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Summary

Stroke is one of the most common causes of death. Ischemic stroke occurs due to
the reduction of blood flow in the affected area of the brain. The reduction of blood
supply causes a lack of oxygen inducing a shortfall of ATP production. In the core of
the infarct, center of irreversible damages, the dysfunction of the sodium-potassium
pump and, as a result, the influx of water inside the cells lead to cell swelling and
necrotic cell death. To understand if there might be a possibility for future treatments
in this region, the first step would be to quantify cells swelling. The present study
aims to design, validate and apply a new method for quantifying changes in cells
size in the ischemic core.

To analyse cell swelling, ischemia was induced in in vitro cultures of rat cortical
neurons, by incubating the cell with 10mM sodium-azide (NaN3) and 5mM 2-deoxy-
D-glucose for 10 minutes. After verifying that this procedure did not enhance apop-
tosis, cell swelling was assayed by acquiring fluorescent images with an inverted
microscope every 30 seconds for 10 minutes. Fluorescence was obtained using a
CellTracker green live staining. Two-dimensional images were analysed using an
inhouse developed algorithm, with the purpose to identify all individual cells, and
to determine their size and size changes during chemical ischemia. The algorithm
was validated acquiring fluorescent images of blue microbeads with known diameter.

The number of swollen cells under ischemic conditions was significantly larger
than under control conditions. Around 21% of ischemic cells showed cell swelling.
Their area reached an increase of about 20% of the initial size. These results show
that the chosen method of chemical ischemia leads to cell swelling. Furthermore
the designed algorithm is able to determine the correct size of cells in the x-y plane,
as well as temporal evolution of this area. It is possible that swelling occurred only
in a specific subset of cells, e.g. only astrocytes. Moreover, it might be that, in
some cells, swelling remained undetected because it occurred predominantly in the
vertical direction, perpendicularly to the observed plane.
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Chapter 1

Introduction

1.1 Motivation and background

1.1.1 Motivation of the study

Ischemic stroke is one of the most common causes of death in Europe [1]. Stroke
is a condition caused by a sudden decrease in blood supply to the brain, leading to
a rapid deterioration of the neurons in the region affected [2/3]. There are two main
types of stroke [2,3]:

* Ischemic, caused by occlusion of cerebral blood vessels, leading to a lack of
oxygen and glucose in the corresponding parts of the brain.

* Haemorrhagic, which can be provoked in two different ways: by the bleeding
in the internal part of the brain tissue or by bleeding occurring in the space
between the brain and the surrounding tissues.

When an ischemic stroke occurs, the region of the brain in which the blood flow
is less then 10ml/100g (brain tissue)/min, is subjected to irreversible damage if the
ischemic condition lasts even less than 6 minutes. This area is referred to as the
ischemic core (see Figure[1.1) [4,5]. The core is surrounded by the penumbra, which
consists of brain living tissue under hypoxic conditions (blood flow > 10ml/100g
(brain tissue)/min) (Figure [4)5]. The irreversibility of the damages, created
in both ischemic regions, are then dependent on both duration and severity of the
ischemia [6,7]. During the years, many studies were done aiming at finding ways
to treat this condition. Nowadays, treatments mainly focus on the penumbra region,
considering that the core is irreversibly damaged [1]. The most used protocol starts
with an MRI or CT scan to get images of the affected area of the brain [8]. In this
way, it is possible to estimate the core volume and the location of the occlusion.
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Then, if the patient matches the inclusion criteria, a thrombectomy is attempted to
remove the occlusion [8]. A crucial factor in this procedure is time. The longer the
affected area remains hypoxic, the wider the area of metabolic and functional failure
will become, leading to an increase of neuronal death [14]. For this reason, it is very
important to apply a thrombectomy within 6 hours after a stroke [8/9].

CORE
Diffusion Abnormality
CBF < 10 ml/100g/min
Cytotoxic edema
Irreversible ischemia

PENUMBRA
Perfusion Abnormality
CBF > 10 ml/100g/min

Neuronal paralysis
Reversible ischemia

Figure 1.1: Representation of ischemic stroke

1.1.2 Cerebral ischemia and cell swelling

The lack of oxygen and glucose, due to the decreased perfusion, reduces, or com-
pletely stops, the production of ATP [11]. In the core of a brain infarct this phe-
nomenon leads to dysfunction of the sodium-potassium pump, inducing an abnor-
mal influx of sodium. Due to the increasing presence of sodium inside the cell body,
the membrane depolarizes, which activates voltage-gated chloride channels [12/13].
Thus, chlorides ions enter the intracellular space. This causes an osmotic imbal-
ance provoking water influx and, consequently, the increase of the cellular dimen-
sions (Figure [12]13]. Cell swelling following cytotoxic brain damages is one
of the main effects of stroke or brain injuries [14]. The increase of the cellular di-
mensions, which becomes visible as cell swelling, may be explained by the Donnan

theory [13]15//16].



1.1.

MOTIVATION AND BACKGROUND 3

NMDA

veratridine GlyH-101

\‘ ? NaCl—» neuronal

swelling
osmotic stress
A)AMPAR (B)NMDAR (C)Yoltage-gated 5y Na® /K™ &y co6a1q
Na* channel pump

Figure 1.2: Mechanisms inducing cell swelling [12]

Recently it was shown that, even when there is a restoration of ATP production,

neurons may still be unable to restore their original sizes [3]. Models suggest that
blocking the sodium channels would be a promising method [3]. To better under-
stand cell swelling it is then necessary to have an in vitro model simulating cerebral
ischemia. The most common way is inducing oxygen and glucose deprivation (OGD)
by incubating a neuronal culture, whose medium needs to have a low glucose con-
centration, under hypoxic conditions. Alternatively, other models to mimic ischemic
brain injury, are enzymatic or chemical induction of ischemia in vitro [14,17].

Finding a method to analyse cell swelling can help in studying possible ways to

prevent necrotic cell death or improve recovery.
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1.2 Goals

To further study processes that occur during ischemic stroke, it is critically important
to find a good in vitro model and an automated method quantifying cells dimensions.
To do so, the study had two goals:

» Simulate chemical ischemia with sodium-azide and 2-deoxy-D-glucose and
check if it was mimicking the core conditions of stroke, in particular cell swelling.

« Develop an algorithm and build a tool to calculate cells area and estimate
possible changes on two-dimensional fluorescent images.



Chapter 2

Materials and methods

Before starting with the chemical ischemia experiments and cell area analysis, we
validated both the chemical method chosen and the in-home made algorithm. We
started by validating the chemical ischemia protocol, checking that no apoptosis was
induced. Then we acquired pictures of some microbeads with known diameter, and
applied the size assessment algorithm. In this way we tested the functionality of the
algorithm. Following, we proceed with the assessment of cell swelling (Figure [2.1).

Chemical
ischemia:
NaN3z + 2-deoxy-
D-glucose

Validation
cells size
quantificat
ion script:
Microbead
s images

Validation
chemical
ischemia:
Apoptosis
check

Chemical ischemia
experiments, and cells
size quantification.

Cells size
quantification
algorithm

Figure 2.1: Flow chart of the study. After choosing the ischemic chemical model
and the method for cells size quantification, it was necessary to verify
their functionality. The first step was to validate the chemical ischemia
method checking that no apoptosis was induced. Following we checked
that the implemented script was recognizing the objects and calculating
their actual area. To do so we acquired images of microbeads with
known size. After the validation experiments were done, we started the
chemical ischemia experiments and implemented the script to analyse
cells area.
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2.1 Cell preparation

Cortical neurons, collected on the day of birth from Wistar rats, were used in this
study. The cortex was isolated from the brain and sliced in small pieces. Trypsin
treatment was applied to help cells detaching from each other. Following, cells were
dissociated by trituration and plated on coverslips in 24-well plates. Incubated for 2h
using DMEM medium. Subsequently, the DMEM medium was replaced by 500ul of
R12 medium. Cells were stored in an incubator under standard conditions (36°C,
80% humidity, 5% CO,). In addition, in order to maintain the necessary level of nutri-
ents in every well, half of the medium was replaced with fresh medium twice a week.
The experiments conducted were in accordance with the Dutch law and approved
by the Dutch committee on animal use (Project number: AVD110002016802).

In total 38 coverslips were used: eight were used to validate the chemical is-
chemia protocol, and thirty for swelling assessment.

2.2 Image acquisition setup

Two different setups were used for images acquisition: One for the validation of
the algorithm for cell-size assessment, and one for both the validation of chemical
ischemia protocol and for assessment of cell swelling experiments.

2.2.1 Setup to validate the algorithm for cell-size assessment

To validate the size quantification algorithm, we acquired images of microbeads
with a known diameter of 6um. The fluorophore, present in the microbeads, needs
670nm excitation wave length. For this reason, we acquired all images using a Nikon
eclipse 50i microscope (upright epifluorescence) [18]. This microscope has an high
pass filter blocking all wave length lower than 520nm. Images were taken from the
computer using NIS-elements software. In these measurements, shutter time was
set to 333ms. The setup has 6 different level of light intensity. The light was set to
level 4 of intensity. Due to the small dimensions of the microbeads, it was necessary
to use a 40x magnification objective lens (pixel size = 0,084um).
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2.2.2 Setup to validate chemical ischemia protocol and for assess-
ment of cell swelling

In all the chemical ischemia experiments, we took fluorescent images of cells. For
this purpose, a Nikon inverted microscope supplied with TMD-EF equipment, was
used [19]. This set-up utilizes a mercury lamp and a low-pass filter (wave length
<520nm), exiting the green and red fluorophores used in this study. After adjusting
the focus, images were taken automatically at fixed time intervals (every 30s). The
automatic acquisition was operated by LabView (National Instruments, Austin, TX),
with a fixed number of images acquired and a fixed time interval between the images.
Additionally, the camera was controlled by DigiCamControl (Massachusetts Institute
of Technology, Boston, MA) software, allowing to set the exposure time and shutter
speed. We used a 10x objective lens resulting in a pixel size of 0,19um. The shutter
speed was set to 1/6ms and the exposure time to 1s.

2.3 Algorithm for cell size assessment

The fluorescence time-lap images were used to segment the cells, and to quantify
their area. To analyse cell sizes, an in-home algorithm was created using MATLAB.
The main purpose was to detect cells and quantify their area. This was done through
the application of some specific morphological operations. These operations require
a lower computational time if applied to binary images compared to grayscale or
RGB ones. For this reason we decided to transform the RGB image into a binary
image, passing through the grayscale image. A way to work directly on RGB images
is by designate a separate threshold for each of the RGB components of the image
and put them together. This operation requires a long computational time. For this
reason, to binarize the image a local adaptive threshold was applied on the grayscale
image. All the steps are summarized in Figure (in Appendix [A] you can find the
main function)



8 CHAPTER 2. MATERIALS AND METHODS

RGB image

Maximization of gray scale
contrast

Gray-scale
image

Binarization trough adaptive .
threshold method with low
sensitivity.

| Objects erosion |

4

i Objects_dil_atation |

?

| Filtering based on size range |

Pruning 1—’

result

Figure 2.2: Scheme summarizing the main steps followed by the size quantifica-
tion algorithm. Loading the fluorescent image (a), transforming it in a
grayscale image, applying maximization of the contrast(b), obtaining a
binary image (c) by applying the adaptive threshold method. The fi-
nal result (d) is obtained after applying morphological operation on the
binary image, plus size range-based band-pass filter. The process is
applied to all cells, present in the image, at the same time and not at a
singular cell level.

RGB to grayscale image. We checked that in the red (R) and blue (B) channels
there were no information. Then the RGB image was transformed into a grayscale
image (g). To better extract and segment features the grayscale image was nor-
malized. The minimum (ming) and maximum (maxg) value, of the grayscale image
were calculated. These were used for the maximization of the contrast.

255
maxg

MaxContrast = (g — ming) X ( ), (2.1)
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Binary image. Images were binarized by applying the Bradley’s method, as an
adaptive threshold filtering. It computes a threshold value for each pixel taking in
consideration the local average value of intensity in the surrounding pixels [20]. In
addition, to reduce the background noise, it was important to set a value of sensitiv-
ity. The sensitivity is a parameter indicating how many, of the lighter pixels, should
be considered as foreground objects. Thus, the lower the sensitivity the less noise
will be present in the image. The default value given in MATLAB is 0,5. Starting from
this value we lowered it to various values. These was done because, when set to
0,5, a lot of noise was still taken in account. We also tried to go lower than 0,2, but
that brought to the elimination of some relevant objects. For these reasons 0,2 was
chosen as the most suitable parameter.

Pruning the binary image. Binary images were pruned using mathematical
morphology. To eliminate irrelevant details on cells boundaries, the erosion oper-
ation was implemented. It eliminates all the objects smaller than a selected struc-
turing element, which in this case was a circle with a radius of 2,5um [21]. Subse-
quently dilatation was utilized to preserve the details on the desired objects using a
slightly smaller circle (radius=1,9um) [21]. An additional filter was then applied. This
filter selects only objects with sizes in a specified range (area going from 36,46pm?
to 1444um?2), based on the estimated dimension of cells, determined experimentally
from the acquired image [21]. Subsequently, we calculated the number of withe pix-
els belonging to each cell and their estimated center of mass.

The algorithm was applied to all sequences independently. To assess the area
development, cells were tracked during time by tracking the calculated center of
mass. Because of the presence of small movements of cells, small variations in
the centroids position were taken in consideration. This variation was accepted if in
a range of £2,09um. Decision based on the estimated dimensions of the smallest
cells (6,27x6,27um? area). The variation range is in fact 1/3 of the estimated smallest
cells dimensions. Regarding the objects, whose centroids did not have a match, they
were not considered anymore in the following analysis. This was done because they
either were noise or exploded cells.
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Defining swollen cells. |If the area values, collected after the starting of is-
chemia, were in ascending order, the cell was considered as a swollen cell. Then,
because of the presence of noise, an additional check was needed. We calculated
the mean value from the baseline images (all images acquired before chemical is-
chemia) and the maximum value obtained during the ten minutes acquisition time.
Then we determined the ratio, for all the detected cells. Ratios > 1,1 indicated cell
swelling, and 100*(Ratio-1) indicated the percentage of increase compared to the
baseline. In the end the parameters taken in consideration for the analysis were:

« Total number of recognized cells.

* Number of swollen cells.

Ratio indicating maximum area increase.

» Time point corresponding to maximum area increase.

Growing index, defined as ratio between individual cell area and their baseline
area at each time point after the ischemia started.

2.4 Chemical ischemia

Among the chemical ways of inducing ischemia, sodium-azide (NaN3) in combi-
nation with 2-deoxy-D-glucose is the most used method [5,22]. First of all, NaN3
has been shown to induce an hypoxic-like condition by blocking the electron trans-
port between cytochrome oxidase and oxygen. In this way the intracellular ATP is
rapidly decreasing [22-24]. Furthermore, the use of NaN3 has been shown not to
induce apoptotic cell death, but instead induces cell swelling in the first 10 minutes
of incubation [23]. Figure [2.3]is illustrating the mechanisms involved in the electron
transfer.
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. () Cu,l
Cytochrome ¢ Cu,2 v

Heme,

(Zinc not shown)

Figure 2.3: Electron transfer from cytochrome ¢ oxidase to oxygen. The electrons
pass from the cytochrome c to the two Cu, (represented by light blue
spheres), then they consequently transfer to the Heme, (purple sphere
on the left) and to the Heme,s (purple sphere on the right). In the end, as
last passage, the electrons transfer to the oxygen molecule (red sphere)
[25].

During anoxic conditions, in presence of glucose, neurons are still able of in-
creasing glycolysis, an oxygen-independent metabolic pathway that produces ATP
in low amounts [26]. To simulate complete ischemia, it is important to either re-
move glucose or use a glycolysis blocker. Based on existing literature analysis, we
chose to apply a glycolytic inhibitor, 2-deoxy-D-glucose (2-DG) [4,14]. Therefore,
administration of sodium-azide (10mM concentration) and 2-deoxy-D-gluocse (5mM
concentration) mimics ischemia in vitro. Chemical ischemia was induced in 3 weeks
old cultures.
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2.5 Experiments

2.5.1 Validation of chemical ischemia protocol

To verify that the chemical ischemia method used did not induce apoptosis in cells,
we used eight coverslips divided in two groups:

* Ischemia group: 4 coverslips containing the cells incubated with sodium-azide
and 2-deoxy-D-glucose.

» Control group: 4 coverslips containing the cells incubated with the solvents
used to dissolve NaN; and 2-deoxy-D-glucose (water and PBS respectively).

To differentiate between apoptotic and death cells, we added 2 staining solutions:
Caspase 3/7 to visualize apoptic cells, and propidium iodide (Pl), to visualize dead
cells. The Caspase 3/7 is a fluorogenic substrate for activated caspase 3 and 7. In
general, the presence of a four amino acid peptide (DEVD) inhibits the possibility of
the dye to bind to cells DNA, so the substrate is non fluorescent. However, when
apoptosis occurs, the dye is able of giving a green fluorescent response because
the DEVD peptide is cleaved. Meanwhile, the Pl is a red-fluorescent nuclear and
chromosome counterstain. This dye is unable to diffuse into living cells or to cross
intact plasma membrane. For this reason, Pl is used to stain dead cells.

Once the staining solutions were applied, coverslips were placed under the Nikon
inverted microscope to take fluorescent images during 10 minutes (time period in
which NaN3; and 2-deoxy-D-glucose were shown to be effective [23]). Images were
collected every 30 seconds. The sequence of images was analysed using MATLAB
(The Mathworks, Inc., Natick, MA, USA) [27]. The script used is counting the to-
tal number of green objects (apoptotic cells), and the number of red objects (dead
cells). The number of apoptotic cells was analysed to validate the chemical ischemia
protocol.

2.5.2 Validation of algorithm for cell-size assessment

To validate the cell-size quantification algorithm, we acquired images of microbeads
with known diameter of 6um, with an area of 28,5um?. In total 8 images were col-
lected, each of them corresponding to different microbeads. Once the images were
obtained, they were loaded in MATLAB and the size quantification algorithm was ap-
plied. We collected data about the calculated diameters and area values. Estimated
sizes were compared to the size provided by the manufacturer.
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2.5.3 Assessment of cell swelling

To analyse possible cell swelling induced by chemical ischemia, three groups of
experiments were considered:

* Ischemia group: 10 coverslips with cells under chemical ischemia using sodium-
azide with 2-deoxy-D-glucose.

» Solvents group: 10 coverslips in which just the solvent of sodium-azide and
2-deoxy-D-glucose (respectively water and PBS) were added to the culture
medium.

 Control group: 10 coverslips in normal medium condition.

In this way it was possible to check if the cell changes were due to NaN3 and 2-DG,
or to their solvents. To better visualize all living cells, we applied the live staining
Cell Tracker Green (12uM). After a 45 minutes incubation period, the plate was
placed under the microscope. This first step was applied in the same way to all the
three groups (ischemia group, solvents group, control group). To not lose important
minutes of recording, in the ischemia group, NaN; and 2-deoxy-D-glucose were
added to cells directly under the microscope, between two consecutive images, but
without stopping the sequence of images (Figure [2.4). The same procedure was
applied in the solvents group, in which the solvents were added directly under the
microscope (information about stock solution in Appendix [B).
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30s Start
chemical ischemia

| ——

Baseline End of
images experiment

Figure 2.4: Schematic representation of images acquisition. Each line corresponds
to a single image. While the space in between the lines is representative
of the time interval

2.5.4 Statistical analysis

All the statistical analysis was made using SPSS statistics for Windows (IBM, Inc.,
Chicago, IL). All data were first tested for normality, using the Shapiro-Wilk test. In
case of normality we used a student t-Test or one-way ANOVA to check differences
between two groups or more, respectively. When the data were not normally dis-
tributed, we applied the Mann-Witney test, in presence of a two groups comparison,
and the Kruskal-Wallis test when we had more than two groups to compare. P<0.05
was considered to indicate significant differences.
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Results

3.1 Validation of chemical ischemia protocol

The data about the number of apoptotic cells, in both the ischemia and the control
group, were not normally distributed. No statistically significant differences were
found, among the experiments in each group, (p> 0,09). Then, we checked if there
were differences between the chemical ischemia group and the control group. No
significant differences were found between the two groups (p> 0,25). In Figure
it is illustrated the trend over the time of the number of apoptotic cells.

min 0 min 5 min 10

60pm

Figure 3.1: Apoptosis results. Example of apoptotic cells during ischemia induced
with soduim azide and 2-deoxy-D-glucose. The number of apoptotic
cells (2), identified by yellow circles, is constant during the 10 minutes
of ischemia.

15
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3.2 Validation of algorithm for cell size assessment

The diameters and area data calculated for each image were tested for normal-
ity. In both cases, the results obtained per image were normally distributed (p>
0,20). There was no statistically significant difference between the areas calculated
from different images (p > 0,90). At this point the averages of the beads diameters
length and area were calculated (diameter: 6,174um + 0,03um; area: 29,9um? +
0,25um2).

Figure 3.2: Example of calculated area on a bead. The figure on the left is showing
the red circle obtained by the algorithm. Here it is also possible to see
in red the pixels considered as part of the edges. The white line is
representing the expected diameter of 6um. The image on the right is a
zoom in of the first image, in which is shown the blur around the edge,
bringing to some coloured pixels after the end of the expected diameter.
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3.3 Assessment of cell swelling

3.3.1 Swollen and non-swollen cells

In the ischemia group, cells were divided into swollen and non-swollen cells. We
checked possible differences between the maximum area ration for swollen and
non-swollen cells. The results obtained showed a statistically significant difference
between the two groups (Mann-Witney test, p < 0.001). Figure is showing an
example of swollen cell.

min 0 Maximum increase min 10

<€ >

Figure 3.3: Area increase following chemical ischemia. Images corresponding to
the beginning of ischemia, the time in which we have the maximum area
increase and the end of the 10 minutes incubation (one single swollen
cell is taken as example).

Next, we calculated the duration of chemical ischemia at which maximum area
was reached, Tmax. This was often less than the duration of the recording (see
Figure [3.4). Tmax was not normally distributed and significantly differed between
experiments (Kruskal-Wallis test, p < 0,01) (see Appendix [C] for single experiment
results).
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Figure 3.4: Differences in swelling. In panel A the graph is showing how many
swollen cells reached their maximum increase in a specific time point.
All swollen cells, in the ten experiments, were taken in consideration.
In panel B the two graph, obtained from two different experiments, are
showing the difference in the area increase trend over the time. In Ap-
pendix [C]it is possible to find graphs corresponding to each experiment.

3.3.2 Group comparison

We checked if there were differences in the general total amount of cells calculated in
each experiment. The data were normally distributed, thus one-way ANOVA test was
used, which showed no differences among the three groups (p > 0,10). The number
of swollen cells in the chemical ischemia group was significantly higher than in the
control and the solvents only groups (Mann-Witney, p < 0,02)(Figure 3.5). While
there was no difference between the solvents and control group (Mann-Witney, p >
0,20).
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Figure 3.5: Number of swollen cells and their maximum area increase ratio. In panel
A there is the comparison among the three groups ischemia, controls
and solvents. Here it is represented the mean value calculated in each
group, about the number of swollen cells. In panel B it is illustrated the
relative maximum area increase ratio in swollen cells.



Chapter 4

Discussion

In the present study we aimed at analysing more in-depth cell swelling in an in
vitro model that mimics ischemic conditions. It is necessary to study mechanisms
leading to necrotic cell death, to understand whether there may be possibilities for
future improvements in stroke treatments. This will possibly result in a lower bur-
den for stroke survivors, considering that right now the core area is to the center
of irreversible brain damage. Of course, there are plenty of difficulties in treating
this region, among which the most relevant one is that necrotic death follows within
minutes after an ischemic stroke and patients usually don’t make it to the hospital in
that time. The mechanism may be more relevant for patients with post-anoxic coma.

The first step is to find a way to quantify cell dimensions. For this reason, we
worked on an algorithm to recognize cells and automatically quantify their areas in
the x-y plane. Based on previous literature we decided to mimic ischemic stroke
conditions chemically using sodium-azide and 2-deoxy-D-glucose. After verifying
that this procedure induced no apoptosis, and validating a size quantification script,
we observed cell swelling in ~21% of all cells within 5 to 10 min after the induction
of chemical ischemia. The increase in the area was about the 20% of the starting
value.

20
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4.1 Validation of chemical ischemia protocol

One of the main differences between the penumbra and core area in an ischemic
stroke is related to the type of cell death [28]. While apoptosis dominates in the
penumbra, in the core cells are affected by necrosis [28]. Previous studies have
addressed the chosen chemical method, NaN; together with 2-deoxy-D-glucose, to
simulate ischemic stroke in vitro. These two chemicals are capable of simulating
ischemia, thanks to their ability of blocking ATP production and mimic low glucose
circumstances [9] [17] [14] [22] [24]. We verified earlier observations that sodium-
azide did not induce apoptosis, to ensure that the protocol really simulated core
effects [23]. Although most cultures contained a few apoptotic cells, this number
did not increase during experiments. Despite the relative low sample size, we saw
clearly no difference in the number of apoptotic cells in cultures undergoing chemical
ischemia compared to the control group. Thus, we have confidence in concluding
that the protocol did not induce undesired penumbra-like effects.

4.2 Validation of algorithm for cell size assessment

The algorithm, implemented to automatically quantify cell dimensions, was validated
analysing images of microbeads with known diameter. The obtained results showed
that there is an overestimation in the calculated dimaeters and area data compared
to the expected ones (repectively error of about 3,5% and 5%). This outcome might
be explained by the presence of blur around the edges. Since we are considering
three dimensional objects, with rounded borders, when the light is reaching the bor-
ders the reflection might cause some blur. Thus, when an image is collected the
pixels surrounding the objects edges are slightly lighter than the background. That
is why the script is considering them part of the microbeads area (Figure [3.2).

The positive aspect is that there were no differences in the calculated diameters
and area values among all images (acquired to different beads). Thus, the algo-
rithm overestimates the beads dimensions by a constant factor among the analysed
images. This factor may depend on specific features that were not varied, like mi-
croscope used, bead size or colour. This may in principle give rise to undesired
bias. However, the error was very small and it probably has even less effect on area
changes, if both the initial size and the maximum size are slightly overestimated. We
conclude that, despite this small overestimation, the algorithm is able to recognize
the objects in the images, and to adequately estimate their size.
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To determine the possible size dependency of overestimation, it will be necessary
to use also beads of different sizes. To verify that overestimation in practice induced
only minor errors, it would be useful to repeat these experiments with larger beads
with green fluorescence. In addition, because of the impossibility of using the same
setup adopted for the swelling experiments, further analysis should be done to check
possible influences coming from the setup itself. Moreover, it could be, that the blur
is also depending, on the fluorescence of the objects, and its response to light.
Furthermore, it is important to consider that the parameters adopted, for filtering the
objects in the images, are depending on the lens magnification chosen. Thus if the
magnification change, the parameters needs to change as well.

4.3 Chemical ischemia effects

During the years several studies focused on cell swelling. It is widely discussed
the possible role of aquaporins. Aquaporins are membrane proteins which work as
channels in the process of water transfer [29]. For instance, it was shown that under
overhydrated conditions neurons are not swelling compared to astrocytes [30] [31].
This phenomenon might be related to the lack of aquaporins on neurons membrane,
which helped them in maintaining their volume even in the presence of an abnormal
quantity of water in the extracellular space [30] [31] [32]. While astrocytes, due
to the osmotic imbalance and the presence of aquaporins on their membrane, in
overhydration conditions tend to increase their volume for influx of additional water
[30] [31] [32]. Moreover, astrocytes are important to maintain ion homeostasis, by
regulating the amounts of ions and water particles trough the presence of specific
channels, on their membrane [31] [33]. On the other hand, when it comes to oxygen
and glucose deprivation, neurons are subjected to membrane depolarization due to
the failure of the sodium-potassium pumps, which opens non aquaporins channels
to enable water influx [4] [12] [30]. In this way, under anoxic conditions (for example
during ischemic stroke), neurons swell due to water influx [4] [12] [30].
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Chemical ischemia is inducing cell swelling, but in two-dimensional images, this
was not visible in all cells during the first 10 minutes after the onset of chemical
ischemia. In the other cells swelling might have occurred later, but with the experi-
mental protocol adopted it was not possible to follow the cultures for more than 10
minutes. This was due to the loss of CO, and cooling of the cells. The observation
that only a fraction of all cells showed swelling might reflect differences in vulnera-
bility between cell types. Previous studies already addressed differences in swelling
between neurons and glia cells [30] [31] [32] [34] [33] [35] [36]. Some of them sug-
gested that, even under anoxic conditions, astrocytes are still swelling more than
neurons [34]. This is possibly related to the presence of aquaporins. Furthermore,
an interesting finding is that also the time course of swelling differed between cells.
This might be related to the different cell type as well. Further analysis needs to
be done in order to confirm the real presence of differences in how cells swell (Ap-

pendix [C).

Our observation of cell swelling in the x-y plane is not yet full proof of cell swelling
until we also know what happened in the z-direction. Increased areas might, for
some unknown reason, be associated with decreased cell height and thus increased
area might not perse indicate cell swelling. However, it seems likely that increased
area in the x-y plane was due to water influx because it occurred time-locked to the
induction of chemical ischemia. On the other hand, it might be that cells with a con-
stant area in the x-y plane are actually changing their volume, but perpendicularly to
that plane.
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4.4 Further research

To better understand and analyse cell swelling, it is necessary to differentiate the
different cell types. We are currently working on staining neurons and astrocytes
in different colours to investigate differences in vulnerability to chemical ischemia.
The idea is to apply the AAV2 m-cherry virus (AAV2 AAV-hSyn-hChR2(H134R)-
mCherry), which is bringing the mCherry protein to expression, giving a red color
to neurons in fluorescence. Until now we weren’t able to acquire images in which
both living neurons and astrocytes could be distinguished. It happened that, when
the virus is used together with the CellTracker green, the red color is covered by
the green. In the image in fact we can only see everything in green. This might be
related to the low concentration of the virus used. It will be necessary then to try an
higher concentration. Moreover, unfortunately, the inverted microscope adopted is
not emitting the necessary excitation wave length required by the mCherry protein.
A different setup needs to be used.

It is also fundamental to study cells’ volume changes in 3D. We are in the process
of trying to validate whether the x-y plane alone contains reliable indications of cell
swelling by acquiring three-dimensional images through the use of a confocal mi-
croscope. In theory, it should be possible to apply the same algorithm implemented,
to have a size quantification plane by plane of cells and calculate three-dimensional
volume changes.



Chapter 5

Conclusions

In this study we studied cell swelling under chemical ischemia conditions as occur
in the core of a brain infarct. An algorithm was created to quantify changes over
time in the area of cells, in the horizontal plane. Under ischemic conditions around
~21% of all cells showed an increasing area. The area of the swollen cells reached
a maximum increase of 20% of their baseline value. However, further studies should
assess what happens at the volume level, to determine to what extent changes in
the x-y plane are representative of three dimensional volume changes.

25
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Appendix A

A.1 Algorithm: MATLAB script

function [ n, centroids, area ] = CellsCounter(I,centroids checked,pos)

% input arguments:

% I = fluorescent image.

% centroids_checked = used just to check position of centroids of previous
% image if there is a seguence of images to analyze.

3

% Output arguments:

% n = number of cells found in the picture.

% centroids = wvector with x and v positions of the centers of each cell

% area = vector with the area calculated for each cell (corresponding to

the centroids positions.)

The first step is to transform the RGB image (1) in grayscale image (g).

g=rgbZgray (I);

On the grayscale image, we applied the normalization of the data, trough the maxi-
mization of the contrast.

mine=min (min(g)):
maxc=max (max (qg) ) ;
g=g-minc;

g=g.*{(255/maxc) ;
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Following we transformed the grayscale image in a binary image. This was done
by the application of the adaptive threshold filter, for which sensitivity is an impor-
tant parameter. In addition we applied two morphological operations in order to not
consider irrelevant objects (erosion and dilatation).

b=imbinarize (g, 'adaptive', "Sensitivity',0.2);
ge = strel ('disk',13);
b = imerode (b, se) ;

de=strel ('disk',10};

b=imdilate (b,de) ;

Because of the presence of additional noise in the background, one more filter was
applied based on size range.

BW2 = bwareafilt (b, [1010 50000]);

Then we found the edges and plot them on the grayscale image.

somas perimeter = bwperim (BW2);
Segout = g;
Segout (somas perimeter) = 255; % withe borders

In the end, we calculated the centers and the area values for all detected cells.

8 = regionprops {BW2, 'Centroid', 'Area');

area=cat (1,5.Area) ;
centroids = cat(l, S5.Centroid);
n=length (centroids};

end
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B.1 Stock solutions

Sodium-azide preparation:

1. We weighted 62.2 mg of sodium-azide in a 1ml plastic, sterile, tube under the
flow hood.

2. We calculated the amount of water needed in order to have a solution 0.5M.

+ We went under the flow hood again and | inserted 5ml of water in a 10ml
sterile tube.

» From that tube We took 0.957 ml and put them into the 1ml tube contain-
ing the sodium-azide powder.

» Then We rinsed a bit inside the 1ml tube until the sodium-azide powder
was completely diluted.

3. At the end, after cleaning the flow hood, the stock solution was stored in the
fridge and the remaining sodium-azide placed back in the storage box.

2-deoxy-D-glucose preparation:
1. 4mg of 2-deoxyglucose were weighted in a 1ml tube.

2. Then we took 0.05ml of PBS and put them into the tube to dissolve the powder,
resuspending few times.

3. Once the solution was ready it was placed back in the fridge.
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1.

CellTracker Green preparation:

Take the 50ug tube with the cell tracker out of the freezer and let it defrost for
few minutes. Also take the DMSO box out of the cabinet

2. Then put the cell tracker tube and the DMSO under the flow hood.

3. At this point take 107,6ul of DMSO and put them in the cell trackers tube to

create a 1mM solution.

4. Store the stock solution in the fridge.
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C.1  Chemical ischemia results: Ischemia group.

C.1.1  experiment 1

Date 04—-10-2019
Age 15 days
Total number of cells 105
Number of swollen cells 21
Averaged area increase 14,3%
Area increase in swollen cells Time corresponding
50 50 to maximum cell area increase
* Mean, SE
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Figure C.1: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.

35



36 APPENDIX C. APPENDIX C

C.1.2 experiment 2

Date 08—-10-2019
Age 19 days
Total number of cells 69
Number of swollen cells 8
Averaged area increase 15%
Area increase in swollen cells Time corresponding
50 - 50 to maximum cell area increase
* Mean, SE
. Polynomial fitting 545
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Figure C.2: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.3 experiment 3

Date 10—-10-2019
Age 21 days
Total number of cells 197
Number of swollen cells 59
Averaged area increase 29,9%
Area increase in swollen cells Time corresponding
50+ 50 - to maximum cell area increase
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Figure C.3: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.



38

APPENDIX C. APPENDIX C

C.1.4 experiment 4

504
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Date 11-10-2019
Age 22 days

Total number of cells 68

Number of swollen cells 10

Averaged area increase 41%

Area increase in swollen cells

e Mean, SE
Polynomial fitting
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Figure C.4: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.5 experiment 5

Date 16—10—-2019
Age 27 days
Total number of cells 75
Number of swollen cells 28
Averaged area increase 32%
Area increase in swollen cells Time corresponding
50 50- to maximum cell area increase
* Mean, SE
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Figure C.5: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.6 experiment 6

Date 16—-10-2019
Age 27 days
Total number of cells 65
Number of swollen cells 10
Averaged area increase 17,2%
Area increase in swollen cells Time COFI‘ESPOHdir‘Ig
50 50 to maximum cell area increase
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Figure C.6: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.7 experiment 7

Figure C.7:

Date 17—-10-2019
Age 14 days

Total number of cells 148

Number of swollen cells 26

Averaged area increase 24,3%

Area increase in swollen cells

Mean, SE
Polynomial fitting

Time (min)

Time corresponding
to maximum cell area increase

0 2 4 6 8 10

Time corresponding to maximum increase (min)

On the left, average of area increase following chemical ischemia, at

each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.8 experiment 8

Date 18—10-2019
Age 15 days

Total number of cells 81

Number of swollen cells 26

Averaged area increase 15,3%

Area increase in swollen cells
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Figure C.8: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.9 experiment 9

Date 01—-11-2019
Age 15 days
Total number of cells 79
Number of swollen cells 19
Averaged area increase 23,8%
Area increase in swollen cells Time corresponding
50 50- to maximum cell area increase
s Mean, SE ® :
45 4 Poly4 Fit of Sheet1 C 451
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:
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Figure C.9: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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C.1.10 experiment 10

Date 03-11-2019
Age 17 days
Total number of cells 113
Number of swollen cells 16
Averaged area increase 16,5%
Area increase in swollen cells Time corresponding
50 - 50 - to maximum cell area increase
* Mean, SE [ ]
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Figure C.10: On the left, average of area increase following chemical ischemia, at
each time point. The graph is representing the trend of the area cal-
culated on swollen cells. On the right, representation of time point in
which each swollen cell reaches its maximum area increase.
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