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Abstract 

Stroke is one of the leading causes of death in people over 40. Stroke is one of 

the leading causes of death over the age of 40. In terms of etiology, it can be divided into 

hemorrhagic and ischemic stroke, accounting for the vast majority of cases (about 90%). 

An ischemic stroke occurs when blood clots or other particles block a blood vessel's 

lumen, depleting supplies of fresh blood. Currently, pharmacotherapy of stroke uses 

drugs to dissolve the clot (recombinant tissue plasminogen activator) and restore blood 

flow. Despite many clinical trials and potential cures, there is still no effective therapy to 

protect neurons from death. 

Examination of alterations in nanomechanical properties of nervous tissue and 

individual cells might shed light on mechanisms engaged in pathological changes present 

in cells during stroke exposure and understand molecular processes lying behind them. 

Combined atomic force microscopy (AFM) techniques, confocal microscopy, and 

metabolic activity analysis were applied to estimate and explain alterations in the 

nanomechanical properties of cells subjected to oxygen and glucose deprivation (OGD).  

First, the changes in the nanomechanical properties of human neuroblastoma SH-SY5Y 

cells exposed to OGD for 1, 3, and 12h were evaluated directly after OGD and after 24h 

of re-oxygenation (RO). Obtained results showed that the viability of SH-5YSY cells 

remained unchanged, but, in parallel, the metabolic activity of these cells decreased with 

OGD duration. 24h RO did not recover the metabolic activity fully. Cells subjected to 

OGD expressed higher deformability than control cells. Cell softening was strongly 

present in cells after 1h of OGD and with longer OGD duration, and in RO conditions, 

cells recovered their mechanical properties. Next, mice primary hippocampal neurons 

were exposed to OGD conditions for 1 and 3h. The results revealed a significant decrease 

in cell survival during prolonged OGD exposure and re-oxygenation. AFM-based 

assessment of nanomechanical and microrheological properties of neurons showed the 

increased deformability of neurons and a shift in transition frequency, suggesting 

alterations in the cytoskeleton and cytoplasm ion equilibrium. Confocal images 

confirmed disturbances in actin network organization and loss of the integrity of 

microtubules. Additionally, microrheological analysis confirmed alterations in a viscous 
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component of nanomechanical properties of neuronal cell cultures, which correlated with 

OGD duration. 

Changes in the nanomechanical properties observed for both cell types were 

attributed to the remodeling of various cytoskeleton components. Understanding of 

cytoskeleton remodeling was mainly based on the response of actin cytoskeleton and 

their regulation via actin-associated protein, cofilin. In active form (unphosphorylated), 

cofilin is responsible for the actin cytoskeleton severing, nucleation, and branching. Each 

studied cell type responded differently to OGD conditions. In neuroblastoma SH-SY5Y 

cells, mainly a decrease in actin polymerization is responsible for the alteration in the 

nanomechanical properties of these cells. Cofilin activity plays a compensatory role in 

prolonged exposure. In the case of neurons, the cofilin activity increases, which pointed 

to other mechanisms of cytoskeleton activity modulation, including microtubule re-

organization, and cytotoxic cell swelling. The presented study shows the importance of 

nanomechanics in research on ischemic-related pathological processes such as stroke. 
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Streszczenie 

Udar mózgu jest jedną z głównych przyczyn zgonów u osób w wieku powyżej 

40 lat. Pod względem etiologii wyróżnia się udar krwotoczny i niedokrwienny, ten drugi 

stanowi znaczną większość przypadków (około 90%). Przyczyną udaru 

niedokrwiennego jest zablokowanie światła naczynia krwionośnego (na przykład 

skrzepliną) prowadzące do zablokowania przepływu natlenowanej krwi przez tkankę. 

Obecnie w terapii udaru stosuje się leki rozpuszczające skrzeplinę (rekombinowany 

tkankowy aktywator plazminogenu) i przywracające przepływ krwi. Pomimo wielu 

badań klinicznych i setek potencjalnych leków, wciąż nie ma skutecznej terapii opartej 

na neuroprotekcji. 

Badanie zmian właściwości nanomechanicznych tkanki nerwowej oraz 

poszczególnych komórek może rzucić światło na mechanizmy zaangażowane w 

patologiczne zmiany zachodzące w komórkach podczas udaru i zrozumieć procesy 

molekularne, które za nimi stoją. Do oceny i wyjaśnienia zmian właściwości 

nanomechanicznych różnych modeli komórkowych zastosowano połączone techniki 

mikroskopii sił atomowych (AFM), mikroskopii konfokalnej i analizy aktywności 

metabolicznej. Pierwszy model oparty jest na modelu komórkowym SH-SY5Y ludzkiej 

neuroblastomy. Komórki poddano deprywacji tlenu i glukozy (OGD) przez 1, 3 i 12 

godzin. Ich odpowiedź biomechaniczną badano bezpośrednio po ekspozycji na OGD i 

po 24-godzinnej reoksygenacji (24h RO). Uzyskane wyniki wykazały, że żywotność SH-

SY5Y pozostała niezmieniona, ale równolegle aktywność metaboliczna komórek 

zmniejszała się wraz z czasem trwania OGD. Po 24h RO nie zaobserwowano powrotu 

do pełni aktywności metabolicznej. Komórki poddane OGD wykazywały wyższą 

deformowalność niż komórki kontrolne. Zwiększenie deformowalności komórek było 

silnie obecne w komórkach już po godzinnym OGD, a w warunkach 24h RO 

deformowalność komórek była na poziomie deformowalności komórek kontrolnych. 

Drugi model, oparty na mysich pierwotnych neuronach hipokampa, które były 

komórkami traktowanymi w warunkach OGD przez 1 i 3 godziny, wykazał znaczne 

zmniejszenie przeżywalności komórek podczas przedłużonej ekspozycji na OGD i 

reoksygenacji. Badania AFM, analogicznie do modelu SH-SY5Y, wykazały zwiększoną 

deformowalność komórek. Analiza za pomocą mikroskopu konfokalnego potwierdziła 
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zaburzenia w organizacji sieci aktynowej oraz utratę integralności mikrotubul. 

Dodatkowo analiza mikroreologiczna potwierdziła zmiany we własnościach lepkich 

neuronów, korelujące z czasem trwania OGD. 

Zmiany właściwości nanomechanicznych obu modeli komórkowych przypisano 

przebudowie różnych składników cytoszkieletu. Zrozumienie przebudowy cytoszkieletu 

opierało się głównie na odpowiedzi cytoszkieletu aktynowego i jego regulacji przez 

białko związane z aktyną, kofilinę. W postaci aktywnej (nieufosforylowanej) kofilina 

odpowiada za przecięcie, zarodkowanie i rozgałęzienie cytoszkieletu aktynowego. 

Zastosowane modele w różny sposób reagują na warunki OGD. W komórkach SH-SY5Y 

za zmianę właściwości nanomechanicznych odpowiedzialny jest głównie spadek 

polimeryzacji aktyny. Aktywność kofiliny odgrywa rolę kompensacyjną w przedłużonej 

ekspozycji. W modelu neuronalnym aktywność kofiliny wzrasta, istnieje jednak wiele 

innych mechanizmów modulacji aktywności cytoszkieletu, w tym reorganizacja 

mikrotubul oraz wzrost objętości komórek (tzw. cell swelling). Przedstawione badanie 

pokazuje znaczenie nanomechaniki w badaniach nad procesami patologicznymi 

związanymi z niedokrwieniem, takimi jak udar. 
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1. Introduction 

 

The development of advanced spectroscopic techniques, such as force-volume 

elasticity estimation and microrheology analysis of visco-elastic properties, allows for 

estimating changes in nanomechanical properties of living cells under specific conditions 

such as drug treatment or oxygen and glucose deprivation (OGD) exposure. Alterations 

of nanomechanical properties might predict the occurrence of some diseases before the 

first visible symptoms. A good example of this relation is studies applied in the murine 

model of multiple sclerosis [1]. On the other hand, spectroscopy techniques applied in 

verifying disease progression might be involved in better recognizing and evaluating 

invasiveness and cancer progression. Many types of tissue, including nervous tissue, 

exhibit mechanosensitivity, the response to changes in visco-elastic properties of the 

surrounding environment. There is a chance that identification and understanding of 

nanomechanical changes will allow obtaining knowledge about pathology and potential 

ways of treating many disorders, including stroke and cancers. In the case of cancers, 

studies confirmed higher deformability compared to their normal, healthy counterparts 

[2-4]. It is particularly significant for cancer development as recent data have 

demonstrated the importance of mechanical forces in the formation of metastasis [5,6]. 

One technique that enables the measurement of the biomechanical properties of cells in 

conditions mimicking natural ones is atomic force microscopy (AFM).  

The presented thesis is organized in the following order. Chapter 1 introduces 

basic information about stroke, including statistics and descriptions of in vivo and in vitro 

models of stroke applied description of cell cytoskeleton structure and molecular 

pathways involved in the cytoskeleton remodeling after stroke exposure. This chapter 

highlights the importance of using different models to study particular aspects of short- 

and long-term alterations. In Chapter 2, the main objectives of the thesis are presented. 

Chapter 3 presents the characteristics of the cells (three immortalized cell lines: HeLa, 

U118 MG, SH-SY5Y cells, and mice primary hippocampal neurons) used during the 

study. It also describes experiments inducing OGD and procedures for assessing 

metabolic activity and cell viability, including MTS and LDH assays, live/dead staining, 

and cofilin/phospho-cofilin assay (cell-based ELISA and Western blot). It also presents 
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the techniques used in the presented research, i.e., fluorescence and confocal microscopy 

and atomic force microscopy (AFM), including a detailed description of data analysis 

and image processing. Finally, statistical methods applied in the thesis are described. 

Chapters 4, 5, and 6 gather all results obtained during this Ph.D. work. Chapter 4 treats 

the importance of cell morphology, in particular actin cytoskeleton architecture, in the 

nanomechanical properties of cells. The other two chapters describe the nanomechanical 

response of cells to OGD for neuroblastoma SH-SY5Y non-differentiated cells and mice 

primary hippocampal neurons, respectively. Cofilin activity was postulated as the main 

factor responsible for the alterations in nanomechanical properties. In Chapter 7, the 

obtained results are gathered and discussed. They are explained, including additional 

modulation of nanomechanics dependent on other factors, including microtubule 

organization, cytoskeleton tension governed by myosin light chain (MLC) activity, and 

cytoplasm pressure combined with cytotoxic cell swelling, in the neuronal model.  

 

1.1. Stroke – basic information 

A stroke is a condition in which impairments in blood flow cause brain damage 

due to a lack of nutrient supply like oxygen and glucose [7]. Two types of stroke can be 

distinguished: hemorrhagic and ischemic (Figure 1.1.). Regardless of the type of stroke, 

the brain cannot function properly, leading to losing body control and functioning. Such 

symptoms as a loss of body balance, problems with seeing, face drooping, slurred speech, 

and arm or leg weakness can be observed [8]. 

a)  b)  

Figure 1.1. Scheme describing the direct cause of two types of stroke a) ischemic stroke 

caused by a blockage in blood flow to the brain by a clot, and b) hemorrhagic stroke 

caused by loss of artery integrity and sudden bleeding (inspired from: 

https://healthjade.net/cva-stroke/) 

https://healthjade.net/cva-stroke/
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A hemorrhagic stroke occurs after loss of artery integrity that causes bleeding into 

the brain. This type of stroke is less frequent (10-15% cases) than ischemic stroke, which 

is caused by a blockage of the blood vessels in the brain. A disrupted blood flow results 

in oxygen and glucose deficiencies in the surrounding cells [9]. 

Every 8 minutes, a stroke event in Poland is noted, which results in over 60,000 

cases per year [10]. Worldwide, the number of strokes exceeds 15 million cases annually. 

One person is estimated to die from a stroke every 6 seconds globally, and more than 5 

million people annually [11]. A statistical analysis shows that stroke is 2nd cause of 

second leading cause of death and the third leading cause of disability [12]. The last three 

decades have significantly improved treatments for this disease, resulting in increased 

life expectancy after treatment and rehabilitation [13,14]. Currently, one of the treatment 

methods applies thrombolytic drugs such as recombinant tissue plasminogen activator 

(rtPA) [15]. This therapy can be applied in approximately 10% of patients. The second 

method is mechanical thrombectomy, which involves removing the clot [16]. Although 

there are already over 1026 potential drugs and nearly 200 in clinical trials, there are no 

effective therapies based on neuroprotection [17].  

 

1.2. In vivo models of stroke 

In in vivo studies, mainly rodent and non-human primates are applied to model 

ischemic stroke. Using appropriate animal models of human diseases is crucial in 

understanding pathology and proposing effective treatment strategies. Humans from 

rodents differ by 10% in the genome and about 300 genes [18]. Some essential 

differences in the nervous system are (i) the expression levels of transporters and ionic 

pumps located at the blood-brain barrier (BBB), and (ii) the functional diversity and 

abundance of astrocytes [19]. Additionally, rodents (especially mice) exhibit different 

duration of excitotoxicity in comparison to humans [20]. Importantly, the immune 

system plays a role in restoring brain functions within the brain region affected by stroke. 

This points to differences in the immune systems of rodents and humans linked with the 

inflammatory response to stroke. Such signaling molecules as  interleukin-8, chemokine 

(C-X-C motif) ligand 7, chemokine (C-C motif) ligand [CCL] 18, monocyte 

chemoattractant protein-4 and CCL24/CCL26) are only expressed in humans. Such 

molecules as CCL6, CCL9, and monocyte chemoattractant protein-5 are present only in 
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mice [18]. These differences may result in various, not always needed, and expected 

effects of potential therapeutics.  

In vivo studies apply two major ischemic models, i.e., "global" and "local (or 

focal)" ischemia. Induction of the global ischemia is frequently performed by ligating for 

5–15 min the vertebral arteries (two-vessels), carotid arteries (two-vessel occlusion, 2-

VO), or both (four-vessel occlusion, 4-VO) [21-23]. It results from the total cessation of 

cerebral blood flow, and usage of this model is mainly focused on hippocampal damage. 

Its significant advantage is the possibility of investigating metabolic alterations after 

restoring blood flow [24,25]. The two-vessel occlusion method (occlusion of both 

common carotid arteries) is coupled with hypotension to produce ischemia in the 

forebrain region [23]. Focal models can give insight into many stroke symptoms more 

closely than global models. Cell death in stroke-affected tissue accrues in a time and 

region-dependent manner, a primary insult to a specific set of cells within the targeted 

brain region – the infarcted core, and secondary symptoms resulting in cell death (i.e., 

oxidative stress, inflammation, mitochondrial dysfunction, altered synaptic plasticity) to 

neighboring tissue – referred to ischemic penumbra. Stroke in the cortex and striatum 

can be conducted by applying a ligation or occlusion of the proximal and distal middle 

cerebral artery (MCA) using sutures/filaments [26], coagulation/ligation of MCA 

[27,28], photothrombotic approaches (rose Bengal – after injection, irradiating the 

exposed region with green light (560 nm) induces thrombotic plugs [29,30]), and arterial 

or intracerebral placement of autologous blood and clot-forming agents [31].  

Rodent stroke models allow for the simulation of complete and transient 

occlusion; however, clinical stroke is not precisely described because complete occlusion 

rarely occurs. Typically, their spontaneous recanalization is observed. In most studies, 

the stroke model is applied to healthy animals. In contrast, in humans, age and multiple 

other factors such as hypertension, diabetes, hyperlipidemia, heart disease, patients’ 

medications, etc. [32-34] can play a  crucial role in stroke pathophysiology and response 

to therapeutics. For a close approximation of accrued pathology and preclinical readouts 

of novel therapies, consideration of the factors mentioned above is necessary for further 

conclusions.   

The procedure of stroke induction itself is prone to factors such as a high rate of 

variability with the location and size of the lesion [35-40]. More limitations of rodent 



 

17 
 

models are mentioned below. The first factor is connected with the difficulty in 

visualizing the MCA occlude placement; however, it has mostly been solved by applying 

flowmeters [41,42]. Using models in acute stroke neuroprotection studies requires 

functional assays for determining safety and efficacy profiles with short animal survival 

times [43]. Additionally, for prolonged studies of therapeutics efficiency, longer survival 

of animals after ischemia exposure and blood flow restoration is required. Important 

limitations in the application of rodents in ischemic stroke studies are anatomical 

differences in vascularity and brain anatomy compared to humans. Therefore, the design 

of experiments in translational studies should include sample size, randomization, 

investigator bias, and treatment condition blinding, all of which should allow for the 

avoidance of confounding variables that may decrease the effectiveness in further clinical 

applications [44,45].  

Compared to rodent models, non-human primates (NHP) models give many 

advantages according to their vascular anatomy, including anatomically and genetically 

higher relevance [46]. Currently used NHP models include squirrel monkeys, macaques, 

and baboons. However, translation studies from primates to humans must also be 

carefully verified. For example, the clinical trial of theralizumab (TGN1412, a 

humanized monoclonal antibody binding to the CD28 receptor on T lymphocyte surface) 

almost resulted in the deaths of 6 healthy volunteers because of differences in binding 

characteristics between humans and rhesus monkeys, which resulted in a severe 

inflammatory response [47]. In vitro studies of the effect of theralizumab on human 

peripheral blood mononuclear cells and activated human T cells have shown that 

enhanced cytokine release evaded previous preclinical trials [47,48]. Drug safety 

regulations require that all data obtained on animal models must be reproduced using a 

proper human in vitro model [49]. Some research groups focus on human tissues 

provided during neurosurgeries. The latter approach constitutes the human models; 

however, such models are not always accessible.  

 

1.3. In vitro stroke models 

Understanding processes occurring during stroke exposure are often conducted at 

the cellular level using OGD, which is also successfully applied in ischemic cell death 

studies [50]. In the OGD models, cells, tissue slices, or other samples can be exposed to 
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reduced oxygen (hypoxia) or total lack of oxygen (anoxia) and cultured in glucose-

deprived media. Additionally, the effect of media exchange and re-

oxygenation/reperfusion has to be considered. With prolonged OGD exposure, the re-

oxygenation may paradoxically result in inducing further damage to cell functioning. For 

example, ischemia-reperfusion injury is linked with the immediate generation of reactive 

oxygen species and calcium influx [51].  

Ischemic stroke can be mimicked in cell cultures by applying chemical, 

enzymatic methods (enzymatic inhibition of cell metabolism) or by OGD with 

accompanying reperfusion/re-oxygenation (restoration of oxygen and glucose) [52]. 

Applying combined inhibition of glycolysis and cell respiration allows for obtaining in 

vitro chemical model of stroke. Comparing this method with OGD lasting for 1 hour 

followed by 3-hour reperfusion resulted in higher reproducibility and efficiency than 

OGD [52]. Chemical and enzymatic methods encounter high throughput, easy 

application techniques, with high relevance and rapid response (chemical hypoxia results 

in a larger generation of free radicals than anoxia), there does not allow investigations of 

alterations in cell metabolism, and regeneration processes occur in cells during 

reperfusion. Ischemic conditions can also be generated by replacing the O2/CO2 

equilibrated culture medium with N2/CO2 equilibrated one, followed by maintaining cell 

culture in a hypoxic chamber in a 95% N2 and 5% CO2 atmosphere. Typically, oxygen 

deprivation is accompanied by glucose deprivation. Hypoxia alone can significantly alter 

the actin cytoskeleton and tight junctions of endothelial cells in BBB models [53]. 

Glucose deprivation alone is rarely applied in modeling stroke because of its low 

efficiency (> 4 hours does not significantly affect rat cortical neurons) [54]. Acute cell 

body swelling, provoked by combined oxygen and glucose deprivation, has already been 

observed in primary neurons leading to acute cell body swelling, followed by excitotoxic 

necrotic and apoptotic cell death [55,56], despite a return to standard culture conditions 

supplemented with both oxygen and glucose [57]. The large increase in extracellular 

glutamate concentration consistent with excitotoxic effects in vivo is also observed 

during OGD in primary mouse cortical neurons [57]. 

Investigation of ischemic pathology and potential neuroprotective drug efficiency 

can be performed by applying various samples providing cell-cell interaction and tissue 

organization [58]. The study of thin brain slices (≈ 400 μm) allows for investigating brain 
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cell interactions [58,59]. Rodent brain slices were maintained for ≤ 12 hours under 

perfusion with artificial cerebral spinal fluid. OGD induction was conducted by replacing 

oxygen with nitrogen and removing glucose. The use of slices allowed for investigating 

various cell types in nervous tissue and the effects of ischemia from cerebrovascular 

influence [59,60]. In the other method, human cortical slices were studied in search of 

evidence of glutamate receptor involvement in ischemic injury in the human brain [61]. 

Usage of human material is rare and limited to samples collected during neurosurgeries 

of young epileptic patients. This experimental group cannot be directly treated as 

physiological. Additionally, they do not represent a group prone to stroke events; 

however, they are still precious in translational studies. 

Organotypic ex vivo cultures can be obtained from neonatal animals and allowed 

to mature in vitro. Apart from structural preservation, many cultures exhibit synaptic 

rearrangement caused by a lack of extrinsic afferent and efferent signals in vitro [62]. 

These cultures are widely used for investigating neuronal cell death, myelination, 

synapse plasticity, and potential stroke therapies after OGD. 

The application of primary cells gives many advantages. In the context of AFM 

studies, primary neurons reflect more closely the morphology and physiology of 

hippocampal neurons in nerve tissue. However, terminally differentiated primary cells 

and their inability to replicate diminish the efficient usage of the model in high 

throughput studies. Isolation and purification of cells are time-consuming, and the 

amount of cells is limited. Additionally, primary cells exposed to nonphysiological 

conditions of 2d culture might also lose their phenotype [63,64]. 

Immortalized cell lines allow the introduction of high throughput studies on the 

human model in vitro, reducing complications combined with different gene expression 

profiles. According to present studies, many models were introduced, including 

immortalized human microglia cells displaying various inflammatory responses typical 

for the primary cells. Further conclusions should consider the presence of oncogenes that 

distinguish them from endogenous cells by increased proliferation, cell adhesion, and 

variance of morphologies. Sometimes, cells derived from different human body parts are 

considered neural cell models. SH-SY5Y neuroblastoma cells are a good example of this 

statement. These are adrenergic and dopaminergic cells derived from cells of a bone 

marrow biopsy taken from a 4-year-old patient with neuroblastoma [65]. Additionally, 
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both non-differentiated and differentiated SH-SY5Y cells have their advantages and 

drawbacks in the model of neuron cells [66]. The human-origin cell line allows for a 

better reflection of the stroke-induced alterations and testing of potential drug therapy. 

For further clinical studies, it is necessary to obtain proper models of drug targeting 

through the Blood Brain Barrier. In in vitro studies are applied various types of in vitro 

BBB models, including nonhollow fiber-based microfluidic models [67]. 

Another cellular model is embryonic stem cells. In principle allow the application 

of high throughput studies on every cell type in vitro. Many methods were applied to 

obtain lineage-restricted neural progenitor cells for their further specific differentiation 

into neurons, astrocytes, or oligodendrocytes [68]. The application of embryonic stem 

cells is facing some crucial issues, including ethical limitations of human embryonic stem 

cell usage and the introduction of oncogenes. Partially these problems have been solved 

by obtaining efficient and safe methods of reprogramming somatic cells into induced 

pluripotent stem cells (iPSCs) [69,70]. Furthermore, it is possible to obtain fully 

differentiated iPSC cells to neurons with around ≈ 100% purity of cells [71].  

Independently from the applied in vitro model, there are still only a few studies 

focusing on changes in nanomechanical properties and their importance in the context of 

stroke. Various studies confirmed nervous tissue and cells as mechanosensitive and able 

to respond to alterations in the biomechanical properties of surrounding tissue [72]. 

However, there is no sufficient information about changes in mechanical properties and 

the response of neurons to stroke conditions. 

 

1.4. The structure and organization of cell cytoskeleton 

The cell cytoskeleton supports cellular functions such as cell morphology, cell 

migration, cell division, and intracellular transport [73]. Its action is regulated by the 

polymerization and depolymerization of cytoskeletal elements through various 

associated proteins. Almost all eukaryotic cells possess a cytoskeleton, which consists of 

three major fibrous components, i.e., microfilaments (actin filaments), intermediate 

filaments, and microtubules (Figure 1.2).  
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Figure 1.2. Scheme showing 

localization, morphology, 

and interactions of three 

main filamentous structures 

of cell cytoskeleton: 

intermediate filaments, 

microtubules, and 

microfilaments. 

 

These filaments are composed of proteins, i.e., actin in the case of actin filaments, tubulin 

in the case of microtubules, and vimentin or keratin in the case of intermediate filaments.  

Microfilaments (actin filaments) are composed of actin that polymerizes into a 

fibrous structure with a diameter of 7 nm. In cells, these filaments are mainly present 

beneath the cell membrane in two forms [74,75], i.e., a meshwork composed of a short 

polymerized form of actin (F-actin)  and bundles of parallel organized fibers that may 

span over the whole cell body (in specific case they are called stress fibers). 

Microfilaments, assembled from monomeric actin (G-actin), form twisted strands 

interacting with various actin-associating proteins, including, for example, that of the 

tropomyosin family. Microfilaments are characterized by a polar organization with fast-

growing “barbed” and slow-growing “pointed” ends. Regulation of actin cytoskeleton 

dynamics depends on many actin-associated proteins such as filament crosslinkers, 

promoters, and inhibitors of actin monomer assembly. The continuous control between 

G-actin and F-actin amounts that translates into the balance between polymerization and 

depolymerization leads to a dynamic equilibrium state. By this, cell architecture and 

mechanical resistance are maintained by employing various actin-binding proteins 

[76,77]. Microfilaments regulate various biological processes, including cell migration, 

division, and vesicle trafficking. In neurons, numerous studies have demonstrated the 

critical role of the actin cytoskeleton in neurite outgrowth, neurite regeneration, and 

synapse function.  

Intermediate filaments comprise various proteins forming a fibrous structure of 

about 10 nm.  They exhibit nonpolar characteristics, whereas microfilaments and 
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microtubules show polarity in their organization. The role of these cytoskeletal 

components is to establish a structural framework and support dynamic processes such 

as the transport of molecules and organelles during cell migration. Additionally, they 

provide mechanical resistance toward tension or stretching by distributing the forces over 

a cell body [73]. In the nervous system, intermediate filaments are named by the term 

neurofilaments [78]. They are heteropolymers composed of four subunits classified 

depending on the apparent molecular mass. There are light (NF-L), medium (NF-M), and 

heavy (NF-H) neurofilaments. Neurofilaments are mainly thought to be responsible for 

controlling axonal growth [79,80], their conduction velocity [81,82], or maintaining 

mitochondrial stability [83]. 

Microtubules form a tube, which is long, empty inside, and very dynamic. The 

diameter of a single microtubule is around 25 nm. Their polar organization enables the 

transport of proteins by the coordinated assembly of α/β-tubulin dimers leading to the 

formation of fast-growing plus and slow-growing minus ends. In most eukaryotic cells, 

microtubules are formed in the centrosome (a microtubule organizing center) located 

close to the cell nucleus and grow towards the cell membrane [84]. They play a crucial 

role in the organization of molecular complexes and organelles within the cytoplasm. 

Members of the motor protein families, like kinesins and dyneins, responsible for plus-

end-directed and minus-end-directed transports, drive cargo transport along 

microtubules. 

All cytoskeletal components (microfilaments, intermediate filaments, and 

microtubules) interact by employing numerous linker proteins between the filaments or 

through shared signaling pathways. For example, neurofilaments interact with 

microtubules during the transport of NFs  (neurofilaments) via dynein and kinesin motors 

along microtubule tracks [85-87]. Neurofilament proteins also interact with microtubule-

associated protein 2 (MAP2), showing a direct link between these filament systems [89-

90].  

Communication and interaction of microtubules and actin cytoskeleton are 

crucial in neuritogenesis [91]. The application of drugs (taxol, nocodazole, latrunculin 

A, and cytochalasin B) changes the organization and dynamics of one cytoskeletal 

system, like microfilaments or microtubules. Inhibition of the polymerization of one of 

the fibrous networks can lead to changes in the branching of neurons [92]. It is because 
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many actin-associated proteins interact with microtubules or play a regulatory role like 

it is in the case of the formin family of proteins [93] or microtubule plus-end-tracking 

protein (CLIP-170, [94,95]). Microtubule-associated proteins (MAP1, MAP2, and tau). 

MAP1 proteins are also engaged in interactions between microtubules and actin 

filaments. Their role is essential in the development and elongation of axons [96]. 

Additionally, in primary hippocampal neurons, changes in the distribution of tau protein 

have already been reported during microtubule disruption and by cytochalasin-induced 

depletion of filamentous actin [97]. 

 

1.5. The activity of small GTPases and cofilin involvement  

The Rho1-family of small GTPases2 regulates numerous cellular processes such 

as motility, mitosis, proliferation, and apoptosis [98-104]. Rho GTPases function as 

molecular switches and interact with downstream effector molecules to propagate the 

signal transduction in their GTP (guanosine triphosphate) loaded “on” state. In contrast, 

the activity of intrinsic phosphatase hydrolyzes the GTP to GDP (guanosine 

diphosphate), turning the protein “off” [105,106]. The role of small GTPases in neurons 

lies in controlling distinct aspects such as neurite outgrowth, the protrusive behavior of 

growth cones, addition and retraction of neurite branches, attenuation of neurite 

extension, and growth cone collapse [107]. 

GTPases act through various downstream effectors on the microfilament and 

microtubule systems. The downstream targets of Rho include kinases, formins, families 

of WASp proteins, and other scaffolding molecules [108]. Including these subclasses, 

direct effects on actin cytoskeleton rearrangements resulting in modulation of motility, 

exhibit the Rho-associated coiled-coil kinase1/2 (ROCK), the p21-activated kinase 

(PAK), the mammalian Diaphanous formin (mDia) and proteins of the WASp family 

including WASp, N-WASp and WAVE. RhoA, B, and C activate the immediate 

downstream kinase target ROCK, which is responsible for the direct phosphorylation of 

numerous actin cytoskeleton regulators, including myosin light chain phosphatase and 

LIM kinase (LIMK) [109,110]. Phosphorylation of the myosin light chain and myosin 

                                                           
1 Rho – The Ras homologous protein family 
2 GTPases are a large family of hydrolase enzymes binding to the nucleotide guanosine triphosphate 
(GTP) and hydrolyzing it to guanosine diphosphate (GDP). 
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light chain phosphatase alters the phosphorylated myosin light chain level, leading to 

contractility changes [111].  

Activation of LIMK by ROCK is combined with the activity of the ADF3/cofilin 

protein family [110,112-114]. The ADF/cofilin family regulates microfilament dynamics 

by severing, nucleation, and capping within the protrusive machinery [115-121]. Cofilin 

participates in the process of forming an actin nucleus consisting of three actin monomers 

from which actin filaments elongate. It binds to filamentous (F-actin) and monomeric 

(G-actin) actins with high affinity with a preference for ADP4-actin [101-103] and 

regulates actin cytoskeleton structure by increasing the dynamics of filament assembling 

and/or disassembling. Modulation of microfilaments conformation is realized by 

accelerating the dissociation of actin monomers from the filament-pointed end [106] and 

severing existing filaments [122], regulating protrusive dynamics in the leading edge 

[123-126], cell motility [98,127], cytokinesis [99], and endocytosis [100]. Additionally, 

ADF/cofilins increase the dissociation of phosphate from ADP-Pi5 filaments and 

promote the debranching of the Arp2/36-nucleated actin filament network [128,129]. 

Cofilin activity is regulated by direct phosphorylation at Ser3 through the LIMK [121]. 

For dephosphorylation of the inactive form (phospho-cofilin) into active form ale 

responsible Slingshot and Chronophin family of phosphatases activated by Rac17 

[130,131]; however, the coordination of multiple pathways governing its regulation 

seems to be unclear.  

Studies performed on the Swiss3T3 cell line revealed that microinjection of the 

activated mutants of Rho GTPases into starved and quiescent cells significantly altered 

actin cytoskeletal structure and organization [98,99,127,132,133,134]. In the brain, OGD 

affects the actin cytoskeleton leading to blood-brain barrier disruption and alterations in 

endothelial cells [135], non-neuronal brain cells [136], and neurons [137]. Reported 

changes might mainly involve cofilin-based regulation. As an actin-depolymerizing 

factor, cofilin was highlighted to participate in the actin remodeling in axons [137-139]. 

In ischemia-induced actin disruption, cofilin activity is connected with ATP depletion 

                                                           
3 ADF – actin depolymerizing factor 
4 ADP – adenosine-di-phosphate 
5 ADP-Pi – ADP with inorganic phosphate 
6 Arp2/3 – actin related protein 2/3 complex 
7 Rac1 – human Ras related C3 botulinum toxin substrate 1 
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[140]. Cofilin plays a crucial role in an early phase of apoptosis [140] and intracellular 

contractile force generation [141]. The role of cofilin regulation in many pathological 

processes and diseases make this protein a potential target for neuroprotective 

approaches in the early stages of ischemic brain injury. 

 

1.6. Biomechanics of cells using atomic force microscopy (AFM) 

The development of various advanced biophysical methods enabled the 

nanomechanical characterization of biological samples. To these techniques belongs 

atomic force microscopy (AFM), [4,142-144] magnetic twisting cytometry 

[145], magnetic [146], or optical tweezers [147], and micropipette aspiration 

[148]. AFM was developed in 1986 [149] and belonged to the family of scanning probe 

microscopy (SPM) techniques [150]. AFM was initially established as a technique for 

the morphology analysis of nanometer-size objects. With time, it has been widely applied 

in biological studies [151]. AFM is a widely used technique that combines nanoscale and 

high-resolution imaging to determine the nanomechanical properties of cells and tissues 

[152]. Additionally, AFM has an important advantage compared to other microscopy 

techniques. They are linked with sample preparation, as dehydration, surface coating, or 

labeling are not required. Measurements can be carried out in air, vacuum, and liquids 

(including culture media) [153]. Depending on the interaction of the AFM tip with the 

sample, contact (the tip is in contact with the sample surface), tapping (the tip–surface 

interactions are minimized), and non-contact (the cantilever oscillates at a certain 

distance from the surface) modes of the AFM operations can be distinguished. Force 

spectroscopy mode, where the previously calibrated cantilever acts as a force sensor, 

gives insight into the nanomechanical properties of biological samples [152,153]. 

Despite various theoretical models, the description of the nanomechanical 

response of biological samples is sophisticated and requires specific simplifications 

[154-157]. Mostly, cells are approximated as a homogenous material without internal 

structure [157]. Current approaches allow comparing sufficient viscosity and elasticity 

of cells between various [158,159]. Mechanical properties of materials can be described 

by the nature of deformation generated by the external force. Elastic material exhibits 

resistance to external force and returns to its original size and shape after stress removal. 

Plastic materials exhibit different characteristics; they adapt to external forces and 
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irreversibly change their shape. In other cases, a combination of the elastoplastic 

behavior is included [160]. Biological objects mainly reveal viscoelastic behavior [161-

163]. Application of theoretical models is difficult; thus, very frequently, only elastic 

contribution is considered in further studies. 

Quantifying each deformation type can be done by determining the corresponding 

modulus, such as Young's (elastic) modulus, which describes the resistance to a 

compressive or tensile force or shear modulus quantifying mechanical response to shear 

force [164]. Nevertheless, it is crucial not to forget the limitations of this approach. 

Hooke’s law is related to the linear elastic region of the material and is described by 

using the following equation:  

𝜎 = 𝐸𝜀       (1) 

where: σ – the applied stress, E - a material constant called Young's modulus, ε – 

fractional strain. It is defined as the ratio of the stress along an axis (described as force 

per unit area) to the strain along that axis (calculated as deformation of the initial length) 

in the range where Hooke’s law is working. During stretching, a material tends to 

contract in the directions transverse to the direction of stretching. In this case, the fraction 

of relative contraction to relative expansion is called the Poisson ratio. Poisson’s 

coefficient value for the vast majority of materials is between 0 and 0.5. For living cells, 

Poisson’s ratio is approximated to 0.5. Small strains can be treated as a perfectly 

incompressible material deformed elastically [165,166].  

Explanation of alterations in nanomechanical properties of cells and tissue 

usually is hidden behind disturbances in cytoskeleton organization. Mainly and most 

often, actin cytoskeleton remodeling is taken into consideration. Changes in the structure 

of actin are closely related to cell migration and invasion due to the crucial role of actin 

in those processes [167]. Disruption in the structure of all cytoskeleton components, 

which can be detected by applying AFM, results in diminished efficiency of numerous 

cellular processes, including transport, signaling, and support of cells. 

Application of AFM in nanomechanical studies of cell cultures was performed 

for various cell types, including stem cells [168,169], fibroblasts [179,171], endothelial, 

cardiac muscle, and skeletal muscle cells [172], neurons [173], and ultimately cancerous 

cells [174]. Analysis of microrheological properties was applied to lung epithelial cells, 
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which physiologically are subjected to large cyclic forces from breathing [166]. Recent 

studies have demonstrated that AFM can also be applied for simultaneously mapping the 

nanomechanical characteristics of cells, fibrous components (such as collagen), and even 

other non-cellular components of the tissue [175-178]. A comparison of nanomechanical 

properties of healthy and pathological tissue was performed on an example of Duchenne 

muscular dystrophy in murine muscles [179]. In further studies, AFM elasticity 

measurements were applied to monitor less severe muscular dystrophies and evaluate the 

effectiveness of the treatment [180-182]. As an excellent example of AFM, tissue studies 

can be mentioned in nanomechanical studies of nervous tissue in the context of stroke 

[183], where authors showed drop of Young’s moduli in the stroke-exposed brain region. 

Alterations in nanomechanical properties might be the first symptom of the disease 

progression. Before the first visible symptoms of multiple sclerosis, spinal cord 

nanomechanical studies indicated early alterations [1]. In cancer studies, AFM force 

spectroscopy on snap-frozen mammary tissues (ex vivo) to explore the origin of the 

tissue stiffening associated with mammary tumor development in mice revealed that the 

malignant epithelium in situ was far stiffer than in isolated breast tumor cells [184].  

The development of  AFM techniques goes with the increasing demands of users, 

such as the ability to direct observation of biological phenomena, including dynamic 

cellular processes and visualization of the dynamics of biological molecules and their 

complexes. A good example of the application of HS-AFM was the visualization of 

nanoscale alterations of the nuclear pore inner channel in colorectal cancer cells [185]. 

The need to increase imaging speed resulted in the construction of other modes, 

especially High-Speed AFM (HS-AFM) [186,187]. High-speed performance was 

achieved thanks to the modification of crucial parts of AFM, including the electronic 

circuits, the sample-stage scanners, and the cantilever deflection system. Additionally, 

the combination of high-resolution AFM with other microscopy techniques (e.g., 

scanning electron microscopy [188], optical/fluorescence and confocal microscopy 

[189], multiphoton microscopy, and second harmonic microscopy [190] can give insight 

into cellular components architecture and biochemical functions [191] and can further 

expand AFM capabilities. In recent years, the development of AFM techniques and the 

number of combinations of AFM with other microscopic techniques increased, which is 

a good sign for the future of nanomechanical studies. 
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2. Aims of the thesis 

  

Ischemic stroke remains one of the leading causes of patient death in the elderly. 

However, despite about two hundred clinical trials and thousand potential cures, there 

are still no effective neuroprotective strategies [17]. Understanding of mechanisms 

involved in stroke is essential in developing novel treatment or prevention strategies. 

Regulation of actin-associated proteins and disassembly of actin filaments might be a 

crucial cause responsible for actin cytoskeleton remodeling manifested as the alteration 

in nanomechanical properties of OGD-exposed cells. The cofilin protein family is 

responsible for severing actin filaments and modulating depolymerization. In 

physiological conditions with oxygen and glucose, the active (unphosphorylated) cofilin 

form enables the branching of actin in the leading edge of the cell and promotes 

migration. Thus, the main goals of the presented thesis focus on evaluating the alterations 

in the biomechanical properties of cells affected by OGD. The driving hypothesis is that 

alterations in metabolic activity due to depletion in oxygen and glucose alter the 

cytoskeleton architecture through decreased actin fiber polymerization and altered cofilin 

activity.  These alterations are involved in the early stages of cell cytoskeleton response 

to ischemic conditions.  

The detailed objectives are: 

 

 Optimization methodology of study cytoskeleton reorganization, including AFM 

evaluations of nanomechanics and analysis of shape descriptors. 

 Optimization of in vitro OGD for treating neuroblastoma SH-SY5Y cells and 

mice primary hippocampal neurons to investigate time-dependent changes. 

 Nanomechanical and microrheological characterization of OGD-induced 

changes in living neuroblastoma SH-SY5Y cells and mice primary hippocampal 

neurons directly after OGD and 24h after re-oxygenation 

 Characterization of OGD duration-dependent alterations in the organization of 

actin and microtubular cytoskeleton, followed by assessment of cell viability and 

metabolic activity. 
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 Proposing cofilin as the main player in the early stages of cell cytoskeleton 

remodeling manifested as the change in cell mechanics  

 Evaluating nanomechanical changes in response to the stroke and understanding 

governing mechanisms might be crucial in developing new therapeutics targeting 

the cytoskeleton. 
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3. Materials and methods 

3.1.  Cell cultures 

3.1.1. Human glioblastoma cell line – U118 MG 

U118 MG is a cell line isolated in 1966 from malignant gliomas from a 50-year-

old male with grade IV glioblastoma (a kind gift from prof. Katarzyna Rolle, Institute of 

Bioorganic Chemistry Polish Academy of Science, Poznań). Cells were cultured in 25 

cm2 culture flasks (TPP) in a Dulbecco's Modified Eagles' Medium (DMEM, ATCC, 

LGC Standards) supplemented with 10% Fetal Bovine Serum (FBS, ATCC, LGC 

Standards). Cells grew in the CO2 incubator (NUAIRE) at 37°C and 5%CO2/95% air 

atmosphere. 

 

3.1.2. Human epithelioid cervix carcinoma – HeLa 

HeLa cells were isolated in 1951 from a cervical carcinoma of a 31-year-old 

woman [192] (a kind gift from prof. Katarzyna Rolle, Institute of Bioorganic Chemistry 

Polish Academy of Science, Poznań). Cells were cultured in 25 cm2 culture flasks (TPP) 

in an Eagle's Minimum Essential Medium (EMEM, ATCC, LGC Standards) 

supplemented with 10% Fetal Bovine Serum (FBS, ATCC, LGC Standards). Cells grew 

in the CO2 incubator (NUAIRE) at 37°C and 5%CO2/95% air atmosphere. The number 

of passages was kept below 10. 

 

3.1.3. Human neuroblastoma cell line - SH-SY5Y 

SH-SY5Y human neuroblastoma cell line was initially derived from a metastatic 

bone tumor biopsy [65]. SH-5YSY cells grew in 25 cm2 culture flasks (TPP) in a 

Dulbecco's Modified Eagles' Medium (DMEM, ATCC, LGC Standards) supplemented 

with 10% Fetal Bovine Serum (FBS, ATCC, LGC Standards). Cells were cultured in the 

CO2 incubator (NUAIRE) at 37°C and 5%CO2/95% air atmosphere. The number of 

passages was kept below 10. This cell line was obtained thanks to a prof. Danuta Jantas 

from Maj Institute of Pharmacology Polish Academy of Science and prof. Halina 
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Jurkowska from Collegium Medicum Jagiellonian University. Undifferentiated cells 

grew as adherent and floating cells (Figure 3.1.).  

 

a) b)  

Figure 3.1. a) Phase-contrast and b) fluorescence image of undifferentiated SH-SY5Y 

cells. Fluorescence staining: actin filaments – phalloidin conjugated with Alexa Fluor 

488, microtubules – primary antibody conjugated with Cy3, cell nuclei – Hoechst 33342. 

 

Undifferentiated cells exhibit neuroblast-like non-polarized morphology (cell 

body with few protrusions), tend to grow in clusters, and may form clamps as cells appear 

to grow on top of another cell. Undifferentiated SH-SY5Y cells exhibit markers 

characteristic of immature neurons. 

 

3.1.4. E18 Mice primary hippocampal neurons 

  Hippocampal primary neurons were isolated by mgr. Beata Strach from 

Collegium Medicum, Jagiellonian University, and plated to 2d culture from E18 embryos 

using the following protocol (isolation and culture of hippocampal neurons from prenatal 

mice) with some modifications [193]. To obtain prenatal pups, the breeding of adult mice 

(2-8 months) was conducted for 19 days before isolation. Before isolation, well plates, 

Petri dishes, and glass coverslips were coated with the poly-D-Lysine solution for 1h, 

followed by rinsing in sterile deionized water three times. During isolation, sterilization 

of instruments was realized by flame-cleaning. All preparations apart from initial 

procedures are performed under laminar flow.  

Pregnant mice were euthanized by decapitation, then the uterus was opened, and 

the pups were removed. Pups’ heads after decapitation were placed on sterile gauze under 
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a dissecting microscope. The cranium of each pup was opened, the brains were carefully 

removed and placed on sterile gauze, hemispheres were separated, and dissection of the 

hippocampus was performed. Isolated from each pup tissue was transferred into a small 

tissue culture dish with warmed (37°C) Hank's balanced salt solution (HBSS) under a 

laminar flow. Nervous tissue, combined from multiple pups, was suspended in sterile 

HBSS and gently minced using a sterile scalpel, then transferred to a 15 mL conical tube. 

To harvest the tissue, a 0.25% solution of trypsin was added. Finally, the excess solution 

was carefully removed after settling the tissue on the tube, leaving the pellet at the 

bottom. After washing three times with 5 mL of HBSS at 37 °C for 5 minutes was 

removed and replaced with 2 mL of fresh HBSS. Using a completely cool (fire-polished 

by using Bunson burner – decreased diameter and rounded edges of pipette opening) 

Pasteur pipette, the tissue was gently triturated. Then the supernatant was transferred to 

a fresh 50 mL conical tube without larger pieces of tissue. To increase isolation 

efficiency, the remaining tissue was diluted with 2 mL of sterile HBSS and triturated a 

few times using the fire-polished Pasteur pipette. 

Before plating, a 1:1 cell solution with Trypan Blue (Sigma-Aldrich) was 

prepared, and cells were counted using a hemocytometer. Appropriate cell number was 

mixed with indicated volume of neurobasal medium (Neurobasal+ medium containing 

B27 supplement (1 mL/50 mL), 0.5 mM glutamine solution, 25 μM glutamate 

(Mw = 147.13 g/mol), penicillin (10000 units/mL)/streptomycin (10000 μg/mL) (250 μL/ 

50 mL), 1 mM HEPES (Mw = 238.3 g/mol), 10% heat-inactivated donor horse serum 

(HI-DHS) and plated with gentle swirling on previously prepared plastics at the density 

of 50000 cells/cm2. HI-DHS was added to the plating media to enrich the cells during 

the first 24 hours of growth, then subsequently removed by serial reduction of the serum 

at each media replacement. Every 3 days of culture, half the volume of media from the 

cells is replaced with the same volume of the neurobasal medium. After 7 days of 

conditioning (37°C, 5% CO2 incubator), neurons were stained for actin, microtubules, 

and cell nuclei (Figure 3.2).  
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Figure 3.2. Image showing mice 

primary hippocampal neurons after 7 

days of culture, plated on previously 

coated with poly-D-lysine plastic Petri 

dish. Actin filaments – phalloidin 

conjugated with Alexa Fluor 488, 

microtubules – primary antibody 

conjugated with Cy3, cell nuclei – 

Hoechst 33342

 

3.2.  OGD experiments 

3.2.1. Time scale of OGD for neuroblastoma SH-5YSY cells 

SH-SY5Y cells were passaged from the culture flask to the plastic Petri dish, 12-

well plate, or 24-well plate (TPP) and kept in the CO2 incubator (37°C and 5%CO2/95% 

air atmosphere) for 24 hours in the high glucose (4500 mg/L), DMEM containing 1 mM 

sodium pyruvate (ATCC, LGC Standards) supplemented with 10% FBS. After plating, 

the medium was replaced with neurobasal A medium (NBA, without glucose), and 

samples were placed in the able CO2 incubator (Olympus) at 37°C. The atmosphere was 

kept at 5% CO2, 0.1% O2, and 94.9% N2 maintained constant for 1h, 3h, and 12h for SH-

SY5Y cells. Parallelly, control groups were rinsed with neurobasal medium containing 

glucose (NB) and in an atmosphere of 5% CO2, 18% O2, and 77% N2. After OGD and 

parallel to control conditioning, cells were exposed to 24h re-oxygenation/conditioning 

in culture conditions in DMEM containing glucose. The time scale of the experiments is 

shown in Figure 3.3. 
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Figure 3.3. The time scale of the OGD experiment applied to SH-5YSY cells. 

 

Experimental procedures (MTS, LDH, epi-fluorescence and confocal imaging, 

AFM, and cell-based ELISA) were performed directly after OGD exposure and 

following 24 h re-oxygenation.  

 

3.2.2. Time scale for OGD for neurons 

Mice primary hippocampal neurons were plated 7 days before experimental 

procedures on previously coated with poly-D-lysine plastic Petri dish, 12-well plate, or 

24-well plate (TPP) and kept in the CO2 incubator (37°C and 5%CO2/95% air 

atmosphere) in Neurobasal+ medium containing 4500 mg/L glucose, 1 mM sodium 

pyruvate (ATCC, LGC Standards) supplemented with B27 and GlutaMax. Additionally, 

to prevent the overgrowth of remaining glial cells, the culture medium was supplemented 

with ARAC, exhibiting a cytostatic effect. After plating, the medium was replaced with 

neurobasal A medium (NBA, without glucose), and samples were placed in the able CO2 

incubator (Olympus) at 37°C. The atmosphere was kept at 5% CO2, 0.1% O2, and 94.9% 

N2 maintained constant for 1h and 3h. Parallelly, control groups were rinsed with 

neurobasal medium containing glucose (NB) and in an atmosphere of 5% CO2, 18% O2, 

and 77% N2. After OGD and parallel control conditioning, cells were exposed to 24 h re-
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oxygenation/conditioning in culture conditions in a neurobasal medium (NB) containing 

glucose. The time scale of the experiments is shown in Figure 3.4. 

 

Figure 3.4. The time scale of the OGD experiment applied to neurons. 

 

Experimental procedures (Live/Dead staining, epi-fluorescence and confocal 

imaging, AFM, and Western Blot analysis) were accomplished directly after OGD 

exposure and following 24 h re-oxygenation.  

 

3.2.3. Cytochalasin D treatment of U118 MG and HeLa cells 

After 2 days of plating, the culture medium was replaced with a medium 

containing 10 µM cytochalasin D. U118 MG and HeLa cells were maintained in the 

experimental medium for 10 and 30 minutes, respectively. After cytochalasin D 

treatment, the medium was replaced with a  culture medium, and cell samples underwent 

AFM measurements and fixation for epifluorescence imaging of the actin cytoskeleton.  

 

3.2.4. Preparation of cells for MTS assay 

To describe changes in the metabolic activity of SH-5YSY cells MTS 

colorimetric test (Promega) was applied. Cells cultured in 24-well plates in 1 mL of 

DMEM at 50000 cells per 1 cm2 were exposed to OGD. Afterwards, 100 µL of MTS 

reagent (tetrazolium compound) was added to the wells (final volume 1.1 mL), and 

samples were incubated at 37°C in 95% air/5% CO2 atmosphere in the CO2 incubator 

(Nuaire) for 2 h. Then, 100 µL was aspirated and moved to the single well of the 96-well 
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plate. The absorbance (OD = 490 nm) was recorded for 0h, 3h, and 24h after OGD using 

a spectrophotometer (ELISA SPECTROstar Nano, BMG LABTECH). The MTS assay 

was done in three biological repetitions.   

 

3.2.5. Preparation of cells for LDH assay 

The cytotoxic effect of OGD exposure was assessed using CyQUANT™ LDH 

Cytotoxicity Assay Kit (Invitrogen). Cells were cultured on 24-well plates in 1 mL of 

culture medium at a density of 50,000 per 1 cm2. To investigate the effect of OGD 

exposure on cell survival, evaluation of LDH level was performed in the following 

samples: (i) control and OGD cells (collecting of media from wells), (ii) control and 

OGD cells treated with lysis buffer (10% by volume, 45 min in the CO2 incubator), (iii) 

culture medium (supernatant) taken from both, control or OGD 2d cultures and 

separately treated with lysis buffer in an analogous way as (ii) for verification of amount 

detached during the medium exchange cells. The first step of the LDH assay was to 

aspirate 50 µl of the medium from each sample type and transfer it into a 96-well plate. 

Next, by using the multichannel pipette, 50 µl of the reaction mixture was added to each 

well, and for 1h, samples were incubated, protecting against light exposure. Then, 50 µl 

of stop solution was added. In the next step, oxidation of reduced nicotinamide adenine 

dinucleotide (NADH) by diaphorase reduces a tetrazolium salt to a red formazan product 

and allows to read absorbance alterations. OD at 490nm was recorded using an ELISA 

reader (Ledetect 96 ELISA, LED-based microplate reader, Labexim Products).   

 

3.2.6. Live/Dead staining 

To evaluate how primary mice neurons survive OGD, cells were stained with 

calcein-AM for viable and propidium iodine (PI) for dead cells (Double Staining Kit, 

Sigma Aldrich). Prior to use, 10 µl of A and 5 µl of B solutions were dissolved in 5 mL 

phosphate-buffered saline (PBS, Sigma) to prepare the staining solution. Well, with cells 

culture in 12 well plates, was washed with PBS to remove residual esterase activity. 

Neurons at 50.000 cells per cm2 were suspended in 0,5 mL of staining solution and 

incubated at 37 ºC for 15 min. Then, a fluorescence microscope with excitation at 490 

nm viable cells and 545 nm dead cells were observed. An acetoxymethyl ester of calcein 
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(Calcein-AM) is a highly lipophilic and permeable cell membrane but is not fluorescent. 

Inside the living cell, the calcein is generated from Calcein-AM by esterase, showing 

fluorescence emission (excitation: 490 nm, emission: 515 nm). For PI, nuclei staining 

dye, viable cell membrane is unreachable. Compound intercalation with DNA double 

helix is possible only in case of lost permeability of cell membrane, which is correlated 

with cell death processes. Staining emits fluorescence (excitation: 535 nm, emission: 617 

nm). Calcein-AM and PI can be excited with 490 nm, allowing simultaneous monitoring 

of viable and dead cells using a fluorescence microscope. With 545 nm excitation, only 

dead cells can be observed.  

 

3.2.7. Phospho-Cofilin/Cofilin assay 

Quantifying changes in cofilin activity via evaluation of phosphorylation level 

was performed using CytoGlow™ cofilin (phospho-Ser3) colorimetric cell-based ELISA 

kit (Assay Biotechnology). SH-SY5Y cells were plated 24h prior to OGD at 50000 cells 

per well on a 96-well plate. SH-SY5Y cells were maintained in OGD conditions for 1, 

3, and 12h. After OGD, cells were fixed using 4% paraformaldehyde. Next, samples were 

washed three times with 200 µl with washing buffer (WB) for 5 minutes, each time with 

gentle shaking. Then, quenching was applied by rinsing samples for 20 minutes at room 

temperature (RT) with 100 µl of quenching solution. After 3 times washing with WB for 

5 minutes at a time, 200 µl of blocking buffer was added for 1 hour at RT to block the 

nonspecific binding of antibodies. Afterward, the plate was rewashed (3 x times, WB at 

RT), and a solution of 50 µl of each primary antibody against phosphorylated cofilin 

(anti-cofilin (phospho-Ser3) antibody), cofilin (anti-cofilin antibody) and glyceraldehyde 

3-phosphate dehydrogenase, GADPH (anti-GAPDH antibody) was added to the 

corresponding well and incubated for 16 hours (overnight) at 4°C. Afterward, samples 

were washed 3 times with 200 µl of WB for 5 minutes. In the next step, secondary 

antibodies in volume 50 µl (horseradish peroxidase (HRP)-conjugated anti-rabbit IgG 

antibody and/or HRP-conjugated anti-mouse IgG antibody) were added for 1.5h 

incubation at RT. After incubation, samples were washed, and each well was rinsed with 

50 µl of Ready-to-Use Substrate for 30 minutes at RT, followed by a stop solution. OD 

was immediately recorded at 450 nm using a microplate reader (ELISA SPECTROstar 

Nano, BMG LABTECH). 
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3.2.8. Western blot analysis of phospho-cofilin and cofilin level 

The western blot technique was applied to evaluate the expression level of cofilin 

and phospho-cofilin. Mice primary hippocampal neurons were plated on 36 mm plastic 

Petri dishes (TPP) previously coated with poly-D-lysine at 50000 cells per cm2. After 

seven days of culture, an OGD was performed. Analogously to the rest of the studies of 

the neuronal cultures, four groups were examined, control without media change (C), 

control with media change on medium with glucose – Neurobasal (C-SH), and two OGD 

treated for 1h and 3h variants. After OGD conditioning, samples were washed with cold 

phosphate buffer saline PBS. Neuronal cultures were lysed in sample buffer (0.0625 M 

Tris/HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercapto-ethanol) and using a spatula 

by scratching the surface of adherent culture, samples were collected to vials. Then 

samples were sonicated (300 V/T ultrasonic homogenizer) and boiled for 5 min at 95°C. 

The amount of protein was quantified using Qbit® Protein Assay Kit (Cat. Nos. Q33211, 

Q33212) (Invitrogen). Cell lysates containing equal, previously optimized amounts of 

protein (60 µg) were separated on 10% SDS-PAGE gels and transferred onto a PVDF 

membrane. Antibodies against cofilin and phospho-cofilin were used. The bands were 

visualized using horseradish peroxidase-coupled secondary anti-mouse or anti-rabbit 

antibody (Cell Signaling Technology). Total protein loading was determined by probing 

the membranes for GAPDH. Finally, immunoreactions were visualized by NBT/BCIP 

staining (Roche). Immunoblots were analyzed using the public domain ImageJ software 

(http://rsbweb.nih.gov/ij/). Densitometry results for a band were first divided by the 

corresponding amount of GAPDH content and normalized by the GAPDH content in 

neurons. The Western blot was repeated three times. 

 

3.3.  Experimental setup for inducing OGD  

OGD experimental setup was based on a temperature table CO2 incubator 

combined with a gas-flow controller (Figure 3.5).  
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a)      

b)         

Figure 3.5. a) Scheme of the work and b) photos of the experimental device - table CO2 

incubator (Tokai Hit) mounted on the inverted optical microscope (Olympus IX83), 

combined with CO2 and CO2/O2 controller, allows maintaining the temperature of 37°C. 

 

In the system, gas bottles with CO2 and N2 are connected to the controller (Tokai Hit), 

regulating both the amount of air, CO2, and N2 fed into the table CO2 incubator (Tokai 

Hit) and the temperature in the incubator (set to 37°C). The incubator is placed on a 

moving table (ProScan) settled on the inverted optical microscope (Olympus IX83).  The 

atmosphere composed of 5% CO2 and 0.1% O2 was obtained by replacing air with a 

neutral gas, in this case – nitrogen (N2). 

 

3.4.  MTS assay  

The principle of MTS assay is based on the ability of metabolically active cells 

to reduce the MTS tetrazolium compound by NAD(P)H-dependent dehydrogenase 

enzymes. As a result, a colored formazan dye soluble in cell culture media is generated. 

Metabolic activity is obtained through absorbance readout at 490-500 nm.  
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3.5.  LDH assay  

The principle of LDH assay is based on the presence of lactate dehydrogenase 

(LDH) in the cytoplasm of various types of cells (Figure 3.6.). 

 

 

 

 

Figure 3.6. Principle of LDH assay.  

 

Loss of cell membrane permeability is correlated with cell death. As a result, a release of 

LDH to the surrounding medium occurs. It can be quantified by using LDH as a catalytic 

enzyme converting lactate to pyruvate via NAD + reduction to NADH. The level of 

formazan is directly proportional to the level of LDH in the surrounding medium. To 

evaluate cell viability level, the following equation was used: 

 

% (𝑐𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦) =  1 −
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑂𝐷490)

𝑚𝑎𝑥𝑖𝑚𝑎𝑙 𝐿𝐷𝐻 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 (𝑂𝐷490)
  (2) 

 

where the maximum LDH release is the sum of LDH release in lysis buffer treated 

samples (cells and supernatants of control and OGD-treated cells, respectively). 

 

3.6. Atomic force microscope (AFM) 

The atomic force microscope (AFM) consists of three main elements, a probe 

with a tip mounted at the free end of the cantilever, an optical-based system used to detect 

cantilever deflection, and a piezoelectric system to scan and move (Fig. 3.7.).  
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a)   

b)  

Figure 3.7.  Scheme showing principle of AFM measurement (a). Cells plated on plastic 

Petri dishes are placed under AFM. Piezo scanner is responsible for the movement of the 

sample, while the cantilever indents the cell. Detection of cantilever deflection is 

following. A laser beam is focused on the cantilever, and the reflected laser beam is 

recorded by the active area of the detector, divided into four quadrants measuring 

deflections in parallel and perpendicular directions. (b) Photo of JPK Atomic Force 

Microscope applied in measurements of OGD-induced changes in nanomechanical 

properties. 
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An optical system detects cantilever deflection by using a laser beam focused on 

the cantilever that reflects light into the active area of the position-sensitive detector. The 

active area of the photosensitive detector is divided into four quadrants, consequently 

allowing for measuring deflection in parallel and perpendicular directions. During the 

approach to the surface, the laser beam is focused in the middle. Consequently, signals 

from each quadrant are equal, and the difference between two upper (or two right) and 

two lower (two left) quadrants reaches zero. When the AFM probe reaches the sample 

surface, the cantilever deflects perpendicularly, and the shift between upper and lower 

pairs of quadrants in the voltage difference is observable. 

Cantilever deflection is converted into force (F) by multiplying the recorded 

signal by two factors, namely, the cantilever spring constant and sensitivity of the 

photodetector, according to the following equation: 

 

𝐹 [𝑛𝑁] = 𝑑𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛[𝑉] ∙ 𝑘 [
𝑁

𝑚
] ∙ 𝑃𝑆𝐷 [

𝑛𝑁

𝑉
]   (3) 

 

where k is the cantilever spring constant, and PDS denotes the photodetector sensitivity 

converting volts into nanometers. Scanning and sample movements are usually realized 

by piezoelectric elements operating based on the inverted piezoelectric effect. 

The measurements were conducted using a commercial AFM equipped with a 

CellHesion head (Bruker-JPK Instruments). The microscope is equipped with a 

temperature control system set to 32°C to provide the cell survival conditions and the 

cantilever stability. The cell indentation was performed using silicon nitride cantilevers 

(ORC-8, Bruker). These cantilevers are characterized by a nominal spring constant of 

0.03 N/m and an open half-angle of 36°. The spring constants of used cantilevers were 

determined using the Sader method [194]. On each cell was recorded a force map of 6 

per 6 pixels (corresponding to a 6 µm × 6 µm scan size). The force curves were acquired 

at the approach/retract velocity of 8 µm/s. On every plastic Petri dish, calibration curves 

were acquired on a Petri dish bottom surface (a reference calibration curve allowing 

calibration of photosensitivity), and force curves were recorded on living cells – to 

examine changes in the biomechanical properties of conditioned groups. A grid of force 

maps was set over the nuclear region to minimize the influence of the underlying stiff 
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plastic surface. In three separate biological repetitions, all measurements were conducted 

in DMEM at 32°C. 

 

3.6.1. Young's modulus determination 

In the AFM, the relation between the load force and the resulting indentation is 

derived by comparing two groups of force curves (i.e., dependencies between the 

cantilever deflection and relative sample or scanner position). The former are curves 

recorded on a stiff, non-deformable surface like glass or a Petri dish bottom surface, 

while the latter are curves recorded on living cells. The glass or Petri dish surface cannot 

be deformed within the range of forces applied by AFM, i.e., up to 10 nN.  Subtracting 

curves recorded on the stiff surface from curves recorded on cells for a specific load force 

value enables us to obtain the indentation depth value (Figure 3.8.). 

 

 

Figure 3.8. Scheme showing force (F) versus indentation (Δx) curve recorded on: stiff 

substrate (plastic or glass slide) – red; and soft substrate, e.g., cell – blue. The blue arrow 

indicates the contact point of the cantilever with the sample surface. 

 

The Hertz-Sneddon contact mechanics analyzed the load force and indentations 

depth relation. The shape of the AFM probe can be approximated by a cone or paraboloid 

that resulted in the following relations between load force and indentation depth: 

 

𝐹(𝛿) =  
2∙tan(𝛼) ∙ 𝐸′

𝜋
∙ 𝛿2     (4) 
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𝐹(𝛿) =  
4∙√𝑅 ∙ 𝐸′

3
∙ 𝛿

3

2      (5) 

 

where F is load force, δ is the indentation depth, α is the half-opening angle of the 

pyramidal indenter, R is the indenter radius. E' denotes reduced Young's modulus: 

 

1

𝐸′
=

1−𝜇𝑡𝑖𝑝
2

𝐸𝑡𝑖𝑝
+

1−𝜇𝑐𝑒𝑙𝑙
2

𝐸𝑐𝑒𝑙𝑙
      (6) 

 

𝐸′ ≈
𝐸𝑐𝑒𝑙𝑙

1−𝜇𝑐𝑒𝑙𝑙
2        (7) 

 

Etip and Ecell are the apparent Young's modulus of the tip and the cell, respectively, and 

µcell is the Poisson's ratio (equaled to 0.5 assuming that cells are incompressible 

materials), µtip is Poisson's ratio of the tip, and its value is assumed as 0.28 ± 0.05. 

Young's modulus of the silicon nitride films reaches 222 ± 3 GPa, and [195]. It is much 

higher than the cell sample. Consequently, in equation (5), the term describing the 

mechanical properties of the probing tip is close to 0. Thus, it can be neglected in further 

calculations. Thus, equations (2) and (3) can be written in the form of: 

 

𝐹(𝛿) =  
2∙𝑡𝑎𝑛(𝛼) ∙ 𝐸𝑐𝑒𝑙𝑙

𝜋∙(1−𝜇𝑐𝑒𝑙𝑙
2 )

∙ 𝛿2     (8) 

 

𝐹(𝛿) =  
4∙√𝑅∙𝐸𝑐𝑒𝑙𝑙

3∙(1−𝜇𝑐𝑒𝑙𝑙
2 )

∙ 𝛿
3

2     (9) 

 

One single cell is not enough to characterize the mechanical properties of cells; 

therefore, typically, a few thousand or a few hundred thousand curves are acquired. 

Tables 1-3 summarize the total number of curves recorded for neuroblastoma SH-5YSY 

cells and neurons at each condition. 
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Table 1. The number of force curves (the number of cells) recorded for U118 MG and 

HeLa cells. 

Experimental 

conditions 

U118 MG HeLa 

control 4356 curves (121 cells) 4356 curves (121 cells) 

+cyto D 5004 curves (139 cells) 5076 curves  (141 cells) 

 

Table 2. The number of force curves (the number of cells) recorded for neuroblastoma 

SH-5YSY cells. 

Experimental 

conditions 
0 h RO 24 h 

control 1h 2160 curves (60 cells) 2160 curves (60 cells) 

control 3h 2160 curves (60 cells) 2160 curves (60 cells) 

control 12h 2160 curves (60 cells) 2160 curves (60 cells) 

OGD 1h 2160 curves (60 cells) 2160 curves (60 cells) 

OGD 3h 2160 curves (60 cells) 2160 curves (60 cells) 

OGD 12h 2160 curves (60 cells) 2160 curves (60 cells) 

 

Table 3. The number of force curves (the number of cells) recorded for neurons. 

Experimental 

conditions 
control OGD 

SO 1440 curves (40 cells) - 

1h 1620 curves (45 cells) 3276 curves (91 cells) 

3h 3060 curves (85 cells) 3240 curves (90 cells) 

 

Young's modulus changes that could occur during the elasticity measurements were 

monitored by plotting the modulus value calculated for a single cell as a function of time 

(Figure 3.9). The horizontal line denotes no time-dependent changes in mechanical 

properties of cells up to 2 hours, a time within which AFM measurements of the specific 

sample were conducted. 
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Figure 3.9. Young's modulus plotted a function of time, up to 2 hours (the time foreseen 

for AFM measurements). 

 

Young's modulus distributions calculated for cells at two indentation depths are 

presented in Figures 3.10 – 3.13. 
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Figure 3.10. The histograms of Young's modulus obtained for control (C) and cyto D-

treated U118 MG and HeLa cells, determined for indentation of 200 and 800 nm (each 

point in the histogram is a mean calculated for each cell separately). 
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Figure 3.11. The histograms of Young's modulus calculated for C, OGD, and 24h RO 

treated SH-SY5Y cells, determined for indentation of 400 nm (each point in the 

histogram is a mean calculated for each cell separately). 
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Figure 3.12. The histograms of Young's modulus calculated for C, OGD, and 24h RO 

treated SH-SY5Y cells, determined for indentation of 1200 nm (each point in the 

histogram is a mean calculated for each cell separately). 
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Figure 3.13. The histograms of Young's modulus calculated for C, C S-O (1h, 3h), and 

OGD-treated neurons determined for indentations of 400 and 1200 nm. 
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The final value of Young's modulus was determined as a mean and standard deviation 

from all measured cells to obtain fully independent results. 

The nanomechanical properties of living cells change with increasing indentation 

depth due to the heterogeneity of the cell interior. Presence of various structures 

characterized by distinct mechanical properties placed in inhomogeneous order results in 

an irregular nanomechanical pattern of cells [196,197]. AFM probe interacts 

consecutively with glycocalyx, cell membrane, actin filaments, cytosol components, and 

cell nucleus. The dependent analysis enables us to study the heterogeneity of the cell 

interior, including cellular components lying in distinct indentation depths. (Figure 

3.14). 

  

 

Figure 3.14. The indentation depth vs. heterogeneity of the cell interior structure. 

 

Mechanical response up to 100 nm indentation depth originates from cell glycocalyx and 

cell membrane. The range of indentation between 200 nm – 400 nm corresponds with 

the actin cortex lying beneath the cell membrane. Evaluation of nanomechanical 

properties of cumulative response of the entire cell, including microtubules, intermediate 

filaments, cell nuclei, and also laying above actin cortex and cell membrane with 

glycocalyx can be obtained for analysis of indentations higher than 500 nm. For OGD 

experiments, two indentation depths were chosen, 400 nm and 1200 nm, to obtain a 

nanomechanical response from the actin cortex and for the nanomechanical response of 

the entire cell.  

 

3.6.2. Quantitative imaging (QI) 

The quantitative imaging (QI) mode allows for obtaining topography images and 

elasticity maps of single cells and groups of cells. The maps with sizes 50 µm × 50 µm 

and a resolution of 128 x 128 pixels were performed. Maximum force and speed were 
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set to 4 nN and 30 µm/s, respectively. The Hertz-Sneddon estimation for the conical 

probe was applied in JPKSPM Data Processing software to obtain Young's moduli. 

Below, in Figure 3.15. are shown topography images of SH-SY5Y cells exposed to the 

OGD experiment. 

 

Figure 3.15. Quantitative images of SH-SY5Y cells after OGD and RO. Images were 

acquired at the height (measured) channel. Control cells (C, in NB(+G)), OGD cells 

(OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD cells (RO 24h, in DMEM(+G)) 

QI mode, of control and OGD-treated SH-SY5Y cells. 
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3.6.3. Sample preparation for topography imaging 

Mice primary hippocampal neuronal cultures cultured for 7 on 15mm round 

coverslips in 12 well-plate plates after the OGD experiment were fixed using 3.7% 

paraformaldehyde in PBS (phosphate-buffered saline, Sigma) for 20 minutes at 36°C. 

After 3 times rinsing them in PBS buffer, a salt removal procedure was applied. Cells 

were washed successively in a solution of 50% PBS (in deionized water), 25% PBS (in 

deionized water), and in deionized water for 2 minutes. As a crucial part of the protocol, 

sample dehydration was carried out. To ensure that all water molecules will be removed 

from the cellular samples, six dilutions of ethyl alcohol were prepared at concentrations 

of 40%, 50%, 60%, 70%, 80%, and 90%. Samples were rinsed in each solution for 30 

seconds. After that, samples were dried for 20 min at Room Temperature (RT). The 

surface topography of mice primary hippocampal neurons was measured using atomic 

force microscopy working in contact mode (Xe120, Park Systems). The 15 mm glass 

coverslips with desalted and dried cells were mounted on the stage AFM piezoelectric 

scanner. Three sizes of scans were acquired, 90 µm x 90 µm, 50 µm x 50 µm, and 25 µm 

x 25 µm, at 256 x 256 pixels resolution.  

 

3.6.4. Rheology of neurons based on AFM-measurements 

Mechanical properties obtained from nanoindentation measurements can be 

applied to estimate only the elastic component. To extend the data analysis to cell 

viscoelasticity, AFM-based microrheological measurements are typically conducted 

according to the methodology proposed by Alcaraz et al. [166]. The sinusoidal 

oscillations are applied to the sample at certain indentation depths, followed by cantilever 

deflection recording as a function of the applied oscillation frequency (Figure 3.16).  
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Figure 3.16. Illustration of the AFM-based microrheological measurements. Cantilever 

deflection is measured while applying sinusoidal oscillations at a constant amplitude to 

the sample. The oscillation amplitude is kept constant during the measurements. The 

oscillation frequency changes (here, f1 to f4). 

 

The relation between the load force F and indentation depths δ for a probing tip 

possessing a shape of a four-sided pyramid is [166]: 

 

𝐹 =
3

4
∙

𝐸

1−𝜇2 ∙ tan 𝜃 ∙ 𝛿2     (10) 

 

where E is Young's modulus, µ is the Poisson ratio approximated to 0.5 for biological 

samples, and θ is the half-opening angle of the pyramid (20°). Considering the 

experimental conditions, i.e., applying the small oscillations (with amplitude of 50 nm) 

at the indentation depths (< 1 µm), the equation (9) can be re-written as follows 

[165][166]: 

 

 𝑑𝐹 =
𝐸∙𝛿0∙tan 𝜃

2(1−𝜇2)
∙ 𝑑ẟ     (11) 

 

After applying Fourier transform and a linearization for small amplitude oscillations 

according to Mahaffy and co-workers and transformation into the frequency regime to 

include energy dissipation, the following expression for the complex shear modulus: 
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  𝐺∗(𝜔) =
1−µ

3∙𝛿0 tan 𝜃
∙

𝐹∗(𝜔)

𝛿∗(𝜔)
    (12) 

 

where 𝐹∗(𝜔) and 𝛿∗(𝜔) are Fourier transforms of measured force and indentation. 

The relation between the complex shear modulus and complex elastic modulus follows 

the Kirchoff equation: 

 

𝐺∗ =
𝐸∗

2∙(1+𝜇𝑐𝑒𝑙𝑙)
    (13) 

 

Thus, the complex shear modulus G*(ω) in the frequency domain can be written as: 

 

𝐺∗(𝜔) = 𝐺′(𝜔) + 𝑖𝐺′′(𝜔) =
1−𝜇𝑐𝑒𝑙𝑙

3𝛿0 tan 𝜃
{

𝐹∗(𝜔)

𝛿∗(𝜔)
}  (14) 

 

where ω is the angular frequency. The complex shear modulus contains the real part 

describing the elasticity called the storage shear modulus G'(𝜔), and the imaginary part 

related to dissipative (viscous-related) contribution called shear loss modulus G"(𝜔). 

Both storage and loss moduli are plotted as a function of oscillatory frequency 

(Figure 3.17). 

 

Figure 3.17. Example of storage G' and loss G" moduli plotted as a function of the 

oscillation frequency. The plot is in log scale, and the transition frequency, where the 

storage and loss moduli are equivalent, is indicated by a green dashed line. 
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Then, the frequency-dependent relations of storage and loss moduli are fitted with the 

power-law functions: 

 𝐺′(𝜔) = 𝐺𝑁
0 + 𝑘1 ∙ 𝜔𝑎 (15) 

 

 𝐺"(𝜔) = 𝑘0 + 𝑏 ∙ 𝑘1 ∙ 𝜔𝑎 (16) 

 

The frequency at which G'(ω) equals G"(ω) allows for determining the so-called 

transition frequency used to differentiate between solid-like (elastic) and fluid-like 

(viscous) regimes of cell behavior. The transition frequency ωT is: 

 

 𝜔𝑇 = (
𝐺𝑁

0 −𝑘0

𝑘1∙(𝑏−1)
)

1

𝑎
 (17) 

 

Another way used to estimate the viscous component of cells is called loss tangent 

(tan(θ), where θ8 is the phase lag between the applied oscillations and cantilever 

deflection) or loss factor, which is the ratio between G"(ω) and G'(ω): 

 

𝑡𝑎𝑛(𝜃) =
𝐺"(𝜔)

𝐺′(𝜔)
    (18) 

3.7. Fluorescence and phase-contrast microscopy 

An optical microscope, working in fluorescent (confocal) and phase-contrast 

modes, was applied to evaluate changes in cell morphology during the OGD exposure. 

Phase-contrast images of SH-SY5Y cells under OGD and after 24h re-oxygenation 

conditions were collected using the inverted optical microscope (Olympus CKX53). 

Images were acquired using a color XC10 camera (Olympus). Fluorescent images of 

actin filaments, microtubules, and cell nuclei were acquired using either an epi-

fluorescent or confocal microscope. Epi-fluorescence was conducted using an inverted 

optical microscope (Olympus IX83) equipped with a 100 W mercury lamp (illuminating 

the whole cell area uniformLy) and a set of filters to record emissions at 594 nm and 420 



 

57 
 

nm. Images were acquired using Orca Spark digital camera providing a 2.3 megapixel 

(1920x1200) pixel image and analyzed with ImageJ (ImageJ 1.53e 

https://imagej.nih.gov/ij/). The image acquisition was conducted in 3 separate biological 

repetitions, which resulted in 20 images per condition per repetition to be analyzed. 

Confocal images were recorded at the Laboratory of in vivo and in vitro Imaging (Maj 

Institute of Pharmacology Polish Academy of Science, Cracow, Poland) using Leica TCS 

SP8 WLL confocal microscope equipped with three new-generation detectors: HyD, 

PMT, and TLD. Fluorescent dyes were excited by diode laser (405 nm) and white laser 

with emission specter between 470 – 700 nm (HC PL Apo oil CS2 objective with 63x 

magnification was used). For fluorescent imaging, cells cultured on 24-well plates were 

fixed in 3.7% paraformaldehyde dissolved in phosphate-buffered saline (PBS, Sigma) 

for 5 min., then washed three times with PBS buffer. Permeabilization of the cell 

membrane was obtained by treating samples with a cold 0.2% Triton X-100 solution, 

then washed with the PBS buffer. Afterward, cells were incubated with β-tubulin 

antibody conjugated with Cy3 for 24 hours. The next day, samples were stained with 

phalloidin conjugated with AlexaFluor 488 dye during 1 h incubation. Cell nuclei were 

stained by 10 min incubation with Hoechst 33342 dye. 

3.7.1. Determination of a single cell effective area 

A single-cell effective surface area (SA), determined from fluorescent images, 

denotes the average surface area occupied by an individual cell (Figure 3.18). 

 

Figure 3.18. The idea of a single-cell effective surface area (SA) determination based on 

fluorescent images of HeLa cells. 
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Binarization of images (the method of converting multi-tone image into black – 

white image (two-tone image) by finding the threshold value of grayscale, allowing to 

create of mask covering object of interest – cell body or cell nucleus) collected from 

fluorescently stained F-actin and cell nuclei (by phalloidin-Alexa Fluor 488 dye, 

Hoechst 33342, respectively) was performed by ImageJ software. Then, the area 

occupied by cells in a single image (ROZMIAR OBRAZA in UM^2) was calculated. In 

parallel, in the same fluorescent image, the number of cell nuclei was counted to receive 

the number of cells per image. The effective surface area occupied by a single cell was 

determined by dividing the surface area occupied by cells by the corresponding number 

of cells. The total number of cells analyzed was at least 8000 cells. 

 

3.7.2. Nucleus – to – cytoplasm (N/C ratio) 

To estimate changes in organization and orientation in the space of cell nuclei, 

the ratio between the surface area occupied by the nucleus and cytoplasm (so-called 

nucleus-to-cytoplasm ratio, N/C ratio) was calculated. Here, the effective area of an 

individual cell nucleus was quantified analogously to the effective surface area of a single 

cell from binarized images of cell nuclei. Then, the effective surface area of a single 

nucleus was divided by the effective surface area of a single cell, and obtained ratios 

were compared between the control and experimental groups. The total number of 

images analyzed was 20 per condition in three separate biological repetitions. 

 

3.8. Statistical analysis 

Data were presented by applying box plots with mean ± standard deviation and 

25% and 75% percentiles (box). Statistical significance was calculated by applying the 

following approach. First, normality and linearity tests were performed to qualify data to 

parametric or non-parametric hypothesis testing (Shapiro – Wilk, Anderson – Darling, 

Lilliefors, and Jarque –Bera). Characterization of distinct control and experimental 

groups revealed non-symmetric distribution. Application of non-parametric tests was 

obligatory, and statistical significance was verified by applying the non-parametric 

Mann-Whitney test (Origin 9.2 Pro). P-values indicate significance (ns – not statistically 

different, p > 0.05; *p < 0.05, **p < 0.01, ***p < 0.001). 
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4. Deformability of cells with different morphology 

 

4.1. Objectives 

The actin cytoskeleton is related to cell shape. Any changes in cell morphology 

intuitively denote the remodeling of the cell cytoskeleton. Some AFM studies showed 

the relation between the actin cytoskeleton and the mechanical properties of cells [198]. 

The objective of the study was to evaluate how cell morphology is related to mechanical 

properties. Therefore, glioblastoma U118 MG and cervix cancer HeLa cells were chosen 

for the study due to different morphology, i.e., fibroblast-like (U118 MG cells) and 

keratinocyte-like (HeLa cells). Cells were treated with cytochalasin D (cyto D), 

inhibiting the actin filament polymerization. AFM was applied to evaluate the 

nanomechanical properties, while cell morphology was observed on images of 

fluorescently stained actin filaments and cell nuclei. 

 

4.2. Morphology of U118 MG and HeLa cells. 

U118 MG and HeLa cells exhibit fibroblast-like and keratinocyte-like 

morphology, respectively (Figure 4.1.).  

a)  b)  

Figure 4.1.  Morphology and organization of actin cytoskeleton of U118 MG (a) and 

HeLa (b) cells, observed under the epi-fluorescent microscope. Staining: actin filaments 

– phalloidin conjugated with Alexa Fluor 488 dye, cell nuclei – Hoechst 33342 dye. 

 

U118 MG cells are growing separately, without overlapping on the area of 

surrounding cells, connecting with other cells with branched protrusions. The actin 
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cytoskeleton displays short F-actin filaments (mesh-like structure) visible as a shadow in 

the epi-fluorescent images. Long, thin bundles of actin filaments spanning the whole cell 

body were barely observed. HeLa cells grow in clusters, with strong interaction with 

surrounding cells, but without forming the second layer and overlapping with other cells. 

The actin cytoskeleton shows a mesh-like structure with thick actin bundles spanning 

over the nuclear region of the cell. Both cell lines consist of populations of cells showing 

high discrepancies in the cell body and nucleus size. 

 

4.3. Reorganization of actin cytoskeleton after cytochalasin D  

AFM usage in studies of the nanomechanical properties of living cells assumes 

that they reflect the alterations in the organization of actin filaments due to a typical 

indentation range of 500 – 1000 nm. To verify this, experiments in which cells are treated 

with anticytoskeletal drugs are commonly conducted [199]. One of the most common 

compounds belongs to the cytochalasins family. They affect the organization of actin 

filaments by binding to a polymerized form of actin, i.e., F-actin, and preventing their 

polymerization [200]. As a result, the enhanced deformability of cells is typically 

observed after cytochalasin treatment, manifested as a decrease in Young’s modulus 

[201,202]. However, in some cases, like for keratinocytes, the cytochalasin treatment 

does not lead to increased deformability of treated cells [171], which seems to depend on 

the organization of actin filaments inside the cells. Thus, to elaborate the relation between 

the actin cytoskeleton and deformability of cells, both chosen cell lines underwent the 

treatment with 10 µM cyto D, added to culture medium with cells for 10 and 30 min for 

U118 MG and HeLa cells, respectively (Figure 4.2.). 
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Figure 4.2. Epi-fluorescence images of cell morphology in control and cyto D treated 

U118 MG and HeLa cells. Staining: actin filaments – phalloidin conjugated with Alexa 

Fluor 488 dye, cell nuclei – Hoechst 33342 dye. 

 

Cyto D induced changes in cell morphology in a cell-dependent manner. 

Aggregation of actin and loss of cell shape was observed in U118 MG cells, already after 

10 min of incubation. The same concentration of cyto D added to HeLa cells required 

longer incubation time to observe the formation of gaps between cells in the cluster, 

which probably resulted in decreased cell-cell interactions. F-actin is concentrated in the 

border region of cells. The disintegration of the actin cytoskeleton was not observed in 

the central region of cells. To quantify effect of cyto D on cell morphology, the effective 

spreading area of a single cell was calculated (according to the procedure described in 

section 3.7.1.). The results are presented in Figure 4.3. 
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Figure 4.3. The effective spreading area of a single U118 MG and HeLa cell before and 

after cyto D treatment for 10 and 30 min, respectively. Data are expressed as mean with 

standard error. 

 

The 10 µM cyto D did not induce changes in the spreading surface area of U118 

MG cells. The corresponding values were 861.4 ± 209.7 µm2 (n = 123 cells) and 877.9 

± 227.8 µm2 (n = 183 cells) before and after treatment. For HeLa cells, the effect was 

more pronounced. The effective spreading surface area of a single cell dropped from 

850.4 ± 77.3 µm2 (n = 187 cells) to 677.1 ± 114.9 µm2 (n = 268 cells). Notably, the drop 

was observed for the same cyto D concentration but for 3 times longer time. 

 

4.4. Changes in cell mechanics after cytochalasin D 

Evaluation of nanomechanical properties of U118 MG and HeLa cells was 

performed by AFM working in a classical force spectroscopy mode. The mechanical 

properties of control and cyto D treated cells were evaluated at the indentation depth of 

200 nm and 800 nm. The former can be attributed to a direct response from the actin 

cytoskeleton, while the latter can be convoluted with the mechanical response from other 

cytoskeletal and cellular components lying deeper in the cell (Figure 4.4). 
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Figure 4.4.  Young’s modulus of U118 MG (a) and HeLa (b) cells before and after cytoD, 

determined for the indentations of 200 nm and 800 nm. Data are expressed as mean with 

standard error. Statistical significance determined: p > 0.05, *p < 0.05, **p < 0.01,  

***p < 0.001. 

 

The results show a significant decrease in Young's modulus for U118 MG cells 

after applying 10 µM of cyto D for 10 min. A similar magnitude of changes was obtained 

for both indentation depths. Young’s modulus calculated for the indentation of 200 nm 

decreased from 4.38 ± 2.69 kPa (n = 121 cells) to 3.32 ± 1.65 kPa (n = 139 cells). For 

larger indentation (800 nm),  the analogous modulus drop was from 3.81 ± 2.17 kPa 

(n = 121 cells) to 2.88 ± 1.46 kPa (n = 139 cells). No change in the effective surface area 

of a single cell was observed for these cells (see Figure 4.3). For HeLa cells, prolonged 

(30 min) exposure to 10 µM cyto D caused opposite changes in cell mechanics, 

regardless of the indentation depth chosen for the analysis. Thereby, the significant 

increase of Young’s modulus was reported to be from 3.66 ± 1.42 kPa (n = 121 cells) to 
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4.22 ± 1.74 kPa (n = 141 cells) and from 3.21 ± 1.16 kPa (n = 121 cells) to 3.59 ± 1.45 

kPa (n = 141 cells) for the indentations of 200 nm and 800 nm, respectively.  

Following the work of Pogoda et al. [196], a so-called R factor was determined. 

Here, it is defined as a ratio between Young's moduli determined at 200 nm and 800 nm 

indentation depths (Figure 4.5). Its value describes the in-depth mechanical 

homogeneity of the studied sample (its variability quantified by standard deviation) and 

the direction of changes, i.e., softening (R < 1) or stiffening (R > 1). The latter estimates 

the contribution from other than actin cytoskeleton components. 

 

 

Figure 4.5.  R factor, defined as a ratio between Young’s modulus determined at 200 nm 

and 800 nm, for U118 MG (a) and HeLa (b) cells before and after cytochalasin D 

treatment. Data are expressed as mean with standard error. Statistically significant 

changes were not observed. 

 

The obtained R factor for both studied cell lines was close to zero. For U118 MG 

cells, it was 1.21 ± 0.31 (n = 121 cells), and 1.21 ± 0.28 (n = 139 cells) for control and 

cyto D treated cells, respectively. The corresponding R factors for HeLa cells showed 

similar values of  1.15 ± 0.20 (n = 121 cells) and 1.18 ± 0.20 (n = 141 cells). These R 

factors highlight slight stiffening of the cells at 800 nm indentation depths at 15 – 21%. 

Such results indicate that the cell nucleus considered a stiff part of the cell, convolutes 

with the mechanical response originating from the actin cytoskeleton. However, 

regardless of the organization of actin filaments and cyto D exposure, this contribution 

is similar for both cell lines, which states that the mechanical response detected by AFM 
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is mostly linked with actin filaments. The standard deviation at the level of 17% to 26% 

delivers the information that the mechanical properties of the studied cell populations are 

relatively homogenous, i.e., they did not change much from one cell to another. 

 

4.5. Summary 

A study of nanomechanical properties of cells characterized by different 

morphology and organization of actin cytoskeleton resulted in the following findings: 

 

 Both cells types were characterized by similar deformability (Young's modulus 

of 3 – 4 kPa) 

 cyto D effect was cell-type dependent and showed an inverse relation between 

Young's modulus and the effective surface area of a single cell (a drop in Young's 

modulus was not correlated with changes in the surface area values, and changes 

in the latter were not manifested in the alterations of cell mechanics).  

 Both studied cell populations were mechanically homogenous, and the 

mechanical response originated mainly from the actin cytoskeleton.  

 

These findings suggest that, despite morphological changes, the mechanical 

response of ODG-treated cells can be attributed to the remodeling of actin filaments.   
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5. 5. Nanomechanical properties of neuroblastoma SH-

SY5Y cells after OGD 

 

5.1. Objectives  

Mechanisms governing alterations in nanomechanical properties and their 

relations to the molecular processes are essential for understanding the function and 

pathology of the brain [203]. The use of immortalized and easy-in-culture cellular models 

facilitates collecting high throughput data. Compared to the primary cell culture models, 

their application is independent of quality and purity of isolation, reducing factors 

affecting the reproducibility of results. Therefore, to elaborate AFM-related experimental 

conditions and properly interpret the obtained results, the human neuroblastoma SH-

SY5Y cells were used. To obtain a complete image of how OGD exposure (5% CO2, 

0.1% O2, lack of glucose and sodium pyruvate) changes the mechanochemical properties 

of cells, the AFM measurements were accompanied by such experiments as the 

determination of cell viability, metabolic activity, and imaging of cell cytoskeleton were 

conducted. The working hypothesis assumed that the cofilin/phosphocofilin balance 

guides the reorganization of the actin cytoskeleton; thus, the expression level of these 

cofilin forms was estimated. The results presented here have already been published in 

Zielinski et al. Scientific Reports 12 (2022) 16276. 

 

5.2. The nanomechanical properties of OGD-treated SH-SY5Y cells  

The elasticity measurements were conducted using AFM working in a force 

spectroscopy mode. Young's (elastic) modulus, a measure of cell mechanics, was 

calculated by applying Hertz-Sneddon contact mechanics, assuming that the shape of the 

probing tip can be approximated as a cone [204,205]. Details are presented in section 

3.6.1. The mechanical properties of OGD-treated cells were determined for two 

indentation depths of 400 nm and 1200 nm. The former reflects mainly the mechanics of 

the actin cortex, while the latter may indicate the contribution from structures lying in 

deeper parts of the cells, such as microtubules and cell nuclei. It should be noted here 

that AFM measurements are limited to only adherent cells. Thus, examined changes refer 



 

67 
 

to cells surviving OGD (cells detached from the surface after OGD are inaccessible for 

AFM measurements). The applied experimental conditions are summarized in 

section 3.6. It has been demonstrated that the mechanical properties of cells spread on 

the stiff substrate are not uniformly distributed [206]. Therefore, images showing the 

distribution of Young's modulus over the whole cells were acquired using the QI mode 

(as described in section 3.6.2.). The elasticity maps for control and OGD-treated cells are 

presented in Figure 5.1. 

 

Figure 5.1. Elasticity maps, recorded using SH-SY5Y cells after OGD and RO. Control 

cells (C, in NB(+G)), OGD cells (OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD 

cells (RO 24h, in DMEM(+G)) QI mode, of control and OGD-treated SH-SY5Y cells. 
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The results showed heterogeneity of Young's modulus distributions, regardless of 

the experimental conditions. A larger Young's modulus is observed at the cell edges, 

which probably results from the effect of stiff substrate (here, Petri dish surface) on the 

mechanics of cells. Such an effect dominates at the peripheral parts where the cell height 

is smaller. Importantly, a small modulus variability was observed within the cell nuclear 

region. Thus, the final Young's modulus of cells exposed to OGD for 1h, 3h, and 12h, 

followed by 24h re-oxygenation, was determined from the data collected above the cell 

nucleus (Figure 5.2). 

For smaller indentation depths (400 nm), the direct comparison of OGD-treated 

and non-treated cells (n = 60 measured cells for all conditions) shows a decrease of 

Young's modulus of about 39.2% (1 h OGD; p < 0.001), 10.7% (3h OGD; p = 0.045), 

and 19.4% (12h OGD; p = 0.042), measured directly after OGD exposure. The lower 

Young's modulus denotes larger deformability of the OGD-treated cells. Cells measured 

after 24h culture in re-oxygenation conditions (DMEM + (G)) display restoration of 

Young’s moduli to values obtained for control cells: for 1h OGD-treated cells after 24h 

RO, Young's modulus were 2.40 ± 1.31 kPa and 2.22 ± 1.46 kPa (p = 0.401), for 3h 

OGD-treated cells after 24h RO, the moduli were 2.46 ± 1.09 kPa and 2.12 ± 1.03 kPa 

(p = 0.084)), and for 12h OGD-treated cells after 24h RO moduli were 1.55 ± 0.98 kPa 

and 1.05 ± 1.48 kPa (p = 0.110)), for OGD-treated and control cells, respectively. Having 

in mind that at 400 nm indentation depts, the mechanical response of cells can be 

attributed to the remodeling of actin filaments, these results show that such restoration is 

independent of the OGD duration and can be connected with the activation of some 

cytoskeletal compensatory mechanisms.  

Insight into alterations of the combined contribution of actin and deeper parts of 

the cell (microtubules, cell nuclei) can be provided by analyzing deeper indentation (here, 

1200 nm). Obtained results showed the deformability increase in cells measured directly 

after 1h and 3h OGD. Young’s modulus of measured cells decreased by 35.5% 

(p > 0.001) and 16.8% (p = 0.007) as compared to control non-OGD-treated cells, 

respectively. No changes in mechanical properties were noted for cells measured directly 

after 12h of the OGD exposure (p = 0.188). The comparison of the deformability of cells 

measured directly after OGD and after 24 of RO shows statistically insignificant changes, 



 

69 
 

indicating that the mechanical contributions from the deeper cellular layers are not 

present.  

a) b)  

Figure 5.2. Young's modulus of neuroblastoma SH-SY5Y cells exposed to OGD, 

determined for the indentation depths of 400 nm (a) and 1200 nm (b). Box plots show a 

median (line); a mean (solid square); standard deviation (box); 25% and 75% percentiles 

(box); n = 60 cells (notation: C – control cells in NB(+G)), OGD cells (OGD 1h, 3h, or 

12h, NBA(-G)), reoxygenated OGD cells (RO 24h, DMEM(+G)), and control, non-OGD 

cells (C 24h) cultured in the same conditions as reoxygenated OGD cells), Statistical 

significance: ns – not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001 

(reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-BY 4.0 

license).  
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Finally, by comparing Young's moduli calculated for smaller (400 nm) and larger 

(1200 nm) indentation depths, it is possible to state that mechanical contribution from 

the deeper lying organelles, such as microtubules or cell nucleus, on biomechanical 

properties of OGD-treated cells is weakly present. This together with the results of cell 

deformability after re-oxygenation of OGD-treated cells, show that nanomechanical 

properties of SH-SY5Y cells largely respond to the organization of the actin 

cytoskeleton. 

 

5.3. Viability of OGD-treated SH-SY5Y cells 

To investigate the effect of OGD exposure on the survival of SH-SY5Y cells and 

its relation to mechanical properties of these cells, cell viability (LDH assay determining 

lactate dehydrogenase release to culture media indicating membrane damage [207]), and 

metabolic activity (MTS assay determining the level of the reduced tetrazolium related 

to impaired NAD(P)H metabolism [208]) were assessed. Samples were collected directly 

after OGD and after 24h of re-oxygenation. The results revealed that cell viability and 

metabolism depend on the OGD duration (Figure 5.3). Additionally, a reduction of 

metabolic activity was present in cell cultures following the 24-hour re-oxygenation 

period. 

The membrane integrity is directly linked with cell viability [207]; thus, LDH 

assay relates lactase dehydrogenase to the number of viable cells. After OGD exposure, 

cell viability dropped from 13% to 17% (Figure 5.3a). A similar decrease in cell viability 

was observed for cells measured after 24h RO, i.e. (12%-15; Figure 5.3b). The results 

of the MTS assay could be related to cell metabolism because cells reduce tetrazolium to 

soluble in medium formazan. Large absorbance values correspond to the high 

metabolism of cells, while lower absorbance correlates with a decrease in the metabolic 

activity of cells. For prolonged OGD exposures (i.e., 3h and 12h, Figure 5.3c), the level 

of metabolic activity of cells significantly decreased by 7.1% (p < 0.001) and 41.5% 

(p < 0.001), respectively. In the case of 1h-exposure (Figure 5.3c), the metabolic activity 

of OGD-treated cells was similar to control non-OGD-treated cells (p = 0.262). After 24h 

re-oxygenation, a significant drop of absorbance was observed for all three groups of 

cells subjected to OGD (Figure 5.3d). 
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a)  b)  

c)  d)  

Figure 5.3. Viability and metabolic activity of SH-SY5Y neuroblastoma cells after OGD 

exposure and following 24h RO. (a, b) LDH results are represented by the mean value 

calculated from 12 ELISA readouts after normalization of relative absorbance to values 

obtained for the control samples. (c, d) MTS results show a distribution of single dots 

(one dot refers to one readout from the ELISA reader). A mean (open square), median 

(middle black line), and standard deviation (black line above and below a middle one) 

were determined from data gathered in 3 independent repetitions. Statistical significance: 

p > 0.05, *p < 0.05, ***p < 0.001, ns – not statistically significant (reprinted from 

Zielinski et al. Scientific Reports 12 (2022) 16276 CC-BY 4.0 license).  

 

The obtained finding suggests no correlation between metabolic activity and cell 

viability in applied experimental conditions. 

 

5.4. Morphology and cytoskeleton of OGD-treated SH-SY5Y cells 

Before AFM measurements and fluorescence microscopy examination, phase-

contrast imaging was applied to investigate potential changes in cell morphology during 

OGD exposure (Figure 5.4).  
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Figure 5.4. Phase-contrast images of SH-SY5Y cells after OGD and RO. Control cells 

(C, in NB(+G)), OGD cells (OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD cells 

(RO 24h, in DMEM(+G)), and control, non-OGD cells (C 24h, in DMEM(+G)). Scale 

bar 50 µm (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-

BY 4.0 license).  

 

A rough analysis of obtained images does not reveal any particular changes in 

cell morphology adhesion and organization of cell clusters. OGD-treated cells display 

similar spindle and neuron-like morphology as control, and non-treated cells, regardless 

of the OGD and RO duration. Changes in cell mechanics are often correlated with 

alterations in the organization of crucial components of the cytoskeleton: actin filaments 

and microtubules. Therefore, confocal images with fluorescently labeled F-actin, β-
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tubulin, and cell nucleus were collected for SH-SY5Y cells immediately after OGD 

exposure (Figure 5.5) and followed 24h re-oxygenation (Figure 5.6). 

 

Figure 5.5. Confocal images of the actin and microtubular cytoskeleton in OGD-treated 

cells immediately after exposure. C (C, NB(+G)), OGD cells (OGD 1h, 3h, or 12h,NBA(-

G)). Actin filaments were labeled with phalloidin conjugated with Alexa Fluor 488, 

microtubules with primary antibody conjugated with Cy3, and cell nuclei with 

Hoechst33342; scale bar 25 µm (reprinted from Zielinski et al. Scientific Reports 12 

(2022) 16276 under CC-BY 4.0 license). 
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Figure 5.6. Confocal images of the actin and microtubular cytoskeleton in OGD-treated 

cells after 24h re-oxygenation. C (non-OGD cells (C 24h) kept in DMEM(+G) for the 

same time as reoxygenated OGD cells), OGD (reoxygenated OGD cells (RO 24h, 

DMEM(+G)). Actin filaments were labeled with phalloidin conjugated with Alexa Fluor 

488, microtubules with primary antibody conjugated with Cy3, and cell nuclei with 

Hoechst33342; scale bar 25 µm (reprinted from Zielinski et al. Scientific Reports 12 

(2022) 16276 under CC-BY 4.0 license).  
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The morphology of actin and microtubular cytoskeleton was similar regardless 

form the experimental group. Control and OGD-treated cells exhibit similar actin 

organization, showing actin bundles spanning over the whole cell without actin rods. The 

microtubule organization does not reveal any significant alterations regardless of the 

experimental group. The only exception was for cells visualized directly after 1h 

exposure to OGD conditions. SH-SY5Y cells altered their morphology from a widely 

spread to a packed one, suggesting a change of heigh and geometrical perimeters and 

coverage surface and, consequently, alterations in adhesion to the surface. These results 

are consistent with the AFM mechanical results showing the largest drop in the apparent 

Young's (elastic) modulus in the case of short conditioning. During prolonged exposure 

to OGD (3h and 12h), the organization of actin filaments was barely visible, supporting 

weak changes in nanomechanical properties. Altogether, these results indicate that the 

nanomechanical properties of SH-SY5Y cells in the OGD model are dominated by actin 

filament organization. 

 

5.5. The effective spreading surface area of single cells 

On the base of confocal images, to expand the analysis of cytoskeleton 

organization, a deeper analysis of the size of individual cells using images recorded by 

epi-fluorescent microscopy was performed (Figure 5.7). 

Analysis of epi-fluorescence images revealed that OGD-treated cells exhibit 

lower surface area, indicating impairment in their spreading abilities and, consequently, 

decreased adhesion to the surface (Figure 5.7). After 24h of re-oxygenation, restoration 

of adhesive properties has been observed, which occurred in the recovery of surface area 

to values comparable with conditioned control groups. The most significant alterations 

in the spreading area were observed for OGD-treated cells (visualized immediately after 

the OGD exposure). Re-oxygenation allows SH-SY5Y cells to remodel the cytoskeleton 

and restore the surface area to the level in control, non-treated cells.  
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(a) b)  

Figure 5.7. The effective spreading surface area of a single cell (SA) of SH-SY5Y cells 

after OGD (a) and following re-oxygenation (b). A single dot is the average surface area 

of individual cells. Boxplot represents mean (open square), median (black line), standard 

deviation (box), and 25% and 75% percentiles (whiskers) from n = 60 fluorescent 

images. Statistical significance determined: p > 0.05, *p < 0.05, ***p < 0.001, and ns – 

not statistically significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 

16276 under CC-BY 4.0 license).  

Obtained results suggest that changes in the spreading area are responsible for 

alterations in the organization of the actin cytoskeleton, which in our case is strongly 

related to the OGD treatment of SH-SY5Y cells. 
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5.6. The nucleus-to-cell ratio confirms the shrinking of the cells 

Alterations in the effective spreading surface area of a single cell and negligible 

reorganization of the actin cytoskeleton indicate that other mechanisms can be involved 

in changes in the nanomechanical properties of OGD-treated cells. One of the suggested 

factors might be an alteration in cell volume, which can be investigated by quantifying 

the ratio between cell surface (C) and cell nucleus (N) areas (Figure 5.8). 

 

 

Figure 5.8. Nucleus to the cytoplasm (N/C) ratio of SH-SY5Y cells after OGD and 

following re-oxygenation. Single dots represent the average value of individual cells. 

Boxplots show mean (open square), median (line), and standard deviation (box) 

calculated from n = 60 cells. Statistical significance: *p < 0.05, ***p < 0.001, ns – not 

statistically significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 

under CC-BY 4.0 license).  

 

The N/C ratio allows for assessing the contribution of cell nuclei in the surface 

area of a single cell. If N/C close to 1 indicates the high impact of the nucleus in the cell 

surface area. N/C close to 0 shows a low contribution of the nucleus in the projection 

area of a single cell. Analysis of the N/C ratio for  SH-SY5Y cells affected with OGD 

conditions revealed that immediately after OGD, cell nuclei contribution in the cell 

surface area significantly increased in all examined experimental groups. Following 24h 

period of re-oxygenation, the N/C ratio returns to the control level suggesting the 

restoration of actin cytoskeleton architecture. A rough analysis of the cross-section of 

confocal images (from Figure 5.5) shows the OGD-induced alterations in cell height 

taken at the central area. The obtained values were 7.3  ± 1.4 µm (n = 14 cells), 
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8.3  ± 2.0 µm (n = 11), and 10.9 ± 2.8 µm (n = 10) for OGD-treated cells after 1h, 3h, and 

12h exposure, correspondingly.  

These data suggest that during OGD exposure, cells lose contact area to the surface due 

to lower adhesion. Alterations in cell adhesion results in decreased surface area, 

increased N/C ratio, and cell high. 

 

5.7. Cofilin expression level in OGD-treated SH-SY5Y cells 

Cofilin is an actin-regulating protein responsible for governing various cell 

processes such as migration and change of shape of the cell body. Cofilin activity can 

result, among others, from changes in calcium ions, reactive oxygen species, or ATP 

concentration [120,121]. Cofilin is responsible for the modulation of actin mesh 

organization by severing actin filaments and modulating the actin-depolymerization rate 

[209-211]. The results of cofilin expression presented as a relation between cofilin and 

phosphocofilin (referred to as p-cofilin) in control and OGD-treated SH-SY5Y cells are 

presented in Figure 5.9.  

a)   b)  

Figure 5.9. Expression of cofilin and phospho-cofilin (p-cofilin) corresponding to actin-

severing activity in SH-SY5Y cell line evaluated immediately after 1h (a) and 12h (b) 

OGD exposure. Control cells were kept in NB(+G), while OGD cells were kept in NBA(-

G). A mean (black square), median (black middle line), and standard deviation (SD, 

black lines below and above the middle one) were obtained from 3 independent 

repetitions. Statistical significance: **p < 0.01, ***p < 0.001, ns – not statistically 

significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-

BY 4.0 license).  
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Observed alteration in the cofilin and p-cofilin levels in control cells could be 

explained by the consumption of glucose by proliferating cells. The glucose level in a 

given volume decreases during a certain culture time [212]. Notably,  the results show 

that the cofilin and p-cofilin expression decreases with OGD duration. Cofilin/p-cofilin 

level assessed in control cells showed a 5% higher level of cofilin than p-cofilin 

(p < 0.001). Cells exposed to 1h OGD showed only a 3.5% higher concentration of cofilin 

than p-cofilin (p < 0.002). Cofilin expression in relation to p-cofilin vanishes in cells 

exposed to prolonged OGD (a similar protein level was observed in cells after 3h and 

12h OGD). Comparison of the expression level of cofilins (or p-cofilins) for control and 

OGD-treated cells revealed particular changes. A significant change was found between 

control and 1h-OGD-treated cells (p = 0.006) for p-cofilin) and no difference was found 

for these cells in cofilin expression (p = 0.198). Regardless of the cofilin status, a large 

difference was noted between control and 3h-OGD-treated cells (p < 0.0001).  

To conclude, the ratio between cofilin/p-cofilin alters significantly during 1h 

exposure to OGD (regardless of control or OGD group) and vanishes after prolonged 

(12h) exposure of cells to OGD. Since cofilin regulates the actin cytoskeleton by 

balancing its level with p-cofilin, the obtained results indicate that during the first hours 

after OGD strong remodeling of the actin cytoskeleton occurs. 

 

5.8. Summary 

Results obtained by using MTS and LDH assays show that SH-SY5Y cell culture 

exposure to OGD conditions leads to changes in the metabolic activity of living cells 

without significant alterations in cell survival between distinct OGD groups. Alterations 

in metabolic activity are related to disturbances in equilibrium (polymerization and 

depolymerization) of particular cytoskeleton components such as actin filaments and 

microtubules. A significant decrease in average cell projection area was observed for all 

mentioned experimental groups (1,3 and 12h), suggesting that actin integrity is crucial in 

OGD-induced cytoskeletal changes - failure in ATP production results in the reduction 

of actin polymerization. The non-changed activity of actin remodeling proteins, 

combined with disability in the polymerization of new actin fibers, results in changes in 

nanomechanical properties of short (1 h) exposure to OGD cells. During prolonged OGD 
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exposure (12 h), cells respond to oxygen and glucose deprivation via compensation 

severing of actin via depletion in cofilin expression. 

Additionally, the ratio of cofilin phosphorylation significantly increases in 12 h 

exposure samples. Following 24 h re-oxygenation, geometry perimeters of living cells, 

such as SA and N/C, return to the control level. The final summation of results obtained 

from the undifferentiated SH-SY5Y cell line is included in the following points: 

 During OGD conditioning of SH-SY5Y, metabolic activity fluctuations are 

correlated with the alteration of biomechanical properties 

 Changes in biomechanical properties are caused by the re-organization of the 

actin network and microtubular cytoskeleton (observed in the confocal 

microscope and quantitatively by analysis of the projection area of a single cell) 

 SH-SY5Y cells modify biomechanical properties during short OGD 

conditioning; after 24h, re-oxygenation organization of the cytoskeleton recovers 

to control 

 Prolonged exposition to OGD (12h) results in a permanent alteration of 

biomechanical properties of SH-SY5Y cells 

 Re-organization of the actin cytoskeleton is related to alterations in diminished 

ATP production and activity of cofilin 

The introduction of nanomechanical studies on undifferentiated SH-SY5Y cell 

models gave insight into actin-related changes in the deformability of cells. The 

application of this model allowed for the investigation role of actin in the deformability 

of OGD-treated cells in duration related manner.  
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6. Nanomechanical properties of primary hippocampal 

neurons after OGD 

 

6.1. Objectives 

Stroke induces changes in the brain; thus, the main targets are neurons. Here, the 

results on the effect of OGD on mice primary hippocampal neurons are presented. 

Analogously as for neuroblastoma SH-SY5Y cells, the nanomechanical properties of 

neurons were assessed by applying AFM to quantify the biomechanical and rheological 

properties of mice primary hippocampal E18 neurons subjected to OGD and RO. The 

main objectives of the study were the following. First, how do the mechanical and 

rheological of neurons changes in response to OGD exposure? Can such changes be 

associated with actin filaments and/or microtubule organization? Does the mechanism 

related to the regulatory role of cofilin participate in neuron response to OGD? To answer 

these questions, AFM indentation and microrheological measurements were applied to 

OGD-treated neurons. These measurements were accompanied by fluorescent 

visualization of actin and microtubular networks inside the neurons and determination of 

cofilin/p-cofilin expression level. 

 

6.2. Nanomechanical properties of neurons at indentation depths 

AFM measurements on neurons were conducted analogously, like for SH-SY5Y 

cells.  Indenting neurons was carried out within the nuclear region of the cells. Recalling 

that AFM can measure only cells attached to the underlying substrate, in the first step, 

the mechanical properties of neurons were determined for cells exposed to OGD with 

two oxygen concentrations, i.e., 5% and 0.1%. In both cases, cells were exposed to OGD 

conditions for 1h. The oxygen concentration in control cells was set to 18% (Figure 6.1).  
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Figure 6.1. Young's modulus of neurons exposed to OGD at two oxygen concentrations 

(5% and 0.1%). The total number of neurons measured for each condition was 30. Box-

plot represents mean (square), median (middle line), and standard deviation (SD, outside 

lines) were obtained from at least 3 independent repetitions. Statistical significance (ns 

– not statistically significant, *p < 0.05). 

 

The results show that neurons soften (Young's modulus decreases) as oxygen 

concentration decreases (2.59 ± 0.80 kPa, n = 32 cells; 2.33 ± 0.95 kPa, n = 32 cells, 2.05 

± 1.09 kPa, n = 32 cells for control (~21%), 5% and 0.1% oxygen concentration in the 

atmosphere). As the significant drop of Young's modulus was observed for neurons 

exposed to OGD with 0.1% oxygen concentration (p = 0.04193), this oxygen 

concentration was kept constant while OGD exposure time was extended to 3h. The 

results showing the comparison between the control, untreated and OGD-treated neurons 

are presented in Figure 6.2. Mechanical properties of neurons were determined for two 

indentation depths, i.e., 400 nm and 1200 nm. Five groups of results were compared: (1) 

control, untreated neurons (C, NB(+G)), (2) two sham-operated control, untreated 

neurons (C 1 1h & C 3h; culture medium NB(G+) replaced NB(G+) for 1 and 3h, 

respectively), and two groups of OGD-treated neurons (neurons were exposed to OGD 

for 1h and 3h being cultured in NBA(-G) medium). 
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a)  

b)  

Figure 6.2. Nanomechanical properties of mice primary hippocampal neurons after OGD 

treatment, quantified by the apparent Young's modulus calculated for the indentation 

depth of 400 nm (a) and 1200 nm (b). Notation: C – control, untreated neurons cultured 

in NB(+G)); C 1h & C 3h – sham-operated controls (untreated neuron culture in which 

NB(+G) was replaced with NB(G+) kept in culture for 1 and 3h, respectively; OGD 1h 

& OGD 3h – neurons exposed to OGD for 1h and 3h, in NBA(-G) medium. Box plots 

represent mean (square), median (middle line), and standard deviation (SD, outside lines) 

were obtained from at least 3 independent repetitions. Statistical significance (*p < 0.05; 

**p < 0.01). 
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The results show that at the indentation depths of 400 nm, the elastic modulus 

decreased only for neurons after 1h OGD (0.91 ± 0.30 kPa, n = 91 neurons, p = 0.01181) 

compared to sham operating control (C 1h, 1.06 ± 0.32 kPa, n = 45). For longer exposure 

to OGD (3h), the mechanical properties of neurons remained unaltered. The elastic 

modulus was 1.04 ± 0.43 kPa (n = 90), while Young's modulus for neurons belonging to 

the corresponding sham operating control was 1.19 ± 0.52 kPa (n = 85). Interestingly, 

the elastic modulus of neurons cultured in NB(+G) without medium exchange was lower, 

i.e., 0.90 ± 0.27 kPa (n = 40). 

In contrast to results obtained for SH-SY5Y cells (Figure 5.2), the mechanical 

properties of neurons determined for larger indentation depth (1200 nm) were more 

visible and dependent on the OGD exposure. After 1h exposure to OGD, Young's 

modulus of neurons was smaller, i.e., 0.45 ± 0.20 kPa (n = 91, p = 0.00593), than the 

modulus for control, untreated neurons 0.58 ± 0.27 kPa (n = 45). Neurons after 3h 

exposure to OGD were characterized by moduli of 0.52 ± 0.25 kPa (n = 90, p = 0.01672). 

The modulus value of the corresponding sham operating control was 0.64 ± 0.33 kPa (n 

= 85). Summarizing, neurons exposed to OGD became softer (Young's modulus 

decreases). The larger neuron deformability was observed for more prolonged exposure 

to OGD but only for larger indentation depth (1200 nm).  

 

6.3. Microrheology of OGD-treated neurons 

Few studies have shown that nanoindentation measurements are insufficient to 

fully describe cell mechanical properties (e.g.,[213]). It agrees with the results presented 

in the previous section showing a smaller difference between untreated and OGD-treated 

neurons. Therefore, in the next step, the rheological properties of neurons were 

quantified. (Figure 6.3). In microrheological measurements, sinusoidal oscillations with 

an amplitude of 50 nm are applied at a certain indentation depth (below 1 micron). From 

these measurements, the storage G' and loss G" moduli were determined and plotted as 

a function of oscillation frequency ranging from 0.5 Hz to 120 Hz  
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a)  b)   

c) d)  

Figure 6.3. The log-log relations of the storage G’ (black dots) and loss G” (red dots) 

moduli plotted as a function of the frequency of oscillation of mice primary neurons 

exposed to (a) control (C), (b) sham-operated control (C 1h), (c) OGD 1h, and (d) 

OGD 3h. Each point denotes a mean and standard deviation of 30 to 50 neurons. 

 

The results show power-law relationships between storage and loss modulus, 

which allows for applying the theoretical models (described in detail in the 3.6.4). Based 

on this, the transition frequency was determined. The transition frequency is a frequency 

where storage modulus equals loss modulus. Its value describes at which frequency the 

material passes from a solid-like to a fluid-like regime. The values of transition frequency 

were the following: 29.6 Hz ± 4.4 Hz for control, untreated neurons, 33.1 Hz ± 6.7 Hz 

for untreated neurons in sham operating control conditions, 36.2 Hz  ± 4.9 Hz for neurons 

exposed for 1h OGD, and 46.4 Hz ± 6.9 Hz for neurons exposed for 3h OGD. To 

conclude, these findings showed that longer exposure of neurons to OGD inhibits the 

neuron transition to the fluid-like regime. 
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6.4. Viability of mice primary hippocampal neurons in OGD conditions 

To evaluate the survival of mice primary hippocampal neurons exposed to OGD, 

live/dead staining was applied. Four groups of neurons were compared, C – non-treated 

(NB(+G)), no medium exchange), C S-O – sham operating control, in which culture 

media was exchanged (NB(+G)), OGD 1h – neurons exposed to 1h OGD, and OGD 3h 

– neurons exposed to 3h OGD (NBA(-G)). In parallel, to assess the survival of cells in 

re-oxygenation, a viability assay was conducted after 24 hours of re-oxygenation (RO-

24h) in oxygen conditions (O2 and CO2 concentration: 18% and 5%, respectively) and in 

the presence of glucose (4500 mg/l). Figure 6.4. presents fluorescent images of cells 

after live/dead staining. The live/dead staining shows that the number of dead neurons 

increased upon OGD exposure. For longer OGD exposure, a larger number of dead cells 

was observed. Applied re-oxygenation of neurons (24 h culture in complete oxygen and 

glucose conditions) did not revert the process as the number of dead cells increased. This 

denotes that OGD damages the neurons, causing their death on a longer time scale. The 

level of immediate death after OGD was smaller. 
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Figure 6.4. Epi-fluorescence images of mice primary hippocampal neurons stained with 

live/dead assay. Notation: C – control, untreated cells (NB(+G)); C 1h – sham-operated 

control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated neurons 

(NB(+G) exchanged to NBA(-G)), RO 24h – reoxygenated neurons in the corresponding 

culture conditions. Staining: green – calcein-AM fluorescence marking living neurons; 

red – propidium iodide intercalated with DNA, indicating dead neurons. 
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A quantitative analysis of neuron viability is shown in Figure 6.5.  

 

a) b)  

Figure 6.5. Neuron viability determined directly after OGD exposure (a) and after 24 h 

of re-oxygenation (b). Notation: C – control, untreated cells (NB(+G)); C S-O – sham-

operated control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated 

neurons (NB(+G) exchanged to NBA(-G)), R-O 24h – reoxygenated neurons in the 

corresponding culture conditions. A mean (square), median (middle line), and standard 

deviation (SD, outside lines) were obtained from 3 independent repetitions. Statistical 

significance (ns – not statistically significant, ***p< 0.001). 

 

Control, untreated neurons maintain a high level of viability throughout the 

experiments (OGD and R-O). The viability level was  94.997% ± 2.424% and 94.647% 

± 2.885%, respectively. In sham-operating control, the culture exchange (NB(+G) to 

NB(+G)) affected the neuron viability, which dropped to 73.841% ± 12.067% (OGD) 

and to 44.518% ± 20.589% (R-O). After 1h exposure to OGD, there was no significant 

drop in the viability of neurons compared to sham-operating controls (72.593% ± 

20.536%) determined directly after OGD. However, after 24h R-O, a drop to 27.886% ± 

13.9995% was observed. After 3h OGD exposure, a further decrease in neuron viability 

was noted, i.e., viability level equals 54.352% ± 18.570% determined directly after OGD. 

It was even lower after 24h R-O (20.418% ± 10.962%). These results indicate that 

neurons underwent permanent injury after exposure to OGD. 
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6.5. Cytoskeleton in neurons exposed to OGD 

Knowing that both mechanical and rheological properties of cells manifest the 

status of the cytoskeleton, especially the actin filament and microtubule organization 

[199,213,214], the two main cytoskeletal components were visualized by confocal 

microscope (Figures 6.6 and 6.7).  

 

Figure 6.6.  Confocal images of the actin cytoskeleton in OGD-treated cells. Notation: 

C – control, untreated cells (NB(+G)); C 1h – sham-operated control NB(+G) exchanged 

to NB(+G); OGD 1h & OGD 3h – OGD treated neurons (NB(+G) exchanged to NBA(-

G)), R-O 24h – reoxygenated neurons in the corresponding culture conditions. Staining: 

actin filaments (green) – phalloidin conjugated with Alexa Fluor 488, cell nuclei (blue) 

– Hoechst33342. 
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Figure 6.7.  Confocal images of the microtubular cytoskeleton in OGD-treated cells. 

Notation: C – control, untreated cells (NB(+G)); C 1h – sham-operated control NB(+G) 

exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated neurons (NB(+G) exchanged 

to NBA(-G)), R-O 24h – reoxygenated neurons in the corresponding culture conditions. 

Staining: microtubules (red) – primary antibody conjugated with Cy3, cell nuclei (blue) 

– Hoechst33342. 

 

The fluorescent images show that the morphology of actin and the microtubular 

networks for control and OGD-treated neurons. The untreated neurons (control) and 

sham-operated control samples showed that both actin filaments and microtubular 

networks are similar. These cytoskeletal elements remained unaffected in cells attached 

to the surface after media exchange. The changes are observed in OGD-treated neurons. 

After 1h OGD, the actin filaments seem unchanged, but the microtubular network is 
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altered. Longer exposure of neurons to OGD resulted in the deterioration of microtubule 

organization and disruption of their integrity. Additionally, changes in the network of 

actin filaments became visible. The intensity and presence of actin located in regions of 

dendritic spines drop significantly after OGD exposure. The actin cytoskeleton present 

in the cell body region shows disordered and dense structures.  

 

6.6. Topography of mice primary hippocampal neurons 

 Topography images of dried neurons, recorded by AFM, delivered 

complementary information on cell morphology to that acquired by confocal microscopy 

(Figure 6.8).  

 

Figure 6.8. AFM topography images of neurons exposed to OGD compared to control, 

untreated cells, and sham-operating control. Notation: C – control, untreated cells 

(NB(+G)); C 1h – sham-operated control NB(+G) exchanged to NB(+G); OGD 1h & 

OGD 3h – OGD treated neurons (NB(+G) exchanged to NBA(-G)), RO 24h – 

reoxygenated neurons in the corresponding culture conditions. 

 

Scanning the neuron's surface with an AFM tip revealed lower integrity neuronal 

protrusions (dendrites, axons), which decreased in contrast to cell protrusions. Obtained 

images suggest disturbances in the organization of the cytoskeleton of protrusions. 
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6.7. Cofilin and phospho-cofilin phosphorylation level 

Changes in the mechanics of SH-SY5Y cells were explained by a mechanism 

involving the relation between cofilin and phospho-cofilin (Chapter 5). Therefore, by 

analogy, the expression level of this actin-regulatory protein was assessed for neurons 

exposed to OGD using the Western blot (Figure 6.9).  

 

a)  

b)  

Figure 6.9. (a) Exemplary Western blot showing cofilin and phospho-cofilin expression 

in OGD-treated neurons, accompanied by densitometry-based quantification of the 

relative expression level. (b) A mean and standard deviation were calculated from data 

gathered from 3 independent repetitions. Notation: C – control, untreated cells (NB(+G)); 

C 1h – sham-operated control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – 

OGD treated neurons (NB(+G) exchanged to NBA(-G)), RO 24h – reoxygenated 

neurons in the corresponding culture conditions.  
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The relative expression level was calculated from 3 independent repetitions 

applying the densitometric approach. The results showed that in OGD-treated neurons, 

the level of cofilin increased, accompanied by a simultaneous decrease in the phospho-

cofilin level, which indicates that maintaining the balance between cofilin and phospho-

cofilin is involved in OGD-related remodeling of the cell cytoskeleton. 

 

6.8. Summary 

Mice primary hippocampal neurons, exposed to OGD, respond in various ways, 

including alteration in mechanical and rheological properties of individual neurons. Such 

changes reflect, among others, alterations in neuron viability, actin filaments and 

microtubule organization, and expression level of cofilin/phospho-cofilin. By applying 

several methods like AFM, confocal microscopy, and Western blot, it was possible to 

observe how mechanical and rheological properties are related to biological markers of 

dysfunctions of neurons exposed to OGD. The main findings of the experiments 

described in this Chapter can be summarized as follows. 

 Various mechanical and rheological properties characterize neurons exposed to 

OGD. The larger neuron deformability was observed for more prolonged 

exposure to OGD  and at a larger indentation depth (1200 nm).  

 Microrheological measurements revealed that longer OGD exposure of neurons 

to OGD inhibits the neuron transition to the fluid-like regime. 

 Neuron viability results indicated that neurons underwent permanent injury after 

exposure to OGD, not recoverable by 24h R-O 

 Changes in the actin filaments and microtubule organizations showed visible 

alterations after long exposure of neurons to OGD. 

 In neurons, increased cofilin and decreased phospho-cofilin expression levels 

correlated with OGD exposure. 
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7. Discussion and conclusions 

 

Oxygen and glucose deprivation (OGD) is applied to study cerebral ischemic 

stroke in vitro because it mimics the sudden disruption of blood flow to the brain [215]. 

Lots are known about the biological and medical aspects of stroke; however, to what 

extent the mechanics is involved is weakly elaborated. To fill the gap, in the study 

presented here, the atomic force microscope (AFM) was applied to quantify the 

mechanical and rheological properties of two cell models exposed to OGD, mimicking 

stroke conditions. AFM can be applied to quantify the mechanical or rheological 

properties of living cells [165-172]. Therefore, it can be widely applied to study the 

effects of various drugs (like cytoskeletal drugs, including cytochalasin D or nocodazole 

[199,214]) or of physical stimuli that affect cell mechanics [72]. The research has 

demonstrated that AFM-based elasticity measurements can detect changes early in the 

progression of various diseases, such as multiple sclerosis, various cancers, or muscular 

dystrophy [1, 3, 4, 180]. Current studies have also shown that tissue mechanics changes 

within the region affected by stroke and, at a distance from the stroke site, in a region of 

the contralateral and ipsilateral hemispheres [217]. Ultrasound elastography and AFM 

have shown the alterations in mechanical properties of the brain region severely affected 

by ischemia. Tissue affected by stroke reveals increased deformability as the shear 

modulus of the entire brain significantly decreases. Neuronal cells exhibit 

mechanosensitive characteristics and are highly responsive to altered mechanics of the 

surrounding environment [72,218]. Thus, alterations in the deformability of ischemic 

tissue also denote changes in the functioning of neurons and their nanomechanical 

response.  

The mechanical and rheological properties of cells can be attributed to the 

organization of actin filaments [198,219]. To evaluate how cell morphology is related to 

mechanical properties, glioblastoma U118 MG and cervix cancer HeLa cells were 

measured by AFM. These cells display fibroblast-like and keratinocyte-like morphology, 

respectively. By applying cytochalasin D, an agent inhibiting actin filament 

polymerization, it was possible to relate cell shape to mechanical properties. 

Simultaneously, it has been demonstrated that the mechanical response of cells can be 

attributed to the remodeling of actin filaments.  
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Mechanisms governing alterations in the mechanical properties of neurons or even 

nervous tissue can be derived by measuring various cell types originating from normal 

and pathological nervous tissue. One of them is the neuroblastoma cell line SH-SY5Y 

because these undifferentiated cells exhibit neuroblast-like non-polarized morphology 

(cell body with few protrusions) and display markers characteristic of immature neurons. 

In addition, based on an analogy to glioblastoma U118 MG cells, there was a premise 

that alterations in the organization of actin filaments by AFM can be detected.  

The mechanical response of undifferentiated SH-SY5Y cells has already been 

reported in chemically induced glutamate-mediated neurodegeneration [220]. The results 

showed the increased rigidity of SH-SY5Y cells upon 50 mM N-methyl-D-aspartate 

(NMDA) treatment. However, in this study, the experimental time was limited to 60 

minutes, and maximum rigidity was observed after 20 minutes. To observe how the 

mechanical properties of cells change for a longer time, SH-SY5Y cells were subjected 

to OGD for 1h, 3h, and 12h, followed by 24h of re-oxygenation. AFM-based elasticity 

measurements were conducted at the shallow (actin cytoskeleton) and deep indentations 

(actin, microtubules, and deeper-lying organelles like cell nuclei). The results show cell 

softening as Young's modulus decreased in cells exposed to OGD. The results suggested 

that the cell cytoskeleton is responsible for the larger deformability of SH-SY5Y cells. 

A similar effect is observed for shallow indentation depth (400 nm) and deep indentation 

(1200 nm). The percentage difference seems unchanged in the case of both analyzed 

indentations, whereas in the case of 1200 nm, the cumulative effect of nanomechanics of 

actin cortex, microtubules, and cell nucleus is observed. The most significant Young's 

modulus decrease was detected in SH-SY5Y cells measured directly after OGD, 

especially after short-time OGD (i.e., 1h). After 24h re-oxygenation,  the elastic 

properties of cells returned to the level of control cells. The cell viability (LDH assay) 

showed that the number of alive cells remained within 83–88% for both control and 

OGD-treated cells, suggesting no significant effect of OGD conditions on cell survival. 

However, cell metabolic activity measured using the MTS technique decreases 

significantly with OGD duration, oppositely to changes observed in nanomechanical 

measurements.  

The following mechanism of OGD-induced deformability changes was proposed. 

In the initial phase, alterations in cell deformability are limited mainly to actin filaments 
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reorganization in the actin cortex. The time-dependent gradual decrease of Young's 

modulus in control, non-OGD treated SH-SY5Y cells, regardless of the indentation 

depths (400 nm and 1200 nm), probably reflects the impact of glucose consumption on 

the mechanical properties of cells. The dynamic process of polymerization and/or 

depolymerization of actin filaments depends strongly on ATP availability. The low level 

of ATP affects the cytoskeleton status causing slow disassembly of cytoskeletal elements 

[221,222], in consequence, a gradual increase in the deformability of cells (i.e., cell 

softening). Furthermore, during the initial OGD, the mechanical properties of cells can 

be linked with the effect of cofilin on the organization of cortical actin. Severing and 

depolymerizing actin filaments induced by cofilin activity create short actin filaments 

with new barbed ends needed for their polymerization [223]. The effect of actin 

remodeling is discernible in cells incubated for 1 hour of OGD conditions. It is detectable 

in the effective surface area of the single-cell experiment, where 1-hour OGD results in 

a significant (~ 20%) reduction of the mean single-cell surface area and an increase in 

the cell height. These alterations are the premise that the actin scaffold becomes more 

sparse, and the cell gets softer. In the case of prolonged OGD exposure (3h and 12h), the 

cofilin-induced actin de-polymerization seems to be diminished. Changes in 

nanomechanical properties of prolonged OGD-treated cells are less significant. In the 

case of long-lasting OGD exposure, cells are metabolically impaired, and the number of 

metabolically active cells decreases. Cofilin activity is inhibited by phosphorylation of 

the serine residues at position 3 near the N-end for a longer OGD duration, resulting in 

polymerization and stabilization of actin filaments [224,225]. In consequence, cells with 

low metabolic activity become more rigid. After re-oxygenation, the surface area 

returned to control levels, but mechanical properties did not fully recover. Alterations in 

nanomechanical properties are visible but not significant. Observations from actin and 

tubulin in confocal microscopy do not reveal any significant change in their organization, 

which indicates that variation in cell mechanics cannot be explained only by actin 

dynamics regulation. 

The better model for studying the effect of OGD are mice primary hippocampal 

neurons. Neurons exhibit large sensitivity to the deprivation of oxygen and glucose. 

Examination of cell survival by using live/dead assay excluded from further AFM 

experiments re-oxygenated controls and OGD groups. In contrast to the SH-SY5Y cells, 
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neurons showing fully differentiated morphology, different expression profile, and loss 

of proliferation potential are more prone to OGD exposure and exhibit more different 

response mechanisms to OGD. It might result in the oversecretion of neurotransmitter – 

glutamate, leading to excitotoxicity through the interaction with N-methyl-D-aspartate 

(NMDA) receptors. Some reported data have elucidated that glutamate induces 

excitotoxicity in primary cultured neurons through oxidative damage and over-

stimulation of NMDA receptors, leading to calcium homeostasis destruction [220]. 

Overexcitation of neuronal cell membrane leads to the opening of ion channels and 

further influx of sodium (Na+) and calcium (Ca2+) ions. The influx of calcium ions affects 

the nanomechanical properties of cells via the ADF/cofilin family of actin-binding 

proteins. Fluctuations of cofilin and phospho-cofilin expression in mice primary neurons 

are much more significant compared to those observed in OGD-treated SH-SY5Y cells. 

Level of cofilin, the active form, increases, whereas phosphor-cofilin decreases with 

exposure time. Consequently, actin fibers are prone to sever; therefore, ATP supply 

failure does not allow re-organizing actin bundles to create a uniform web. Other data 

suggest disrupting the equilibrium between fibrillar and globular actin (F and G actin) 

[226]. Observed on confocal images, the architecture of the actin cytoskeleton alters, and 

actin relocation from regions of dendritic spines has been reported, resulting in the 

disturbing ability of cell-cell interactions. As a cortical layer, the actin cytoskeleton plays 

a crucial role in the nanomechanical properties of the cell. Alterations in the distribution 

of actin bundles, the ratio of F and G actin, activity of ADF/cofilin family, and decrease 

of cellular ATP level might increase cell deformability or result in a weaker response of 

cells to fluctuations of environmental conditions such as media exchange. Similar to data 

obtained for SH-SY5Y cells, a statistically significant decrease of Young’s modulus is 

observed only for 1h treated with OGD conditions cells.  

A significant drop in Young’s modulus for deep indentation (1200 nm) suggests 

the role of both components of the cytoskeleton in the elastic properties of OGD-treated 

neurons. Analysis of confocal images showed significant changes in the organization of 

the microtubular cytoskeleton. OGD exposure induces cracks in microtubules. Apart 

from mechanical support, microtubules and actin filaments in neurons fulfill one other 

crucial role: transport of cargo through neuronal protrusions to synaptic terminations. 

Transport along microtubules is realized via the activity of kinesin and dynein, whereas 
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actin-related transport is combined with the functionality of myosins [227]. Dysfunction 

of intracellular transport responding to the transport of neurotransmitters and partially 

processed proteins results in the loss of excitability of neurons and is one of the causes 

of neuronal death [228]. 

Decreased cell survival after 24-hour re-oxygenation could result from excitotoxicity and 

exposure to reactive oxygen species (ROS). Intense entry of Na+ triggers a secondary 

increase in intracellular Cl- required for neuronal swelling via increasing osmotic 

pressure, resulting in an accumulation of water that directly leads to cell death [229]. 

Lack of expression of aquaporin 4, a membrane transporter regulating hydration, makes 

neurons more prone to necrosis caused by cytotoxic cell swelling [230,231]. 

Finally, gathering the results obtained for neuroblastoma SH-SY5Y cells and 

mice primary hippocampal neurons isolated from E18 embryos should be performed. 

Neuroblastoma SH-SY5Y cells exhibit different responses to OGD than mice primary 

neurons; however, some regulatory mechanisms might be common. Prolonged exposure 

to OGD conditions alters cell metabolism. Various mechanisms in immortalized cell 

lines protect against the consequences of further-mentioned injuries [232]. Some of the 

factors differentiating cell lines from primary cell cultures are involved in the regulation 

of calcium ions sensitivity (via calpains), regulation of ion distribution (membrane 

transporters, voltage-gated ion channels), and osmolar potential  (presence of aquaporins 

in the cell membrane) [230,231,233]. Induction of cellular injuries can be activated via 

various biochemical processes such as perturbation of calcium homeostasis and 

disruption of ion equilibrium [233-235], malfunction of endoplasmic reticulum and 

mitochondria [236], and increased level of oxidative stress linked with DNA damage 

[237], disturbances in osmolar potential [233-235]. All mentioned factors affect cell 

morphology and architecture of the cytoskeleton,  which might suggest changes in the 

mechanical properties of OGD-treated cells.  

The activity of numerous actin-associated proteins responsible for regulating 

actin dynamic assembly and disassembly (polymerization/depolymerization of actin 

cytoskeleton) is obligatory in many biological processes, such as cell division, cell 

motility, endocytosis, and morphogenesis. These actin regulatory proteins contribute to 

nucleation, depolymerization, and fragmentation of the actin filaments, but 

simultaneously, they contribute to ATP-dependent polymerization [238-241]. One of 
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these proteins is cofilin. Its main role is disassembling F-actin into tiny fragments of 

fibrous actin [125]. Importantly, the process of actin severing by cofilin is independent 

of energy addition. However, the extensive reorganization of actin filaments, especially 

actin polymerization, requires high energy supplies [242]. With disturbances in ATP 

production, the effect of actin severing via cofilin activity might be detected by applying 

AFM working in force-volume mode.  

In conclusions, actin rearrangement seems to be crucial in the regulation of the 

nanomechanics of cells. Regulation of microfilament dynamics is realized through the 

activity of various actin-associated proteins, including activation of profilin, cofilin, and 

gelsolin, phosphorylation of myosin light chain, and changes in membrane spectrin 

cytoskeleton [243]. In the OGD in vitro stroke model, nanomechanical studies did not 

yet reveal much information about the sequence of changes in the cytoskeleton. 

Numerous research that use the OGD model to understand mechanisms involved in brain 

dysfunction [244,245] has demonstrated that the pathological process of ischemic stroke 

involves numerous mechanisms affecting various cell types. Apart from the 

nanomechanical role, cofilin is involved in the dynamic turnover of actin filaments and 

affects membrane integrity, receptor transport, and signal transduction. A better 

understanding of mechanisms governing cofilin-related cytoskeleton remodeling and 

potential ways of cofilin activity inhibition might induce neuroprotection by targeting 

diverse cellular components and multiple pathways [246,247]. Additionally, this 

knowledge could also contribute to the development of potential anticancer drugs.  
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9. List of Figures 

 

Figure 1.1. Scheme describing the direct cause of two types of stroke a) ischemic stroke 

caused by a blockage in blood flow to the brain by a clot, and b) hemorrhagic stroke 

caused by loss of artery integrity and sudden bleeding (inspired from: 

https://healthjade.net/cva-stroke/). 

 

Figure 1.2. Scheme showing localization, morphology, and interactions of three main 

filamentous structures of cell cytoskeleton: intermediate filaments, microtubules, and 

microfilaments. 

 

Figure 3.1. a) Phase-contrast and b) fluorescence image of undifferentiated SH-SY5Y 

cells. Fluorescence staining: actin filaments – phalloidin conjugated with Alexa Fluor 

488, microtubules – primary antibody conjugated with Cy3, cell nuclei – Hoechst 33342. 

 

Figure 3.2. Image showing mice primary hippocampal neurons after 7 days of culture, 

plated on previously coated with poly-D-lysine plastic Petri dish. Actin filaments – 

phalloidin conjugated with Alexa Fluor 488, microtubules – primary antibody conjugated 

with Cy3, cell nuclei – Hoechst 33342. 

 

Figure 3.3. The time scale of the OGD experiment applied to SH-5YSY cells. 

 

Figure 3.4. The time scale of the OGD experiment applied to neurons. 

 

Figure 3.6. Principle of LDH assay.  

 

Figure 3.7.  Scheme showing principle of AFM measurement (a). Cells plated on plastic 

Petri dishes are placed under AFM. Piezo scanner is responsible for the movement of the 

sample, while the cantilever indents the cell. Detection of cantilever deflection is 

following. A laser beam is focused on the cantilever, and the reflected laser beam is 

recorded by the active area of the detector, divided into four quadrants measuring 

deflections in parallel and perpendicular directions. (b) Photo of JPK Atomic Force 

https://healthjade.net/cva-stroke/
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Microscope applied in measurements of OGD-induced changes in nanomechanical 

properties. 

 

Figure 3.8. Scheme showing force (F) versus indentation (Δx) curve recorded on: stiff 

substrate (plastic or glass slide) – red; and soft substrate, e.g., cell – blue. The blue arrow 

indicates the contact point of the cantilever with the sample surface. 

 

Figure 3.9. Young's modulus plotted a function of time, up to 2 hours (the time foreseen 

for AFM measurements). 

Figure 3.10. The histograms of Young's modulus obtained for control (C) and cyto D-

treated U118 MG and HeLa cells, determined for indentation of 200 and 800 nm (each 

point in the histogram is a mean calculated for each cell separately). 

 

Figure 3.11. The histograms of Young's modulus calculated for C, OGD, and 24h RO 

treated SH-SY5Y cells, determined for indentation of 400 nm (each point in the 

histogram is a mean calculated for each cell separately). 

 

Figure 3.12. The histograms of Young's modulus calculated for C, OGD, and 24h RO 

treated SH-SY5Y cells, determined for indentation of 1200 nm (each point in the 

histogram is a mean calculated for each cell separately). 

 

Figure 3.13. The histograms of Young's modulus calculated for C, C S-O (1h, 3h), and 

OGD-treated neurons determined for indentations of 400 and 1200 nm. 

 

Figure 3.14. The indentation depth vs. heterogeneity of the cell interior structure. 

 

Figure 3.15. Quantitative images of SH-SY5Y cells after OGD and RO. Images were 

acquired at the height (measured) channel. Control cells (C, in NB(+G)), OGD cells 

(OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD cells (RO 24h, in DMEM(+G)) 

QI mode, of control and OGD-treated SH-SY5Y cells. 
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Figure 3.16. Illustration of the AFM-based microrheological measurements. Cantilever 

deflection is measured while applying sinusoidal oscillations at a constant amplitude to 

the sample. The oscillation amplitude is kept constant during the measurements. The 

oscillation frequency changes (here, f1 to f4). 

 

Figure 3.17. Example of storage G' and loss G" moduli plotted as a function of the 

oscillation frequency. The plot is in log scale, and the transition frequency, where the 

storage and loss moduli are equivalent, is indicated by a green dashed line. 

 

Figure 3.18. The idea of a single-cell effective surface area (SA) determination based on 

fluorescent images of HeLa cells. 

 

Figure 4.1.  Morphology and organization of actin cytoskeleton of U118 MG (a) and 

HeLa (b) cells, observed under the epi-fluorescent microscope. Staining: actin filaments 

– phalloidin conjugated with Alexa Fluor 488 dye, cell nuclei – Hoechst 33342 dye. 

 

Figure 4.2. Epi-fluorescence images of cell morphology in control and cyto D treated 

U118 MG and HeLa cells. Staining: actin filaments – phalloidin conjugated with Alexa 

Fluor 488 dye, cell nuclei – Hoechst 33342 dye. 

 

Figure 4.3. The effective spreading area of a single U118 MG and HeLa cell before and 

after cyto D treatment for 10 and 30 min, respectively. Data are expressed as mean with 

standard error. 

 

Figure 4.4.  Young’s modulus of U118 MG (a) and HeLa (b) cells before and after cytoD, 

determined for the indentations of 200 nm and 800 nm. Data are expressed as mean with 

standard error. Statistical significance determined: p > 0.05, *p < 0.05, **p < 0.01,  

***p < 0.001. 

 

Figure 4.5.  R factor, defined as a ratio between Young’s modulus determined at 200 nm 

and 800 nm, for U118 MG (a) and HeLa (b) cells before and after cytochalasin D 



 

128 
 

treatment. Data are expressed as mean with standard error. Statistically significant 

changes were not observed. 

 

Figure 5.1. Elasticity maps, recorded using SH-SY5Y cells after OGD and RO. Control 

cells (C, in NB(+G)), OGD cells (OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD 

cells (RO 24h, in DMEM(+G)) QI mode, of control and OGD-treated SH-SY5Y cells. 

 

Figure 5.2. Young's modulus of neuroblastoma SH-SY5Y cells exposed to OGD, 

determined for the indentation depths of 400 nm (a) and 1200 nm (b). Box plots show a 

median (line); a mean (solid square); standard deviation (box); 25% and 75% percentiles 

(box); n = 60 cells (notation: C – control cells in NB(+G)), OGD cells (OGD 1h, 3h, or 

12h, NBA(-G)), reoxygenated OGD cells (RO 24h, DMEM(+G)), and control, non-OGD 

cells (C 24h) cultured in the same conditions as reoxygenated OGD cells), Statistical 

significance: ns – not significant (p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001 

(reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-BY 4.0 

license).  

 

Figure 5.3. Viability and metabolic activity of SH-SY5Y neuroblastoma cells after OGD 

exposure and following 24h RO. (a, b) LDH results are represented by the mean value 

calculated from 12 ELISA readouts after normalization of relative absorbance to values 

obtained for the control samples. (c, d) MTS results show a distribution of single dots 

(one dot refers to one readout from the ELISA reader). A mean (open square), median 

(middle black line), and standard deviation (black line above and below a middle one) 

were determined from data gathered in 3 independent repetitions. Statistical significance: 

p > 0.05, *p < 0.05, ***p < 0.001, ns – not statistically significant (reprinted from 

Zielinski et al. Scientific Reports 12 (2022) 16276 CC-BY 4.0 license).  

 

Figure 5.4. Phase-contrast images of SH-SY5Y cells after OGD and RO. Control cells 

(C, in NB(+G)), OGD cells (OGD 1h, 3h, or 12h, in NBA(-G)), reoxygenated OGD cells 

(RO 24h, in DMEM(+G)), and control, non-OGD cells (C 24h, in DMEM(+G)). Scale 

bar 50 µm (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-

BY 4.0 license).  
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Figure 5.5. Confocal images of the actin and microtubular cytoskeleton in OGD-treated 

cells immediately after exposure. C (C, NB(+G)), OGD cells (OGD 1h, 3h, or 12h,NBA(-

G)). Actin filaments were labeled with phalloidin conjugated with Alexa Fluor 488, 

microtubules with primary antibody conjugated with Cy3, and cell nuclei with 

Hoechst33342; scale bar 25 µm (reprinted from Zielinski et al. Scientific Reports 12 

(2022) 16276 under CC-BY 4.0 license).  

 

Figure 5.6. Confocal images of the actin and microtubular cytoskeleton in OGD-treated 

cells after 24h re-oxygenation. C (non-OGD cells (C 24h) kept in DMEM(+G) for the 

same time as reoxygenated OGD cells), OGD (reoxygenated OGD cells (RO 24h, 

DMEM(+G)). Actin filaments were labeled with phalloidin conjugated with Alexa Fluor 

488, microtubules with primary antibody conjugated with Cy3, and cell nuclei with 

Hoechst33342; scale bar 25 µm (reprinted from Zielinski et al. Scientific Reports 12 

(2022) 16276 under CC-BY 4.0 license).  

 

Figure 5.7. The effective spreading surface area of a single cell (SA) of SH-SY5Y cells 

after OGD (a) and following re-oxygenation (b). A single dot is the average surface area 

of individual cells. Boxplot represents mean (open square), median (black line), standard 

deviation (box), and 25% and 75% percentiles (whiskers) from n = 60 fluorescent 

images. Statistical significance determined: p > 0.05, *p < 0.05, ***p < 0.001, and ns – 

not statistically significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 

16276 under CC-BY 4.0 license).  

 

Figure 5.8. Nucleus to the cytoplasm (N/C) ratio of SH-SY5Y cells after OGD and 

following re-oxygenation. Single dots represent the average value of individual cells. 

Boxplots show mean (open square), median (line), and standard deviation (box) 

calculated from n = 60 cells. Statistical significance: *p < 0.05, ***p < 0.001, ns – not 

statistically significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 

under CC-BY 4.0 license).  

 

Figure 5.9. Expression of cofilin and phospho-cofilin (p-cofilin) corresponding to actin-

severing activity in SH-SY5Y cell line evaluated immediately after 1h (a) and 12h (b) 
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OGD exposure. Control cells were kept in NB(+G), while OGD cells were kept in NBA(-

G). A mean (black square), median (black middle line), and standard deviation (SD, 

black lines below and above the middle one) were obtained from 3 independent 

repetitions. Statistical significance: **p < 0.01, ***p < 0.001, ns – not statistically 

significant (reprinted from Zielinski et al. Scientific Reports 12 (2022) 16276 under CC-

BY 4.0 license).  

 

Figure 6.1. Young's modulus of neurons exposed to OGD at two oxygen concentrations 

(5% and 0.1%). The total number of neurons measured for each condition was 30. Box-

plot represents mean (square), median (middle line), and standard deviation (SD, outside 

lines) were obtained from at least 3 independent repetitions. Statistical significance (ns 

– not statistically significant, *p < 0.05). 

 

Figure 6.2. Nanomechanical properties of mice primary hippocampal neurons after OGD 

treatment, quantified by the apparent Young's modulus calculated for the indentation 

depth of 400 nm (a) and 1200 nm (b). Notation: C – control, untreated neurons cultured 

in NB(+G)); C 1h & C 3h – sham-operated controls (untreated neuron culture in which 

NB(+G) was replaced with NB(G+) kept in culture for 1 and 3h, respectively; OGD 1h 

& OGD 3h – neurons exposed to OGD for 1h and 3h, in NBA(-G) medium. Box plots 

represent mean (square), median (middle line), and standard deviation (SD, outside lines) 

were obtained from at least 3 independent repetitions. Statistical significance (*p < 0.05; 

**p < 0.01). 

 

Figure 6.3. The log-log relations of the storage G’ (black dots) and loss G” (red dots) 

moduli plotted as a function of the frequency of oscillation of mice primary neurons 

exposed to (a) control (C), (b) sham-operated control (C 1h), (c) OGD 1h, and (d) 

OGD 3h. Each point denotes a mean and standard deviation of 30 to 50 neurons. 

 

Figure 6.4. Epi-fluorescence images of mice primary hippocampal neurons stained with 

live/dead assay. Notation: C – control, untreated cells (NB(+G)); C 1h – sham-operated 

control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated neurons 

(NB(+G) exchanged to NBA(-G)), RO 24h – reoxygenated neurons in the corresponding 
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culture conditions. Staining: green – calcein-AM fluorescence marking living neurons; 

red – propidium iodide intercalated with DNA, indicating dead neurons. 

 

Figure 6.5. Neuron viability determined directly after OGD exposure (a) and after 24 h 

of re-oxygenation (b). Notation: C – control, untreated cells (NB(+G)); C S-O – sham-

operated control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated 

neurons (NB(+G) exchanged to NBA(-G)), R-O 24h – reoxygenated neurons in the 

corresponding culture conditions. A mean (square), median (middle line), and standard 

deviation (SD, outside lines) were obtained from 3 independent repetitions. Statistical 

significance (ns – not statistically significant, ***p< 0.001). 

 

Figure 6.6.  Confocal images of the actin cytoskeleton in OGD-treated cells. Notation: 

C – control, untreated cells (NB(+G)); C 1h – sham-operated control NB(+G) exchanged 

to NB(+G); OGD 1h & OGD 3h – OGD treated neurons (NB(+G) exchanged to NBA(-

G)), R-O 24h – reoxygenated neurons in the corresponding culture conditions. Staining: 

actin filaments (green) – phalloidin conjugated with Alexa Fluor 488, cell nuclei (blue) 

– Hoechst33342. 

 

Figure 6.7.  Confocal images of the microtubular cytoskeleton in OGD-treated cells. 

Notation: C – control, untreated cells (NB(+G)); C 1h – sham-operated control NB(+G) 

exchanged to NB(+G); OGD 1h & OGD 3h – OGD treated neurons (NB(+G) exchanged 

to NBA(-G)), R-O 24h – reoxygenated neurons in the corresponding culture conditions. 

Staining: microtubules (red) – primary antibody conjugated with Cy3, cell nuclei (blue) 

– Hoechst33342. 

 

Figure 6.8. AFM topography images of neurons exposed to OGD compared to control, 

untreated cells, and sham-operating control. Notation: C – control, untreated cells 

(NB(+G)); C 1h – sham-operated control NB(+G) exchanged to NB(+G); OGD 1h & 

OGD 3h – OGD treated neurons (NB(+G) exchanged to NBA(-G)), RO 24h – 

reoxygenated neurons in the corresponding culture conditions. 
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Figure 6.9. (a) Exemplary Western blot showing cofilin and phospho-cofilin expression 

in OGD-treated neurons, accompanied by densitometry-based quantification of the 

relative expression level. (b) A mean and standard deviation were calculated from data 

gathered from 3 independent repetitions. Notation: C – control, untreated cells (NB(+G)); 

C 1h – sham-operated control NB(+G) exchanged to NB(+G); OGD 1h & OGD 3h – 

OGD treated neurons (NB(+G) exchanged to NBA(-G)), RO 24h – reoxygenated 

neurons in the corresponding culture conditions.  


