell Signaling)
Mouse anti-vimentin [V9] (Abcam)
Rabbit anti-GFP (Abcam)
Mouse anti-GFP (BD Biosciences)

Secondary antibodies

Goat anti-rabbit, Alexa 488 (Molecular Probes)
Goat anti-mouse, Oregon Green 488 (Molecular Probes)
Goat anti-rabbit (O-11038), Oregon Green 488 (Molecular Probes)
Sheep anti-mouse, Atto 488 (Abcam)

Fluorescent dyes

In 1999 the Alexa family of fluorescent dyes was introduced [18]. As the title
of the article published about these dyes entails these dyes are "exception-
ally bright, photostable conjugates". As described in the paper of Moneron,
Medda and Hein from 2010, Alexa 488 and Oregon Green 488 were used suc-
cessfully for STED imaging of vimentin in live PtK2 cells with a resolution
in the 70 nm range. Both Alexa 488 and Oregon Green 488 have an absorp-
tion maximum close to 488 nm and an emission emission maximum close to
520 nm [19]. Atto 488 has similar excitation and emission spectra [20] and
was used as a control in this study.
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3.3 Immunostaining of vimentin
In order to achieve a proper staining of the vimentin filaments in U2OS cell for
STED-imaging, several different antibody combinations were assesed. Cells
were grown on coverslips in 6-well plates until desired confluency. Typically
10 · 104 cells/well that were plated 24 hours prior to fixation gave a sufficient
amount of cells with a sparsely enough distribution for imaging of single cells.
Fixation was done using either ice-cold Methanol (−20 ◦C) for 10minutes or
4% paraformaldehyde (PFA) for 15minutes, in order to evaluate if the fix-
ation procedure had any significant effect on the vimentin labelling. After
fixation the cells were washed with phosphate-buffered saline (PBS), and
in the case of PFA fixation, the cells were also permeabilized using 0.5%
Triton×100. Cells of both types of fixation were then incubated 15minutes
with 5% bovine serum albumin (BSA) in PBS for blocking. The samples were
then washed in PBS and incubated with the primary antibody for one hour
in a humidified chamber followed by PBS washing and incubation with the
secondary antibody for an other hour in the humidified chamber. The total
volume added to each coverglass was 100µl of the desired antibody concen-
tration which was diluted in 5% BSA. The coverslips were finally mounted
with Mowiol-DABCO an anti fading reagent, which is capable of reducing
photobleaching of the fluorophore. [21] The antibody Vimentin(D21H3)XP
was used together with two different secondary antibodies; Alexa 488 anti-
rabbit and Oregon Green 488 anti-rabbit. Anti-vimentin [V9] was used in
combination with Oregon Green 488 anti-mouse secondary antibody. Control
samples with the secondary antibody alone were tested in order to detect any
unspecific binding. The different antibody combinations are all summarized
in Table 3.1.

Antibody combinations (concentration) Fixation
Rabbit anti-vim (1:50) + anti-rabbit Alexa 488 (1:200) Methanol
Rabbit anti-vim (1:100) + anti-rabbit Alexa 488 (1:200) Methanol/PFA
Only anti-rabbit Alexa 488 (1:200) PFA
Rabbit anti-vim (1:100) + anti-rabbit OG 488 (1:200) Methanol/PFA
Only anti-mouse OG 488 (1:200) Methanol
Mouse anti-vim (1:100) + anti-mouse OG 488 (1:50) Methanol

Table 3.1: The different immunostaining conditions used for labelling vimentin

18



CHAPTER 3. METHODS AND MATERIALS

3.4 Immunostaining of rsEGFP2
Photoswitchable fluorescent proteins are not bright or stable enough to be
imaged with STED microscopy and therefore a way to image them is to label
with an organic dye, using an antibody that recognize GFP. Immunostaining
for GFP in U2OS rsEGFP2-vimentin knockin cells and in rsEGFP2-vimentin
transfected U2OS cells was done in order to be able to investigate the vi-
mentin expression by STED imaging. Different antibody combinations were
evaluated for the knockin cells and the optimal one was applied to rsEGFP2
transfected U2OS cells as well. Immunostaining was performed according to
previous protocol in Section 3.3 with Methanol fixation.

A mouse anti-GFP was used in combination with Oregon Green 488 anti-
mouse. The same primary antibody was also used together with a secondary
anti-mouse coupled to Atto 488 as a control of the first antibody. For both
secondary antibodies control samples with secondary antibody incubation
alone was done as well. Anti-GFP from rabbit was used for immunostain-
ing together with anti-rabbit Alexa 488. All the different combinations are
summarized in Table 3.2.

Antibody cominations (concentration)
Mouse anti-GFP (1:100) + anti-mouse OG 488 (1:100)
Mouse anti-GFP (1:500) + anti-mouse OG 488 (1:100)
Only anti-mouse OG 488 (1:100)
Mouse anti-GFP (1:200) + anti-mouse Atto 488 (1:100)
Only anti-mouse Atto 488 (1:100)
Rabbit anti-GFP (1:200) + anti-rabbit Alexa 488 (1:200)

Table 3.2: The different immunostaining conditions used for labelling GFP fused
with vimentin.
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3.5 Transfection reagents
In order to achieve the best transfection rate, two different transfection
reagents were tested for transfcetion of the U2OS cells; Lipofectamine 2000
from Invitrogen [22] and FuGENE from Promega [23]. Since a lot of factors
influence protein expression from plasmid transfection different transfection
conditions were assessed to investigate this.

Lipofectamine 2000 transfection reagent has been used with high effi-
ciency for many cell lines [22]. Its working principle is based on the fact
that cationic lipids and charged neutral lipids forms liposomes being able
to integrate DNA molecules inside. The liposomes with a positive charged
surface are able to fuse with the cell membrane of negative charge and re-
lease the foreign DNA into the cell cytoplasm. It has been suggested that
Lipofectamine mediates aid in introducing the DNA into the cell nucleus as
well [24].

FuGENE transfection reagent is used to transfects cells following as for
the Lipofectamine a simple protocol, but without forming liposomes. This
reagent has a lower toxicity and a high efficiency for many cell lines. [23]

3.6 Lipofectamine transfection protocol
Lipofectamine transfection was carried out according to following protocol.
For each well of a 12-well plate 5 · 105 cells were plated the day prior to
transfection on cover-slips, 2 µl Lipofectamine 2000 were mixed with 50µl
of OptiMEM. Another 50 µl of OptiMEM was mixed together with the de-
sired DNA. After an incubation time of 5min at room temperature the two
solutions were mixed and left in incubation for 15min before adding the
DNA/Lipofectamine-reagent drop wise to the cell culture. Cells were then
kept at 5% CO2 and 37 ◦C either 24 h or 48 h until fixation.
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3.7 FuGENE transfection protocol
All transfections carried out in this study using FuGENE transfection reagent
were done using following protocol. On the day prior to transfection 20 · 104
cells/well were plated on coverslips in a 6-well plate supplemented with 3ml
of DMEM. For each well on the day of transfection FuGENE HD Transfec-
tion/DNA mixtures were prepared for a final volume of 150 µl. Optimem and
FuGENE transfection reagent were pre warmed to room temperature. The
plasmid DNA was added to Optimem and then the FuGENE transfection
reagent was added and mixed into the Optimem/DNA soultion. The ratio
of FuGENE Reagent:DNA used was 3.5 : 1. After an incubation time of
15min, the final volume destined to each well of the different FuGENE HD
Transfection/DNA mixtures was added and mixturing into the cell media
was done by pipetting. The transfected cells were finally left in an incubator
at 5% CO2 and 37 ◦C until fixation.

3.8 Reverible photo-switchable proteins and plas-
mids

Three different plasmids all coding for vimentin fused to a reversible photo-
switchable protein were used to transfect U2OS cells. The vimentin was
either fused to rsEGFP2 or rsEGFP(N205S).

rsEGFP2

In 2011 a new faster switching reversible switchable protein variant of EGFP
was introduced by Grotjohann and Testa et al. [25]. This rsFP proved to
have faster switching kinetics than rsEGFP with a sufficient brightness to
be used for RESOLFT imaging. RESOLFT live-cell imaging was done using
rsEGFP2 with a resolution < 90 nm with a pixel dwell time of about 75 µs,
which was about 250 times faster than rsEGFP. This protein is a negative
switcher that is converted into the on-off state, by a cis-trans isomerization.
It has an absorption peak close to 405 nm in the off-state and close to 480 nm
in the on-state. The emission spectra peaks at around 500 nm. With these
properties, 488 nm light can be used for excitation and off-switching, while
405 nm light can be utilized for on-switching.
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rsEGFP(N205S)

Another reversible switchable variant of EGFP is rsEGFP(N205S). This pro-
tein has a 2−5 times longer switching cycle than rsEGFP and was successfully
used for life-time RESOLFT in 2013 [26]. This fluorescent protein was also
successfully used for parallelized RESOLFT in 2015. Because of its slower
switching cycles approximately double amount of photons per switching cy-
cle could be collected than rsEGFP that gave a desirable high signal to noise
ratio. With similar switching properties as rsEGFP2, 488 nm light can be
used for excitation and off-switching, while 405 nm light can be utilized for
on-switching. [27]

Plasmids

Three different plasmids were tested in this work and are described below:

1) pMD-Vim-rsEGFP(N205S) pMD-Vim-rsEGFP(N205S) is a 6110
base-pair vector with specific sequences described in Figure 3.1. The sequence
codifying for the rsEGFP(N205S) has been inserted at the C-terminal of
the vimentin sequence and the entire gene is controlled by the CMV (cy-
tomegalovirus) promoter. [27]

Figure 3.1: pMD-Vim-rsEGFP(N205S)

2) pFLAG-CMV-VIM-rsEGFP2 The plasmid pFLAG-CMV-VIM-
rsEGFP2 [28] is a vector of 6827 base-pairs described in Figure 4.7. It also,
contains the Ampicillin resistance gene to allow an easy selection of those
cells that have integrated the plasmid efficiently. The sequence codifying for
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the rsEGFP2 has been inserted at the C-terminal of the vimentin sequence
and the entire gene is controlled by the CMV (cytomegalovirus) promoter.

Figure 3.2: pFLAG-CMV-VIM-rsEGFP2

3) pMD-Vim-rsEGFP2 The plasmid pMD-Vim-rsEGFP2 [4] is an
expression vector of 6918 bp described in Figure 3.3. It was constructed by a
cloning technique called gateway vector conversion, using the donor vectors
pDONR223-Vim. It contains the Ampicillin resistance gene, which allow an
easy selection of those cells that integrated the plasmid efficiently.

Figure 3.3: pMD-Vim-rsEGFP2
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3.9 Transfection statistics considerations
The transfection efficiency was determined by using ProLong mounting me-
dia containing DAPI (4’,6-diamidino-2-phenylindole) a fluorescent stain that
binds strongly to A-T rich regions in DNA and therefore can be used as a
marker to count the total number of cells plated on the coverslip [29]. The
total number of cells was counted for each case and the number of transfected
cells were counted for four 509.12 µm × 509.12 µm different adjacent field of
views (fov:s) obtained using a 25× magnification objective and the transfec-
tion efficiency was approximated. An overlay image of DAPI and transfected
cells is given in Figure 3.4 as an example.

Figure 3.4: Overlay image of DAPI and vimentin expressing cells.

Besides the total number of transfected cells, the different levels of protein
expression has to be considered. In order to compare the vimentin expression
in the transfected cells, the vimentin morphology and distribution have been
carefully analysed and compared to the endogenous expression level observed
in the immunostained samples and in the knock-in cells. An example of
endogenous level of expression versus a strong over-expression is represented
in Figure 3.5. Those cells that are expressing vimentin at similar levels of
the cell in Figure 3.5a and that show a similar distribution of the filaments
are consider as normal looking vimentin expression (NLVE), with filaments
of the finer type and represents a good and efficient transfection; the others,
that are similar to the cell represented in Figure 3.5b are considered as a
result of a strong over-expression causing a changed shape of the vimentin
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filaments, aberrant localization and dense packing of the filaments. This type
of strong over-expression makes it hard to do any studies of the filaments and
their distribution because of the dense packing, even in the super-resolution
case.

(a) NLVE (b) High levels of over expression

Figure 3.5: Representative images of normal looking vimentin expression cell (a)
and cells with a strong over-expression (b).

3.10 Confocal microscope
For confocal imaging, a laser scanning Zeiss LSM 510 META confocal mi-
croscope with PMT detection was used. Out of seven different laser-lines
two were used in this study; the UV laser with a 405 nm wavelength for on-
switching of rsFPs and the 488 nm laser line from the tunable Argon laser
was used for excitation of dyes and fluorescent proteins. Two objectives were
used; a 1.4 numerical aperture with 63× magnification plan-apochromat oil
immersion objective and a 0.75 numerical aperture with 20× magnification
plan-apochromat objective.
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3.11 STED microscope
For STED imagaing a commercial Leica STED setup was used with a pho-
ton counting HyD detector. A 1.4 numerical aperture 100× magnification
oil immersion objective was used. Excitation was achieved by using the Con-
tinuum Fiber Laser tuned to a 480 nm wavelength Gaussian laser beam and
stimulated emission depletion was achieved by a doughnut-shaped 592 nm
wavelength gated CW depletion laser.

3.12 Image analysis software
ImageJ and Imspector was used for image analysis and processing. Matlab
was used for plotting obtained image data.

3.13 Analysis of the filament full-width at
half maximum (FWHM) distribution

In order to analyse the different labelling techniques, a method was developed
for measuring the thickness of the vimentin filaments for different imaged
samples. The filament thickness was defined as the FWHM of a fitted Gaus-
sian for the average two pixels wide lineprofile drawn across the filaments.
This was done for both confocal- and STED images using ImageJ.

An ImageJ macro called FWHM_Line originally written by John Lim
(IMB) [30] was modified in order to give the desired data to a file and make
the line profile data-collection efficient. Summarized shortly, the original
macro operated in following way:
1) The coordinates of the start and end point of a line drawn by the user was
collected.
2) The lineprofile was collected and fitted to a Gaussian according to:
y = a+ (b− a) · e−(x−c)·(x−c)/(2d2)
3) For a coefficient of determination larger than 0.9 a warning was given.
4) The fitted Gaussian to the line-profile was plotted in a pop-up window
named by its line-coordinates.
5) The FWHM was calculated according to: FWHM = 2

√
2ln2d.

6) If no table-window was open, a pop-up table was created. Data was sent
to the table. The data columns were; line-coordinates, FWHM and unit of
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FWHM.
7)The process could be repeated for a new lineprofile, giving an additional
pop-up plot and an additional row of data in the table.

This macro was modified to;
1) Not take data-measurements from fits giving a coefficient of determination
smaller than 0.9.
2) Collect the intensity maximum value, the intensity minimum value, the
fitted Gaussian maximum value and its fitted minimum intensity value from
the lineprofile.
3) Draw an overlay line in the image where the lineprofile was collected from,
in order to keep track of measurements.
4) Close an open plot-window of the fit when re-running the macro.

In summary, the measurements was done by drawing a lineprofile and
pressing a shortcut key resulting in a pop-up window with a fitted Gaussian.
Desired data was sent to the table and a line was drawn where the measure-
ment was done. After having repeated this for 250 filaments for one imaging
condition and sample, the data table was saved as a .txt file which was read
into a MATLAB script for plotting the filament thickness distribution.

Drawing lines

The line profiles were taken perpedicularly over filaments which had what
appeared as a homogeneous labelling density and that were single filaments
in the two-dimensional focal plane. Very bright filaments could sometimes
appear as one filament in the images, but following the filament in its axial
direction could often reveal branching of a bright filament as indicated in the
inset zoom in Figure 3.6a. For the reason of branching, these bright filaments
were not considered to be single ones and no line profiles were drawn over
them. Besides this, the filament measurements were done randomly. Figure
3.6a, where U2OS rsEGFP2-vimentin knockin cells were immuno-labelled
for GFP is the resulting image after line profile measurements. An example
of the Gaussian fit with fitted parameters over a filament, indicated by the
arrows, is given in Figure 3.6b.
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Figure 3.6: STED image (a) of U2OS rsEGFP2-vimentin knockin cell immuno-
labelled for GFP with line profile measurements drawn. In inset zoom branching
is visualized. In image (b) the Gaussian fit is visualized.

In order to get the relationship between the resolution and the fluores-
cence intensity from the fluorophores, taking the surrounding background
fluorescence in to account, the FWHM of all the fitted Gaussians were plot-
ted against the contrast which was defined as:

contrast =
IGmax − IGmin

IGmax

, (3.1)

where IGmin is the Gaussian minimum intensity value and IGmax is the Gaus-
sian maximum intensity.
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Chapter 4

Results and discussion

4.1 Vimentin immunostaining evaluation
This section will summarize the results of immunostaing for vimentin, where
two different primary antibodies were tested, at different concentrations and
in combination with different secondary antibodies, all summarized in Table
3.1. The goal of these experiments was to optimize the vimentin staining.

The staining obtained with Anti-Vimentin (D21H3) XP antibody was
evaluated by confocal imaging. In the cases of Oregon Green 488 anti-rabbit
as secondary antibody, the staining was insufficient. There was a lot of back-
ground fluorescence indicating non specific binding of the secondary antibody
and vimentin filaments could not be discriminated clearly, as shown in Figure
4.1a. The control sample with only secondary antibody incubation, gave a
lot of fluorescence signal, as well illustrated in Figure 4.1b, again indicating
unspecific binding of the anti-rabbit Oregon Green 488 secondary antibody.
In order to confirm this result, a secondary antibody, anti-rabbit Alexa 488,
was used and tested, on the same cells, alone. The images of this control
sample, obtained for imaging with the same parameters, used for imaging
Oregon Green 488, gave a homogeneous black image. Due to this reason,
Oregon Green 488 anti-rabbit was dismissed.
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(a) Anti-Vimentin (D21H3) XP and
Oregon Green 488 anti-rabbit

(b) Secondary Oregon Green 488
anti-rabbit

Figure 4.1: Evaluation of unspecific binding ofOregon Green 488 anti-rabbit

Two different concentrations, 1:50 and 1:100, of the primary antibody
from rabbit were used in combination with the secondary Alexa 488 anti-
body. The filaments could be distinguished when examined at the confocal
microscope for both concentrations, as indicated in Figure 4.2a. Two differ-
ent fixatives was tested, as already reported in the "Material and Methods"
section. There was no obvious difference in vimentin distribution or fluo-
rescence signal for PFA fixed or Methanol fixed samples. However STED
nanoscopy of the sample with highest concentration, 1:50, of Anti-vimentin
(D21H3) XP in combination with Alexa 488 anti-rabbit, revealed a discon-
tinuous, dotty staining visualized in Figure 4.2b. Since Alexa 488 anti-rabbit
proved to give a proper staining used together with another antibody, it was
assumed that Anti-Vimentin (D21H3) XP caused the insufficient staining of
vimentin.
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(a) Confocal imaging using
Anti-Vimentin (D21H3) XP

(b) STED imaging reveals a
discountinous staining

Figure 4.2: Evaluation of Anti-Vimentin (D21H3) XP

In order to obtain a proper immunostaining for STED imaging, a second
antibody for vimentin was tested. Figure 4.3 shows a representative image of
the staining of Vimentin, obtained using Anti-vimentin [V9] in combination
with Oregon Green 488 anti-mouse. These images were taken with either
confocal (Fig. 4.3a) or STED (Fig. 4.3b) microscopy. In this case a proper
staining of the vimentin is revealed, showing continuous vimentin filaments.
There was however some unwanted background fluorescence. Since the con-
trol sample with the secondary antibody alone did not give any unspecific
binding, this could be due to insufficient washing of the antibodies, during
sample preparation, or too high amount of antibody. The methanol fixation
could potentially damage the filaments too and in this case, the background
fluorescence can come from immunostaining of these small filament pieces in
the background. In order to improve the staining further, the fixation and
washing procedure should be evaluated, as well as different concentrations of
the antibodies.
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(a) Confocal imaging using
Anti-Vimentin [V9]

(b) STED imaging reveals a
sufficient staining

Figure 4.3: Evaluation of Anti-Vimentin [V9]

4.2 rsEGFP2 immunostaining evaluation
This section will summarize the results of immunostaing for rsEGFP2, where
two different primary antibodies against GFP were tested for the rsEGFP2-
vimentin knockin cells. One was tested in different concentrations together
with two different secondary antibodies, in order to optimize the final result.
All antibody combinations are summarized in Table 3.2.

For all samples where the GFP antibody from mouse was used there were
a lot of non specific staining exemplified in Figure 4.4, where this antiboody
was used together with the secondary antibody coupled to Atto 488. Due
to this and due to the fact that Oregon Green 488 anti-mouse gave a proper
staining together with Anti-viemtnin [V9], as demonstrated in the previous
section, the mouse GFP antibody was dismissed.
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Figure 4.4: Mouse anti-GFP stained with Atto 488 gives non specific staining

Another antibody, against GFP, was therefore tested. This antibody,
produced in rabbit, used in combination with the Alexa 488 anti-rabbit gave
a bright fluorescent signal with a comparable low background. Imaging this
sample with both confocal and STED microscopy gave a bright continuous
staining that can be visualized in Figure 4.5.

(a) Confocal imaging using
mouse anti-GFP

(b) STED imaging reveals a
sufficient staining

Figure 4.5: rsEGFP2 staining with mouse anti-GFP and anti-mouse Alexa 488
in rsEGFP2-vimentin knockin cells

Furthermore, the successful antibody combination for GFP using the an-
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tibody from rabbit for GFP in the U2OS rsEGFP2-vimentin knockin cells
was applied to rsEGFP2 transfected cells. Also this case gave a proper im-
munostaining with both confocal and STED imaging visualied in Figure 4.6.

(a) Confocal imaging using
mouse anti-GFP

(b) STED imaging reveals a
sufficient staining

Figure 4.6: Staining with mouse anti-GFP and anti-mouse Alexa 488 of rsEGFP2-
vimentin transfected U2OS cells

4.3 Transfection evaluation of U2OS cells
With the goal of investigating the distribution of exogenous vimentin in the
U2OS mammalian cell line, the transient expression of the protein coupled
to a rsFP was induced. The fusion protein was introduced via plasmid trans-
fection using either Lipofectamine or FuGENE transfection reagent. The
reagents were compared against each other, assessed for different plasmids,
as well as individually.

4.3.1 Lipofectamine transfection efficiency for the
rsEGFP(N205S)-Vimentin plasmid

The transfection efficiency (TE) was evaluated for the rsEGFP(N205S)-Vimentin
plasmid, using Lipofectamine, as transfection reagent. The results of the dif-
ferent transfection conditions are summarized in Table 4.1. Here, the trans-
fected cells and the total number of cells are summed for four fov:s. The
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approximate percentage of transfected cells are presented in the third col-
umn.

Transfected Total number
cells of cells TE

1 µg, fixation after 24 h 161 8 ∼ 5%
1 µg, fixation after 48 h 325 30 ∼ 10%
3 µg, fixation after 24 h 173 2 ∼ 0%
3 µg, fixation after 48 h 304 0 ∼ 0%

Table 4.1: Transfection efficiency of the rsEGFP(N205S)-Vimentin plasmid

4.4 FuGENE transfection efficiency
Since the transfection efficiency using Lipofectamine resulted very low, Fu-
GENE, a different transfecting reagent, was tested and its efficiency was
probed using two different plasmids. The results for the two plasmids; pMD-
Vim rsEGFP2 and rsEGFP(N205S)-Vim, using different conditions, are pre-
sented in Table 4.2.

rsEGFP(N205S)-Vim Total number Transfected
of cells cells TE

3 µg, 24 h 180 97 ∼ 50%
3 µg, 48 h 130 73 ∼ 60%
1 µg, 24 h 280 115 ∼ 40%
1 µg, 48 h 420 176 ∼ 40%
pMD-Vim rsEGFP2
3 µg, 24 h 200 21 ∼ 10%
3 µg, 48 h 480 45 ∼ 10%
1 µg, 24 h 330 9 < 5%
1 µg, 48 h 340 7 < 5%

Table 4.2: Transfection efficiency results for rsEGFP(N205S)-Vim and pMD-Vim
rsEGFP2

These summarized results suggests that the transfection efficiency is higher
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using FuGENE in respect to Lipofectmine. Especially, a high transfcetion ef-
ficiency was obtained for the rsEGFP(N205S)-vimentin plasmid which gave
a very low transfection efficiency for all cases for the Lipofectamine case,
presented in Section 4.3.1.

4.5 FuGENE and Lipofectamine comparison
To better compare the transfection efficiency, using either Lipofectamine or
FuGENE, a new experiment was performed. U2OS cells were plated and
transfected using either Lipofectamine or FuGENE, with different amounts
of DNA: 1 µg and 3 µg respectively. The transfection results are presented
in Table 4.3. These data were obtained where the cells had been fixed 48 h
after transfection and where the same amount of cells had been plated for
each well in a 12-well plate. In order to compare the vimentin expression
from the plasmids, the number of vimentin expressing U2OS cells and the
number of NLVE cells was summed for each condition for five adjacent fov:s
observed through the confocal microscope occular using the 63× magnifica-
tion objective.

Transfected NLVE
cells cells

FuGENE, 3 µg rsEGFP(N205S) 79 5
Lipofectamine, 1 µg rsEGFP(N205S) 20 6
FuGENE, 3 µg pMD-Vim-rsEGFP2 64 44
Lipofectamine, 1 µg pMD-Vim-rsEGFP2 20 20

Table 4.3: Transfection statistics for two different transfection reagents and two
different plasmids.

Since the same amount of cells were plated for each case, this data in-
dicates that FuGENE is the superior transfection reagent applied to U2OS
cells for both plasmids, since the optimal condition out of those evaluated
for Lipofectamine transfection was used. Concerning the plasmids, previous
data suggested that rsEGFP(N205S)-Vimentin has a slightly higher transfec-
tion efficiency than pMD-Vim rsEGFP2, but the data in Table 4.3 indicates
that the percentage of cells that have a vimentin expression closer to the
endogenous level for rsEGFP(N205S) is lower.
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4.6 FuGENE transfection statistics for pFLAG-
CMV-Vim-rsEGFP2

In order to get some transfection statistics for pFLAG-CMV-Vim-rsEGFP2,
the number of vimentin expressing U2OS cells and the number of NLVE cells
were again summed for each condition for five adjacent fov:s observed through
the confocal microscope occular using the 63× magnification objective. The
results are presented in Table 4.4. As a further comparison, Figure 4.7 shows
two images with the confocal microscope taken using the ×25 magnification
objective for 509.12 µm × 509.12 µm fov:s. Figure 4.7a is a representative
image of the higher transfection efficiency obtained; while Figure 4.7b show
the opposite situation, where the transfection efficiency is very low.

Vim-expressing NLVE Percentage
cells cells NLVE cells

1 µg, fixation after 24 h 18 9 ∼ 50%
3 µg, fixation after 24 h 85 36 ∼ 40%
1 µg, fixation after 48 h 34 27 ∼ 80%
3 µg, fixation after 48 h 127 28 ∼ 20%

Table 4.4: pFLAG-CMV-Vim-rsEGFP2 transfected cell statistics over five differ-
ent adjacent fov:s
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(a) rsEGFP2-vimentin
transfected cells

(b) rsEGFP2-vimentin
transfected cells

Figure 4.7: Results of different conditions of rsEGFP2-vimentin transfection in
U2OS cells

These results suggests that the transfection efficiency for pFLAG-CMV-
Vim-rsEGFP2 is high and that there is a large variation of the vimentin ex-
pression for the different conditions of transfection. Altough 3 µg and fixation
after 48 h gave most transfected cells, these parameters gave a high percent-
age of strongly over-expressing cells. Moreover, for this case the transfected
cells were packed pretty close together. In the confocal imaging case, the
high percentage of strongly over-expressing cells could cover the signal from
the NLVE cells. In order to prepare the samples for STED imaging, the best
transfected sample was chosen and immunostained against rsEGFP2. Trans-
fection using 1 µg of plasmid DNA and fixation after 48 h gave a sufficient
amount of transfected cells, as well as a high percentage of NLVE cells and
since those were the cells of interest, this sample was considered to be the
best for the rsEGFP2 staining. A 509.12 µm × 509.12 µm fov confocal image
for this immunostaining is given in Figure 4.8.
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Figure 4.8: U2OS cells transfected with 1 µg of plasmid DNA fixed after 48 h
after transfection and immunostained for GFP

4.7 Vimentin expression in the microscale
In order to analyze the vimentin expression in the microscale for different
conditions, the different labelling strategies were imaged by confocal mi-
croscopy and the vimentin filaments were analysed. The different samples
that were studied were U2OS cells immunostained for vimentin, transfected
U2OS cells expressing rsEGFP2 fused to vimentin and rsEGFP2-vimentin
knockin U2OS cells.

4.7.1 Cell morphology and vimentin expression

In this section confocal images for the different labelling strategies for vi-
mentin in the U2OS cell line will be presented in order to give an overview
of how the vimentin expression looks like for the different cases.

Some representative images of U2OS cells immunostained for vimentin
cells are given in Figure 4.9.
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Figure 4.9: Representative images of U2OS cells immunostained for vimentin

Some representative images of the rsEGFP2-vimentin knockin cells are
given in Figure 4.10. rsEGFP2 fused with vimentin are not as bright as
the immunostained vimentin. It is hard to visualize the filaments in the cell
body periphery without saturating the vimentin signal close to the nucleus,
as can be seen in Figure 4.10. To give a further representation of what
these cells look like, some images of the rsEGFP2-vimentin knockin cells,
immunostained for rsEGFP2, are given in Figure 4.11 where more filament
structures are revealed.

Figure 4.10: Representative images of U2OS rsEGFP2-vimentin knockin cells
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Figure 4.11: Representative images of U2OS rsEGFP2-vimentin knockin cells
immunostained for rsEGFP2

rsEGFP2-vimentin transfected cells were imaged in order to compare the
over-expressing cells with the endogenous vimentin expression in the U2OS
cells and the U2OS knockin cells. Representative images of the different
types of vimentin expression in these cells are given in Figure 4.13. GFP
immunostained rsEGFP2-vimentin transfected cells were imaged in Figure
4.12 for a further comparison.

Figure 4.12: Representative images of rsEGFP2-vimentin transfected U2OS cells
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Figure 4.13: Representative images of rsEGFP2-vimentin transfected U2OS cells
immunostained for rsEGFP2

Imaging the rsEGFP2-vimentin transfected cells with the same parame-
ters as for the knockin cells, indicated that the NLVE cells had a maximum
intensity in the same range as for the knockin cells. This was also apparent
when analyzing the images in ImageJ. Cells where vimentin was highly over-
expressed were substantially brighter than the NLVE cells and gave large ar-
eas of saturation when imaging with the same parameters as for the knockin
cells. This can be seen in Figure 4.14 where the knockin rsEGFP2-vimentin
cells were imaged with the same parameters as the rsEGFP2-vimentin trans-
fected cells.
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(a) rsEGFP2-vimentin knockin
cells

(b) rsEGFP2-vimentin
transfected cells

Figure 4.14: rsEGFP2-vimentin transfected U2OS cells with a vimentin ex-
pression close to the endogenous level has an intensity in the same range as the
rsEGFP2-vimentin knockin cells

4.7.2 Filament FWHM distribution in the microscale
versus the nanoscale

In order to analyze to what extent the different vimentin labelling strate-
gies affected the vimentin thickness, the filament FWHM distribution was
obtained both for the confocal- and the STED images. The samples that
were analysed were; U2OS cells stained for vimentin, transfected U2OS cells
expressing rsEGFP fused to vimentin and rsEGFP2-vimentin knockin U2OS
cells, where the last two samples were stained for rsEGFP2. For STED imag-
ing it was interesting to see whether the additional GFP to the antibody-
complex had any impact on the filament FWHM distribution and if it would
look different for the transiently expressed vimentin stained for GFP. It was
interesting to see wether the over-expressing cells gave vimentin in the same
size-range as the endogenous vimentin for the NLVE cells, because if so, this
motivates over-expression as a model for studying vimentin. The model in
mind for the different conditions is visualed schematically in Figure 4.15,
with indicated sizes.
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(a) Vimentin staining, U2OS cells (b) GFP staining, knockin cells

(c) GFP staining, transfected cells

Figure 4.15: Model for the different vimentin labelling procedures with approxi-
mate sizes indicated.

The vimentin FWHM filament distribution was plotted for all the dif-
ferent labelling strategies for both confocal images and STED images. All
STED images were taken with a 15 nm pixelsize. The STED imaging res-
olution was measured for background dots, (probably secondary antibody
clusters) in the STED-images by the FWHM of the average over two pixel
wide line-profile drawn in ImageJ. This was in the range 30 − 40 nm. The
STED images were all taken the same day and as a further comparison, the
distribution for the transfected case was plotted from STED images taken a
different day with the same parameters. The STED imaging resolution this
day was in the range 40− 50 nm.
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U2OS cells immunostained for vimentin

In Figure 4.16 the vimentin filament FWHM distribution is plotted for U2OS
cells immunostained for vimentin. In the STED case, 100% of the FWHMs
across the vimentin filaments were in the range below 100 nm. The ratio
of these filaments in bins of 10 nm are presented in the histogram in Figure
4.16b. Also in this figure, the probability density function is plotted and dis-
played are mean FWHM and the standard deviation (STD). Representative
STED images of these cells are given in Figure 4.17.

(a) FWHM across filaments
distribution for U2OS cells
immunostained for vimentin

(b) Ratio filaments of certain FWHM
in 10nm bin ranges for FWHMs in the

range below 100nm

Figure 4.16: FWHM filament distribution analysis for U2OS cells immunostained
for vimentin
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Figure 4.17: STED images of U2OS cells immunostained for vimentin

U2OS knockin cells immunostained for GFP

In Figure 4.18 the vimentin filament FWHM distribution is plotted for rsEGFP2-
vimentin knockin U2OS cells immunostained for GFP. In the STED case,
98% of the FWHMs across the vimentin filaments were in the range below
100 nm. The ratio of these filaments in bins of 10 nm are presented in the
histogram in Figure 4.16b. Also in this figure, the probability density func-
tion is plotted and displayed are mean FWHM and the standard deviation
(STD). Representative STED images of these cells are given in Figure 4.19.
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(a) FWHM across filaments
distribution for rsEGFP2-vimentin
knockin U2OS cells immunostained

for GFP

(b) Ratio filaments of certain
FWHM in 10nm bin

ranges for FWHMs in the
range below 100nm

Figure 4.18: FWHM filament distribution analysis for rsEGFP2-vimentin
knockin U2OS cells immunostained for GFP

Figure 4.19: STED images of rsEGFP2-vimentin knockin U2OS cells immunos-
tained for GFP

U2OS transfected cells immunostained for rsEGFP2

In Figure 4.20 the vimentin filament FWHM distribution is plotted for U2OS
transfected cells immunostained for rsEGFP2, both for the confocal- as well
as the STED imaging case. In the STED case, 95% of the FWHMs across
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the vimentin filaments were in the range below 100 nm. The ratio of these
filaments in bins of 10 nm are presented in the histogram in Figure 4.20b.
Also in this figure, the probability density function is plotted and displayed
are mean FWHM and the standard deviation (STD). In Figure 4.21 the
same plot and histogram is presented from STED imaging a different day.
This case gave 95% of the filaments were in the range below 100 nm as well.
Representative STED images of these cells are given in Figure 4.22.

(a) FWHM across filaments
distribution for rsEGFP2-vimentin

transfected U2OS cells immunostained
for GFP

(b) Ratio filaments of certain
FWHM in 10nm bin

ranges for FWHMs in the
range below 100nm

Figure 4.20: FWHM across filaments distribution for rsEGFP2-vimentin trans-
fected U2OS cells immunostained for GFP
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(a) FWHM across filaments
distribution for rsEGFP2-vimentin

transfected U2OS cells immunostained
for GFP

(b) Ratio filaments of certain
FWHM in 10nm bin

ranges for FWHMs in the
range below 100nm

Figure 4.21: FWHM across filaments distribution for rsEGFP2-vimentin trans-
fected U2OS cells immunostained for GFP

Figure 4.22: STED images of rsEGFP2-vimentin transfected U2OS cells im-
munostained for GFP

Summed FWHM filament distribution

As a further comparison, the FWHM filament distribution for all the different
labelling strategies in the confocal and the STED case were plotted together.
The plot is given in Figure 4.23. Red dots represents data for immunostained
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vimentin, green dots are the data from knockin cells immunostained for GFP
and blue dots are the data from transfected cells immunostained for GFP.

Figure 4.23: FWHM over filament distribution for all different labelling condi-
tions from both STED and Confocal images, indicate that all vimentin filaments
have a comparable size

Plots and histograms discussion

From the histograms of the different labelling strategies, most FWHMs taken
across the filaments for the STED case were in the range of 50 to 80 nm. Dif-
ferent maximum peak 10 nm bin ranges were found for the labelling strate-
gies. The FWHMmean values for the different labelling strategies were about
10 nm higher than the expected values. For immunostaining of vimentn in
the U2OS cells it was expected that the filaments would have a size of about
50 nm but the mean proved to be 59 nm. For the transfected cells and the
knockin cells the mean values were 68 nm and 66 nm receptively, the expected
size was 60 nm. This means that the mean of the filaments were measured
to be about 10 nm thicker than expected. However the model of the sizes for
the different labelling strategies was only approximate and there are a lot of
factors influencing the measured filament FWHMs. It could be expected that
the case of vimentin immunolabelling would give somewhat smaller FWHM
values, since there is no additional 10 nm GFP in this case and indeed the
mean has a value that is about 10 nm smaller than the transfected cells and
the knockin cells. Also, the means and the standard deviations suggest that
the transfected cells and the knockin cells has a similar vimentin size. From
these results it can be concluded that the rsEGFP do not interfere with the
vimentin structure.
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The uncertainties in these measurements which are the same for all differ-
ent labelling strategies, which can explain both the higher vimentin thickness
values and the lower FWHM values, which was other than expected are fur-
ther discussed.

First of all, although the measurements were focused on filament parts
where the staining looked homogeneous for the two different antibody combi-
nations, it can be quite difficult to determine if the labelling was homogeneous
or not. For a lower labelling density, some fluorescence from vimentin anti-
body binding sites can be missed out and the filaments could then be mea-
sured as thinner. Also, although the measurements were done on filaments
in the images that appeared to be in the two-dimensional focal-plane, this
was just an assumption. Parts of filaments could have been in focus, which
would give a varying FWHM. The staining density and this two-dimensional
assumption as well as the quantum yield could explain why some filaments
are also found to have a FWHM below 50 nm, which is not predicted by the
model in Figure 4.15.

From Figure 4.20b and Figure 4.21b it is apparent that the mean FWHM
found in the histogram is not consistent for one labelling strategy. The
resolution for the measurements in Figure 4.20 was measured to be 30 to
40 nm and for the measurements in 4.21 it was measured to be 40 to 50 nm,
which can likely be explained by excitation- and STED-beam alignment.
The small peak below 30 nm in the histogram in Figure 4.21b can likely
be explained by a poor Gaussian fit. The resolution differences, as well as
what have previously been discussed, can explain the differences between the
results from different days of imaging.

Another thing that has to be taken into consideration for when comparing
the vimentin size, is that different cells and filaments may be in different
assembly stages for which the thickness of the filaments may vary in a 10 nm
range.

Concerning the plot where the measurements of the different labelling
strategies are summarized, in Figure 4.23. This plot once again indicate
that the vimentin filaments are in the same range for the different labelling
strategies for both the confocal and the STED case. The contrast of the
confocal case and the STED case is basically in the same range. This can be
explained as a consequence of the different microscopes that were used. In
the STED case, a photon counting detector is used and in the confocal case
a photomultiplier tube is used for detection and 8-bit images are received,
meaning that the maximum grey level value is 256. For the filaments in the
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periphery, they were usually found with a grey-level value in the same range
as for the number of photons received in the STED case where the vimentin
FWHM was measured. From the plots it can be seen that the FWHMs of
those filaments where measurements were taken, do not depend that much
on the contrast. This could also be expected, since most filaments were in
the same intensity range. There is only a small tendency for larger FWHMs
as filaments gets brighter.
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Conclusions

Based on the results of this thesis some conclusions can be drawn that will
be summarized in this section.

Evaluating different fixatives; methanol and PFA, as well as different an-
tibody combinations for immunostaining of vimentin in the U2OS cell line,
resulted in a proper staining that can be used for STED imaging. The results
of the different immunostaining procedures, suggested that the antibodies;
Vimentin(D21H3)XP and anti-rabbit Oregon Green 488 did not give a proper
staining. Anti-vimentin [V9] in combination with secondary anti-mouse Or-
geon Green 488, where U2OS cells had been fixed with methanol, gave the
best staining.

Different antibody combinations evaluated for immunostaining of rsEGFP2
in rsEGFP2-vimentin Crispr/Cas9 genome edited U2OS cells and rsEGFP2-
vimentin transfected cells, suggest that the mouse anti-GFP gives an insuffi-
cient staining. Rabbit anti-GFP in combination with secondary anti-rabbit
Alexa 488, where U2OS cells had been fixed with methanol, gave the best
staining.

Regarding the different transfection experiments using the three different
plamsids, all three proved to give vimentin expression in the U2OS cells with
different efficiencies and to different extent. Transfection of different con-
ditions, including pMD-Vim-rsEGFP(N205S) and pMD-Vim-rsEGFP2, im-
plied that FuGENE was the better transfection reagent over Lipofectamine.
pMD-Vim-rsEGFP(N205S) gave a high transfection efficiency when used
with FuGENE transfection reagent (∼ 60%). Also, this plasmid gave a high
percentage of cells with a strong vimentin over-expression, where filaments
were densly packed compared to endogenous levels. pMD-Vim-rsEGFP2 gave
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a comparable low transfection efficiency to pMD-Vim-rsEGFP(N205S) in the
case of FuGENE transfcetion (∼ 10%). This plasmid had a higher percentage
of the endogenous-like vimentin distribution. In the case of pFLAG-CMV-
VIM-rsEGFP2 used with FuGENE for different conditions, a high amount
of transfected cells could be obtained. It was observed that a highly varying
percentage of cells with a strong overexpression was obtained for different
transfection conditions.

From the data received from the STED imaging of; 1) U2OS cells stained
for vimentin, 2) rsEGFP2-vimentin transfected U2OS cells immunostained
for GFP and 3) rsEGFP2-vimentin knockin cells, it was observed that FWHMs
across the vimentin filaments were mostly obtained in the range 50 to 80 nm
for all samples with mean FWHM values close to the expected thickness
from the labelling complex sizes. The knockin cells and the transfected cells
gave a vimentin thickness that was about 10 nm thicker than in the vimentin
immunostaining case, which was expected from the additional GFP. Also
the transfected cells and the knockin cells had a similar mean filament size.
From this it can be concluded that after optimization, selected transfected
cells with low level of expression have a filament size distribution in the same
range as the one measured in the endogenous expression case and rsEGFP
do not interfere with vimentin structure.
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Outlook

6.1 The vimentin FWHM distribution in the
BJ+SV4oT+RasV12 fibroblast cell line

As a further comparison the vimentin FWHM disitribution for another cell
type, the BJ+SV4oT+RasV12 fibroblast, was obtained. These cells are hu-
man fibroblast in which 4 mutations have been introduced in order to in-
duce their oncogenic transformation. These cells were transfected with the
pFLAG-CMV-VIM-rsEGFP2 plasmid, already described in Chapter 3, using
the same protocol for staining the transfected U2OS cells, described in sec-
tion 3.4 using the rabbit anti-GFP. The filament measurements were done
for STED images taken with the Leica STED. Fibroblasts where measure-
ments were done are given in 6.1, with the results from the filament FWHM
measurements given in Figure 6.2. The resolution was measured to be 40 to
50 nm while imaging these cells with STED.
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Figure 6.1: FWHM across filaments distribution for rsEGFP2-vimentin trans-
fected Fibroblasts immunostained for GFP

(a) FWHM filaments distribution for
rsEGFP2-vimentin transfected

Fibroblasts immunostained for GFP

(b) Ratio filaments of certain FWHM
in 10nm bin ranges for FWHMs in the

range below 100nm

Figure 6.2: FWHM filaments distribution for rsEGFP2-vimentin transfected Fi-
broblasts stained for GFP

The data obtained in Figure 6.2 suggests that these vimentin filaments
are in a similar range as for the different cases of labelling U2OS cells. The
filament histogram is slightly shifted towards higher thickness values than for
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the previous presented histograms for the U2OS cell line. This can originate
from many different reasons as already discussed in section 4.7.2. Also an-
other factor in this case is that the fixation was done using a mix of PFA and
Triton ×100 instead of methanol, which certainly may affect vimentin struc-
ture and the degree of staining in comparison to methanol fixation, altough
this staining was the same as for the U2OS transfected and knockin cells.
The filaments are however still in the same range as previously, which further
motivate that vimentin over-expressing cells have a similar filament size as
for endogenous levels of vimentin and that studies of cells over-expressing
vimentin can be meaningful in biomedical research. Also it motivates ap-
plications of the RESOLFT imaging technique, since it enables live over-
expression studies in the nanometer scale.

6.2 Actin cytoskeletal periodicity in neurons
In 2013 Xiaowei Zhuang and co-workers [31] proposed a new model for the cy-
toskeletal arrangement in axons. They found that actin forms a periodic ring
structure and, together with spectrin and adducin, surrounds the axon. They
used the 3D STORM super-resolution technique, to image in rat hippocam-
pal neurons. Their model consists of rings made up of short capped actin
segments, linked together by adducin, that are wrapping around the neuron,
and spectrin molecules, which link these rings together. This model was
based on that super-resolution imaging of actin and spectrin gave a 182 nm
± ∼ 20 nm periodicity, consistent with the size of spectrin. Co-localization
of adducin and actin was also observed.

Since this model was proposed, a lot of research within the field of super-
resolution microscopy have been focused on investigating this periodic struc-
ture. Some published papers regarding the actin structure in neurons are
given by the references; [32], [33] and [34]. Topics of investigation have been;
presence of the same structure in live samples, the abundance of this periodic
lattice in other parts of the nervous system, the presence of periodic rings at
different days of in vitro (DIV) cultures, the interaction with other proteins,
as well as the function of the actin-spectrin periodic structure.

The group of Prof. Ilaria Testa is interested in investigating the function
of the periodic actin structure, in combination with other neuronal proteins.
Since I have been learning about labelling strategies, as well as I find this
research inspiring, I wanted to further extend my knowledge in this topic and
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therefore I was also partly involved in this project. The structures of interest
were; actin, spectrin and the sodium-potassium pump. Following sections
summarizes what I was involved with:

Actin and Sodium-potassium pump immunostaining

In order to study the distribution of the sodium-potassium pump in com-
bination with the periodic cytoskeleton structure, it was desirable to find
methods for staining efficiently both proteins in the same sample. Before
doing the double staining, both structures were labelled separately, in order
to find the best conditions for each of them. Actin was efficiently stained,
both in live and in fixed samples, and the periodic structure could be vi-
sualized in both conditions. As an example, Figure 6.3 shows the actin
periodicity in the axon of a live neuron, labelled with the membrane per-
meable dye Silicon-Rhodamine-Actin (SiR-Actin, [35]). For labelling the
sodium-potassium pump, it is known from literature, that trichlooacetic acid
(TCA) is the best fixative reagent for the antibody we wanted to use: Sodium
/ Potassium ATPase alpha-3 Antibody (XVIF9-G10), from ThermoFisher.
Therefore, for staining the pump, fixation of hippocampal neurons was done
using trichloroacetic acid (TCA) according to recommendations. The sec-
ondary antibody was coupled to either KK114 or Atto 590.
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Figure 6.3: SiR-Actin enables visualization of the neuronal cytoskeleton actin
periodicity

Also staining against actin was done for these samples using two different
dyes. In the case of KK114, a dye emitting in the red, the filamentous actin
binding drug phalloidin coupled to Oregon Green 488 was used and in the case
of Atto 590, SiR-Actin was used. These combinations would allow two-color
imaging of the pump and actin. The two different samples are summarized
in Table 6.1.

Alpha3 staining Actin staining
Anti-NaKα3 + anti-mouse Atto 590 SiR-Actin
Anti-NaKα3 + anti-mouse KK114 Phalloidin OG 488

Table 6.1: TCA fixed neurons aimed to give two-color STED images of the
sodium-potassium pump and actin

STED imaging of the pump gave a good fluorescent signal for both these
samples and distribution of the pump similar to previous imaging results.
One representative image is given in Figure 6.4. Inproper actin staining was
however observed because of a too low fluorescent signal.
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Figure 6.4: The sodium potassium pump fixed with TCA and stained with anti-
NaK-alpha3 used in combination with Atto590

Due to the insufficient actin staining using TCA, PFA was evaluated as
a different fixative for the sodium-potassium pump as well, which previously
had worked for observing the cytoskeletal actin periodicity. Two antibodies
against different pump-subunits; the α1 subunit and the α3 subunit were
evaluated for PFA fixed hippocampal neurons coupled with the secondary
antibody KK114. For both these cases the pump showed a distribution in
agreement with previous imaging results. The case of immunostaining for α1
gave a somewhat low fluorescent signal, while the α3 staining gave a higher
photon-count. The concentration of the α1 antibody was doubled and four
new samples aimed for two-color imaging of actin and the pump were made.
The two different pump-subunits were stained by either Atto 590 together
with SiR-Actin or KK114 with phalloidin coupled to Oregon Green 488. The
four different samples are summarized in Table 6.3. Table 6.1.
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Subunit staining Actin staining
Anti-NaKα3 + anti-mouse Atto 590 SiR-Actin
Anti-NaKα1 + anti-mouse Atto 590 SiR-Actin
Anti-NaKα3 + anti-mouse KK114 Phalloidin OG 488
Anti-NaKα1 + anti-mouse KK114 Phalloidin OG 488

Table 6.2: PFA fixed neurons aimed to give two-color STED images of the sodium-
potassium pump and actin

All of the PFA fixed neurons summarized in Table 6.3 were able to stain
both the sodium-potassium pump and actin in the same sample, as illus-
trated in Figure 6.5 where anti-α3 is used in combination with KK114 and
Phalloidin coupled to Oregon Green 488 stains actin.

(a) The sodium potassium pump
stained with KK114

(b) Actin stained with Phalloidin
coupled to Oregon Green 488

Figure 6.5: Labelling of both the sodium-potassium pump and actin in the same
sample

Actin and BetaII-Spectrin immunostaining

Immunostaining PFA fixed neurons was also done for the actin-ring linker
protein; BetaII-Spectrin. For one sample, BetaII-Spectrin was stained using
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Atto 590 and for two other samples, staining for two-color STED imaging was
done. BetaII-Spectrin was either stained with Atto 590 in combination with
SiR-Actin staining actin, or the combination of KK114 for BetaII-Spectrin
and phalloidin Oregon Green 488 for actin staining was used. The BetaII-
Spectrin immunostained samples are summarized in Table 6.3.

BetaII-Spectrin staining Actin staining
Anti-BIIS + anti-mouse KK114
Anti-BIIS+ anti-mouse Atto 590 SiR-Actin
Anti-BIIS + anti-mouse KK114 Phalloidin OG 488

Table 6.3: PFA fixed neurons aimed to give two-color STED images of BetaII-
Spectrin and actin

Both structures, could be imaged in the same sample and allowed to see the
beta-spectrin periodicity as well. Figure 6.6 gives images taken of spectrin
with KK114 and Oregon Green 488 coupled to phalloidin labelling actin. For
observing the actin periodicity, phallodidin over SiR proved to be the better
dye for fixed samples.

(a) Spectrin stained
with KK114

(b) Actin stained with Phalloidin
coupled to Oregon Green 488

Figure 6.6: Labelling of spectrin and actin in the same sample
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Discussion

From this evaluation, proper two-color staining procedures for actin together
with either the sodium-potassium α1 subunit, or the sodium potassium α3
subunit or BetaII-Spectrin were obtained. It was also concluded that PFA
works better than TCA for two-color studies of the sodium-potassium pump
and actin in hippocampal neurons. The sample preparation optimized for
these studies enables the nanoscale localization of the sodium potassium
pump in the axon initial segments and its proximity to cytoskeleton and
scaffold proteins in the 30-70nm spatial range. These finding represents a
first step into a better understanding on how fine periodic structures drives
or are a result of specialized neuronal functions.
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