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Abstract

:

Currently, the number of stem-cell based experimental therapies in neurological injuries and neurodegenerative disorders has been massively increasing. Despite the fact that we still have not obtained strong evidence of mesenchymal stem/stromal cells’ neurogenic effectiveness in vivo, research may need to focus on more appropriate sources that result in more therapeutically promising cell populations. In this study, we used dedifferentiated fat cells (DFAT) that are proven to demonstrate more pluripotent abilities in comparison with standard adipose stromal cells (ASCs). We used the ceiling culture method to establish DFAT cells and to optimize culture conditions with the use of a physioxic environment (5% O2). We also performed neural differentiation tests and assessed the neurogenic and neuroprotective capability of both DFAT cells and ASCs. Our results show that DFAT cells may have a better ability to differentiate into oligodendrocytes, astrocytes, and neuron-like cells, both in culture supplemented with N21 and in co-culture with oxygen–glucose-deprived (OGD) hippocampal organotypic slice culture (OHC) in comparison with ASCs. Results also show that DFAT cells have a different secretory profile than ASCs after contact with injured tissue. In conclusion, DFAT cells constitute a distinct subpopulation and may be an alternative source in cell therapy for the treatment of nervous system disorders.
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1. Introduction


The application of stem cell therapy in regenerative medicine of the nervous system and neurodegenerative diseases gives much promise today, but its application is still insufficiently proven. The ability to assume not only the phenotypic but also the functional character of neural cells, such as the secretion of neurotrophic factors, is a fundamental determinant of the quality and effectiveness of cell therapy. Obtaining such neuro-specialized stem cells is currently a challenge. The ability of stem cells to differentiate into neuronal cells has been demonstrated in many in vivo studies using induced pluripotent stem cells (iPS) [1] and embryonic stem cells (ESC) [2], but in clinical use there are many obstacles to overcome, and the risk may exceed the therapeutic benefit [3].



Due to the current use of liposuction, which is considered as a minimally invasive method of tissue isolation, adipose tissue still remains the most promising source of stem/stromal cells. After tissue isolation and collagenase digestion, the stromal vascular fraction (SVF) can be obtained. After plating the cells and cultivation, adipose-derived stem/stromal cells are obtained. The two described cell populations derived from adipose tissue have different compositions and properties and should not be equated with each other [4,5]. Currently, nearly 500 clinical trials worldwide (including: SVF- stromal-vascular fraction, ASC—adipose-derived stem/stromal cells) are assessing the therapeutic properties of adipose-derived regenerative cells in various diseases. Their main application is in aesthetic medicine in the form of adipose tissue transplantation, in which the regenerative effect could be enhanced by SVF. Additionally, ASCs are widely used in orthopedics as a treatment of bone and musculoskeletal system defects as well as in oral surgery bone reconstruction/regeneration. However, more and more studies are being based on ASC immunomodulatory and/or trophic properties, including Crohn’s disease and autoimmune diseases regarding the nervous system [6]. Nevertheless, clear and credible evidence of ASC efficacy in the treatment of neurological diseases has not been adequately confirmed, especially ASCs’ capacity to differentiate toward neural cells. This ability is disputable and explained by the presence of a sparse pluripotent-like cell subpopulation. ASCs are a highly heterogenic population of cells, and their composition could depend on the individual variability of donors, such as age, sex, or coexisting diseases, as well as on the isolation technique, but the main reason could also be the origin of isolated fractions, which remains unknown [7,8]. Therefore, one of the directions for further investigation is to look at the distinction of the adipose-derived cell population and to select the one that will exhibit the most pluripotent features or potential to differentiate toward neuronal cells.



Considering the basic processes underlying neuronal differentiation, attention should be paid to the physiological epithelial–mesenchymal transition mechanism (EMT) during the embryogenesis. In early vertebrate development, neural crest cells undergo an epithelial–mesenchymal transition, delaminate, and migrate to form a variety of tissues and cells throughout the body. They differentiate into neurons, glial cells, connective tissue, melanocytes, and cartilages [9]. It is possible that about 2% of ASCs’ subpopulations of cells isolated from the heterogeneous fraction of adipose tissue and that the origin is not fully elucidated and may be a remnant of the epithelial–mesenchymal transition of nerve crest cells. Thus, the neuro-ectoderm may be the origin of some subpopulations of cells found in the adipose tissue stromal cell fraction (NCDASCs) [10]. Thus, the separated subpopulation could be a promising candidate for cells with greater neuronal differentiation capacity, but their ability to differentiate into functionally mature neurons was not observed [11].



One of the methods for obtaining an adipose tissue subpopulation with increased pluripotent-like features was proposed by Yagi et al. He for the first time found and characterized a novel pre-adipocyte cell subpopulation established from mature adipocytes of adult mice [12]. These reports were also confirmed by Matsumoto et al., proving that such a subpopulation has multilineage potential and can also be separated from human adipose tissue derived from liposuction [13]. Cells that have a fibroblast-like phenotype and maintain proliferation ability are referred to as dedifferentiated fat cells (DFAT). The origin of DFAT cells is not fully understood; however, it is believed that mature adipocytes are forced to dedifferentiate by a ceiling culture procedure and to revert to a more primitive phenotype [14]. There are numerous promising reports of DFAT cell transplantation in injured tissue areas in animals. Their positive therapeutic effect has been shown in the promotion of recovery from spinal cord injury in rats [15], the regeneration of nerves in an experimental rat facial nerve defect model [16], the alleviation of brain damage in the neonatal hypoxic-ischemic encephalopathy model [17], and the neovascularization in a mice hind-limb model of ischemia [14]. Those findings may suggest that DFAT cells could be a promising substitute in regenerative stem-cell based therapies in neurological injuries and could have a great ability for clinical application. Therefore, we decided to use DFAT cells and to further define their neurogenic and neuroprotective properties in vitro. We implemented several techniques to ultimately support these abilities, optimizing the conditions previously used on ASCs culture.



In this study, we investigated and compared the neuroprotective properties of both populations of the stem/stromal cells derived from adipose tissue, related to their paracrine activity as well as to their neurogenic capacity in response to the presence of intact or injured nerve tissue due to oxygen–glucose deprivation (OGD) using an organotypic rat hippocampal slice culture model (OHC). We believe that understanding the “stem/stromal cell–neural tissue” interactions can provide insight on the restorative abilities of the CNS.



At present, we know that the profile of stem cell secretome, which originates from different sources, varies in response to environmental changes [18,19,20,21,22,23]. In the adult human brain, neurogenesis depends on the presence of endogenous and exogenous substances responsible for proliferation, survival, and the ability to differentiate in stem cell niches [24,25]. The transplantation of adipose-derived stem/stromal cells offers trophic support for neural cells. Potential benefits of ASCs’ therapeutic use were previously shown to be mainly due to their secretive abilities by promoting the survival of the endogenous cells and suppressing the inflammatory response [26]. Moreover, ASCs can activate and support endogenous neurogenesis by secreting numerous growth factors. The results of in vitro and ex vivo experiments showed that ASCs increased the secretion of brain-derived neurotrophic factor (BDNF), glial cell-derived neurotrophic factor (GDNF), vascular endothelial growth factor-A (VEGF-A), basic fibroblast growth factor (bFGF), leukemia inhibitory factor (LIF), and insulin-like growth factor (IGF) [27,28]. Other neurotrophic factors that were reported to be secreted by those cells include epidermal growth factor (EGF), nerve growth factor (NGF), and hepatocyte growth factor (HGF) [24,29,30,31]. The correlation between processes and described factors is presented in the Figure 1. We analyzed the concentration levels of each of those factors in the media from the basic ASCs/DFAT cell culture, the co-culture of ASCs/DFAT cells with OHC, and with OHC after OGD.



As the ability for the neuro-restoration is still the domain of the future, current priorities refer to the selection of the appropriate environmental conditions of the stem/stromal cells culture that is conducive to their neural differentiation [32]. Therefore, our goal was to determine the culture conditions stimulating the neural differentiation that can simultaneously allow the maintenance of the cells’ high proliferation rate.



Despite the initial doubts about the ability of those cells to differentiate into non-mesodermal cells, several research studies indicate that the cells’ neural differentiation properties in vitro is in response to the presence of specific factors [33,34,35]. Such stimulating factors are neurotrophins, hormones, and growth factors. In our experiments, we decided to use basic fibroblast growth factor (bFGF), which during recent years of studies was shown to stimulate neural differentiation. There are single reports demonstrating the beneficial effect of bFGF on ASCs’ differentiation into early neural progenitors [36,37,38,39,40]. Another treatment that we chose for inducing neural differentiation in our experiments was the inhibitor of the Wnt pathway, retinoic acid (RA). Similar to bFGF, RA has been reported to be an effective stimulator of ASCs’ neural differentiation in combination with other factors and as a single component of the differentiating medium [38,41,42,43].



The alternative to the single factors presented above is suggested by several protocols that propose the use of chemical compound “cocktails”. There are attempts to use mixes containing factors stimulating neuronal differentiation, such as forskolin, insulin, hydrocortisone, and valproic acid in the media [25,44], ongoing both with the maintenance of the cells’ high proliferation rate. In this study, we analyzed the impact of one of them that was not previously used in ASCs’ differentiation, commercially available supplement N21. Interestingly, we found the results of this culture variant to be the most satisfying; thus, we applied it in the following studies assessing the potential of neurogenic DFAT cells.



A general overview of the study steps is presented in the Figure 2.




2. Materials and Methods


2.1. Cell Isolation


Adipose tissue was collected during the liposuction procedure from 4 patients (2 males, 2 females, 44−74 years old ± SD) of the Plastic Surgery Department at Orlowski’s Clinical Hospital in Warsaw. The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Bioethical Committee at the Centre of Postgraduate Medical Education (No. 62/PB/2016) on 14 September 2016. All patients (participants of the study) signed an informed consent to participate in the study. The subcutaneous abdominal fat tissue was filled in 50 mL Falcon tubes (Beckton Dickinson, Franklin Lakes, NJ, USA) and digested with type VI GMP Grade collagenase (Serva, Heidelberg, Germany). After a series of centrifugations, supernatant collections, and washing with PBS (Macopharma, Tourcoing, France), the SVF and digested fat tissue were used in the next step of the procedure (Figure 3).



Stromal cells fraction was collected and suspended with 5 mL of basic growth medium and next transferred into 25 cm2 flasks (Nunc, Thermo Fischer Scientific, Waltham, MA, USA) to perform standard ASCs culture.



In order to obtain DFAT cells, a respective floating layer, which was a mature adipocyte layer, was transferred into 25 cm2 flasks (Nunc, Thermo Fischer Scientific) filled completely with basic growth medium. Such prepared cell culture was carried out using the ceiling method for one week, then the obtained DFAT cells were processed with the same methods as ADSC.




2.2. Cell Culture


The obtained cells were cultured in basic growth medium: MEM-alpha (Macopharma, Tourcoing, France), human platelet lysate (10%, Macopharma, Tourcoing, France), penicillin/streptomycin (1%, Gibco, Thermo Fisher Scientific, Waltham, MA, USA), and heparin (0,1%, Sigma-Aldrich, Saint Louis, MO, USA) in humidified incubators under 21% O2 and 5% CO2 at 37 °C. The culture medium was replaced every 2/3 days, when cell culture was subconfluent; cells were detached from the dishes with accutase (Accutase Cell Detachment Solution, Beckton Dickinson, Franklin Lakes, NJ, USA).




2.3. Flow Cytometry Analysis


The expression of specific surface markers was analyzed with Human MSC Analysis Kit (Beckton Dickinson). According to manufacturer’s protocol, the cells were detached with accutase (Beckton Dickinson) and suspended in BD Pharmigen Stain Buffer (Beckton Dickinson), then the specific fluorochrome-conjugated antibodies against mesenchymal stem cells positive markers (CD90, CD73, CD105) and negative markers (CD34, CD11b, CD19, CD45, HLA-DR) were added. Samples were incubated in the dark at room temperature for 30 min. After the incubation, cells were centrifuged, washed, and suspended in a buffer according to the protocol. The samples were analyzed immediately using FACSDiva software (Beckton Dickinson). The results are presented as histograms.




2.4. Mesodermal Lineage Differentiation


The cells’ osteogenesis, adipogenesis, and chondrogenesis abilities were investigated using the cells (at 3rd passage) that were seeded on 24-well plates (Nunc, Thermo Fischer Scientific) in 104 cells/cm2 density and cultured in commercial differentiation medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). After 14 days of adipogenic and chondrogenic differentiation and 21 days of osteogenic differentiation, the cells were fixed in 4% PFA, stained as listed in Table 1, and closed with Fluorescent Mounting Medium (Sigma-Aldrich). The results were analyzed with Axio Vert.A1 (Carl Zeiss, Oberkochen, Germany) inverted microscope and ZEN software (Carl Zeiss, Oberkochen, Germany).




2.5. Cell Proliferation Analysis


Long-term cell proliferation analysis was performed by indication of the population doubling time (PDT), which is based on the total cell number at each passage. To calculate PDT, the following formula was used: PDT = (t − t0) × log 2/(log N−log N0), where: t − t0 is the duration of passage (days), N is the number of cells from passage/1 cm2, and N0 is the number of harvested cells/1 cm2.




2.6. Senescence Assay


The cells at 3rd and 8th passage were seeded at a density of 3000 cells/cm2 on 6-well plates (Nunc, Thermo Fischer Scientific) and cultivated in standard condition due to subconfluency. Then, senescence analysis was performed with a Senescence Cells Histochemical Staining Kit (Sigma-Aldrich) according to the manufacturer’s protocol. Shortly thereafter, the cells were washed with PBS (Macopharma), fixed with fixation buffer, and stained with staining mixture. Then, the cells were incubated in 37 °C and 1% CO2 concentration overnight. On the following day, the cells were fixed with 4% PFA (Sigma-Aldrich) and counted. The percentage of positive β-galactosidase cells was calculated based on the number of stained cells and total number of cells.




2.7. CFU-F Assay


The cells at 3rd and 8th passage were seeded on 6-well plates (Nunc, Thermo Fischer Scientific) at a density of 10 cells/well and cultured in basic growth medium for 10 days. Then cells were fixed with 4% PFA for 15 min and stained with 0.5% toluidine blue (Sigma-Aldrich) for 20 min, rinsed once with distilled water, and the number of stained colonies (with more than 50 cells) was counted. CFU frequency was calculated as the number of colonies per number of seeded cells.




2.8. Neural Lineage Differentiation


Cells’ capability of neural lineage differentiation was evaluated in two ways. Firstly, neurogenesis was induced with modification of medium composition. The cells at the 3rd passage were seeded at a density of 3000 cells/well on 24-well dishes (Nunc, Thermo Fischer Scientific) and cultured in humidified conditions under 21% O2, 5% CO2 at 37 °C in medium that consisted of:




	
cell growth medium with Human Platelet Lysate concentration decreased to 5% and with the addition of bFGF (0.1%; Gibco) for 21 days,



	
cell growth medium with Human Platelet Lysate concentration decreased to 5% and with the addition of bFGF (0.1%; Gibco) for 10 days, then with the addition of retinoic acid (RA; Sigma-Aldrich) for the next 15 days,



	
cell growth medium with the addition of N21 supplement (1:49; Sigma-Aldrich) for 21 days.








The second method of assessing ASC/DFAT ability to neural lineage differentiation was their co-culturing with neural tissue (organotypic hippocampal culture, OHC) or damaged neural tissue (OHC after oxygen–glucose-deprived, OGD). During this procedure, the cells at the 3rd passage were seeded on round glasses that were placed earlier in 24-well plates (Nunc, Thermo Fischer Scientific). After overnight incubation in humidified conditions under 5% O2, 5% CO2 at 37 °C, when the cells were adherent, glasses were placed under the membranes with hippocampal slices or damaged with OGD hippocampal slices. The ASC/DFAT were co-cultured with neural tissue in both variants of the experiment up to 7 days, then the cells and the hippocampal slices were analyzed with immunocytochemical methods or molecular biology.




2.9. Organotypic Hippocampal Slices Culture (OHC)


For this experiment 7-day-old Wistar rats from the Mossakowski Medicine Research Centre Animal Breeding House were used.



All procedures were made on ice. The previously described Stoppini’s method for obtaining organotypic hippocampal slices was modified in our lab [15]. After decapitation, brains were extracted, and hippocampi were isolated. Subsequently, the hippocampi were sliced for 400 µm slices with McIllwain’s tissue chopper (Ted Pella, Poznan, Poland) and were transferred on the membranes for organotypic culture (Millipore, Concord Road Billerica, MA, USA). The membranes were placed in 6-well dishes (Nunc, Thermo Fischer Scientific) (Figure 4); every well was filled with 960 µL of medium consisting of Neurobasal-A a(Gibco), 25% HBSS (Gibco), HEPES (Gibco), 5 mg/mL glucose (Sigma-Aldrich), 2 mmol/L L-glutamine (Gibco), B-27 supplement (Thermo Fisher Scientific) and antibiotic-antimycotic solution (Gibco). The medium was changed every 2/3 days and the cultures were carried out in 34 °C, 5% O2, 5% CO2.




2.10. Oxygen-Glucose-Deprivation (OGD)


On the 7th day of culture, the OHC was stained with propidium iodide (PI; Thermo Fisher Scientific). Labelled with PI (Sigma-Aldrich), damaged in cornu ammonis (CA)-region hippocampal slices were discarded. Then, after replacement of the medium with deoxygenated Ringer’s solution (Sigma-Aldrich) with mannitol (Sigma-Aldrich), the hippocampal slices (on the membranes) were transferred into an anaerobic chamber. The incubation was performed for 40 min. Then, the membranes were rinsed in PBS (Macopharma) 3 times and used to assess ASCs/DFAT cells’ neurogenic or neuroprotective potential.



Twenty-four hours after the OGD procedure, the hippocampal slices derived from the co-culture with the cells were stained with PI (Macopharma) for thirty minutes. Next, cell death quantification was performed. Images of hippocampal slices were acquired using a laser scanner microscope LSM 510 (Zeiss).



Relative cell death was calculated from each standardized CA region according to the following formula:


% of dead cells = (experimental fluorescent intensity (FI) − background FI)/(maximal FI − background FI) × 100.



(1)








2.11. Immunocytochemistry


For immunocytochemical analysis, the cells at 3rd or 4th passage were seeded on 24-well plates (Nunc, Thermo Fischer Scientific) at 2.5 × 103 cells/cm2 density. At 70% confluence, the cells were washed carefully in PBS (Macopharma), fixed with 4% PFA (Sigma-Aldrich) for 15 min at room temperature and washed in PBS (Sigma-Aldrich) again. An amount 0.2% Triton X-100 (Sigma-Aldrich) was used to permeabilize cell membranes in case of detecting intracellular target antigen. To block nonspecific binding, a mixture of 10% goat serum (Gibco) and 1% bovine serum albumin (Sigma-Aldrich) was applied for one hour. Subsequently, cultures were washed with PBS (Sigma-Aldrich) and incubated with primary antibodies (Table 2) for 24 h at 4 °C. For every variant of staining, negative control was performed to analyze the specificity of the reaction. On the following day, the cells were washed in PBS (Sigma-Aldrich), and the secondary antibodies (Table 3) were added in darkness for one hour. After the cells were washed with PBS (Sigma-Aldrich) again, the nuclei were stained with Hoeschst 33342 (Sigma-Aldrich) for 15 min.



The samples were analyzed with LSM 780 confocal laser scanning system and ZEN software (Carl Zeiss). Quantitative analysis was performed as a relation of positive cells to all cells (50 cells in one repetition). Each variant had 3 repetitions.




2.12. Three Germ Layer Differentiation Potential


The cells’ three-germ-layer differentiation potential was determined using components of a Human Pluripotent Stem Cell Functional Identification Kit (R&D Systems, Minneapolis, MN, USA), which is dedicated to the examination of iPSC. For DFAT cells assessment; glasses were coated by poly-L-lysine and media were compound with αMem (Macopharma) and bFGF (Gibco). After the 5th day of culture, cells were fixed using 4% PFA (Sigma-Aldrich). The results of differentiation were estimated based on immunocytochemical staining (according to the manufacturers protocol) and evaluation of OTX2, Brachyury, and SOX17 gene expression with RT-PCR in comparison with undifferentiated cells cultured without differentiating supplements as a control group.




2.13. Quantitative RT-PCR Analysis


The mRNA probes were isolated by fenozol according to the protocol instructions (A&A Biotechnology, Gdansk, Poland). The purity of each sample was measured by NanoDrop ND-1000 (Thermo Scientific, Thermo Fischer Scientific), then reverse transcription was conducted using a High-Capacity RNA-to-cDNA Kit (Applied Biosystems, Thermo Fischer Scientific). Quantitative RT-PCR reaction was performed by Fast 7500 Thermocycler (Applied Biosystems) with 10 ng of cDNA in 15 μL reaction mixture containing 3-color RT HS-PCR Mix SYBR® (A&A Biotechnology), and 0.25 μM/μL for each specific primer. For stemness-related transcriptional factors, NANOG, SOX2, OCT3/4, and REX1 expression was estimated. For three-germ-layer differentiation, SOX17, OTX2, and Brachyury gene expressions were measured, and for OGD, GFAP, nestin, MAP2, S100beta, B-tubulin III, and NG2 gene expressions were measured (Table 4). Final gene expressions were calculated by the 2-ΔΔCt method with β-actin as a reference gene.




2.14. Cytokine and Chemokine Assays with Luminex Kit


Eight-plex Human Magnetic Luminex Assays (R&D Systems, cat. no. LXSAHM-08) were used to measure the cytokine or protein concentration in medium samples. There were three variants of the medium collected: ASC/DFAT co-culture with OHC, ADSC/DFAT co-culture with OHC after OGD, and ASC/DFAT culture without OHC. Moreover, the basal medium without any cells was analyzed. The concentration of BDNF, FGF, HGF, beta-NGF, EGF, GDNF, LIF, and VEGF were analyzed using a Luminex-based platform and Luminex 200 IS V2.1 Software (Bio-Rad, Hercules, CA, USA). Standard curves were generated from the reference cytokine gradient concentrations. All samples were prepared in this same way; after the medium collection, samples were liquated and stored at −80 °C. All procedures of the media analysis were conducted on the ice. Each sample was frozen/thawed only once.




2.15. Statistical Analysis


The statistical analysis of the raw data was performed using GraphPad Prism 7 software. Data are presented as the mean and standard deviation. One-way analysis of variance (ANOVA test) was used to conduct multi-group comparisons, followed by Tukey test as post hoc statistical analysis for each group. The values were considered significant with p < 0.05.





3. Results


3.1. Multipotent Properties of Mesenchymal Stem Cells


After ASCs and DFAT cells’ isolation, phenotypic differences were observed. On the 3rd day of culture, both ASCs and DFAT cells showed the typical fibroblast-like phenotype, but ASCs were growing evenly on the plastic surface (Figure 5c), and the DFAT cells were grown as a rosette form with small oil vacuoles inside the cell’s matrix (Figure 5e). The release of lipid droplets was observed during the next couple of days of standard adherent culture. To assess the multipotent properties of cells, the ability of the cells to differentiate into adipocytes, chondrocytes, and osteocytes was tested. Mesodermal lineage differentiation potential was analyzed by culturing the cells with the addition of standard adipogenic, chondrogenic, and osteogenic medium supplements. Our results showed that DFAT cells can redifferentiate into adipose cells. The accumulation of lipid drops inside the cell’s matrix was observed, as evidenced by oil red staining after two weeks of culture. Cultivation of DFAT cells with the addition of osteogenic-induced supplement showed the presence of azalin red-stained calcium deposits after two weeks of culture. DFAT cells growing in the presence of chondrogenic differentiation induction medium took the shape of micromass pellets with positive alcain blue staining that suggests the accumulation of cartilage proteoglycans after 21 days of differentiation (Figure 5b). To assess the multipotent properties of cells, a standard flow cytometry analysis of surface antigen profiles was also performed. Both ASCs and DFAT cells showed high expression of mesenchymal cell surface antigens at 2nd passage of culture. Both populations were uniformly positive in CD73, CD105, and CD90 and negative in CD34, CD11b, CD19, CD45, and HLA-DR, with no significant differences between populations (Figure 5d,f). The long-term proliferation analysis was conducted by performing the population doubling time (PDT) analysis up to the 9th passage. The positive effect on the rate of cell proliferation remained at a similar level in both ASCs and DFAT cells and was approximately the same for eight passages. The number of population doubling did not differ significantly between populations except for 1, 6, and 8 passages, in which a longer population doubling time was observed in DFAT cells (Figure 5g). A clonogenity analysis was performed at the 3rd and 8th passage. Our results show that initially the clonogenity for both populations—ASCs and DFAT cells—were comparable; however, at passage 8 we observed significantly decreased values in ASCs from 30% ± 2 to 15% ± 6 and in DFAT cells from 28% ± 2 to 9% ± 1 (Figure 5h). The senescence analysis was also carried out at two time points: 3rd and 8th passage by using the β-galactosidase assessment. Our analysis showed the highest enzyme activity at the 8th passage in comparison with the 3rd passage. In ASCs, we observed a significantly higher percentage of β-galactosidase positive cells, which amounted 2% ± 2.5 at the 3rd passage in comparison with 8% ± 1 at the 8th passage. Moreover, in DFAT cells, a similar data dependency was demonstrated. We showed increased values of senescence positive cells from 1.3% ± 1 to 7.5% ± 4. (Figure 5i).




3.2. Pluripotent Properties of ASCs and DFATs


To examine the pluripotent properties of the cells, differentiation into three germ layers was evaluated. To confirm the ability to differentiate, immunocytochemical staining and qRT-PCR analysis of the specific markers’ expression was performed at the fifth day of cells differentiation. We assessed Otx2 gene expression as an ectodermal marker, Sox17 as an endoderm, and Brachyury as a mesoderm. Immunocytochemical staining confirmed the differentiative potential of both DFAT cells and ASCs because of the presence of nuclear antibody light signal (Figure 6a). Quantitative real-time PCR showed a different tendency and revealed highly significant increased values of the relative expression levels of the Otx2 gene in DFAT cells, which were detected in the level of 3.5 ± 1 compared with the ASCs’ levels of 0.2 ± 0.1. We also showed a significant high level of Brachyury gene expression, which was 11 ± 1 in ASCs in comparison with a significantly lower 0.4 ± 0.4 level of Brachyury expression in DFAT cells. Moreover, the Sox17 gene expression values were significantly higher during ASCs’ differentiation in endoderm 1.3 ± 0.4 in comparison with DFAT ability 0.1 ± 0. (Figure 6b). Our results suggest that DFAT cells have significantly greater abilities to differentiate into ectoderm cells than ASCs. Our findings also clearly demonstrate the advantage of ASCs in mesodermal and endodermal differentiation in comparison with DFAT cells’ abilities. To more accurately assess the pluripotent abilities of ASCs and DFAT cells, the expression of stemness-related transcriptional factors (SRTF) was assessed by the qRT-PCR technique. We assessed the expression level of the Nanog, Sox2, Oct 3/4, and Rex1 genes, which are important markers of pluripotency and are involved in the maintenance of pluripotent abilities such as ESCs. We observed that DFAT cells showed significantly higher values of the relative expression of all factors mentioned above and that expression values were approximately 2- to 5-fold higher compared with the expression levels in ASC. The Nanog gene relative expression was detected as 2.5 ± 0.4 and was significantly higher than ASCs Nanog expression values. A similar data dependency was observed when detecting the expression of the Sox2 gene, whose level was 3.4 ± 1.2, Oct ¾, where the relative expression was 4.6 ± 0.8, and Rex1, where the detected expression was 1.9 ± 0.5 compared with the expression of these genes in ASCs. (Figure 6c.).




3.3. Optimization of ASCs Capacity for Neural Lineage Differentiation


To optimize the conditions for the highest neurogenic ASCs’ potential, a quantitative analysis of the selected neural markers and a marker of proliferation presence was performed. The results of immunofluorescence staining showed significantly higher levels of B-tubulin III and NG2-positive cells among the ASCs cultured with stimulating factors (Figure 7). The highest percentage of neural marker B-tubulin III+ cells was found in the population grown in bFGF medium, oscillating to 82 ± 9. In both RA- and N21-supplemented medium culture variants, the percentage of oligodendrocytic marker NG2+ cells was high and oscillated to 81% ± 3. The GFAP astrocytic marker showed its highest level for the cells in RA-supplemented medium (77% ± 8). These results were significantly different from ASCs grown in standard control medium, where its value was about 58% ± 6. Immunofluorescent staining pictures are presented in Supplementary Materials (Figure S1). The number of nestin+ cells was comparable in every variant. The high marker of proliferation Ki-67 presence was maintained during N21- and bFGF-supplemented ASCs cultures. Although the results obtained from differentiation performed with N21 and bFGF supplementation in the aspect of oligodendrocytic and proliferation quantitative marker analysis was similar, we observed morphological differences in the culture. As a result of ASCs differentiation with N21 supplement, the spindle shape was maintained throughout the whole experiment. After 10 days of cultivation, the presence of small cells was still observed, but elongated, spindle-shaped cells prevailed. During cultivation in the medium supplemented with bFGF, the cells firstly did not elongate but kept the unchanged spindle shape. However, after 10 days, the cells began to expand, lengthen, and flatten more intensively. The change of their shape could have been related to a higher rate of senescence; thus, we decided to use N21 supplement in further studies. The assessment of the most efficient conditions inducing neural differentiation, including the high presence of selected neural markers and proliferation potential, suggested that N21 supplemented ASCs’ culture variant as the most beneficial in comparison with other variants. Following these results, the population doubling time, colony forming unit, and the number of senescent cells in N21 supplemented ASCs culture were analyzed. There was no significant influence between these variant results and the control culture of ASCs throughout the passages (Figure 5 and Figure 7).




3.4. Comparison of ASCs and DFAT Cells Neural Differentiation Capacity


Immunocytochemical and gene expression analysis of early neural markers demonstrated the valid impact of neural tissue presence on ASCs and DFAT cells’ neural differentiation capacity, especially after damage (Figure 8). The level of nestin+ cells was significantly increased in two types of the examined cells co-cultured with OHC after the OGD procedure in comparison with the culture lead in control conditions, reaching 90% ± 4 for ASCs and 81% ± 1 for DFAT cells. Interestingly, the gene expression analysis indicated the converse results, where DFAT cells showed stronger expression of early neural markers in both ex vivo variants in comparison with the ASCs. After the in vitro culture, by immunofluorescence analysis, we also confirmed that N21 supplement was significantly increasing the level of B-tubulin III- and nestin-positive cells for both cell types, although a greater effect in the case of nestin marker presence was observed in ASCs culture. B-tubulin III marker levels were comparable in both ASCs and DFAT cells culture lead with N21 supplement and in OHC after OGD co-culture.



Regarding the assessment of differentiation into astrocytes’ ability, after the immunocytochemical staining, we estimated a comparable high percentage of S100beta and GFAP positive cells in every ASC and DFAT culture variant (Figure 9). However, in ASCs culture, we determined a significant difference in S100beta+ cells between the ASCs co-cultured with OHC and with OHC after OGD, which was greater and similar to ASCs supplemented with N21, which oscillated to 87% ± 3. Astrocytic gene expression in ex vivo culture indicated a very strong expression of S100beta in DFAT supplemented with N21 in comparison with other variants, whereas GFAP was conversely strongly expressed by ASCs after OHC after OGD co-culture.



Moreover, we applied immunocytochemistry to examine the percentage of oligodendrocytic markers, A2B5 and NG2-positive cells (Figure 10). The results showed a similarly high impact of N21 supplement and OHC after OGD co-culture on the amount of A2B5+ ASCs. Strong significant differences were observed for NG2 marker presence, which was strongly increased for both ASCs and DFAT cells’ N21-supplemented and ex vivo culture variants in relation to the control, reaching around 2 times higher values, more than 80%. On the molecular level, DFAT cells displayed a stronger expression of the NG2 marker than ASCs in both ex vivo variants.



Finally, we examined the neuronal differentiation ability of the cells using immunocytochemical analysis of NeuN marker and the expression of MAP2 (Figure 11). Immunofluorescent images confirmed the high level of NeuN in each cell variant. It was significantly increased in DFAT cells after N21 supplementation and OHC after OGD co-culture than in that of the control and after OHC co-culture. In the ex vivo model, MAP2 expression was relatively high in DFAT cells, especially after co-culture with OHC after OGD procedure.




3.5. Neuroprotective Abilities of ASCs and DFAT Cells in the Ex Vivo Model


In this study, we assessed the impact of ASCs/DFAT cells’ indirect co-culture with organotypic hippocampal slices after OGD on their neuroprotective properties (Figure 12). The survival of hippocampal cells in the CA1 region after OGD was evaluated after the analysis of PI (propidium iodide, a marker of dead cells) incorporation. We observed significantly lower mortality of hippocampal cells after the co-culture with both ASCs/DFAT cells. However, the neuroprotective effect induced by DFAT cells was significantly increased in comparison with ASCs, with the dead cells of hippocampi approximately reaching 36.4% ± 11.8. Moreover, the levels of the examined neutrophic factors were significantly higher in DFAT cells than in ASCs culture in the case of BDNF, FGF, and EGF, especially after co-culture with OHC after OGD. In the case of LIF, a decreased level was seen for both types of cells after co-culture.





4. Discussion


In this study, we mainly focused on the characterization of the neurogenic and neuroprotective abilities of the cell subpopulation isolated from adipose tissue—dedifferentiated adipocyte-derived progeny cells (DFAT cells). We performed the effective isolation using the ceiling culture and determined the basic parameters and properties of the cells compared with the standard ASCs.



Our results regarding the essential characteristics of DFAT cells are in line with previous reports [15]. We showed that DFAT cells present the same cell surface antigens profile as ASCs. There were no significant differences between the population doubling time, proliferation capacity, clonogenity, or senescence properties in a long-term culture. The multilineage potential and differentiation into adipocytes, chondrocytes, and osteocytes in both fractions also remained similar, whereas the expression of stemness-related transcriptional factors (SRTF)—Sox2, Nanog, Oct3/4, and Rex1—testified to the higher pluripotent capacity in DFAT cells, which is consistent with previous several independent studies [45,46,47]. Studies by Jumabay et al. confirmed the expression of pluripotent markers Oct3/4, SOX2, Nanog, c-Myc, and Klf4 and the ability to create clusters in addition expressing of markers characteristic of embryonic stem cells SSEA-1 and SSEA-3. All these features were much more strongly expressed in DFAT cells than ASCs; interestingly, the highest expression of pluripotent genes was noted in the fifth day of culture (5 DIV) using the membrane method and then decreased up to 20 days of cultivation. These results indicate the transient pluripotent nature of DFAT cells. We analyzed the cells in passage 2 (about 5–7 DIV, starting from day 0, which was the day ceiling cultivation ended).



Except for the expression of SRTF genes, the distinct pluripotent properties could also be indicated by the cell ability to differentiate toward the three germ layers: mesoderm, ectoderm, and endoderm.



After 5 days of culture ASCs has been shown to significantly higher express Brachyury gene, which is a marker of mesodermal differentiation, than DFAT cells. On the other hand, DFAT cells demonstrated stronger expression of the Otx2 gene, which is proved to be related to ectodermal differentiation. Our results differ from those published so far [45], as our findings show that DFAT cells do not have the ability to differentiate into all three types of germ layer cells but only into ectoderm. These discrepancies may be associated with the cell migration during epithelial–mesodermal transition (EMT) that was described earlier So far, the neural crest origin of a certain fraction of ASCs has been found, while in the case of DFAT cells such reports do not exist [10]. Our results may therefore suggest that the origin of the DFAT cell fraction may be related to neural crest migration, which may confirm their pluripotent nature, but that further studies for this purpose should be conducted.



Another possibility is that adipose tissue, similar to bone marrow themselves, contain an infinitesimal number of pluripotent cells and that the ceiling culture technique (as the stress factor) allows the isolation of that subpopulation. The technique of ceiling culture was described as a way of obtaining a more homogeneous and a less contaminated population of cells without, e.g., smooth muscle cells or fibroblasts compared with ASC [13]. It should be noted that the technique, with membrane filter and one-day incubation of adipocytes in suspension, allows an analysis to additionally exclude contamination with other cells, the adhesion of which is forced in the ceiling culture [45]. The conclusion is that subsequent modifications of the method for isolating DFAT cells allows the fraction of cells with stronger pluripotent properties to be obtained as well as providing the potential to differentiate cells into germ layers other than mesoderm [48]. Perhaps hypothetically, the isolation method used to obtain DFAT allows the fraction of cells derived from the neural crest and settled in the adipose tissue to be obtain.



Nevertheless, demonstrating the origin and the pluripotent nature of DFAT cells in vitro depends on many variables; therefore, determining an efficient method for obtaining these cells and for determining the conditions and time of culture requires separate and broader studies.



Mesenchymal stem/stromal cells mostly require additional environmental factors to differentiate into the neural direction. The selection of proper stimulating factors or even a mix of factors for supplementing the culture medium seems to be one of the most important components. Our study confirmed the beneficial effect of bFGF, RA, and N21 supplement presented in the medium on the ability of ASCs to differentiate into the neural direction. Naïve ASCs, without any additional pretreatment, were described to express nestin. We observed similar levels of nestin regardless of the current differentiating factor. The cells after bFGF treatment showed a significant high level of B-tubulin III, which is early neural marker, also considered by several authors as a marker of neurons [49,50,51]. Moreover, bFGF-treated ASCs indicated a high percentage of Ki-67-positive cells, a marker of proliferation. These observations are similar to those in the literature, conducted on the mouse bone marrow stromal cells [52]. ASCs not only expressed early neural markers but also astrocytic and oligodendrocytic markers after both RA and N21 treatment. It has been shown that the pre-activation of retinoid signaling by RA improves neuronal differentiation. However, the function of RA is also linked with the regulation of the proliferation—RA halts proliferation. What is more, it has been shown that the loss of RA signaling is linked with dedifferentiation and tumorigenesis [43]. The last cited study’s data are consistent with our findings. Although we observed a relatively high presence of neural and glial markers after RA treatment, there was a significant decrease of the percentage of Ki-67+ cells in comparison with other culture variants. To keep the high proliferative potential the additional factors should possibly be added, e.g., EGF and bFGF [53].



After N21 supplementation, we observed an unequivocally positive effect enhancing the neurogenic and proliferative potential of ASC; therefore, for further experiments with DFAT neurogenic differentiation, we choose that supplementation. The N21 supplement is described as the re-defined and modified supplement B27, for use in neuronal cultures [54]. DFAT cells responded to that supplementation, keeping their proliferative potential and expressing neural markers (neuronal, astroglial, and oligoglial). We have proved that DFAT cells have high potential for differentiating into neuronal-like cells in the presence of N21. The neural differentiation abilities of DFAT cells were also examined by Ohta et al. In the mentioned study, DFAT cell expression and protein levels of neural (β-tubulin III, nestin) and glial (GFAP) markers were confirmed [15].



Another question we wanted to answer was regarding the fate of DFAT in the presence of intact or injured neural tissue and without any additional exogenous stimulants. Previous studies have shown that ASCs have the ability to differentiate into the neural lineage (expression of neuronal markers) under the influence of organotypic hippocampal slices co-culture. Our observations regarding DFAT cells and ASCs differentiation are consistent with the results described by Sarnowska et al., who demonstrated the induction of neural differentiation of MSC in the absence of any additional chemical compounds or growth factors—differentiation that was only induced by co-culture with the neural tissue [55]. In our study, we observed significantly higher expression of early neural, astrocytic, oligodendrocytic, and neuronal genes in DFAT cells, especially after co-culture with the injured, OGD-treated hippocampal slices. Whereas, it was more strongly expressed by ASCs only regarding the expression of the GFAP astrocytic marker.



The therapeutic effect of MSC, however, is mainly related to its adjuvant properties. The secretory properties of ASCs may be enhanced and/or modulated by environmental factors, e.g., in response to the tissue injured or affected by a disease. Our field of interest is in the treatment of CNS diseases, where the therapeutic effect could be potentially related to the secretion of neuroprotective factors that could lower the scale of damage by reducing cell death [35,56]. The secretory properties of MSC may be enhanced and/or modulated by environmental factors, e.g., in response to injured tissue.



In our experiments, we observed an increased level of BDNF secretion, especially by DFAT cells co-cultured with OHC after OGD injury. BDNF is demonstrated as a candidate for defense candidate against ischemic brain injury [57,58,59,60,61,62]. It was shown, using animal model, that ASCs stimulate regeneration by secreting BDNF [63]. Moreover, the results indicated significantly stronger secretion regarding DFAT cells cultured with OHC and/or OHC after OGD than for other neurotrophic factors—FGF, EGF, and GDNF, previously described by several authors regarding ASCs’ secretome [64]. Our results showed a significant increase in the secretion of HGF and VEGF. Interesting differences were observed according to bNGF level changes, which were opposite those observed in ASCs in comparison with DFAT cells. Regarding ASCs, our findings were consistent with Sarnowska et al., who observed a significant increase of NGF expression by BM-MSC after co-culture with rat OHC after OGD [65]. Furthermore, the authors underlined the importance of culture conditions’ influence on cell neuroprotective abilities. The results obtained by Tan and co-workers showed the presence of NGF in ASCs’ cultured media and suggest that in addition to its neuroprotective properties, the medium mediates damaged tissue repair through the induction of neurogenesis via activation of NGF-induced AMP-activated kinase (AMPK) [66]. Accordingly, it was evaluated that human adipose mesenchymal stem cells can protect against glutamate-induced injury in P12 cells via the secretion of VEGF, HGF, BDNF, and NGF, both under normoxic and hypoxic conditions [67]. We also observed a significant decrease of LIF secretion in both populations of cells co-cultured with intact or injured hippocampal slices. This observation could be related to the progressive differentiation of the cells in the presence of neural tissue. Our observations regarding differences in cell secretion within different cell subpopulations in restricted culture conditions are consistent with those of Crigler and coworkers [68]. Their findings demonstrated that transcripts expressed by MSCs for BDNF and bNGF are strictly correlated with specific subpopulations, encoding axon guidance, neurite-inducing, and neural-cell-adhesion molecules. Interestingly, the researchers presumed that MSC-induced effects express factors other than neurotrophins, contributing to the above-mentioned activities. Moreover, the factor subset is co-expressed with BDNF in MSC subclones. In addition, the expression levels of BDNF are linked with the ability of cell populations/subclones to promote neuronal cell survival and neuritogenesis. It was also shown that MSCs promote neurite outgrowth within dorsal root ganglion explants despite secreting a 25-fold lower level of bNGF, which is required to produce similar effects exogenously. The secretion of several factors by ASCs and DFAT cells is influenced by the injured neural tissue. Moreover, in the case of both cell types as well as both co-culture variants that we presented in this study, treatment not only led to induced neuroprotection according to significantly increased secretory properties of the cells but also led to our observation of a reduced number of dead cells in the damaged nervous tissue after indirect co-culture, thus confirming the paracrine neuroprotective effect of both ASCs and DFAT cells, similar to results described previously for WJ-MSC and for BM-MSC [65,69].



The cells have a protective effect on the injured tissue, and conversely, the injured tissue affects the cells’ differentiation ability [34]. These dependencies complement each other and help to illuminate the phenomenon of MSCs’ therapeutic effectiveness, indicating the great importance of the attempts to use these cells in the regeneration of ischemically injured nerve tissue.



The impact of the damaged nerve tissue and transplanted cells is bilateral. In addition to secreted cytokines and growth factors, the affected tissue also secretes factors stimulating the cells to proliferate and differentiate into neural lineage. The pro-neurogenic properties of these factors lead to the activation and enhancement of endogenous neurogenesis, and thus may lead to the creation of an effective therapy for neurological disorders.



In conclusion, our results indicate that DFAT, the next subpopulation of stem/stromal derived from adipose tissue, is more homogenous, has slightly different secretory properties in relation to SVF and ASCs, and expresses some pluripotent-like features and strong neuroprotective properties. Moreover, in the presence of neural tissue, these cells differentiate toward neural direction without any additional stimulants.



As far as we know, this is the first paper presenting an analysis of the neurogenic and neuroprotective potential of both ASCs and DFAT cells.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cells10061475/s1, Figure S1: Immunofluorescent images of ASCs after bFGF, RA and N21 treatment.





Author Contributions


Conceptualization, A.S. and A.F.-D.; methodology, K.R., P.R., A.F.-D. and A.S.; software, K.R., P.R.; validation, K.R., P.R., D.S.; formal analysis, K.R., P.R.; investigation, K.R., P.R.; resources, N.E.K.; data curation, K.R. and P.R.; writing—original draft preparation, K.R. and A.F.-D.; writing—review and editing, K.R., P.R. and A.F.-D.; visualization, K.R.; supervision, A.S. and A.F.-D.; project administration, A.S.; funding acquisition, A.S. and A.F.-D. All authors have read and agreed to the published version of the manuscript.




Funding


The work was supported by National Science Centre grant no. NCN 2018/31/N/NZ4/03275 and Medical Research Agency grant no. 2020/ABM/01/00014.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and approved by the Bioethical Committee at the Centre of Postgraduate Medical Education (No. 62/PB/2016) on 14 September 2016.




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank Marta Kot for her hints and comments concerning RT-PCR problems and Hanna Kozlowska for her suggestions concerning confocal microscopy.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Onorati, M.; Camnasio, S.; Binetti, M.; Jung, C.B.; Moretti, A.; Cattaneo, E. Neuropotent self-renewing neural stem (NS) cells derived from mouse induced pluripotent stem (iPS) cells. Mol. Cell. Neurosci. 2010, 43, 287–295. [Google Scholar] [CrossRef] [PubMed]

	



Spiliotopoulos, D.; Goffredo, D.; Conti, L.; Di Febo, F.; Biella, G.; Toselli, M.; Cattaneo, E. An optimized experimental strategy for efficient conversion of embryonic stem (ES)-derived mouse neural stem (NS) cells into a nearly homogeneous mature neuronal population. Neurobiol. Dis. 2009, 34, 320–331. [Google Scholar] [CrossRef] [PubMed]

	



Yamanaka, S. Pluripotent Stem Cell-Based Cell Therapy—Promise and Challenges. Cell Stem Cell 2020, 27, 523–531. [Google Scholar] [CrossRef]

	



Hepler, C.; Shan, B.; Zhang, Q.; Henry, G.H.; Shao, M.; Vishvanath, L.; Gupta, R.K.; Ghaben, A.L.; Mobley, A.B.; Strand, D. Identification of functionally distinct fibro-inflammatory and adipogenic stromal subpopulations in visceral adipose tissue of adult mice. Elife 2018, 7, e39636. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Hoogduijn, M.J.; Baan, C.C.; Korevaar, S.S.; De Kuiper, R.; Yan, L.; Wang, L.; Van Besouw, N.M. Adipose Tissue-Derived Mesenchymal Stem Cells Have a Heterogenic Cytokine Secretion Profile. Stem Cells Int. 2017, 2017, 1–7. [Google Scholar] [CrossRef]

	



Zanata, F.; Shaik, S.; Devireddy, R.V.; Wu, X.; Ferreira, L.M.; Gimble, J.M. Cryopreserved Adipose Tissue-Derived Stromal/Stem Cells: Potential for Applications in Clinic and Therapy. In Advances in Experimental Medicine and Biology; Springer Science and Business Media LLC: Berlin/Heidelberg, Germany, 2016; Volume 951, pp. 137–146. [Google Scholar]

	



Liu, M.; Lei, H.; Dong, P.; Fu, X.; Yang, Z.; Yang, Y.; Ma, J.; Liu, X.; Cao, Y.; Xiao, R. Adipose-Derived Mesenchymal Stem Cells from the Elderly Exhibit Decreased Migration and Differentiation Abilities with Senescent Properties. Cell Transplant. 2017, 26, 1505–1519. [Google Scholar] [CrossRef]

	



Assoni, A.; Coatti, G.; Valadares, M.C.; Beccari, M.; Gomes, J.; Pelatti, M.; Mitne-Neto, M.; Carvalho, V.M.; Zatz, M. Different Donors Mesenchymal Stromal Cells Secretomes Reveal Heterogeneous Profile of Relevance for Therapeutic Use. Stem Cells Dev. 2017, 26, 206–214. [Google Scholar] [CrossRef]

	



Sakai, D.; Wakamatsu, Y. Regulatory Mechanisms for Neural Crest Formation. Cells Tissues Organs 2005, 179, 24–35. [Google Scholar] [CrossRef]

	



Sowa, Y.; Imura, T.; Numajiri, T.; Takeda, K.; Mabuchi, Y.; Matsuzaki, Y.; Nishino, K. Adipose Stromal Cells Contain Phenotypically Distinct Adipogenic Progenitors Derived from Neural Crest. PLoS ONE 2013, 8, e84206. [Google Scholar] [CrossRef]

	



Wrage, P.C.; Tran, T.; To, K.; Keefer, E.W.; Ruhn, K.A.; Hong, J.; Hattangadi, S.; Treviño, I.; Tansey, M.G. The Neuro-Glial Properties of Adipose-Derived Adult Stromal (ADAS) Cells Are Not Regulated by Notch 1 and Are Not Derived from Neural Crest Lineage. PLoS ONE 2008, 3, e1453. [Google Scholar] [CrossRef]

	



Yagi, K.; Kondo, D.; Okazaki, Y.; Kano, K. A novel preadipocyte cell line established from mouse adult mature adipocytes. Biochem. Biophys. Res. Commun. 2004, 321, 967–974. [Google Scholar] [CrossRef] [PubMed]

	



Matsumoto, T.; Kano, K.; Kondo, D.; Fukuda, N.; Iribe, Y.; Tanaka, N.; Matsubara, Y.; Sakuma, T.; Satomi, A.; Otaki, M.; et al. Mature adipocyte-derived dedifferentiated fat cells exhibit multilineage potential. J. Cell. Physiol. 2008, 215, 210–222. [Google Scholar] [CrossRef] [PubMed]

	



Watanabe, H.; Goto, S.; Kato, R.; Komiyama, S.; Nagaoka, Y.; Kazama, T.; Yamamoto, C.; Li, Y.; Konuma, N.; Hagikura, K.; et al. The neovascularization effect of dedifferentiated fat cells. Sci. Rep. 2020, 10, 1–12. [Google Scholar] [CrossRef]

	



Ohta, Y.; Takenaga, M.; Tokura, Y.; Hamaguchi, A.; Matsumoto, T.; Kano, K.; Mugishima, H.; Okano, H.; Igarashi, R. Mature adipocyte-derived cells, dedifferentiated fat cells (DFAT), promoted functional recovery from spinal cord injury-induced motor dysfunction in rats. Cell Transplant. 2008, 17, 877–886. [Google Scholar] [CrossRef] [PubMed]

	



Fujimaki, H.; Matsumine, H.; Osaki, H.; Ueta, Y.; Kamei, W.; Shimizu, M.; Hashimoto, K.; Fujii, K.; Kazama, T.; Matsumoto, T.; et al. Dedifferentiated fat cells in polyglycolic acid-collagen nerve conduits promote rat facial nerve regeneration. Regen. Ther. 2019, 11, 240–248. [Google Scholar] [CrossRef]

	



Mikrogeorgiou, A.; Kondo, T.; Ito, M.; Nakanishi, K.; Hayakawa, M.; Sato, Y.; Hattori, T.; Sugiyama, Y.; Saito, A.; Tsuji, M.; et al. Dedifferentiated Fat Cells as a Novel Source for Cell Therapy to Target Neonatal Hypoxic-Ischemic Encephalopathy. Dev. Neurosci. 2017, 39, 273–286. [Google Scholar] [CrossRef]

	



Lin, L.; Du, L. The role of secreted factors in stem cells-mediated immune regulation. Cell. Immunol. 2018, 326, 24–32. [Google Scholar] [CrossRef]

	



Cao, W.; Cao, K.; Cao, J.; Wang, Y.; Shi, Y. Mesenchymal stem cells and adaptive immune responses. Immunol. Lett. 2015, 168, 147–153. [Google Scholar] [CrossRef]

	



Le Blanc, K.; Mougiakakos, D. Multipotent mesenchymal stromal cells and the innate immune system. Nat. Rev. Immunol. 2012, 12, 383–396. [Google Scholar] [CrossRef]

	



Shi, Y.; Du, L.; Lin, L.; Wang, Y. Tumour-associated mesenchymal stem/stromal cells: Emerging therapeutic targets. Nat. Rev. Drug Discov. 2017, 16, 35–52. [Google Scholar] [CrossRef] [PubMed]

	



Rosenzweig, E.S.; Brock, J.H.; Lu, P.; Kumamaru, H.; A Salegio, E.; Kadoya, K.; Weber, J.L.; Liang, J.J.; Moseanko, R.; Hawbecker, S.; et al. Restorative effects of human neural stem cell grafts on the primate spinal cord. Nat. Med. 2018, 24, 484–490. [Google Scholar] [CrossRef]

	



Liang, X.; Ding, Y.; Zhang, Y.; Tse, H.F.; Lian, Q. Paracrine Mechanisms of Mesenchymal Stem Cell-Based Therapy: Current Status and Perspectives. Cell Transplant. 2014, 23, 1045–1059. [Google Scholar] [CrossRef] [PubMed]

	



Balu, D.T.; Lucki, I. Adult hippocampal neurogenesis: Regulation, functional implications, and contribution to disease pathology. Neurosci. Biobehav. Rev. 2009, 33, 232–252. [Google Scholar] [CrossRef]

	



Qian, L.; Saltzman, W.M. Improving the expansion and neuronal differentiation od mesenchymal stem cells through culture surface modification. Biomaterials 2003, 25, 1331–1337. [Google Scholar] [CrossRef] [PubMed]

	



Urdzíková, L.M.; Růžička, J.; Labagnara, M.; Kárová, K.; Kubinová, Š.; Jiráková, K.; Murali, R.; Syková, E.; Jhanwar-Uniyal, M.; Jendelová, P. Human Mesenchymal Stem Cells Modulate Inflammatory Cytokines after Spinal Cord Injury in Rat. Int. J. Mol. Sci. 2014, 15, 11275–11293. [Google Scholar] [CrossRef]

	



Kingham, P.J.; Kolar, M.K.; Novikova, L.N.; Novikov, L.N.; Wiberg, M. Stimulating the Neurotrophic and Angiogenic Properties of Human Adipose-Derived Stem Cells Enhances Nerve Repair. Stem Cells Dev. 2014, 23, 741–754. [Google Scholar] [CrossRef] [PubMed]

	



Marconi, S.; Castiglione, G.; Turano, E.; Bissolotti, G.; Angiari, S.; Farinazzo, A.; Constantin, G.; Bedogni, G.; Bedogni, A.; Bonetti, B. Human Adipose-Derived Mesenchymal Stem Cells Systemically Injected Promote Peripheral Nerve Regeneration in the Mouse Model of Sciatic Crush. Tissue Eng. Part A 2012, 18, 1264–1272. [Google Scholar] [CrossRef]

	



Kuhn, H.G.; Winkler, J.; Kempermann, G.; Thal, L.J.; Gage, F.H. Epidermal Growth Factor and Fibroblast Growth Factor-2 Have Different Effects on Neural Progenitors in the Adult Rat Brain. J. Neurosci. 1997, 17, 5820–5829. [Google Scholar] [CrossRef]

	



Mashayekhi, F. Neural cell death is induced by neutralizing antibody to nerve growth factor: An in vivo study. Brain Dev. 2008, 30, 112–117. [Google Scholar] [CrossRef]

	



Prautsch, K.M.; Schmidt, A.; Paradiso, V.; Schaefer, D.J.; Guzman, R.; Kalbermatten, D.F.; Madduri, S. Modulation of Human Adipose Stem Cells’ Neurotrophic Capacity Using a Variety of Growth Factors for Neural Tissue Engineering Applications: Axonal Growth, Transcriptional, and Phosphoproteomic Analyses In Vitro. Cells 2020, 9, 1939. [Google Scholar] [CrossRef]

	



Rehman, J.; Traktuev, D.; Li, J.; Merfeld-Clauss, S.; Temm-Grove, C.J.; Bovenkerk, J.E.; Pell, C.L.; Johnstone, B.H.; Considine, R.V.; March, K.L. Secretion of Angiogenic and Antiapoptotic Factors by Human Adipose Stromal Cells. Circulation 2004, 109, 1292–1298. [Google Scholar] [CrossRef] [PubMed]

	



Chan, T.-M.; Chen, J.Y.-R.; Ho, L.-I.; Lin, H.-P.; Hsueh, K.-W.; Liu, D.D.; Chen, Y.-H.; Hsieh, A.-C.; Tsai, N.-M.; Hueng, D.-Y.; et al. ADSC Therapy in Neurodegenerative Disorders. Cell Transplant. 2014, 23, 549–557. [Google Scholar] [CrossRef]

	



Skalska, U.; Kontny, E. Regenerative and immunomodulatory properties of adipose-derived mesenchymal stem cells. Postępy Biol. Komórki 2011, 38, 363–378. [Google Scholar]

	



Anghileri, E.; Marconi, S.; Pignatelli, A.; Cifelli, P.; Galie’, M.; Sbarbati, A.; Krampera, M.; Belluzzi, O.; Bonetti, B. Neuronal Differentiation Potential of Human Adipose-Derived Mesenchymal Stem Cells. Stem Cells Dev. 2008, 17, 909–916. [Google Scholar] [CrossRef]

	



Hu, F.; Wang, X.; Liang, G.; Lv, L.; Zhu, Y.; Sun, B.; Xiao, Z. Effects of Epidermal Growth Factor and Basic Fibroblast Growth Factor on the Proliferation and Osteogenic and Neural Differentiation of Adipose-Derived Stem Cells. Cell. Reprogramm. 2013, 15, 224–232. [Google Scholar] [CrossRef] [PubMed]

	



Tian, G.; Zhou, J.; Jing’e Wang, B.X.; Li, L.; Zhu, F.; Han, J.; Luo, X. Neuronal differentiation of adipose-derived stem cells and their transplantation for cerebral ischemia. Neural Regen. Res. 2012, 7, 1992. [Google Scholar]

	



Hu, F.; Sun, B.; Xu, P.; Zhu, Y.; Meng, X.-H.; Teng, G.-J.; Xiao, Z.-D. MiR-218 Induces Neuronal Differentiation of ASCs in a Temporally Sequential Manner with Fibroblast Growth Factor by Regulation of the Wnt Signaling Pathway. Sci. Rep. 2017, 7, 39427. [Google Scholar] [CrossRef]

	



Moore, T.J.; Abrahamse, H. Neuronal Differentiation of Adipose Derived Stem Cells: Progress So Far. Int. J. Photoenergy 2014, 2014, 1–8. [Google Scholar] [CrossRef]

	



Jang, S.; Cho, H.-H.; Cho, Y.-B.; Park, J.-S.; Jeong, H.-S. Functional neural differentiation of human adipose tissue-derived stem cells using bFGF and forskolin. BMC Cell Biol. 2010, 11, 25. [Google Scholar] [CrossRef]

	



Takahashi, J.; Palmer, T.D.; Gage, F.H. Retinoic acid and neurotrophins collaborate to regulate neurogenesis in adult-derived neural stem cell cultures. J. Neurobiol. 1999, 38, 65–81. [Google Scholar] [CrossRef]

	



George, S.; Hamblin, M.R.; Abrahamse, H. Current and Future Trends in Adipose Stem Cell Differentiation into Neuroglia. Photomed. Laser Surg. 2018, 36, 230–240. [Google Scholar] [CrossRef] [PubMed]

	



Janesick, A.; Wu, S.C.; Blumberg, B. Retinoic acid signaling and neuronal differentiation. Cell. Mol. Life Sci. 2015, 72, 1559–1576. [Google Scholar] [CrossRef] [PubMed]

	



Koutmani, Y.; Gampierakis, I.A.; Polissidis, A.; Ximerakis, M.; Koutsoudaki, P.N.; Polyzos, A.; Agrogiannis, G.; Karaliota, S.; Thomaidou, D.; Rubin, L.; et al. CRH Promotes the Neurogenic Activity of Neural Stem Cells in the Adult Hippocampus. Cell Rep. 2019, 29, 932–945.e7. [Google Scholar] [CrossRef]

	



Jumabay, M.; Abdmaulen, R.; Ly, A.; Cubberly, M.R.; Shahmirian, L.J.; Heydarkhan-Hagvall, S.; Dumesic, D.A.; Yao, Y.; Boström, K.I. Pluripotent Stem Cells Derived from Mouse and Human White Mature Adipocytes. Stem Cells Transl. Med. 2014, 3, 161–171. [Google Scholar] [CrossRef]

	



Wei, S.; Zan, L.; Hausman, G.J.; Rasmussen, T.P.; Bergen, W.G.; Dodson, M.V. Dedifferentiated adipocyte-derived progeny cells (DFAT cells). Adipocyte 2013, 2, 122–127. [Google Scholar] [CrossRef]

	



Gao, Q.; Zhao, L.; Song, Z.; Yang, G. Expression pattern of embryonic stem cell markers in DFAT cells and ADSCs. Mol. Biol. Rep. 2012, 39, 5791–5804. [Google Scholar] [CrossRef]

	



Dezawa, M. Muse Cells Provide the Pluripotency of Mesenchymal Stem Cells: Direct Contribution of Muse Cells to Tissue Regeneration. Cell Transplant. 2016, 25, 849–861. [Google Scholar] [CrossRef] [PubMed]

	



Jouhilahti, E.-M.; Peltonen, S.; Peltonen, J. Class III β-Tubulin Is a Component of the Mitotic Spindle in Multiple Cell Types. J. Histochem. Cytochem. 2008, 56, 1113–1119. [Google Scholar] [CrossRef]

	



Dráberová, E.; Del Valle, L.; Gordon, J.; Marková, V.; Šmejkalová, B.; Bertrand, L.; De Chadarévian, J.-P.; Agamanolis, D.P.; Legido, A.; Khalili, K.; et al. Class III β-Tubulin Is Constitutively Coexpressed with Glial Fibrillary Acidic Protein and Nestin in Midgestational Human Fetal Astrocytes: Implications for Phenotypic Identity. J. Neuropathol. Exp. Neurol. 2008, 67, 341–354. [Google Scholar] [CrossRef]

	



Zheng, Y.; Huang, C.; Liu, F.; Lin, H.; Yang, X.; Zhang, Z. Comparison of the neuronal differentiation abilities of bone marrow-derived and adipose tissue-derived mesenchymal stem cells. Mol. Med. Rep. 2017, 16, 3877–3886. [Google Scholar] [CrossRef] [PubMed]

	



Yang, H.; Xia, Y.; Lu, S.Q.; Soong, T.W.; Feng, Z.W. Basic Fibroblast Growth Factor-induced Neuronal Differentiation of Mouse Bone Marrow Stromal Cells Requires FGFR-1, MAPK/ERK, and Transcription Factor AP-1. J. Biol. Chem. 2008, 283, 5287–5295. [Google Scholar] [CrossRef]

	



Cardozo, A.J.; Gómez, D.E.; Argibay, P.F. Transcriptional Characterization of Wnt and Notch Signaling Pathways in Neuronal Differentiation of Human Adipose Tissue-Derived Stem Cells. J. Mol. Neurosci. 2011, 44, 186–194. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Stevens, B.; Chang, J.; Milbrandt, J.; Barres, B.A.; Hell, J.W. NS21: Re-defined and modified supplement B27 for neuronal cultures. J. Neurosci. Methods 2008, 171, 239–247. [Google Scholar] [CrossRef] [PubMed]

	



Drela, K.; Siedlecka, P.; Sarnowska, A.; Domanska-Janik, K. Human mesenchymal stem cells in the treatment of neurological diseases. Acta Neurobiol. Exp. 2013, 73, 38–56. [Google Scholar]

	



Basciano, L.; Nemos, C.; Foliguet, B.; De Isla, N.; De Carvalho, M.; Tran, N.; Dalloul, A. Long term culture of mesenchymal stem cells in hypoxia promotes a genetic program maintaining their undifferentiated and multipotent status. BMC Cell Biol. 2011, 12, 12. [Google Scholar] [CrossRef] [PubMed]

	



Kimura, A.; Namekata, K.; Guo, X.; Harada, C.; Harada, T. Neuroprotection, Growth Factors and BDNF-TrkB Signalling in Retinal Degeneration. Int. J. Mol. Sci. 2016, 17, 1584. [Google Scholar] [CrossRef]

	



Liu, Z.; Ma, D.; Feng, G.; Ma, Y.; Hu, H. Recombinant AAV-mediated expression of human BDNF protects neurons against cell apoptosis in Aβ-induced neuronal damage model. Acta Acad. Med. 2007, 27, 233–236. [Google Scholar] [CrossRef]

	



Chen, A.; Xiong, L.-J.; Tong, Y.; Mao, M. The neuroprotective roles of BDNF in hypoxic ischemic brain injury. Biomed. Rep. 2012, 1, 167–176. [Google Scholar] [CrossRef]

	



Schäbitz, W.-R.; Berger, C.; Kollmar, R.; Seitz, M.; Tanay, E.; Kiessling, M.; Schwab, S.; Sommer, C. Effect of Brain-Derived Neurotrophic Factor Treatment and Forced Arm Use on Functional Motor Recovery After Small Cortical Ischemia. Stroke 2004, 35, 992–997. [Google Scholar] [CrossRef]

	



Kume, T.; Kouchiyama, H.; Kaneko, S.; Maeda, T.; Kaneko, S.; Akaike, A.; Shimohama, S.; Kihara, T.; Kimura, J.; Wada, K.; et al. BDNF prevents NO mediated glutamate cytotoxicity in cultured cortical neurons. Brain Res. 1997, 756, 200–204. [Google Scholar] [CrossRef]

	



Sakai, R.; Ukai, W.; Sohma, H.; Hashimoto, E.; Yamamoto, M.; Ikeda, H.; Saito, T. Attenuation of brain derived neurotrophic factor (BDNF) by ethanol and cytoprotective effect of exogenous BDNF against ethanol damage in neuronal cells. J. Neural Transm. 2004, 112, 1005–1013. [Google Scholar] [CrossRef] [PubMed]

	



Lopatina, T.; Kalinina, N.; Karagyaur, M.; Stambolsky, D.; Rubina, K.; Revischin, A.; Pavlova, G.; Parfyonova, Y.; Tkachuk, V. Adipose-Derived Stem Cells Stimulate Regeneration of Peripheral Nerves: BDNF Secreted by These Cells Promotes Nerve Healing and Axon Growth De Novo. PLoS ONE 2011, 6, e17899. [Google Scholar] [CrossRef]

	



Salgado, A.J.B.O.G.; Reis, R.L.; Sousa, N.J.C.; Gimble, J.M. Adipose Tissue Derived Stem Cells Secretome: Soluble Factors and Their Roles in Regenerative Medicine. Curr. Stem Cell Res. Ther. 2010, 5, 103–110. [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. Ann. Neurosci. 2011, 18, 21. [Google Scholar] [CrossRef] [PubMed]

	



Tan, B.; Luan, Z.; Wei, X.; He, Y.; Wei, G.; Johnstone, B.; Farlow, M.; Du, Y. AMP-activated kinase mediates adipose stem cell-stimulated neuritogenesis of PC12 cells. Neuroscience 2011, 181, 40–47. [Google Scholar] [CrossRef]

	



Lu, S.; Lu, C.; Han, Q.; Li, J.; Du, Z.; Liao, L.; Zhao, R.C. Adipose-derived mesenchymal stem cells protect PC12 cells from glutamate excitotoxicity-induced apoptosis by upregulation of XIAP through PI3-K/Akt activation. Toxicology 2011, 279, 189–195. [Google Scholar] [CrossRef]

	



Crigler, L.; Robey, R.C.; Asawachaicharn, A.; Gaupp, D.; Phinney, D.G. Human mesenchymal stem cell subpopulations express a variety of neuro-regulatory molecules and promote neuronal cell survival and neuritogenesis. Exp. Neurol. 2006, 198, 54–64. [Google Scholar] [CrossRef]

	



Obtulowicz, P.; Lech, W.; Strojek, L.; Sarnowska, A.; Domanska-Janik, K. Induction of Endothelial Phenotype from Wharton’s Jelly-Derived MSCs and Comparison of Their Vasoprotective and Neuroprotective Potential with Primary WJ-MSCs in CA1 Hippocampal Region Ex Vivo. Cell Transplant. 2016, 25, 715–727. [Google Scholar] [CrossRef]








[image: Cells 10 01475 g001 550] 





Figure 1. The correlation between processes (orange circles) and factors (blue circles) chosen for the analysis in this study. Created with Biovista Vizit (https://www.biovista.com/vizit/, accessed date: 17 November 2020). 
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Figure 2. General overview of our study experimental steps. After isolation, ASCs were used to optimize the best conditions for neural differentiation, which were applied in further investigation of ASCs/DFAT cells’ proliferative, neurogenic, and neuroprotective potential. The figure was created in BioRender (https://biorender.com/, accessed date: 10 January 2021). 
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Figure 3. Steps of ASCs and DFATs cell isolation procedure. ASCs cultured as a standard monolayer and DFAT cells cultured using ceiling method. After one week, DFAT cells were reverted and treated with the same culture conditions (5% O2, 5% CO2, 37 °C) as ASCs. 
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Figure 4. Steps of performed ex vivo experiments. The scheme was made in Biorender (https://biorender.com/, accessed date: 10 January 2021). 
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Figure 5. Multipotent properties of mesenchymal stem cells. (a)ASCs’ Differentiation into adipocytes, chondrocytes and osteoblasts at 2nd passage of culture in 21% O2 conditions; (b)DFAT cells differentiation into adipocytes, chondrocytes and osteoblasts at 2nd passage of coulture, in 21% O2 conditions; (c) Morphology of ASCs in 3rd day of culture, scale bar- 100 µm; (d) Flow cytometry analysis of ASCs’mesenchymal markers presence: CD73, CD90, CD105 and absence: CD34, CD11b, CD19, CD45 and HLA-DR at 2nd passage of culture; (e) Morphology of DFAT cells in 3rd day of culture, scale bar—100 µm; (f) Flow cytometry analysis of DFAT cells; mesenchymal markers presence: CD73, CD90, CD105 and absence: CD34, CD11b, CD19, CD45 and HLA-DR at 2nd passage of culture; (g) Population Doubling Time analysis from 1 to 9 passage; (h) Colony Formation Unit Frequency analysis at 3rd and 8th passage; (i) Senescence evaluation at 3rd and 8th passage. Cells cultured conditions: 5% O2, 5% CO2, 37 °C. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value < 0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 6. Pluripotent properties of ASCs and DFAT cells: (a) Immunocytochemical analysis of differentiation into ectoderm (Otx2), endoderm (Sox17), and mesoderm (Brachyury) at 2nd passage of culture. Scale bar = 100µm; (b) qRT-PCR analysis of 3-germ-layer gene expression: Otx2, Sox17, and Brachyury in 2nd passage with undifferentiated cells as a control group; (c) qRT-PCR analysis of stemness-related transcriptional factors (SRTF) at the 2nd passage of culture with ASCs as a control group. Cells cultured conditions: 5% O2, 5% CO2, 37 °C. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value <0.05. Statistical significance level * 0.01 < p < 0.05; ** 0.001 < p < 0.01; *** 0.0001 < p < 0.001; **** p < 0.0001. 
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Figure 7. Optimization of ASCs’ capacity for neural lineage differentiation. (a) Quantitative analysis of neural (B-tubulin III, Nestin, GFAP, NG2) and proliferation (Ki67) markers presence in ASC culture in inducive of neurogenesis medium (with addition of FGF, N2, N21); (b) Estimation of Population Doubling Time of ASC culture in medium with N21 supplement; (c) Colony Forming Unit at early (3rd) and late (8th) passage of ASC culture supplemented with N21. (d) Percentage of senescent cells counted from early (3rd) and late (8th) passage of ASC supplemented with N21. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value <0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 8. Neural differentiation of ASCs/DFAT cells. B-tubulin III, Nestin immunocytochemical/expression analysis. (a) Immunofluorescent images of ASCs/DFAT cells B-tubulin III staining; (b) Quantitative analysis of neural markers presence in different culture conditions; (c) Neural markers (B-tubulin III and Nestin) expression. The results are presented as mean values of three experiments ±SEM. The differences were considered statistically significant when p-value < 0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 9. Astrocytic differentiation of ASCs/DFAT cells. S100beta, GFAP immunocytochemical/expression analysis. (a) Immunofluorescent images of ASCs/DFAT cells S100beta staining; (b) Quantitative analysis of astrocytic markers (GFAP, S100beta) presence in different culture conditions. (c) Astrocytic markers expression. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value <0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 10. Oligodendrocytic differentiation of ASCs/DFAT cells. A2B5,NG2 immunocytochemical/expression analysis. (a) Immunofluorescent images of ASCs/DFAT cells A2B5 staining; (b) Quantitative analysis of oligodendrocytic markers (A2B5, NG2) presence in different culture conditions; (c) Oligodendrocytic marker NG2 expression. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value <0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 11. Neuronal differentiation of ASCs/DFAT cells. NeuN, MAP2 immunocytochemical/expression analysis. (a) Immunofluorescent images of ASCs/DFAT cells NeuN staining; (b) Quantitative analysis of neuronal marker NeuN presence in different culture conditions; (c) Neuronal marker MAP2 expression. The results are presented as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value <0.05. Statistical significance level * for 0.01 < p <0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Figure 12. ASCs/DFAT cells neuroprotective and neurogenic potential assessment. (a) PI incorporation into the CA1 region of the hippocampal slices (the region is marked red); (b) Quantitative analysis of dead cells after OGD in all culture variants.; (c) Immunocytochemical analysis of live (green—stained with Calcein) and dead (red—stained with PI) cells of the hippocampal slice; (d) The characteristic rosette made by ASCs after the co-culture with OHC; (e) Cytokines concentration in medium collected in three culture variants—from cell culture (control), after co-culture with organotypic hippocampal slices (OHC) and with OHC after oxygen-glucose deprivation (OHC+OGD).The results of all presented above experiments are expressed as mean values of three experiments ± SEM. The differences were considered statistically significant when p-value < 0.05. Statistical significance level * for 0.01 < p < 0.05; ** for 0.001 < p < 0.01; *** for 0.0001 < p < 0.001; **** for p < 0.0001. 
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Table 1. Histochemical dyes (Sigma-Aldrich) used in differentiation analysis.
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	Differentiation

Lineage
	Used Stain
	Visualized

Compound
	Time of

Incubation (Minutes)
	Concentration





	Adipogenesis
	Oil Red O
	Oil Red
	5
	0.5%



	Osteogenesis
	Alizarin Red S
	Calcium deposits
	3
	2%



	Chondrogenesis
	Alcian blue
	Mucopolysaccharides
	30
	1%
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Table 2. Primary antibodies used in immunocytochemistry analysis.
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	Antibody
	Catalogue

Number
	Source
	Isotype
	Dilution
	Manufacturer





	anti-β-Tubulin III
	T8660
	Mouse monoclonal
	IgG2b
	1:1000
	Sigma-Aldrich



	anti-GFAP
	Z0334
	Rabbit polyclonal
	IgG
	1:400
	Dako



	anti-Ki67
	AB15580
	Rabbit polyclonal
	IgG
	1:200
	Abcam



	anti-Nestin
	MAB5326
	Mouse monoclonal
	IgG1
	1:500
	Millipore



	anti-Fibronectin
	F3648
	Mouse monoclonal
	IgG
	1:400
	Sigma-Aldrich



	anti-Vimentin
	AB1620
	Mouse monoclonal
	IgG1
	1:200
	Abcam



	anti-NeuN
	MAB377
	Mouse monoclonal
	IgG1
	1:50
	Millipore



	anti-A2B5
	MAB312R
	Mouse monoclonal
	IgM
	1:200
	Millipore



	anti-NG2
	AB5320
	Rabbit polyclonal
	IgG
	1:150
	Millipore



	anti-S100 beta
	AB52642
	Rabbit polyclonal
	IgG
	1:100
	Abcam
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Table 3. Secondary antibodies used in immunocytochemistry analysis.
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	Antibody
	Fluorochrome
	Catalogue Number
	Isotype
	Dilution
	Manufacturer





	Alexa Fluor Goat

(anti-rabbit)
	Alexa 546
	A11035
	IgG
	1:1000
	Life Technologies



	Alexa FluorGoat

(anti-mouse)
	Alexa 546
	A21123
	IgG1
	1:1000
	Thermo Fisher Scientific



	Alexa Fluor Goat

(anti-mouse)
	Alexa 488
	A21121
	IgG1
	1:1000
	Life Technologies



	Alexa Fluor Goat

(anti-mouse)
	Alexa 488
	A21141
	IgG2b
	1:1000
	Life Technologies



	Alexa Fluor Goat

(anti-mouse)
	Alexa 546
	A21045
	IgM
	1:1000
	Life Technologies
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Table 4. Primer sequences used in qRT-PCR analysis.
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	Gene
	NCBI

Reference Sequence
	Product Size
	Primer Sequence (5e -> 3-)





	β-Actin
	NM_001101.5
	250 bp
	F: CATGTACGTTGCTATCCAGGC

R: CTCCTTAATGTCACGCACGAT



	Nanog
	NM_024865.4
	103 bp
	F: GAACCTCAGCTACAAACAGG

R: CGTCACACCATTGCTATTCT



	Sox2
	NM_003106.4
	93 bp
	F: GTGGAAACTTTTGTCGGAGA

R: TTATAATCCGGGTGCTCCTT



	Oct3/4
	NM_001285986.2
	331 bp
	F: CCTGAAGCAGAAGAGGATCACC

R: AAAGCGGCAGATGGTCGTTTGG



	Rex1
	NM_001304358.2
	107 bp
	F: GCTCCCTTGAATGTTCTTTG

R: GCCTGTCATGTACTCAGAAT



	Oxt2
	NM_001270523.2
	98 bp
	F: TTCATGCGAGAGGAGGTGGCA

R: TGCTGTTGTTGGCGGCACTT



	Sox17
	NM_022454.4
	110 bp
	F:AACTATCCTGACGTGTGACA

R:CAAAAACCCAGGAGTCTGAG



	Brachyury
	NM_001379200.1
	104 bp
	F:ACGGCCACATTATTCTGAAT

R:GAAGTTCTCCTCGGCATATT



	Nestin
	NM_006617.2
	64 bp
	F: GGGAAGAGGTGATGGAACCA

R: AAGCCCTGAACCCTCTTTGC



	GFAP
	NM_001363846.2
	100 bp
	F: CCGACAGCAGGTCCATGT

R: GTTGCTGGACGCCATTG



	MAP-2
	NM_001375545.1
	99 bp
	F: TTGGTGCCGAGTGAGAAGA

R: GTCTGGCAGTGGTTGGTTAA



	β-Tubulin III
	NM_001197181.2
	126 bp
	F: GGAAGAGGGCGAGATGTACG

R: GGGTTTAGACACTGCTGGCT



	S100beta
	NM_006272.3
	91 bp
	F: AGCGCTCCTGGAAAAAGCAA

R: TTGAATCGCATGGGTCACGG



	NG2
	NM_001897.5
	118 bp
	F: GTCTACACCATCGAGCAGCC

R: TGTGTGAGAACAGCACGAGC
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