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Abstract

:

Ischaemic stroke is characterized by a sudden loss of blood circulation to an area of the brain, resulting in a corresponding loss of neurologic function. As a result of this process, neurons in the ischaemic core are deprived of oxygen and trophic substances and are consequently destroyed. Tissue damage in brain ischaemia results from a complex pathophysiological cascade comprising various distinct pathological events. Ischaemia leads to brain damage by stimulating many processes, such as excitotoxicity, oxidative stress, inflammation, acidotoxicity, and apoptosis. Nevertheless, less attention has been given to biophysical factors, including the organization of the cytoskeleton and the mechanical properties of cells. Therefore, in the present study, we sought to evaluate whether the oxygen-glucose deprivation (OGD) procedure, which is a commonly accepted experimental model of ischaemia, could affect cytoskeleton organization and the paracrine immune response. The abovementioned aspects were examined ex vivo in organotypic hippocampal cultures (OHCs) subjected to the OGD procedure. We measured cell death/viability, nitric oxide (NO) release, and hypoxia-inducible factor 1α (HIF-1α) levels. Next, the impact of the OGD procedure on cytoskeletal organization was evaluated using combined confocal fluorescence microscopy (CFM) and atomic force microscopy (AFM). Concurrently, to find whether there is a correlation between biophysical properties and the immune response, we examined the impact of OGD on the levels of crucial ischaemia cytokines (IL-1β, IL-6, IL-18, TNF-α, IL-10, IL-4) and chemokines (CCL3, CCL5, CXCL10) in OHCs and calculated Pearsons’ and Spearman’s rank correlation coefficients. The results of the current study demonstrated that the OGD procedure intensified cell death and nitric oxide release and led to the potentiation of HIF-1α release in OHCs. Moreover, we presented significant disturbances in the organization of the cytoskeleton (actin fibers, microtubular network) and cytoskeleton-associated protein 2 (MAP-2), which is a neuronal marker. Simultaneously, our study provided new evidence that the OGD procedure leads to the stiffening of OHCs and a malfunction in immune homeostasis. A negative linear correlation between tissue stiffness and branched IBA1 positive cells after the OGD procedure suggests the pro-inflammatory polarization of microglia. Moreover, the negative correlation of pro- and positive anti-inflammatory factors with actin fibers density indicates an opposing effect of the immune mediators on the rearrangement of cytoskeleton induced by OGD procedure in OHCs. Our study constitutes a basis for further research and provides a rationale for integrating biomechanical and biochemical methods in studying the pathomechanism of stroke-related brain damage. Furthermore, presented data pointed out the interesting direction of proof-of-concept studies, in which follow-up may establish new targets for brain ischemia therapy.
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1. Introduction


The versatility of processes leading to neuron death after stroke creates the need for understanding the mechanisms underlying those changes. Hence, the biochemical background involved in neuronal death is currently being intensively investigated; however, less attention has been given to biophysical factors, including the organization of the cytoskeleton and mechanical properties of cells [1,2].



Forces generated by the cellular cytoskeleton and/or the extracellular matrix [3,4] are crucial not only in the process of embryonic development, where they affect cell proliferation and differentiation [5], but are also characteristic of pathological processes, including those related to the brain [6,7,8]. Any aspect of brain cell (neuronal and glial) activity, such as adhesion and/or migration, is mediated by mechanical cues [9]. Moreover, the organization and proper functioning of the cytoskeleton are crucial for the proper transduction of signals from the cell environment into the cell nucleus [10]. Importantly, the mechanical transduction of signals is at least 40 times faster than the transduction of biochemical signals in the cytoplasm [11]; thus, any alteration in cytoskeleton integrity and functionality induces various malfunctions leading to dysregulation of homeostasis. On the other hand, the interplay between the cytoskeleton and physical factors plays a key role in regulating new neuron formation [12]. Seano et al. (2019) found that forces generated by solid stress led to changes in nuclear morphology and subsequent death of neurons in the region affected by the strain generated by the brain tumor mass. Moreover, solid stress generated by the tumor could decrease perfusion in surrounding blood vessels [13]. Similarly, changes in brain stiffness were detected in C57BL/6 mice subjected to middle cerebral artery occlusion (MCAo), probably by changes in fluid distribution caused by brain damage [14]. Considering the physical mechanism of brain damage as a result of the interaction of forces generated in pathological conditions, searching for similar grounds in the case of an ischaemic stroke may be an interesting direction for research. Therefore, we postulate that the OGD procedure ex vivo leads not only to dysregulation of homeostasis and changes in the synthesis of inflammatory factors but may also lead to biomechanical changes in the hippocampal tissue expressed as the cytoskeleton rearrangement.



To verify our hypothesis, we investigated the impact of the OGD procedure on OHCs cytoskeleton organization using combined confocal fluorescence microscopy (CFM) and atomic force microscopy (AFM). CFM was used to determine changes in the organization of crucial cytoskeleton components (actin, tubulin, and MAP-2) under ischemic conditions. Quantitative image analysis was performed in ImageJ (v1.53t) software in order to precisely compare experimental groups. AFM working in force spectroscopy mode was applied to determine the mechanical properties of OHCs.




2. Materials and Methods


2.1. Animals


Sprague–Dawley rats (200–250 g) were purchased from Charles River (Sulzfeld, Germany) and kept under standard conditions at a temperature of 23 °C with a daily cycle of 12 h of light/12 h of darkness (light from 08:00) and ad libitum access to water and food. After the acclimatization period, the phase of the estrous cycle was determined based on vaginal smears that were obtained daily from the females. On the day of proestrus, the females were placed with males for 12 h, and the presence of sperm in vaginal smears was checked the next morning. All experimental protocols were performed in accordance with guidelines from the Committee for Laboratory Animal Welfare and Ethics of the Maj Institute of Pharmacology, Polish Academy of Sciences, Krakow, Poland. All possible efforts were made to minimize the number of animals used and their suffering.




2.2. Organotypic Hippocampal Cultures (OHCs)


Organotypic cultures were established from the hippocampus of P6-7 female rats according to the method described by Stoppini et al. (1991) with slight modifications [15,16]. Before isolating the brain, P6-7 rats were placed on ice and then decapitated. The dissected brains were immediately placed into an ice-cold working buffer containing 96% Hank’s balanced salt solution (HBSS, 1 M; Gibco, Waltham, MA, USA), 3.5% glucose (Sigma–Aldrich, St. Louis, MO, USA), and 0.5% penicillin and streptomycin (Gibco, Waltham, MA, USA). The hippocampus was isolated and then transferred to Teflon disks and cut into 350 µm thick sections using a tissue chopper (McIlwain, TedPella, Redding, CA, USA). The cut sections were rinsed from the Teflon disc into the working buffer, and after initial optical microscopy analysis, they were transferred to ThinCert™ membranes (Greiner Bio-One, Austria) and placed in 6-well plates (Greiner Bio-One, Kremsmünster, Austria). Five slices of the hippocampus were placed on each ThinCert™ membrane. Each well was filled with 1 mL of 50% DMEM + GlutaMax™-I medium (Gibco, Waltham, MA, USA) containing 20% HBSS, 25% horse serum, 5 mg/mL glucose, 2% B-27 supplement, 2% fungizin, penicillin at a concentration of 100 U/mL, and streptomycin at a concentration of 0.1 mg/mL. OHCs were carried out in an incubator at 37 °C in an atmosphere containing 95% air and 5% CO2. The culture medium was changed every other day, gradually reducing the concentration of horse serum (from Day 4 to Day 7). On the 7th day of cultivation, the medium was serum-free and contained 50% DMEM F-12, 20% HBSS, 5 mg/mL glucose, 2% B-27 supplement, 2% N2 supplement, 2% fungizin, 100 U/mL penicillin, and 0.1 mg/mL streptomycin.




2.3. Oxygen-Glucose Deprivation (OGD)


The OGD procedure was performed on the 7th day, after the establishment of the culture according to the protocol of Sarnowska et al. (2009) with slight modifications [17]. Hippocampal cultures were washed twice in Ringer’s solution containing 10 mM mannitol (Sigma–Aldrich, St. Louis, MO, USA). Then, the membranes were transferred to new 6-well plates containing 1 mL Ringer’s solution and placed in a hypoxic chamber (37 °C; gas flow: 95% N2, 5% CO2) for 40 min. Next, inserts with hippocampal slices were transferred back to serum-free plates and grown under standard conditions (37 °C; 5% CO2). The actual experiments were carried out for 24 h after the OGD procedure (Figure 1).




2.4. Propidium Iodide Staining


Due to its chemical properties, propidium iodide (PI) (Sigma–Aldrich, St. Louis, MO, USA) is routinely used to determine cell mortality. PI does not cross the cell membrane continuously but stains DNA released from the cells, of which the membranes are perforated and emit orange-red light when excited with blue light; therefore, it is used for fluorescence labelling of dead cells [18]. In the conducted research, 24 h after the OGD procedure, PI was added to the culture medium at a concentration of 2 μM [19], and then, after 2 h of incubation, its capture was visualized using a fluorescence microscope (Ex/Em: 536/620 AxionCam MRm, ZEISS, Jena, Germany).




2.5. LDH Assay


When cells are damaged (disruption of the cell membrane), the enzyme lactate dehydrogenase (LDH) is released into the culture medium. In the test used, one of the components of the reaction mixture was lactic acid, which is converted by LDH to pyruvic acid, with the simultaneous reduction of NAD+ to NADH. In the second stage of the reaction, the enzyme (diaphorase) oxidizes NADH and reduces the substrate to a colored product (formazan). The assessed color intensity is proportional to the cytotoxicity of the tested compounds/chemicals. The LDH test was carried out following the method described by Ślusarczyk et al. [20]. Twenty-four hours after the OGD procedure, 50 μL of the medium was taken, and 50 μL of the reagent mixture (consisting of the catalyst and the dye solution) provided by the manufacturer of the kit (Cytotoxicity Detection Kit, Roche, Mannheim, Germany) was added, followed by 15 min of incubation at room temperature. The absorbance (wavelength λ = 490 nm) was measured with an Infinite® M200 PRO automatic microplate reader (TECAN, Männedorf, Switzerland). The data were normalized to the activity of LDH released from control, vehicle-treated slices (100%) and are expressed as a percentage of the control ± SEM (standard error of the mean).




2.6. NO Release Assay (Nitrite Ion in Solution)


Nitric oxide (NO) secretion by OHCs was assessed using the Griess reaction, in which the extracellular release of nitrite (NO2−) was measured as previously described [16,21]. Twenty-four hours after the OGD procedure, 50 μL of the medium was mixed in a 1:1 ratio with a mixture of the following reagents: Griess A (0.1% N-1-naphthyl ethylenediamine dihydrochloride) and Griess B (1% sulfanilamide in 5% phosphoric acid) in a 96-well plate and incubated for 10 min at room temperature. The absorbance at λ = 540 nm was then measured using an Infinite® M200 PRO automatic microplate reader (TECAN, Männedorf, Switzerland). The data were normalized to NO released from control, vehicle-treated slices (100%) and are expressed as a percentage of the control ± SEM.




2.7. Enzyme-Linked Immunosorbent Assay (ELISA)


Twenty-four hours after the OGD procedure, OHCs medium was collected to assess IL-6, TNF-α, IL-10 and IL-4 levels. The protein levels of cytokines, including interleukin 6 (IL-6; obtained from Bioassay Technology Laboratory, Birmingham, UK), tumor necrosis factor α (TNF-α;obtained from Bioassay Technology Laboratory, Birmingham, UK), interleukin 10 (IL-10; obtained from Bioassay Technology Laboratory, Birmingham, UK and interleukin 4 (IL-4; obtained from Bioassay Technology Laboratory, Birmingham, UK), were measured in the culture medium using commercially available kits according to the manufacturer’s instructions.



Additionally, 24 h after the OGD procedure, the OHCs were sonicated in RIPA buffer containing 1 mM sodium orthovanadate, 1 mM PMSF, 10 µg/mL protease inhibitors (P8340), and 10 µg/mL phosphatase inhibitors (P2850; P5726) (all obtained from Sigma–Aldrich, St. Louis, MO, USA). Then, the homogenates were shaken on ice for 30 min and centrifuged for 20 min at 4 °C at a speed of 14,000 rpm. The protein concentrations of the analyzed samples were determined using a BCA Protein Assay Kit (Sigma-Aldrich, St. Louis, MO, United States) and measured at a wavelength of 562 nm using a Tecan Infinite 200 Pro spectrophotometer (TECAN, Männedorf, Switzerland) in triplicate for each sample. Moreover, an ELISA kit for the HIF-1α factor (Rat Hypoxia-Inducible Factor 1α; obtained from Cusabio, Houston, TX, USA) was used according to the manufacturer’s instructions. The detection limits were as follows: TNF-α < 5 pg/mL, IL-6 < 0.1 pg/mL IL-10 < 3 pg/mL, IL-4 < 1 pg/mL, and HIF-1α < 3.12 pg/mL. The inter-assay precision of all ELISA kits was CV% < 10%. The intra-assay precision of all ELISA kits was CV% < 8%.




2.8. MILLIPLEX® Assay


Using the Milliplex Map Rat Cytokine/Chemokine Magnetic Bead Panel (Merck-Millipore, Darmstadt, Germany) method in an OHCs medium, the levels of the cytokines IL-1β (interleukin 1β), IL-18 (interleukin 18) and the chemokines CCL3 (chemokine (C-C motif) ligand 3; MIP-1α), CCL5 (chemokine (C-C motif) ligand 5; RANTES), and CXCL10 (C-X-C motif chemokine ligand 10; IP-10) were assessed 24 h after the OGD procedure. The samples were applied to 96-well plates in volumes according to the manufacturer’s instructions. The measurement was made with a MAGPIX® automatic reader (Luminex Corporation, Northbrook, IL, USA), and the analysis was performed with xPONENT® (v3.1) software (Luminex Corporation, Northbrook, IL, USA).




2.9. Immunofluorescence Staining


Immunofluorescent staining of OHCs was performed according to a protocol established by Gogolla et al. [22]. Immunofluorescence staining of OHCs was performed after the OGD procedure. The cultures were fixed in 4% paraformaldehyde, rinsed three times with phosphate-buffered saline (PBS), and treated with 20% methanol. After another wash with PBS, the cultures were permeabilized with 0.05% Triton solution, and nonspecific binding was blocked with 20% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) overnight (at 4 °C). Next, the cells were incubated with the appropriate inline antibody (Table 1) overnight at 4 °C. Following washing with PBS, the cultures were incubated for 4 h at room temperature with the appropriate secondary antibody (Table 2). At the end of the procedure, labelling with DAPI or Hoechst 33,342 dyes was performed to visualize the cell nuclei. The preparations were visualized on a Leica TCS SP8 X confocal fluorescence microscope (Leica Microsystems CMS GmbH, Mannheim, Germany).




2.10. Confocal Fluorescence Imaging


The photos were taken using a Leica TCS SP8 X confocal laser scanning microscope (Leica Microsystems CMS GmbH, Mannheim, Germany) using a 10× objective and an immersion objective with 63× magnification (HC PL APO CS2 1.40 NA OIL). Image acquisition was performed bidirectionally along the X-axis with a scanning frequency of 200 Hz, an image format of 1648 × 1648 (pixel size 74 nm), and a digital magnification of 1.5; to reduce noise, images were recorded with a line average of 3. Analysis was performed using ImageJ v1.53t software (Wayne Rasband, National Institute of Health, Bethesda, MD, USA) with default parameters.




2.11. Determination of Young’s Modulus Using Atomic Force Microscopy


Measurements of the mechanical properties of OHCs were carried out using atomic force microscopy (AFM, model XE-120, Park Systems, South Korea) operating in force spectroscopy mode. Silicon nitride cantilevers (NSC36-C, MikroMasch, Sofia, Bulgaria) with nominal spring constant k = 0.6 N/m and open angle of α = 40° were used for the measurements. Before the measurements, the spring constant was calibrated using the thermal noise method [23], while the sensitivity of the photodetector was determined by recording the force-distance curve on a non-deformable substrate (in this case, a glass coverslip, Figure 2A).



AFM measurements were conducted on fixed samples according to Targosz-Korecka et al. (2015) protocol with modifications [24]. OHCs were fixed by 60 min of incubation in a 4% paraformaldehyde solution. Subsequently, OHCs were cut from the rim of the membrane and glued to a glass coverslip by applying a drop of cyanoacrylate to the rim of the membrane (to avoid contamination of the tissue). For the measurement, the coverslips were placed in a liquid cell setup filled with PBS. Force spectroscopy was performed within a 4-pixel × 4-pixel grid spanning the area from 10 µm × 10 µm to 26.7 µm × 26.7 µm in the CA1 region of the hippocampus. The maximum load force of 15 nN was applied during spectroscopic measurements, while the surface topography was recorded with a set point force of 1 nN. The obtained force-distance curves (Figure 2B) were converted to the force-indentation curves and used to calculate Young’s modulus based on the Hertz-Sneddon contact mechanics assuming that the shape of the probing tip can be approximated by a cone [25].



The following equation was applied to obtain Young’s modulus:


  F   Δ z   =   2 · t a n θ  π  ·  E  1 −  μ 2    Δ  z 2     








where F is the load force, Δz is the indentation, α is the open angle of the probing cone, E is Young’s modulus, and µ is the Poisson’s ratio of the studied sample (assumed to be 0.5, indicating incompressible material).




2.12. Quantitative Analysis of Fluorescent Images


Images were analyzed according to the protocol described in our previous work [21] using Fiji ImageJ (v1.53t) software. Briefly, all images which were recorded in order for quantitative data analysis were acquired with fixed imaging parameters. A proper threshold was applied to determine the cell spread area and then a particle analysis tool was used. Intensity and counting of cells were obtained with basic Fiji ImageJ functionalities.




2.13. Statistical Analysis


All statistical analyses were performed using GraphPad Prism 5. To identify the extreme values, the Grubbs test was used. The normality of the distributions was assessed by the Shapiro–Wilk test. The significance of differences between the compared groups was assessed using Student’s t-test or the Mann–Whitney U test. Information about the number of OHCs analyzed in each experiment is provided in figure legend-each dot presents data acquired from one analyzed sample. Each sample was one well with insert on which five hippocampal slices were cultured. The results obtained in the ELISA/MILLIPLEX® methods were presented as pg/mg of protein and ng or pg/mL of the culture medium, while the results obtained from the determinations using the atomic force microscope were expressed as kPa (median values of Young’s modulus ± median absolute deviation). Due to the asymmetric nature of the distributions of Young’s modulus values, the medians and the nonparametric test were used to evaluate the statistical significance of the studied groups. The following values were considered statistically significant: *p < 0.05, ** p < 0.01, *** p < 0.001.



To find whether there is a correlation among various parameters obtained in our study, we calculated Pearsons’ and Spearman’s rank correlation coefficients. The former describes a linear correlation between two variables, while the latter indicates the non-parametric monotonicity of the relation between two variables. In both cases, the coefficients close to 1 (or −1) denotes a perfect association of two corresponding variables (positive or negative, respectively).





3. Results


3.1. The Impact of Oxygen-Glucose Deprivation on the OHCs Damage


In the first stage of the study, we assessed the effect of OGD on the release of LDH. This test takes advantage of the fact that along with cell damage (disruption of the cell membrane), the cytoplasmic enzyme LDH is released into the culture medium. The results showed that the OGD procedure increased LDH release (p < 0.001) (Figure 3A). Moreover, in OGD-treated samples a linear correlation was found between tissue stiffness and LDH level (Pearson’s coefficient = 0.30782).



Next, we used a method based on the Griess reaction to assess the impact of OGD on NO secretion. In this case, we observed that the OGD procedure led to a significant increase in NO secretion (p < 0.001) (Figure 3B).



HIF-1α is a transcription factor that is degraded when the oxygen concentration is higher than 5%. When the oxygen concentration drops below this level, HIF-1α is maintained stably in cells and plays versatile roles as a transcription factor modulating multiple pathways [26,27]. Therefore, in the next set of experiments, the level of HIF-1α protein in OHCs subjected to OGD was examined. Cultures under OGD conditions had significantly increased levels of HIF-1α compared to control cultures (p = 0.0011) (Figure 3C).



Finally, we aimed to visualize the area within OHCs affected by OGD. Thus, we performed fluorescent imaging of OHCs stained with PI. In control cultures and 24 h after the OGD procedure, the uptake of PI was assessed using bright-field microscopy and fluorescence microscopy. Imaging showed that OGD damaged OHCs, especially in the hippocampal CA1 region (Figure 3D).




3.2. The Impact of Oxygen-Glucose Deprivation on Neuronal and Microglial Cells in OHCs


In the next set of experiments, we evaluated the impact of the OGD procedure using fluorescence imaging of OHCs stained for the neuronal marker MAP-2. Imaging of whole OHCs showed decreased expression of MAP-2 in OHCs subjected to OGD (Figure 4A). As bright-field and fluorescence microscopy staining of OHCs with PI showed the greatest damage in the CA1 region (Figure 3D), we carried out further visualization focused on this hippocampus region. In control OHCs, MAP-2 expression was very pronounced, with a relatively uniform MAP-2 distribution, including both soma and dendrites. Cell nuclei were visible on different planes, proving the three-dimensional organization of cells within OHCs. Conversely, in OHCs undergoing OGD procedures, MAP-2 abundance was robustly decreased. Using Fiji ImageJ, we quantified fluorescent intensity for MAP-2 staining of investigated images. We observed a significant shift of intensity values toward lower values for OHCs undergoing OGD (Figure 4B). Consequently, while comparing mean values derived from fluorescent intensity histograms for each analyzed image we observed that the median of those values is significantly lower for OGD (1.57) than for control OHCs (24.35), p < 0.0001 (Figure 4C). This observation proved that OGD affects the population of neuronal cells in OHCs (Figure 4).



We also aimed to assess the effect of the OGD procedure on microglial cells, which play a crucial role in the inflammatory response in the brain [28,29]. Therefore, we imaged OHCs stained for IBA1 (Figure 5A). Microglial cells were abundant in CA1 in control OHCs (Figure 5A,B). We observed that the median percentage of IBA1 positive cells in CA1 images of control OHCs was 19% (Figure 5B). They possessed branched cytoplasmic extensions and a median cell spread area of 240.8 µm2 (Figure 5A,C). After OGD, a significantly (p = 0.0065) lower percentage of IBA1-positive microglial cells (median 5.5%) was observed in images of the CA1 region within OHCs (Figure 5B). IBA1-positive cells under OGD conditions were characterized by a lack of branched extensions and significantly decreased cell spread area (131.5 µm2, p = 0.0043; Figure 5A,C). In OGD-treated samples, a negative linear correlation was found between tissue stiffness and branched IBA1 positive cells (Pearson’s coefficient = −0.981), suggesting the pro-inflammatory polarization of microglia.




3.3. Impact of Oxygen-Glucose Deprivation on the Architecture of the Microtubular and Actin Cytoskeleton of OHCs


Here, we aimed to visualize the organization of the actin and β-tubulin cytoskeleton in cells composing OHCs. To achieve this goal, we stained OHCs with Alexa 488-conjugated phalloidin, which binds to actin, and Cy3-conjugated anti-β-tubulin antibody. First, we performed panoramic imaging of the CA1 region of the hippocampus to determine whether OGD affects the layered structure of hippocampal tissue. Panoramic imaging of the CA1 region of the hippocampus showed that in the control cultures, both the actin and microtubular cytoskeleton reflected the layered structure of the culture (Figure 6A, white arrow). In contrast, the OGD procedure obliterates the layered organization within the CA1 region of the hippocampus (Figure 6A, white asterisk). Moreover, panoramic imaging of samples revealed that the actin cytoskeleton was generally multibranched in control cells, while it tended to form “sponge-like” structures in OHCs after the OGD procedure (Figure 6A).



Imaging of the CA1 region of the hippocampus performed with higher resolution showed that the control OHCs were characterized by a well-organized actin cytoskeleton and microtubular network (Figure 6B), while the OGD procedure affected the organization of the actin cytoskeleton towards a more diffuse and “spongy state” (Figure 6B). Quantitative observations confirmed those qualitative observations. The distribution of intensity values for Alexa488 was shifted toward lower values in OGD-subjected OHCs (Figure 6C). We also compared mean values derived from fluorescent intensity histograms for each analyzed image and observed that the median of those values is significantly lower for OGD (3.68) than for control OHCs (13.68), p = 0.0023 (Figure 4D).



To obtain a comprehensive view of cytoskeleton organization in OHCs, we also have quantified images showing the microtubular cytoskeleton within OHCs. Similarly, as in the case of the actin cytoskeleton, we observed a shift toward lower fluorescence intensity values in OGD-subjected OHCs compared to the control (Figure 6E). Consequently, the median of the mean intensity value was significantly (p = 0.0012) higher for control (17.52) than OGD subjected (5.89) OHCs (Figure 6F). Interestingly, significance of the difference in mean intensity values was lower in the case of microtubules (Figure 6E, p = 0.0012) than MAP-2 (Figure 4C, p < 0.0001), indicating that microtubules, although malformed after OGD, resist it more than associated with microtubules neuronal marker MAP-2.




3.4. The Impact of Oxygen-Glucose Deprivation on the Mechanical Properties of OHCs


The observed changes in the organization of both the microtubular and actin cytoskeletons suggest that the OGD procedure can affect the mechanical properties of OHCs. To verify this hypothesis, AFM was used in force spectroscopy mode. Figure 7A shows an exemplary microscopic image of the measurement, during which the exemplary topographies of the OHC surface and insert were measured comparatively (Figure 7A). The topography images show a heterogeneous and folded OHC structure and a homogeneous and smooth insert topography.



The analysis of Young’s modulus values obtained from the AFM measurements showed that in the case of the control cultures, a larger pool of Young’s modulus with a low modulus of elasticity was obtained (i.e., in the range from 0 to 10 kPa) (Figure 7B), with a simultaneous reduction in the number of modules with higher values, which additionally decreased as the stiffness of the tested samples increased (Figure 7B). This observation suggests that the control cultures show a relatively higher susceptibility to deformation, while after the OGD procedure, the number of modules with low values was significantly reduced and, at the same time, indicated an increase in the number of modules with higher values (Figure 7C). Therefore, it can be postulated that the OGD procedure significantly modulates OHCs stiffness and leads to increased heterogeneity in the mechanical properties of cultures. Due to the asymmetric nature of the distributions of Young’s modulus values, the medians and the nonparametric test were used to evaluate the statistical significance of the studied groups. The median elastic modulus of OHCs increased from 9.95 ± 6.89 kPa in the control condition to 23.63 ± 14.56 kPa after OGD (p < 0.001) (Figure 7D).




3.5. The Impact of Oxygen-Glucose Deprivation on the Levels of Pro- and Anti-Inflammatory Factors in OHCs


The observed biomechanical changes in OHCs are crucial in the context of recent data showing that the mechanical properties of cells and tissues may determine the profile of the immune response. Therefore, in the next set of experiments, we measured the OGD-induced protein levels of pro- and anti-inflammatory factors, namely, cytokines and chemokines in OHCs supernatants.



As shown in Figure 8, the analyses of OHCs samples revealed that OGD significantly increased the levels of the pro-inflammatory cytokines IL-6 (p = 0.036), IL-18 (p = 0.0022) and the chemokines CCL3 (p = 0.0043), CCL5 (p = 0.0043), and CXCL10 (p = 0.0043). In the case of IL-1β and TNF-α, an upwards trend in their level was observed after the OGD procedure (p = 0.07652) and (p = 0.13) respectively. Among the tested markers of the anti-inflammatory phenotype, the level of IL-10 and IL-4 did not change significantly. Taken together, these observations proved that OGD induces a strong inflammatory response in OHCs.



Interestingly, Pearson’s and Spearman’s rank among parameters demonstrated a correlation between pro- and anti-inflammatory factors, indicating the complex and mutual picture of the inflammatory response in OGD-subjected OHCs including: IL-6 and CCL3 (Pearson’s coefficient = 0.90893, IL-6 and IL-10 (Pearson’s coefficient = 0.72331), and IL-6 and IL-4 (Pearson’s coefficient = −0.76087). Furthermore, in OGD-subjected OHCs, a strong negative linear correlation between CCL3 and actin mean density (Pearson’s coefficient = −0.98955), while positive between IL-4 and actin mean density (Pearson’s coefficient = 0.8743457), was found. It can indicate an opposing effect of pro- and anti-inflammatory factors on the organization of the cytoskeleton in the course of the immune response induced by OGD.





4. Discussion


The role of the cytoskeleton and biophysical properties are currently intensively explored in various physiological and pathological processes including those observed in the central nervous system. Nevertheless, little is known about the significance of cytoskeleton rearrangements in the course of neuroinflammation, which is one of the hallmarks of ischemia.



In our research, OHCs were used to study the cytoskeleton organization, physical cues, and neuroimmune basis of ischaemic brain damage induced by the OGD procedure. The main advantage of the OHCs model is the ability to replicate many aspects of the in vivo context. OHCs largely retain the studied tissue structure and not only the functional axis between neuron-glia cells but also interactions between the nervous, endocrine, and immune mediators [30]. Most frequently, OHCs obtained from 6- to 7-day-old pups are used because, in this period, the brain has a high degree of plasticity and is resistant to mechanical injuries [31]. Due to these advantages, OHCs are widely used to study the molecular mechanisms of brain diseases, such as depression [32], Alzheimer’s disease [33], and Parkinson’s disease [34]. In the present study, we used the OGD procedure as a model of ischaemic stroke [35], since it can mimic the pathophysiologic events after ischemia in vivo, including selective cell damage and the inflammatory response. OGD duration is critical for damage occurring within OHCs. In fact, increasing OGD duration from 30 to 60 min led to a two-fold increase in Caspase 3 activity and intensity of PI staining of organotypic spinal cord cultures [36].Thus in our research, we decided to set up OGD time for an intermediate time of 40 min according to already published work by Figiel-Dąbrowska et al. [37].Importantly, we observed a similar distribution of dead cells in PI staining (Figure 3D) as observed by other authors for 40 min OGD. The induced injuries directly affect cell morphology, which suggests changes in the mechanical properties of treated cells in response to OGD [16,38,39,40]. Recently, our study showed that the OGD procedure enhanced LDH release and NO production in OHCs. LDH is a stable cytoplasmic enzyme that is rapidly released into the cell culture medium when cell membrane damage occurs [41]. Moreover, imaging with the use of fluorescence microscopy showed that the greatest damage, expressed as PI uptake, affected the CA1 area of the hippocampus. Although PI staining does not clearly distinguish the type of cell death (apoptotic from necrotic), it correlates well with the total number of dead cells [42,43]. In addition, we found that the OGD procedure potentiated the release of NO, which is mainly produced in the brain after the induction of iNOS expression in glial cells [21,44]. Generally, it is a potentially neurotoxic factor because excessive production of NO results in the formation of peroxynitrite by reacting with superoxide, leading to disturbances in mitochondrial processes [45]. Nevertheless, the physiological significance of OGD-induced NO release remains uncertain because of the ability of NO to promote neuronal survival or death, depending on the NO concentration and the site of action [46].



As a follow-up, we found that the OGD procedure caused an increase in the protein level of HIF-1α, which is a subunit of the heterodimeric transcription factor HIF-1. HIF-1α protein is degraded in an environment when the oxygen concentration is above 5%. When the oxygen concentration drops below this value, the HIF-1α and HIF-1β subunits form stable heterodimers showing transcriptional activity and modulating the expression of various genes [27,47]. Mouse neurons exposed to OGD show an increased level of DNA bonded by HIF-1 [48]. Nevertheless, in an in vitro OGD ischaemia model, deletion of the HIF-1 gene in neurons increased their mortality, while a stabilizer of HIF-1 heterodimers (DMOG compound) reduced cell death in this model [49]. In contrast, in in vivo studies (a mouse model of neonatal ischaemia), an inverse relationship was observed, since the HIF-1-2-methoxy oestradiol (2-methoxy oestradiol—2ME2) inhibitor exhibited a neuroprotective effect and reduced brain oedema as well as blood–brain-bridge permeability [50]. These controversial results show the importance of selecting an experimental model and clearly suggest the need for further research on this issue.



Confocal microscopy was employed to visualize the impact of the OGD model on glial and neuronal cells, especially in the CA1 region, where the greatest damage after OGD was found (Figure 4, Figure 5 and Figure 6). Thanks to the use of Fiji ImageJ, we could perform quantitative analysis of acquired data, including the determination of fluorescent intensity [51]. This method allowed for assessing in a quantitative way the expression of MAP-2, as well as a disturbance in cytoskeleton lattice solidity for both actin and microtubular cytoskeleton. Since our goal was to assess microglia morphology, we quantified the spread area of microglia cells as described in our previous work [21]. It is well known that microglia play a crucial role in the inflammatory response in the brain, but their prolonged and increased pro-inflammatory activation is also important in subsequent neuronal damage. In our study, we imaged OHCs stained for IBA1. In control OHCs, we observed that microglial cells were abundant in the CA1 region and possessed branched cytoplasmic extensions. However, after the OGD procedure, a visibly lower number of microglial cells was observed. Nevertheless, IBA1-positive cells under OGD conditions were characterized by a lack of branched extensions and smaller circular somas. Although these observations have some limitations, they may indicate significant morphological changes in microglia induced by the OGD procedure, which is in line with the observations of other authors in slightly different experimental models [52]. However, it must be noted that recent data strongly emphasize the “mixed” phenotype of microglial activation during ischaemia and/or a shift in the profile of microglial activation from pro-inflammatory to beneficial [53,54].



As expected, the OGD procedure disturbed the organization of the neuronal cytoskeleton, as reflected by changes in the expression of MAP-2. Our observations are in line with data from other investigators showing a negative effect of ischaemia on the expression of MAP-2 protein [55]. Furthermore, a decrease in MAP-2 levels immediately after MCAo was demonstrated in a mouse model of cerebral ischaemia. Nevertheless, this trend was reversed 7 days after MCAo. At this time point, an increase in the expression of MAP-2 was present, suggesting activation of endogenous repair mechanisms [56].



Growing evidence indicates that dying or damaged cells after ischemia exhibit both nuclear and cytoskeletal changes. Moreover, cytoskeletal protein degradation has been suggested to be a crucial factor in investigating neuronal damage after ischemia. Interestingly, the differences in cell death-related processes such as DNA degradation and cytoskeletal breakdown probably reflect different degrees of ischaemic insults; e.g., mild ischemia such as 5-min bilateral CCA occlusion caused DNA cleavage followed by loss of MAP-2 immunoreactivity, whereas ischemia such as 30-min unilateral CCA occlusion or complete ischemia with decapitation resulted in loss of MAP-2 immunoreactivity faster than nuclear changes in the hippocampus [57]. Nevertheless, although MAP-2 was proposed as a marker of cytoskeletal breakdown in some ischaemia models [58,59], less attention has been given to the cytoskeletal changes induced by the OGD procedure, especially in the ex vivo model.



In this context, the second main finding in the present research is demonstrating the disturbed organization of the microtubular cytoskeleton represented by the depolymerization of microtubules and aggregation of tubulin in the cell body after the OGD procedure (see Figure 6). To date, only limited observations have indicated that cerebral ischaemia can lead to the depolymerization of microtubules in the MCAo model. However, another element of the cytoskeleton, the light subunit of neurofilament (NF-L), namely, significantly increases fluorescence intensity for NF-L in the form of degraded protein fragments [60]. It must be emphasized that the microtubular network is crucial for trafficking cargo to neuronal synapses [61]. In our research, a high susceptibility of the cytoskeleton to hypoxia, including the rearrangement of actin into “spongy structures”, was found. Similar results were observed in an in vivo stroke model as reflected by actin depolymerization and its subsequent aggregation [62]. Previously published results showed that the biomechanical properties in neuroblastoma SH-SY5Y cells subjected to OGD were associated with the remodeling of actin filaments, as well as cofilin-based regulation and impaired metabolic activity of cells, showing the importance of nanomechanics in research on ischaemia-related pathological processes such as stroke [63].



Modulation of mechano-coupled proteins as a therapeutic approach has been recently underlined for various nervous system diseases, including stroke, because physical factors play a significant role in the functioning and activation of brain cells [64]. Some drugs acting on the cytoskeleton have already been applied in cancer treatment since the inhibition of microtubule functions during mitosis leads to apoptosis induction in rapidly dividing cells [65]. Among others, the use of the ROCK kinase inhibitor Y27632 partially limited the depolymerization of actin fibers and the formation of aggregates as well as reduced cell death after ischaemia. Limited neuronal mortality was also observed after the use of the actin polymerization inhibitor latrunculin [66]. Finally, the Ras homolog (Rho)-associated kinase (ROCK) inhibitor fasudil is used in clinical practice in China and Japan for the treatment of stroke. Its action relies on decreasing inflammation due to its impact on T cells, B cells, and microglia but also on promoting nervous tissue regeneration due to the activation of stem cells [67]. In our study, we showed a significant decrease in brain-specific macrophage-derived cells count after OGD. Recently, the research group of Atcha et al. (2021) showed that the response to substrate stiffness by macrophages is modulated by the mechanosensitive transmembrane channel Piezo1, whose expression is elevated on stiff substrates. Consequently, the Piezo1 agonist compound Yoda1 leads to an increase in the expression of the inflammatory marker Nos2 in macrophages growing on stiff substrates, while the use of Yoda1 at high concentrations leads to an increase in the expression of Nos2 in macrophages grown not only on stiff (40 kPa) but also soft (1 kPa) substrates [68]. Piezo1 seems to be a promising target for multiple neurological diseases, especially due to the existence of its modulators (Jedi1, Yoda1, GsMTx-4). In this context, a focus on the cytoskeleton and mechanical cues seems to be one of the future branches of stroke research [69]. These results reveal the importance of the cytoskeleton as well as related protein disturbances in the pathology of ischaemic brain damage, especially as these changes have broader significance by influencing the biomechanical properties of brain cells.



Therefore, in the next stage of our research, using AFM, we analyzed the biomechanical properties of OHCs subjected to OGD. We demonstrated for the first time the significant increase in OHCs stiffness induced by the OGD procedure. To date, data on biomechanical measurements of the brain are sparse. Among them, the analysis in the hippocampus, including the layer of granular cells (GCL) and the sub-granular zone (SGZ), revealed that the stiffness of this brain area increases with aging, which is probably associated with a decrease in the expression of chondroitin sulfate proteoglycans (CSPGs) and consequently in changes in the mechanical properties of the brain tissue in elderly animals [70]. Stiffening of nervous tissue was also determined using AFM after CO2-induced brain acidosis in rat brain slices [71]. Importantly, tissue stiffening is a marker of pathological changes in other diseases, including cancer [72] or cardiovascular diseases [73].



Although the mechanical properties of cells and tissue have been the focus of some studies, the role of biophysical forces in the immunological response is less recognized. Recently, it has been shown that the functional activation of cells of the immune system and intercellular mechanical interactions are closely related. Culture of dendritic cells on stiffer (12 kPa) substrates decreased CLR (C-type lectin receptor) expression, CLR-mediated antigen internalization, β2 integrin expression, and CCL21-mediated chemotaxis [74]. To date, the macrophage activation profile has been demonstrated to depend on the mechanical properties of the substrate. Increased expression of IL-1β upon LPS-induced activation was also reported for murine macrophages cultured on stiffer (840 kPa vs. 130 kPa) PEG-RGD substrates [75]. In fact, macrophages growing on stiffer substrates (280 kPa) exhibit higher iNOS expression upon interferon γ and lipopolysaccharide (LPS) stimulation than macrophages growing on soft substrates (20 and 40 kPa). Moreover, IFN γ/LPS-induced NFκB and STAT6 intracellular pathway activation is increased on stiff (280 kPa) substrates.



Consequently, the biomechanical properties of brain cells and tissues are thought to be affected partly by the mechanics of the extracellular matrix (ECM), which undergoes remodeling during inflammation. Several factors may impact the ECM, including cytoskeletal malfunction. However, little is known about the molecular mechanisms influencing the mechanical properties of microglia in ischaemia. Therefore, it is suggested that the changes in OHCs stiffness induced by the OGD procedure, including microglial cells (our unpublished data), may significantly affect the phenotype of these cells and consequently lead to an increase in pro-inflammatory activation as well as secreted cytokines and chemokines, which we demonstrated in the present study. This hypothesis seems to be in line with the observation that the LPS-induced inflammatory activation is substrate stiffness-dependent, with an increased elastic modulus resulting in increased macrophage activation. The secretion of pro-inflammatory cytokines (TNF-α, IL-1β, IL-6) gradually increased with increasing substrate stiffness in the range of 0.3–230 kPa [76]. Due to mechano-sensing, lymphocytes respond to their mechanical environment in a stiffness-dependent matter. Nevertheless, their response depends on the nature of the receptor engaged in sensing the stiffness of the environment. Adhesion mediated only by TCR results in a biphasic stiffness response, while during adhesion mediated by lymphocyte function-associated antigen 1, integrin cell spreading increases monotonically with increasing substrate stiffness [77]. On the other hand, not only do immune cells feel the physical properties of their surroundings, but they also respond mechanically to extracellular stimuli. Activation of leukocytes results in their stiffening up to 10-fold and increased viscosity of cells. This trend was shown for T cells, B cells and leukemic PLB-985 cells, which serve as a model of the neutrophils [78]. All these data underline the crucial role of the mechanical properties of tissues on the profile of the inflammatory response. We are aware that our studies have some limitations. Therefore, to overcome some of them and find a correlation among various parameters obtained in our study, we calculated Pearsons’ and Spearman’s rank correlation coefficients. In OGD-treated samples, among others, linear correlations were found between tissue stiffness and LDH level (Pearson’s coefficient = 0.30782) and tissue stiffness, IBA1 positive branched cells spread area (Pearson’s coefficient = −0.981) and pro-inflammatory CCL3 and actin mean density (Pearson’s coefficient = −0.98955). Based on these correlative analyses, it can be suggested that our research hypothesis indicating the relationship between cytoskeleton changes and pro-inflammatory response induced by OGD in OHCs seems to be positively verified.



Nevertheless, a direct mechanistic relationship required further studies. Furthermore, the molecular basis of the OGD effects on cellular biomechanical changes awaits further investigation. Next, although OHCs is a well-validated model, it does not fully mimic in vivo brain functions. Finally, the performance of the presented studies was only at one time point after the OGD procedure, considering the complexity of time-dependent changes occurring after ischaemia, including reoxygenation, can also be crucial in the interpretation of the presented data. Nonetheless, our current data constitute a thorough basis for further research and provide a rationale for integrating biomechanical and biochemical methods in studying the pathomechanism of stroke-related brain damage.




5. Conclusions


Based on the results of the current research, it can be proposed that OGD-evoked changes in neuronal and microglial cell death/viability, as well as dysfunction in the organization of the microtubular and actin cytoskeleton, are reflected in the mechanical properties leading to enhanced stiffness of the hippocampus. Simultaneously, an increase in the level of pro-inflammatory factors, namely, cytokine (Il-1β, IL-18, TNF-α) and chemokine (CCL3, CCL5, CXCL10) release, as well as nitric oxide production provide interesting evidence that there is a potential correlation between biomechanical factors and the inflammatory response. Our observations point out the interesting direction of proof-of-concept studies, and their follow-up may establish new targets for brain ischaemia therapy.







Author Contributions


N.B.-K. conducted the majority of the experiments, data analysis, manuscript writing, and funding acquisition. A.K. performed AFM experiments, data analysis, and contributed to manuscript writing. E.T. assisted in setting OHCs and biochemical tests. J.W. contributed to fluorescent imaging. M.L. contributed to AFM measurement and data analysis. A.B.-K. conceptualized work, planned experiments, acquired funding, and contributed to manuscript writing. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the grant PRELUDIUM 18 no. 2019/35/N/NZ7/04180 from the National Science Centre, Poland, and statutory funds of the Department of Experimental Neuroendocrinology, Maj Institute of Pharmacology Polish Academy of Sciences. N.B.-K. and A.K. acknowledge the support of InterDokMed project no. POWR.03.02.00-00-I013/16.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


All data supporting the conclusions of this manuscript are provided in the text, figures, and tables.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Hou, S.T.; MacManus, J.P. Molecular mechanisms of cerebral ischemia-induced neuronal death. Int. Rev. Cytol. 2002, 221, 93–148. [Google Scholar] [CrossRef] [PubMed]

	



Tuo, Q.; Zhang, S.; Lei, P. Mechanisms of neuronal cell death in ischemic stroke and their therapeutic implications. Med. Res. Rev. 2021, 42, 259–305. [Google Scholar] [CrossRef] [PubMed]

	



Guimarães, C.F.; Gasperini, L.; Marques, A.P.; Reis, R.L. The stiffness of living tissues and its implications for tissue engineering. Nat. Rev. Mater. 2020, 5, 351–370. [Google Scholar] [CrossRef]

	



Nam, S.; Chaudhuri, O. Mitotic cells generate protrusive extracellular forces to divide in three-dimensional microenvironments. Nat. Phys. 2018, 14, 621–628. [Google Scholar] [CrossRef]

	



Vining, K.H.; Mooney, D.J. Mechanical forces direct stem cell behaviour in development and regeneration. Nat. Rev. Mol. Cell Biol. 2017, 18, 728–742. [Google Scholar] [CrossRef]

	



Handorf, A.M.; Zhou, Y.; Halanski, M.A.; Li, W.-J. Tissue stiffness dictates development, homeostasis, and disease progression. Organogenesis 2015, 11, 1–15. [Google Scholar] [CrossRef]

	



Lekka, M. Atomic force microscopy: A tip for diagnosing cancer. Nat. Nanotechnol. 2012, 7, 691–692. [Google Scholar] [CrossRef]

	



Wirtz, D.; Konstantopoulos, K.; Searson, P.C. The physics of cancer: The role of physical interactions and mechanical forces in metastasis. Nat. Rev. Cancer 2011, 11, 512–522. [Google Scholar] [CrossRef]

	



Martinac, B.; Nikolaev, Y.A.; Silvani, G.; Bavi, N.; Romanov, V.; Nakayama, Y.; Martinac, A.D.; Rohde, P.; Bavi, O.; Cox, C.D. Cell membrane mechanics and mechanosensory transduction. Curr. Top. Membr. 2020, 86, 83–141. [Google Scholar] [CrossRef]

	



Ohashi, K.; Fujiwara, S.; Mizuno, K. Roles of the cytoskeleton, cell adhesion and rho signalling in mechanosensing and mechanotransduction. J. Biochem. 2017, 161, 245–254. [Google Scholar] [CrossRef]

	



Na, S.; Collin, O.; Chowdhury, F.; Tay, B.; Ouyang, M.; Wang, Y.; Wang, N. Rapid signal transduction in living cells is a unique feature of mechanotransduction. Proc. Natl. Acad. Sci. USA 2008, 105, 6626–6631. [Google Scholar] [CrossRef] [PubMed]

	



Chighizola, M.; Dini, T.; Lenardi, C.; Milani, P.; Podestà, A.; Schulte, C. Mechanotransduction in neuronal cell development and functioning. Biophys. Rev. 2019, 11, 701–720. [Google Scholar] [CrossRef] [PubMed]

	



Seano, G.; Nia, H.T.; Emblem, K.E.; Datta, M.; Ren, J.; Krishnan, S.; Kloepper, J.; Pinho, M.C.; Ho, W.W.; Ghosh, M.; et al. Solid stress in brain tumours causes neuronal loss and neurological dysfunction and can be reversed by lithium. Nat. Biomed. Eng. 2019, 3, 230–245. [Google Scholar] [CrossRef] [PubMed]

	



Xu, Z.S.; Lee, R.J.; Bs, S.S.C.; Yao, A.; Paun, M.K.; Murphy, S.P.; Mourad, P.D.; Bs, Z.S.X.; Bs, R.J.L.; Bs, A.Y.; et al. Evidence of changes in brain tissue stiffness after ischemic stroke derived from ultrasound-based elastography. J. Ultrasound Med. 2013, 32, 485–494. [Google Scholar] [CrossRef]

	



Stoppini, L.; Buchs, P.-A.; Muller, D. A simple method for organotypic cultures of nervous tissue. J. Neurosci. Methods 1991, 37, 173–182. [Google Scholar] [CrossRef] [PubMed]

	



Basta-Kaim, A.; Ślusarczyk, J.; Szczepanowicz, K.; Warszyński, P.; Leśkiewicz, M.; Regulska, M.; Trojan, E.; Lasoń, W. Protective effects of polydatin in free and nanocapsulated form on changes caused by lipopolysaccharide in hippocampal organotypic cultures. Pharmacol. Rep. 2019, 71, 603–613. [Google Scholar] [CrossRef] [PubMed]

	



Sarnowska, A.; Braun, H.; Sauerzweig, S.; Reymann, K.G.; Minhas, G. The neuroprotective effect of bone marrow stem cells is not dependent on direct cell contact with hypoxic injured tissue: Experimental Neurology 2009; 215: 317–327. Ann. Neurosci. 2011, 18, 21. [Google Scholar] [CrossRef] [PubMed]

	



Barron, S.; Mulholland, P.J.; Littleton, J.M.; Prendergast, M.A. Age and gender differences in response to neonatal ethanol withdrawal and polyamine challenge in organotypic hippocampal cultures. Alcohol. Clin. Exp. Res. 2008, 32, 929–936. [Google Scholar] [CrossRef]

	



Xapelli, S.; Bernardino, L.; Ferreira, R.; Grade, S.; Silva, A.P.; Salgado, J.R.; Cavadas, C.; Grouzmann, E.; Poulsen, F.R.; Jakobsen, B.; et al. Interaction between neuropeptide Y (NPY) and brain-derived neurotrophic factor in NPY-mediated neuroprotection against excitotoxicity: A role for microglia. Eur. J. Neurosci. 2008, 27, 2089–2102. [Google Scholar] [CrossRef]

	



Ślusarczyk, J.; Trojan, E.; Wydra, K.; Głombik, K.; Chamera, K.; Kucharczyk, M.; Budziszewska, B.; Kubera, M.; Lasoń, W.; Filip, M.; et al. Beneficial impact of intracerebroventricular fractalkine administration on behavioral and biochemical changes induced by prenatal stress in adult rats: Possible role of NLRP3 inflammasome pathway. Biochem. Pharmacol. 2016, 113, 45–56. [Google Scholar] [CrossRef]

	



Tylek, K.; Trojan, E.; Leśkiewicz, M.; Regulska, M.; Bryniarska, N.; Curzytek, K.; Lacivita, E.; Leopoldo, M.; Basta-Kaim, A. Time-Dependent Protective and Pro-Resolving Effects of FPR2 Agonists on Lipopolysaccharide-Exposed Microglia Cells Involve Inhibition of NF-κB and MAPKs Pathways. Cells 2021, 10, 2373. [Google Scholar] [CrossRef] [PubMed]

	



Gogolla, N.; Galimberti, I.; De Paola, V.; Caroni, P. Staining protocol for organotypic hippocampal slice cultures. Nat. Protoc. 2006, 1, 2452–2456. [Google Scholar] [CrossRef] [PubMed]

	



Butt, H.-J.; Jaschke, M. Calculation of thermal noise in atomic force microscopy. Nanotechnology 1995, 6, 1. [Google Scholar] [CrossRef]

	



Targosz-Korecka, M.; Daniel Brzezinka, G.; Danilkiewicz, J.; Rajfur, Z.; Szymonski, M. Glutaraldehyde fixation preserves the trend of elasticity alterations for endothelial cells exposed to TNF-α. Cytoskeleton 2015, 72, 124–130. [Google Scholar] [CrossRef] [PubMed]

	



Sneddon, I.N. The relation between load and penetration in the axisymmetric boussinesq problem for a punch of arbitrary profile. Int. J. Eng. Sci. 1965, 3, 47–57. [Google Scholar] [CrossRef]

	



Majmundar, A.J.; Wong, W.J.; Simon, M.C. Hypoxia-inducible factors and the response to hypoxic stress. Mol. Cell 2010, 40, 294–309. [Google Scholar] [CrossRef]

	



Bryniarska, N.; Kubiak, A.; Łabędź-Masłowska, A.; Zuba-Surma, E. Impact of developmental origin, niche mechanics and oxygen availability on osteogenic differentiation capacity of mesenchymal stem/stromal cells. Acta Biochim. Pol. 2019, 66, 491–498. [Google Scholar] [CrossRef]

	



Nosi, D.; Lana, D.; Giovannini, M.G.; Delfino, G.; Zecchi-Orlandini, S. Neuroinflammation: Integrated Nervous Tissue Response through Intercellular Interactions at the “Whole System” Scale. Cells 2021, 10, 1195. [Google Scholar] [CrossRef] [PubMed]

	



Rodríguez-Gómez, J.A.; Kavanagh, E.; Engskog-Vlachos, P.; Engskog, M.K.; Herrera, A.J.; Espinosa-Oliva, A.M.; Joseph, B.; Hajji, N.; Venero, J.L.; Burguillos, M.A. Microglia: Agents of the CNS Pro-Inflammatory Response. Cells 2020, 9, 1717. [Google Scholar] [CrossRef]

	



Li, Q.; Han, X.; Wang, J. Organotypic Hippocampal Slices as Models for Stroke and Traumatic Brain Injury. Mol. Neurobiol. 2015, 53, 4226–4237. [Google Scholar] [CrossRef]

	



De Simoni, A.; Yu, L.M. Preparation of organotypic hippocampal slice cultures: Interface method. Nat. Protoc. 2006, 1, 1439–1445. [Google Scholar] [CrossRef] [PubMed]

	



Fu, X.; Zunich, S.M.; O’Connor, J.C.; Kavelaars, A.; Dantzer, R.; Kelley, K.W. Central administration of lipopolysaccharide induces depressive-like behavior in vivo and activates brain indoleamine 2,3 dioxygenase in murine organotypic hippocampal slice cultures. J. Neuroinflamm. 2010, 7, 43. [Google Scholar] [CrossRef] [PubMed]

	



Jang, S.; Kim, H.; Kim, H.-J.; Lee, S.K.; Kim, E.W.; Namkoong, K.; Kim, E. Long-Term Culture of Organotypic Hippocampal Slice from Old 3xTg-AD Mouse: An ex vivo Model of Alzheimer’s Disease. Psychiatry Investig. 2018, 15, 205–213. [Google Scholar] [CrossRef]

	



Daviaud, N.; Garbayo, E.; Lautram, N.; Franconi, F.; Lemaire, L.; Perez-Pinzon, M.; Montero-Menei, C. Modeling nigrostriatal degeneration in organotypic cultures, a new ex vivo model of Parkinson’s disease. Neuroscience 2013, 256, 10–22. [Google Scholar] [CrossRef] [PubMed]

	



Pringle, A.; Benham, C.; Sim, L.; Kennedy, J.; Iannotti, F.; Sundstrom, L. Selective N-type calcium channel antagonist omega conotoxin MVIIA is neuroprotective against hypoxic neurodegeneration in organotypic hippocampal-slice cultures. Stroke 1996, 27, 2124–2130. [Google Scholar] [CrossRef]

	



Liu, J.-J.; Ding, X.-Y.; Xiang, L.; Zhao, F.; Huang, S.-L. A novel method for oxygen glucose deprivation model in organotypic spinal cord slices. Brain Res. Bull. 2017, 135, 163–169. [Google Scholar] [CrossRef] [PubMed]

	



Figiel-Dabrowska, A.; Radoszkiewicz, K.; Rybkowska, P.; Krzesniak, N.E.; Sulejczak, D.; Sarnowska, A. Neurogenic and Neuroprotective Potential of Stem/Stromal Cells Derived from Adipose Tissue. Cells 2021, 10, 1475. [Google Scholar] [CrossRef]

	



Chip, S.; Nitsch, C.; Wellmann, S.; Kapfhammer, J.P. Subfield-specific neurovascular remodeling in the entorhino-hippocampal-organotypic slice culture as a response to oxygen-glucose deprivation and excitotoxic cell death. J. Cereb. Blood Flow Metab. 2012, 33, 508–518. [Google Scholar] [CrossRef]

	



Van Kanegan, M.J.; He, D.N.; Dunn, D.E.; Yang, P.; Newman, R.A.; West, A.E.; Lo, D.C. BDNF mediates neuroprotection against oxygen-glucose deprivation by the cardiac glycoside oleandrin. J. Neurosci. 2014, 34, 963–968. [Google Scholar] [CrossRef]

	



Lamprecht, M.R.; Morrison, B. GPR30 activation is neither necessary nor sufficient for acute neuroprotection by 17β-estradiol after an ischemic injury in organotypic hippocampal slice cultures. Brain Res. 2014, 1563, 131–137. [Google Scholar] [CrossRef]

	



Trojan, E.; Tylek, K.; Leśkiewicz, M.; Lasoń, W.; Brandenburg, L.-O.; Leopoldo, M.; Lacivita, E.; Basta-Kaim, A. The N-Formyl Peptide Receptor 2 (FPR2) Agonist MR-39 Exhibits Anti-Inflammatory Activity in LPS-Stimulated Organotypic Hippocampal Cultures. Cells 2021, 10, 1524. [Google Scholar] [CrossRef] [PubMed]

	



Strasser, U.; Fischer, G. Quantitative measurement of neuronal degeneration in organotypic hippocampal cultures after combined oxygen/glucose deprivation. J. Neurosci. Methods 1995, 57, 177–186. [Google Scholar] [CrossRef] [PubMed]

	



Chen, K.; Li, J.-J.; Li, S.-N.; Feng, J.; Liu, T.; Wang, F.; Dai, W.-Q.; Xia, Y.-J.; Lu, J.; Zhou, Y.-Q.; et al. 15-Deoxy-Δ12,14-prostaglandin J2 alleviates hepatic ischemia-reperfusion injury in mice via inducing antioxidant response and inhibiting apoptosis and autophagy. Acta Pharmacol. Sin. 2017, 38, 672–687. [Google Scholar] [CrossRef] [PubMed]

	



Ślusarczyk, J.; Trojan, E.; Głombik, K.; Budziszewska, B.; Kubera, M.; Lasoń, W.; Popiołek-Barczyk, K.; Mika, J.; Wędzony, K.; Basta-Kaim, A. Prenatal stress is a vulnerability factor for altered morphology and biological activity of microglia cells. Front. Cell. Neurosci. 2015, 9, 82. [Google Scholar] [CrossRef]

	



Pacher, P.; Beckman, J.S.; Liaudet, L. Nitric oxide and peroxynitrite in health and disease. Physiol. Rev. 2007, 87, 315–424. [Google Scholar] [CrossRef]

	



Araujo, I.M.; Carvalho, C.M. Role of nitric oxide and calpain activation in neuronal death and survival. Curr. Drug Target-CNS Neurol. Disord. 2005, 4, 319–324. [Google Scholar] [CrossRef]

	



Hellwig-Bürgel, T.; Stiehl, D.P.; Wagner, A.E.; Metzen, E.; Jelkmann, W. Review: Hypoxia-inducible factor-1 (HIF-1): A novel transcription factor in immune reactions. J. Interf. Cytokine Res. 2005, 25, 297–310. [Google Scholar] [CrossRef]

	



Ruscher, K.; Isaev, N.; Trendelenburg, G.; Weih, M.; Iurato, L.; Meisel, A.; Dirnagl, U. Induction of hypoxia inducible factor 1 by oxygen glucose deprivation is attenuated by hypoxic preconditioning in rat cultured neurons. Neurosci. Lett. 1998, 254, 117–120. [Google Scholar] [CrossRef]

	



Liang, X.; Liu, X.; Lu, F.; Zhang, Y.; Jiang, X.; Ferriero, D.M. HIF1α Signaling in the Endogenous Protective Responses after Neonatal Brain Hypoxia-Ischemia. Dev. Neurosci. 2018, 40, 617–626. [Google Scholar] [CrossRef]

	



Chen, W.; Jadhav, V.; Tang, J.; Zhang, J.H. HIF-1 alpha inhibition ameliorates neonatal brain damage after hypoxic-ischemic injury. Acta Neurochir. Suppl. 2008, 102, 395–399. [Google Scholar] [CrossRef]

	



Shihan, M.H.; Novo, S.G.; Le Marchand, S.J.; Wang, Y.; Duncan, M.K. A simple method for quantitating confocal fluorescent images. Biochem. Biophys. Rep. 2021, 25, 100916. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, Y.-M.; Lin, L.; Wei, C.; Guo, Y.; Qin, Y.; Li, Z.-S.; Kent, T.A.; McCoy, C.E.; Wang, Z.-X.; Ni, Y.; et al. The Key Regulator of Necroptosis, RIP1 Kinase, Contributes to the Formation of Astrogliosis and Glial Scar in Ischemic Stroke. Transl. Stroke Res. 2021, 12, 991–1017. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.-X.; Yao, P.-S.; Chen, P.-P.; Guan, J.-H.; Zhuang, J.-H.; Zhu, J.-B.; Wu, G.; Yang, J.-S. Neuronal EphA4 Regulates OGD/R-Induced Apoptosis by Promoting Alternative Activation of Microglia. Inflammation 2018, 42, 572–585. [Google Scholar] [CrossRef]

	



Liu, Y.; Deng, S.; Song, Z.; Zhang, Q.; Guo, Y.; Yu, Y.; Wang, Y.; Li, T.; Megahed, F.A.K.; Addissouky, T.A.; et al. MLIF Modulates Microglia Polarization in Ischemic Stroke by Targeting eEF1A1. Front. Pharmacol. 2021, 12, 725268. [Google Scholar] [CrossRef] [PubMed]

	



Mages, B.; Fuhs, T.; Aleithe, S.; Blietz, A.; Hobusch, C.; Härtig, W.; Schob, S.; Krueger, M.; Michalski, D. The Cytoskeletal Elements MAP2 and NF-L Show Substantial Alterations in Different Stroke Models While Elevated Serum Levels Highlight Especially MAP2 as a Sensitive Biomarker in Stroke Patients. Mol. Neurobiol. 2021, 58, 4051–4069. [Google Scholar] [CrossRef]

	



Popa-Wagner, A.; Schröder, E.; Schmoll, H.; Walker, L.C.; Kessler, C. Upregulation of MAP1B and MAP2 in the rat brain after middle cerebral artery occlusion: Effect of age. J. Cereb. Blood Flow Metab. 1999, 19, 425–434. [Google Scholar] [CrossRef] [PubMed]

	



Nakano, F.; Liu, L.; Kawakita, F.; Kanamaru, H.; Nakatsuka, Y.; Nishikawa, H.; Okada, T.; Shiba, M.; Suzuki, H. Morphological Characteristics of Neuronal Death After Experimental Subarachnoid Hemorrhage in Mice Using Double Immunoenzymatic Technique. J. Histochem. Cytochem. 2019, 67, 919–930. [Google Scholar] [CrossRef]

	



Yagita, Y.; Matsumoto, M.; Kitagawa, K.; Mabuchi, T.; Ohtsuki, T.; Hori, M.; Yanagihara, T. DNA cleavage and proteolysis of microtubule-associated protein 2 after cerebral ischemia of different severity. Neuroscience 1999, 92, 1417–1424. [Google Scholar] [CrossRef]

	



Härtig, W.; Krueger, M.; Hofmann, S.; Preißler, H.; Märkel, M.; Frydrychowicz, C.; Mueller, W.C.; Bechmann, I.; Michalski, D. Up-regulation of neurofilament light chains is associated with diminished immunoreactivities for MAP2 and tau after ischemic stroke in rodents and in a human case. J. Chem. Neuroanat. 2016, 78, 140–148. [Google Scholar] [CrossRef]

	



Pettigrew, L.C.; Holtz, M.L.; Craddock, S.D.; Minger, S.L.; Hall, N.; Geddes, J.W. Microtubular proteolysis in focal cerebral ischemia. J. Cereb. Blood Flow Metab. 1996, 16, 1189–1202. [Google Scholar] [CrossRef]

	



Yagensky, O.; Dehaghi, T.K.; Chua, J.J.E. The Roles of Microtubule-Based Transport at Presynaptic Nerve Terminals. Front. Synaptic Neurosci. 2016, 8, 3. [Google Scholar] [CrossRef] [PubMed]

	



Guo, C.-Y.; Xiong, T.-Q.; Tan, B.-H.; Gui, Y.; Ye, N.; Li, S.-L.; Li, Y.-C. The temporal and spatial changes of actin cytoskeleton in the hippocampal CA1 neurons following transient global ischemia. Brain Res. 2019, 1720, 146297. [Google Scholar] [CrossRef]

	



Zieliński, T.; Pabijan, J.; Zapotoczny, B.; Zemła, J.; Wesołowska, J.; Pera, J.; Lekka, M. Changes in nanomechanical properties of single neuroblastoma cells as a model for oxygen and glucose deprivation (OGD). Sci. Rep. 2022, 12, 16276. [Google Scholar] [CrossRef] [PubMed]

	



Bryniarska-Kubiak, N.; Kubiak, A.; Lekka, M.; Basta-Kaim, A. The emerging role of mechanical and topographical factors in the development and treatment of nervous system disorders: Dark and light sides of the force. Pharmacol. Rep. 2021, 73, 1626–1641. [Google Scholar] [CrossRef] [PubMed]

	



Kubiak, A.; Chighizola, M.; Schulte, C.; Bryniarska, N.; Wesołowska, J.; Pudełek, M.; Lasota, M.; Ryszawy, D.; Basta-Kaim, A.; Laidler, P.; et al. Stiffening of DU145 prostate cancer cells driven by actin filaments—Microtubule crosstalk conferring resistance to microtubule-targeting drugs. Nanoscale 2021, 13, 6212–6226. [Google Scholar] [CrossRef]

	



Gisselsson, L.; Toresson, H.; Ruscher, K.; Wieloch, T. Rho kinase inhibition protects CA1 cells in organotypic hippocampal slices during in vitro ischemia. Brain Res. 2010, 1316, 92–100. [Google Scholar] [CrossRef]

	



Xiao, B.-G.; Ma, C.-G.; Wang, Q.; Song, L.-J.; Ding, Z.-B.; Chai, Z.; Yu, J.-Z. Advantages of Rho-associated kinases and their inhibitor fasudil for the treatment of neurodegenerative diseases. Neural Regen. Res. 2022, 17, 2623. [Google Scholar] [CrossRef]

	



Atcha, H.; Jairaman, A.; Holt, J.R.; Meli, V.S.; Nagalla, R.R.; Veerasubramanian, P.K.; Brumm, K.T.; Lim, H.E.; Othy, S.; Cahalan, M.D.; et al. Mechanically activated ion channel Piezo1 modulates macrophage polarization and stiffness sensing. Nat. Commun. 2021, 12, 3256. [Google Scholar] [CrossRef]

	



Bryniarska-Kubiak, N.; Kubiak, A.; Basta-Kaim, A. Mechanotransductive receptor Piezo1 as a promising target in the treatment of neurological diseases. Curr. Neuropharmacol. 2022. [Google Scholar] [CrossRef]

	



Ryu, Y.; Iwashita, M.; Lee, W.; Uchimura, K.; Kosodo, Y. A Shift in Tissue Stiffness During Hippocampal Maturation Correlates to the Pattern of Neurogenesis and Composition of the Extracellular Matrix. Front. Aging Neurosci. 2021, 13, 709620. [Google Scholar] [CrossRef]

	



Holtzmann, K.; Gautier, H.O.; Christ, A.F.; Guck, J.; Káradóttir, R.T.; Franze, K. Brain tissue stiffness is a sensitive marker for acidosis. J. Neurosci. Methods 2016, 271, 50–54. [Google Scholar] [CrossRef] [PubMed]

	



Ishihara, S.; Haga, H. Matrix Stiffness Contributes to Cancer Progression by Regulating Transcription Factors. Cancers 2022, 14, 1049. [Google Scholar] [CrossRef] [PubMed]

	



Humphrey, J.D.; Tellides, G. Central artery stiffness and thoracic aortopathy. Am. J. Physiol. Circ. Physiol. 2019, 316, H169–H182. [Google Scholar] [CrossRef]

	



Mennens, S.F.B.; Bolomini-Vittori, M.; Weiden, J.; Joosten, B.; Cambi, A.; Dries, K.V.D. Substrate stiffness influences phenotype and function of human antigen-presenting dendritic cells. Sci. Rep. 2017, 7, 17511. [Google Scholar] [CrossRef] [PubMed]

	



Blakney, A.K.; Swartzlander, M.D.; Bryant, S.J. The effects of substrate stiffness on the in vitro activation of macrophages and in vivo host response to poly(ethylene glycol)-based hydrogels. J. Biomed. Mater. Res. Part A 2012, 100, 1375–1386. [Google Scholar] [CrossRef]

	



Previtera, M.L.; Sengupta, A. Substrate Stiffness Regulates Proinflammatory Mediator Production through TLR4 Activity in Macrophages. PLoS ONE 2015, 10, e0145813. [Google Scholar] [CrossRef]

	



Wahl, A.; Dinet, C.; Dillard, P.; Nassereddine, A.; Puech, P.-H.; Limozin, L.; Sengupta, K. Biphasic mechanosensitivity of T cell receptor-mediated spreading of lymphocytes. Proc. Natl. Acad. Sci. USA 2019, 116, 5908–5913. [Google Scholar] [CrossRef]

	



Zak, A.; Merino-Cortés, S.V.; Sadoun, A.; Mustapha, F.; Babataheri, A.; Dogniaux, S.; Dupré-Crochet, S.; Hudik, E.; He, H.-T.; Barakat, A.I.; et al. Rapid viscoelastic changes are a hallmark of early leukocyte activation. Biophys. J. 2021, 120, 1692–1704. [Google Scholar] [CrossRef]








[image: Cells 12 01465 g001 550] 





Figure 1. Schematic of the experimental setup (OHCs—organotypic hippocampal cultures, LDH—lactate dehydrogenase, NO—nitric oxide, HIF-1α—hypoxia-inducible factor 1α). 
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Figure 2. Examples of force-distance curves recorded: (A) on a non-deformable substrate, which here was a glass coverslip, and (B) on OHC. 
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Figure 3. Validation of the OGD procedure in OHCs. (A) The level of LDH release in OHC samples after OGD. The results are presented as a percentage of the control. Each dot denotes LDH release measurement from one OHC sample. (B) The level of NO released from OHC samples after OGD The results are presented as a percentage of the control. Each dot denotes NO release measurement from one OHC sample. (C) The level of HIF-1α in OHC samples after OGD. The results are expressed as pg/mg protein. Each dot denotes the protein level at one OHC sample. (D) Representative microscopic photos of OHCs samples. Pictures were taken at 2.5× magnification in a bright field and using a fluorescence microscope. Control and OGD cultures were stained with propidium iodide (PI). The dashed white line indicates the CA1 region of the hippocampus. *** p < 0.001. 
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Figure 4. MAP-2 imaging in OHCs subjected to OGD. (A) Representative pictures of the CA1 area of the hippocampus stained with anti-MAP-2 antibody (neuron marker) and DAPI (nuclei). The photos were taken using a confocal microscope. Magnification ×63, scale 20 µm. (B) Area plots showing the distribution of all intensity values for MAP-2 for control (green) and OGD-subjected (red) OHCs. (C) The mean intensity for MAP-2 staining for control and OGD-treated OHCs. Each dot presents the mean intensity from one analyzed image, red line denotes the median value. All comparisons between groups were conducted with the use of the Mann U Whitney test. *** p < 0.001. 
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Figure 5. Imaging of the microglial marker IBA1 in OHCs subjected to OGD. (A) Representative pictures of the CA1 area of the hippocampus stained with anti-IBA1 antibody (neuron marker) and DAPI (nuclei). The photos were taken using a confocal microscope. Magnification ×63, scale 20 µm. (B) The percentage of IBA1-positive cells in images of the CA1 region of the hippocampus. Each dot presents data determined from one analyzed image, red line denotes the median value. (C) The cell spread area of IBA1-positive cells in images of the CA1 region of the hippocampus. In control OHCs, 184–229 cells were analyzed per image, while 183–219 cells were analyzed per image in OGD-subjected OHCs. Each dot presents data determined from one analyzed image. Red line denotes the median value. All comparisons between groups were conducted using the Mann U Whitney test. ** p < 0.01. 
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Figure 6. Imaging of actin and the microtubular cytoskeleton in OHCs undergoing OGD. (A) Panoramic images of the CA1 area of the hippocampus were obtained with a confocal fluorescence microscope. Actin staining was performed with phalloidin conjugated with Alexa Fluor 488 dye, and microtubules were stained with anti-β-tubulin conjugated with Cy3 dye. Magnification ×4, scale 50 µm. (B) Images of the CA1 area of the hippocampus were obtained with a confocal fluorescence microscope. Actin staining was performed with phalloidin compressed with Alexa Fluor 488 dye and microtubules with anti-β-tubulin antibody conjugated with Cy3 dye. Magnification ×63, scale 20 µm. (C,E) Area plots showing the distribution of all values of intensity for (C) actin and (E) β-tubulin for control (green) and OGD-subjected (red) OHCs. (D,F) Impact of OGD on mean intensity for (D) actin and (F) β-tubulin staining. Each dot presents the mean intensity from one analyzed image, and the red line denotes the median value. All comparisons between groups were conducted using the Mann U Whitney test. ** p < 0.01. 
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Figure 7. Characterization of the mechanical properties of OHCs exposed to OGD. (A) Diagram of the experimental setup used to measure the mechanical properties of OHCs. The optical microscope image shows the AFM cantilever above the sample and the tissue-insert boundary (topography images are shown accordingly). (B,C) The distribution of Young’s modulus values for control CA1 (B) and OGD CA1 (C). The bin size was set to 5 kPa. (D) The median comparison between control and OGD-treated OHCs. The columns represent the median value of the elastic modulus, and the error bars are the median absolute deviation. The median was obtained from a distribution of at least 30 maps acquired over CA1 regions per condition. *** p < 0.001. 
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Figure 8. The levels of the pro-inflammatory factors (A) IL-1β, (B) IL-6, (C) IL-18, (G) TNF-α, (D) CCL3, (E) CCL5, and (I) CXCL10 and the anti-inflammatory factors: (H) IL-4 and (F) IL-10 in OHCs. Each dot denotes the factors release measurement from one OHC, red line denotes median value * p < 0.05, ** p < 0.01. TNF-α—tumor necrosis factor α; IL—interleukin. * p < 0.05, ** p < 0.01. 
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Table 1. Antibodies and dyes used for immunofluorescence staining of OHCs.
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	Antibody/Dye
	Dilution
	Company





	Anti-MAP-2
	1:300
	Abcam, Cambridge, UK



	Anti-IBA1
	1:200
	Abcam, Cambridge, UK



	Anti-beta-tubulin conjugated with Cy3
	1:150
	Sigma-Aldrich, Saint Louis, MI, USA



	Phalloidin conjugated with AlexaFluor488
	1:200
	Invitrogen, Waltham, MA, USA
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Table 2. Secondary antibodies used for immunofluorescence staining of OHCs.
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	Antibody/Dye
	Dilution
	Company





	Donkey anti-goat conjugated with Alexa Fluor 555
	1:300
	Abcam, Cambridge, UK



	Goat anti-rabbit conjugated with Alexa Fluor 647
	1:200
	Abcam, Cambridge, UK
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