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Abstract

Calcium signaling plays an essential role in communication between cells in
multicellular systems. In epithelial tissues, coordinated calcium dynamics
have been proposed to arise from local interactions between neighboring cells,
yet the extent to which such coordination depends on spatial organization,
direct cell-cell connectivity, or other environmental factors still remains
unclear. This thesis investigates the dynamics of calcium signaling in small
MDCK II cell clusters, in particular how the signaling depends on spatial
positioning and metabolic conditions.

Fluorescence microscopy was used in order to image MDCK II cell
clusters expressing the genetically encoded calcium indicator GCaMP6m,
enabling the extraction of fluorescence intensity signals corresponding to
calcium activity. Cells within a cluster were individually tracked using
the deep-learning based segmentation method CellPose, allowing individual
intensity signals to be extracted from every cell. The data was analyzed using
methods such as Pearson correlation and Cross correlation analysis, in order
to quantify the temporal relationships between cells. Spatial relationships
were assessed by calculating pairwise distances and classifying cell pairs as
neighboring or non-neighboring, as well as edge or interior cells.

The results show that calcium signaling exhibits varying correlations
across cell pairs. Correlation shows a weak decrease with distance, while
neighboring cells consistently display higher correlation than non-neighboring
cells. Furthermore, the influence of metabolic conditions was assessed by
comparing clusters under varying glucose concentrations. While glucose
levels did not affect signal intensity, they influenced cellular coordination,
with high-glucose clusters showing markedly reduced coordination.

Overall, the findings demonstrate that the dynamics of calcium signaling
can be explained not solely based on spatial proximity, but also cell-cell
connectivity. Future work could expand on these findings by using larger
datasets, improving tracking accuracy, and using more advanced models of
intercellular signaling.

Keywords

Calcium signaling, Cell-cell communication, MDCK II cells, Cross correla-
tion analysis, Fluorescence microscopy, Cell segmentation
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Sammanfattning

Kalciumsignalering spelar en central roll i kommunikation mellan celler i
flercelliga system. I epiteliala vavnader har koordinerad kalciumdynamik
foreslagits uppstd genom lokala interaktioner mellan nérliggande celler, men
till vilken utstrackning denna koordinering beror pa spatial organisation, direkt
cell-cell konnektivitet eller andra faktorer dr dnnu inte faststillt. Denna studie
undersoker dynamiken i kalciumsignalering i sma kluster bestdende av MDCK
[I-celler, med sirskilt fokus pa hur signaleringen paverkas av cellernas spatiala
positionering och metabola forhéllanden.

Fluorescensmikroskopi anvindes for att avbilda MDCK II-cellkluster
som uttryckte den genetiskt kodade kalciumindikatorn GCaMP6m, vilket
mojliggjorde extraktion av fluorescensintensitets-signaler som motsvarade
kalciumaktiviteten i cellerna. Celler inom ett kluster spdrades individuellt
med hjélp av den djupinlidrningsbaserade segmenteringsmetoden Cellpose,
vilket gjorde det mojligt att extrahera individuella intensitetssignaler for varje
cell. Data analyserades med hjilp av metoder sdsom Pearsons korrelation och
kors korrelationsanalys for att kvantifiera de temporala relationerna mellan
celler. Spatiala relationer utvirderades genom att berdkna parvisa avstdnd samt
klassificera cellpar som grannar eller icke-grannar, samt som kant-celler eller
inre celler.

Resultaten visar att kalciumsignalering har varierande grad av korrelation
mellan olika cellpar. Korrelationen visar pa en svag minskning med dkande
avstdnd, medan intilliggande celler konsekvent har en hogre korrelation
an icke-intilliggande celler. Vidare undersoktes pédverkan av metabola
forhéllanden genom att jaimfora kluster vid varierande glukoskoncentrationer.
Glukosnivan péverkade inte signalintensiteten, men paverkade den cellulidra
koordinationen, dir kluster med hog glukoskoncentration uppvisade en tydligt
reducerad koordination.

Sammanfattningsvis visar resultaten att dynamiken i kalciumsignalering
inte enbart kan forklaras av avstind, utan dven pdaverkas av cell-cell
konnektivitet. Framtida arbete kan vidareutveckla dessa resultat genom att
inkludera storre dataméngder, forbittra segmenteringen samt anvidnda mer
avancerade modeller for intracelluldr signalering.

Nyckelord

Kalciumsignalering, Cellkommunikation, MDCK II-celler, Kors korrelations-
analys, Fluorescensmikroskopi, Cellsegmentering
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2| Introduction

connectivity, and environmental conditions, such as glucose availability.

1.2 Problem

There is limited knowledge of the dynamics of calcium signaling between cells
in cell clusters. In particular, it remains unclear whether signaling dynamics
are primarily dependent on spatial positioning, direct cell-cell contact, or
external factors such as metabolic conditions.

While correlation-based methods can be used to identify any correlated
activity between cells, they do not directly reveal the true dynamics of cell-
cell communication. Therefore, it is important to analyze these relationships
in the context of spatial organization and temporal delays.

The question that needs to be answered remains, how does calcium
signaling and correlation between cells relate to their spatial positioning in
a cluster?

1.3 Goals

This thesis aims to understand the dynamics of calcium signaling in MDCK
II cell clusters, using fluorescence imaging and computational analysis.
The specific goals have been divided into the following subgoals:

1. To determine whether there is evidence for cell-cell communication
solely by analyzing the calcium signals.

2. To determine if the correlation between cells’ calcium signals are related
to the spatial position of the cells within the cluster, specifically if cells
are neighbors or not, or if the cells are part of the edge of the cluster or
not.

3. To investigate whether the concentration of glucose in the media has an
effect on the dynamics of the calcium signaling.

1.4 Research methodology

This study uses both experimental cell imaging and computational data
analysis. MDCK II cells expressing the calcium indicator GCaMP6m were
cultured and imaged using live-cell fluorescence microscopy. Time series
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were acquired and processed to extract fluorescence intensity signals from cell
clusters and individual cells.

Cell segmentation and tracking were performed using the machine
learning-based model Cellpose, allowing for the identification of individual
cells and the extraction of their intensity curves. These signals were then
analyzed using statistical methods, including Pearson correlation and cross
correlation, to quantify relationships between cells.

Spatial relationships were analyzed by calculating distances between cells
and classifying cell pairs as neighboring or non-neighboring based on direct
contact. Additional analyses were performed to compare different glucose
conditions to assess how environmental factors influence calcium signaling
behavior.

1.5 Structure of Thesis

Chapter 2 includes necessary background of the thesis, explaining subjects
such as cell-cell communication, calcium signaling, as well as the quantitative
analysis of spatial and temporal relationships. Chapter 3 includes the
methodology of the study, describing the experimental set up, imaging
parameters and the computational analysis used. Chapter 4 presents the results
of the study, while chapter 5 interprets the results in forms of key findings,
biological interpretation as well as methodological limitations. Chapter 6
concludes the work in this thesis and answers the research question, while
also suggesting improvements for future work.
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Chapter 3
Method

3.1 Cell Culture and Preparations

3.1.1 Cell Line and Culture Conditions

The madin-darby canine kidney (MDCK II) cells stably expressing the
genetically encoded calcium indicator GCaMP6m were used in this study.
The cells were maintained in T-25 flasks throughout the project and regularly
passaged to sustain a natural and healthy growth. Cells were regularly used
for experiments between passages 3 to 23 to ensure consistent results.

Cells were cultured in minimum essential medium eagle (MEM)
supplemented with 5% fetal bovine serum (FBS), 1% PS and 1% L-glutamine.
Cultures were contained in an incubator set at 37°C with 5% CO, and 90%
humidity, and were passaged two to three times per week when they had
reached approximately 60% to 70% confluency. During passaging, cells
were washed twice with SmL of phosphate-buffered saline (PBS), and treated
with ImL of Trypsin in order to detach from the bottom of the flask. After
incubating the flask for 5 minutes, a desired amount of the cells were added
to supplemented MEM in a new T-25 flask. The amount of cells added varied
between 100pL and 500uL depending on the confluency of the cells and the
time schedule.

For imaging experiments, between 50uL and 100uL of cells together
with 2mL of MEM were placed in 35mm glass-bottom microscopy dishes
in order to achieve fluorescence imaging. These were later used for imaging
experiments.
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Amino Acids
Ingredient Amount [mg/L]
L-Arginine Hydrochloride 126
L-Cystine 2HCI 31
L-Glutamine 292
L-Histidine Hydrochloride-H20 42
L-Isoleucine 52
L-Leucine 52
L-Lysine Hydrochloride 73
L-Methionine 15
L-Phenylalanine 32
L-Threonine 48
L-Tryptophan 10
L-Tyrosine Disodim Salt Dihydrate 52
L-Valine 46
Total osmolarity 4.85 [mOsm/L]

Table 3.4: The amounts of amino acids in the media, as well as the calculated
total osmolarity.

In order to determine the amount of glucose needed for the media, the
following calculations were made:

Molar weight of glucose = 180.156 [g/mol]
20 [mM] - 180.156 [mg/mmol] = 3603.12 [mg/L]

Molar weight of Mannitol = 182.17 [g/mol]
20 [mM] - 182.17 [mg/mmol] = 3643.4 [mg/L]

Total osmolarity =
289.15 + 4.85 + 0.06 = 314.41 [mOsm/L]

The total osmolarity calculated to 314.41 refers to both the media with
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glucose and the media with mannitol, and was determined to match the culture
media well enough to be used in the experiments.

3.2 Fluorescence Imaging

3.2.1 Setup of Microscope

Live-cell fluorescence imaging was performed using a wide-field fluorescence
microscope equipped with a Colibri LED illumination system (Zeiss). Images
were acquired using a 63x lens and a scientific CMOS camera. The cells
were excited using blue light at 475nm and emitted fluorescence was detected
at approximately 510nm using a standard GFP filter. The microscope was
controlled using ZEN imaging software (Zeiss), which was used to acquire
time series of images.

For live-cell imaging, the cells required a stable environment in order to act
naturally and for any calcium signaling to be detected. To adhere to this, the
cells were placed in a chamber mounted on the microscope with a controlled
environment of 37°C and 5% CO,. An objective heater was added to the
objective and set to 37°C. The cells stayed in the chamber for at least 1 hour
before imaging in order for them to stabilize and consequently minimizing the
risk of them moving out of focus during an imaging experiment. Cells were
imaged in their culture medium without further modification.

3.2.2 Imaging Parameters

Time series of the cells were acquired regularly through the duration of this
project. Images were collected at a framerate of 10 seconds, with a total
duration of 30 minutes. Exposure time was set to be between 100ms and
150ms, and the LED intensity was kept under 10% to limit the amount of
photobleaching. Additionally, a gray filter was applied to the LED light and
set to maximum capacity. Images were acquired with a spatial resolution of
approximately 512 x 512 and with a corresponding field of view of around
210um x 210um. The image sequences were saved as CZI files and later used
for image analysis.

3.2.3 Imaging the Altered Condition Cells

The cells with an altered cellular condition were imaged in the same way as
the rest of the cells. However, before imaging, the media was swapped from
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dij =\ (x; — )2 + (y; —yp)? (3.5)

where x and y were the averages of the tracked COMs for each cell, and i
and j were two different cells.

The relationship between the distance of cells and their correlation could
then be visualized by using a scatterplot, where each point represents a cellpair
with a distance and a correlation between each other. A standard linear
regression could then be calculated based on the data points in the scatterplot
and visualized with a line and a derivative. The same scatterplot could then be
made of the lag at which the best cross correlation was found, and then plotted
against the distance, however excluding the linear regression line.

3.5.4 Neighbors vs Non-Neighbors

Not only distance was accounted for when checking correlations, since two
cells could be far apart but still be neighbors. Therefore, another python
program was created, where neighboring pairs and non-neighboring pairs
could be classified. This was done by using the npy-file where the masks of
the cells were tracked and saved as a 2D boolean-like arrays showing which
pixel belongs to each cell. The masks were enhanced by one pixel outwards in
order to account for small gaps that might appear between neighboring cells.
If two cells then shared pixels, they were considered a neighboring pair. After
looping through each frame and doing the same process, a fraction could be
calculated by dividing each time two cells were in contact with the amounts
of frames, where a result of 0.25 would mean the cells touched in 25% of the
frames. Cell pairs exceeding the threshold of 10% were considered neighbors.

By using the now determined neighboring and non-neighboring pairs, the
scatterplots displaying the relationship between distance and correlation could
be repeated however now displaying which dots represent a neighboring pair
and which represent a non-neighboring pair. Boxplots of the two categories
could also be made after this distinction. The mean and the median of the
correlation of the neighbors and non neighbors in every cluster was recorded.

3.5.5 Edge vs Interior

What was part of the edge of a cluster was determined manually and used as
input in a python program. A scatter plot and a boxplot like the ones mentioned
above could then be made displaying the relationship between the correlation
and distance of a cellpair, while showing which cell pairs contained two edge
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cells and which pairs contained two interior cells. The average intensity of all
edge cells and all interior cells were also recorded for all clusters.



24| Method






26 | Results and Analysis

4.1.1.2 Cluster 2
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Figure 4.2: Images obtained of cluster 2 in three different time points.

4.1.1.3 Cluster3
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Figure 4.3: Images obtained of cluster 3 in three different time points.






