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Aging restricts the initial neural patterning potential of developing neural stem and progenitor cells in the adult brain
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Introduction: Neurosphere culture is widely used to expand neural stem and progenitor cells (NSPCs) of the nervous system. Understanding the identity of NSPCs, such as the principals involved in spatiotemporal patterning, will improve our chances of using NSPCs for neurodevelopmental and brain repair studies with the ability to direct NSPCs toward distinct fates. Some reports indicate that aging can affect the nature of NSPCs over time. Therefore, in this study, we aimed to investigate how the initial neural patterning of developing NSPCs changes over time.

Methods: In this research, evidence of changing neural patterning potential in the nervous system over time was presented. Thus, the embryonic and adult-derived NSPCs for cardinal characteristics were analyzed, and then, the expression of candidate genes related to neural patterning using real-time quantitative reverse transcription polymerase chain reaction (RT-qPCR) was evaluated at various stages of embryonic (E14 and E18), neonatal, and adult brains. Finally, it was assessed the effect of cell attachment and passage on the initial neural patterning of NSPCs.

Results: The analysis of gene expression revealed that although temporal patterning is maintained in vitro, it shows a decrease over time. Embryonic NSPCs exhibited the highest potential for retaining regional identity than neonatal and adult NSPCs. Additionally, it was found that culture conditions, such as cell passaging and attachment status, could affect the initial neural patterning potential, resulting in a decrease over time.

Conclusion: Our study demonstrates that patterning potential decreases over time and aging imposes restrictions on preliminary neural patterning. These results emphasize the significance of patterning in the nervous system and the close relationship between patterning and fate determination, raising questions about the application of aged NSPCs in the treatment of neurodegenerative diseases.
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GRAPHICAL ABSTRACT
 



1 Introduction

Neurogenesis is a complex and orchestrated series of processes that generate neural networks by organizing neuronal diversity at the appropriate place and time during development. This phenomenon is one of the fascinating events, primarily occurring in the embryonic and neonatal stages, extending to adulthood as well (Muñoz-Sanjuán and Brivanlou, 2002). In the early embryo, an ectodermal sheet is initially organized into spatially confined domains of gene expression with neurogenic potential, leading to the formation of the neural plate, which contains neural progenitor cells with distinct molecular profiles. Subsequently, this neural plate rolls up to form a neural tube that patterns along a rostrocaudal (RC) axis, creating distinct parts of the central nervous system (CNS) including the forebrain, midbrain, hindbrain, and spinal cord. Concurrently, each of these regions is subdivided along the dorsoventral (DV) axis, forming specific domains (Kelly et al., 2009). In the forebrain, the dorsal part of the developing neural tube expands to form the pallium, generating the cerebral cortex, while the ventral part creates the sub-pallium area, giving rise to lateral, medial, and caudal ganglionic eminences (LGE, MGE, and CGE), respectively (Duan et al., 2013). It has been found that various populations of embryonic neural stem cells (NSCs) are localized in a specific area of the telencephalon, including the GE (Llorente et al., 2022). However, in the adult brain, they become more restricted to the dentate gyrus (DG) of the hippocampus (Altman, 1962) and the subventricular zone (SVZ) of the lateral ventricles (Reynolds and Weiss, 1992). These neurogenic niches are specialized microenvironments whose primary purpose is to maintain homeostasis and regulate CNS behavior (Gómez-Gaviro et al., 2012; Riquelme et al., 2008).

Neural stem cells are undifferentiated, self-renewing, and multipotent cells that undergo a variety of molecular and morphological changes and generate various neurons and glial cells, spatiotemporally (Kohwi and Doe, 2013). The morphological and functional properties of NSCs closely align with their molecular features, which are identified by spatiotemporal patterning (Miranda-Negrón and García-Arrarás, 2022). However, during development, intrinsic and extrinsic temporal cues limit the competence of NSCs, leading to the diversity among them from which the specific cell types emerge. This diversity arises from spatial patterning, where various neural progenitor pools are positioned precisely within specific domains of the developing neural tube along the RC and DV axes. These defined domains are characterized by the combinatorial expression of distinct transcription factors (TFs) influenced by different morphogens (BMP, Shh, FGF, and RA) secreted from various regions of the adjacent tissues resulting in the generation of the individual cell population (Beccari et al., 2013; Kiecker and Lumsden, 2012).

Over the last decades, unfolding the development processes, diversity of cell types involved in CNS formation, and the intrinsic and extrinsic modifications that take place in NSCs and their niches with aging has been a major challenge of developmental neurobiology (Kohwi and Doe, 2013). Aging has been shown to have a significant impact on brain function, leading to debilitating effects (Navarro Negredo et al., 2020). These effects may be linked to a decline in age-related cognitive function, which limits CNS plasticity and repair (Encinas et al., 2011). The ability of NSCs to proliferate and generate new neurons diminishes over time (Bailey et al., 2004; Ben Abdallah et al., 2010), adversely affecting the niches and disrupting natural homeostatic functions (Kuhn et al., 1996), ultimately impacting regenerative capabilities (Baker and Petersen, 2018). Age is a significant risk factor for neurodegenerative diseases. Consequently, research on the aging of NSCs has increased, leading to significant advances in understanding the changes these cell populations experience during aging through various in vitro and in vivo model systems (Nicaise et al., 2020).

Neuronal disorders have various causes, such as deficiencies in NSC propagation and differentiation (e.g., macrocephaly, microcephaly, schizophrenia, autism, and Huntington’s disease), dysfunction of NSCs through inappropriate neuronal transmission (e.g., schizophrenia, epilepsy, autism, and bipolar disorder), and neuronal death (i.e., neurodegenerative disorders) (Liszewska and Jaworski, 2018). These problems led scientists to investigate the potential of NSCs in cell-based therapy as a promising treatment strategy for disorders (Li D. et al., 2022), such as epilepsy (Upadhya et al., 2019), schizophrenia (Gilani et al., 2014), autism spectrum disorder (Southwell et al., 2020), and Alzheimer’s disease (Lu et al., 2020).

Given the complexity and dynamic nature of the nervous system, studying all these activities in vivo is a significant undertaking. However, it can be replicated in vitro through the development of assays and procedures that mitigate some of the associated complications and enhance the understanding of neurogenesis and related disorders (Azari and Reynolds, 2016). While our knowledge is in its infancy, the growing information on the regulation of competence of NSCs and temporal identity would help increase the efficiency of their direct differentiation in vitro toward the specific neural subtype (Rossi et al., 2017) for cell therapy purposes. Thus, in the field of aging studies, age-related stem cell damage is essential for finding new therapies for neuronal disorders. Several studies have shown the age effect on self-renewal of NSCs and neurogenesis capabilities, both in vivo and in vitro (Encinas et al., 2011), and while signaling molecules can impact neurogenesis in stem cells throughout adulthood, their response to these factors changes with age. It is unclear whether stem cells undergo developmental changes in adults that differ from embryos and are both temporally and regionally limited (Temple, 2001a,b). It is of interest to request whether neural stem cells’ own intrinsic regional identity, for example, can be conserved in the lack of their in vivo condition (Hitoshi et al., 2002), or whether NSCs in the developing brain generally lack regional identity or positional information which changes over time (Temple, 2001a,b).

The previous study suggested that NSC colonies isolated from the spinal cord and cortex of E14.5 mice express regional genes differently along the RC axis (Zappone et al., 2000). However, much remains unclear regarding the potential of neural patterning in NSPCs and alterations in inherited patterning over time, both within the brain and in vitro culture condition. Herein, we aimed to investigate the influence of the temporal patterning on the gene expression profile of NSPCs from embryonic, neonate, and adult mouse brains, providing detailed information on the similarities and differences between properties of embryonic and adult NSPCs to facilitate the manipulation of NSPCs in the future. For this purpose, the neurosphere assay was used to expand the NSPCs population. We found that NSPC-derived neurospheres generated from embryonic GE, neonate, and adult SVZ exhibited different gene patterning profiles, suggesting that the ability to maintain the initial neural patterning diminishes over time.



2 Materials and methods

Dulbecco’s Modified Eagle Medium (DMEM)/F12, HEPES buffered saline solution, fetal bovine solution (FBS), and trypsin–EDTA solution were purchased from Biowest (France, Europe). Epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) were obtained from STEMCELL Technologies (Vancouver, Canada). Penicillin and Streptomycin 100x (Pen/Strep) was purchased from Biotech (Stadtallendrof, Germany). Trypsin inhibitors and heparin were provided by Sigma-Aldrich (St. Louis, MO, United States); 100x GlutaMAX, non-essential amino acid (MEM NEAA), B27 supplement 50x, N2 supplement 100x, and fetal calf serum (FCS) were purchased from Gibco (Grand Island, USA). TRIzol and albumin were purchased from Biobasic (Markham, Canada) and DMSO from Denazist (Mashhad, Iran). Ethanol, chloroform, and isopropanol were provided by Merck (Darmstadt, Germany). cDNA Synthesis Kit and Real Q Plus 2x Master Mix Green were purchased from Sinaclon (Tehran, Iran).


2.1 Animals

In this experimental study, 25 adult male and 25 adult female BALB/c mice weighing approximately 25–30 g were purchased from the animal house of Royan Institute, Tehran, Iran. The animals were kept in standard polypropylene cages (four mice per cage) with well-aerated stainless steel frames and had free availability to water and chow pellets. The strict and controlled conditions for the maintenance of the mice were as follows: a temperature of 22 ± 2°C, a humidity of 40–45%, and 12-h/12-h light–dark cycles.



2.2 Isolation and cultivation of NSPCs from adult mouse brain

Eight-week-old male mice (n = 25) were killed by cervical dislocation, and brains were isolated from the skull using a small spatula following rinsing with 70% ethanol for sterilization. The brains were sectioned coronally at the optic chiasm and olfactory bulb. Then, a thin layer of SVZ, approximately 1.5 × 0.5 mm2 of the lateral wall of the ventricles toward the rostral part of the mouse brain, was isolated with a pair of fine curved forceps and then digested enzymatically with 0.05% trypsin–EDTA solution. The isolated cells were primarily seeded in T25 flasks at a concentration of 5×104 cells.ml−1 using prepared NSC basal medium containing DMEM/F12 complemented with 2% B27, 1x GlutaMAX, 1% NEAA, heparin (1 μL.ml−1 of 0.2%), 100 U/mL penicillin and 100 μg.ml−1streptomycin, EGF (20 ng.ml−1), and bFGF (10 ng.ml−1). After 6–7 days of incubation in a humidified incubator with 5% CO2 at 37°C, SVZ-derived neurospheres with an average diameter of 150–200 μm were obtained and used for further passages (Azari et al., 2010; Walker and Kempermann, 2014).



2.3 Isolation and cultivation of NSPCs from postnatal mouse brain

Mice (n = 10) were killed via cervical dislocation at 3 to 5 postnatal days (P3-5). Then, the mouse head was rinsed with 70% ethanol for sterilization, and the brain was isolated from the skull using a spatula. Under a dissecting microscope, the SVZ zones were removed using a scalpel blade following coronal slices in an anterior-to-posterior axis and were dissected as in the previous section discussed for primary cell culture. The SVZ single-cell suspension was diluted and seeded at a concentration of 4×104 cells. ml−1 in T25 flasks using prepared DMEM/F12 complemented with 2% B27, 1% GlutaMAX, 1% NEAA, heparin (1 μL.ml−1of 0.2%,), 100 U/mL penicillin and 100 μg.ml−1 streptomycin, EGF (10 ng.ml−1), and bFGF (5 ng.ml−1). On days 6 to 8 of incubation in an incubator with 95% humidity, 5% CO2, and 37°C, SVZ-derived neurospheres with an average diameter of 150–200 μm were obtained and used for further passages (Soares et al., 2020).



2.4 Isolation and cultivation of NSPCs from embryonic mouse brain

Female mice (n = 25) on days 14 and 18 of gestation were sacrificed by cervical dislocation and their abdomens were washed with 70% ethanol for sterilization of the area. The skin of the abdomen was caught using forceps and trimmed. Consequently, the embryos were collected into HEPES solution with 10% antibiotics. To remove the brain from the skull, the head was held by curved forceps from the caudal side and the dorsal part was facing upward. Thereafter, a horizontal section was made above the nose and a sagittal section was made from the forehead toward the back of the head using micro scissors. Pushing the edges of the trimmed section, the brains were harvested from the skull. In a dorsal side facing, the ganglionic eminences (GE) were exposed and dissected out following a section across the cortex of every hemisphere from the olfactory bulbs to the back of each hemisphere. For isolating NSPCs, the dissected GE tissues were chopped and gently pipetted in the medium until a homogeneous single-cell suspension was acquired. The cells were put in T25 flasks at a concentration of 2×105 cells.ml−1 using a prepared basal medium containing DMEM/F12 complemented with 2% B27, 1% GlutaMAX, 1% NEAA, heparin (1 μL.ml−1 of 0.2%,), 100 U.ml−1 penicillin and 100 μg.ml−1 streptomycin, and EGF (20 ng.ml−1). After 3–4 days of incubation in a condition of 95% humidity, 37°C, and 5% CO2 primary neurospheres were acquired and used for further passages (Azari et al., 2011a,b).



2.5 Differentiation of neural stem cells

The E14 mouse brain-derived neurospheres after 4–5 days from the second passage, when the diameter reached approximately 150 μm (measured by the Olympus CKX41 inverted microscope equipped with DP27 camera connected to Cellsense software, standard 1.14.), were trypsinized with 1 mL of Trypsin–EDTA solution for 2 min at room temperature (RT). Then, trypsin neutralization was performed by adding equal volume of trypsin inhibitor to the suspension. The solution was pipetted and transferred to a centrifuge at 700 rpm (110 g) for 5 min. Then, the pellets were transferred to 1 mL of basal medium containing DMEM/F12 complemented with 2% B27, 1% GlutaMAX, 1% NEAA, heparin (1 μL.ml−1 of 0.2%,), 100 U.ml−1 penicillin, 100 μg.ml−1 streptomycin, and EGF (20 ng.ml−1) with 5% fetal bovine serum (FBS). The mixture was pipetted approximately 5 to 7 times until it formed milky cell suspensions, with no remaining neurospheres. The cells were then seeded at a concentration of 5×105 cells.ml−1 onto the poly-L-ornithine-coated 24-well culture dishes using 1 mL of the same medium for 3–4 days. Subsequently, the medium was changed to the same formulation containing 5% FBS but lacking any growth factors. After 21 days, the cells extracted from the neurospheres will be adequately differentiated (Azari et al., 2011a,b; Chaddah et al., 2012; Li et al., 2018).



2.6 Immunofluorescence staining

The stemness and differentiation characteristics of NSPCs were evaluated by immunofluorescence staining. The neurospheres were washed with PBS and fixed using 4% paraformaldehyde for 15 min at RT. Then, they were set in a blocking buffer containing 10% goat serum and 0.3% Triton X-100 for 30 min at RT. The neural stem cell, neuronal, and glial cell markers were determined using primary antibodies including rabbit anti-Nestin (Chemicon, 1:200), mouse anti-ß-Tubulin III (G7121, Promega, 1:2000), rabbit anti-GFAP (Z0334, DakoCytomation, 1:500), and rat anti-MBP (MAB386, Chemicon, 1:200) overnight (Table 1). Donkey anti-rabbit Alexa Fluor 488 (green) (A21206, Invitrogen), goat anti-mouse Alexa Fluor 568 (red), and goat anti-rabbit Alexa Fluor 350 (blue) were the utilized secondary antibodies for staining for 60 min at RT (Table 2). The cell nuclei were counterstained with DAPI, and the images were acquired with a fluorescence microscope (TE2000; Nikon Tokyo, Japan) (Miri et al., 2021).



TABLE 1 Primary antibodies.
[image: Table1]



TABLE 2 Secondary antibodies.
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2.7 RT-qPCR analysis of neural patterning genes

The expression level of candidate neural patterning genes in RC (Otx2, En1, Hoxa1, and Hoxc8) and DV (Pax6, Olig2, Nkx2.1, and Nkx6.1) axes were measured by RT-qPCR. Initially, the total RNA content of cultured neurospheres was extracted using a TRIzol Reagent Kit according to the manufacturer’s protocol (Biobasic, Markham, Canada). The quality and concentration of the extracted RNA at 260/280 nm were assessed by spectrophotometer. Complementary DNA (cDNA) was synthesized using a RevertAid First Strand cDNA Synthesis Kit according to the manufacturer’s protocol (Sinaclon, Tehran, Iran) (Supplementary Table 1). RT-qPCRs were carried out on Light Cycler 96 Real-Time PCR system. Sequences of the used primers were presented in Table 3. The amplification program was as follows: A single step of initial denaturation at 95°C for 10 min followed by 40 cycles of denaturation at 95°C for 15 s, annealing at (58–61°C zone) for 30 s, and extension at 72°C for 25 s. A final cycle of melting was also included. The expression of the GAPDH gene as an internal control was evaluated as well. The results were obtained using the 2-ΔΔCt method.



TABLE 3 List of sequences of primers for RT-qPCR.
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2.8 Statistical analysis

All experiments were statistically analyzed using GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA), and data were expressed as Mean ± SEM in at least three independent experiments. To assess significant differences (p < 0.05) among groups, independent t-test, and one-way ANOVA followed by post-hoc analysis with Tukey’s test were utilized, with significant values of *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.




3 Results


3.1 Isolation and culture of NSPCs

Cells from the GE of E14 and E18 mouse embryos, the SVZ of the P4 neonate, and the SVZ of 2-month-old adult mice (Figure 1A) were cultivated in a serum-free culture medium supplemented with EGF and bFGF growth factors. Under these conditions, the isolated single cells showed a bright body (Figures 1B,F,J,N) and after 24–48 h of incubation, primary multicellular colonies with a heterogeneous appearance were formed (Figures 1C,G,K,O) which exhibited somewhat homogenous appearance by day 5 (Figures 1D,H,L,P) and reached their optimum size (~150 μm in diameter) with a clear peripheral margin (Figures 1E,I,M,Q) on days 7–8 post-culturing. These neurospheres demonstrated two cardinal properties of NSPCs. They were capable of both self-renewal/expansion and differentiation into multiple neural cell types.

[image: Figure 1]

FIGURE 1
 Primary NSPCs culture. Coronal section of mouse brain according to the developmental timeline (A). Primary culture of E14 (B–E) and E18 (F–I) GE-derived NSPCs, and neonate (J–M) and adult (N–Q) SVZ-derived NSPCs in different times after isolation. Arrows show single bright NSPCs. Counting of E14 and adult neurospheres per field displays more than two times the number of generated neurospheres in embryonic GE than the adult SVZ (R). E14 GE-derived neurosphere demonstrates a larger size than the adult neurosphere after 2, 4, 6, and 8 days of culture (S). Scale bars represent 100 μm. **p < 0.01, and #p < 0.0001.


To compare the number of neurospheres derived from embryonic and adult brains in primary culture, manual counting of neurospheres was conducted using an inverted microscope at 4x magnification after isolating and cultivating NSPCs at passage 0 in T25 flasks. This counting was conducted for embryonic neurospheres 5–6 days after culture and adult neurospheres 7–8 days after culture, as the approximate size of neurospheres at these times is approximately 150 μm. Compared to the embryonic brain, the initial density of NSPCs isolated from the adult mouse brain was quite low (Figure 1R). Consequently, as anticipated, only a few numbers of neurospheres derived from the adult brain (298.6 ± 26.03) were generated in primary culture vs. embryonic brain (700.8±17.5) (p < 0.0001). In contrast, when comparing the size of neurospheres on days 2–8 of culture, embryonic NSPCs exhibited significantly greater self-renewal/expansion potential than adult NSPCs (p < 0.01) (Figure 1S; Supplementary Table 1).



3.2 Characterization of NSPCs

The immunocytochemistry assay was utilized to characterize E14 and the adult neurospheres, and the expression of Nestin as an NSC marker was determined, confirming the neural stemness identity of cultured neurospheres (Figure 2A). We also found that the embryonic and adult NSPCs have the potential to differentiate into neurons, astrocytes, and oligodendrocytes and expressed neural cells biomarker B-Tubulin III (B-Tubulin III, neuron), glial fibrillary acidic protein (GFAP, astrocytes), and myelin basic protein (MBP, oligodendrocytes) in dissociated cells after 21 days of incubation in differentiating medium (Figure 2B).

[image: Figure 2]

FIGURE 2
 Characterization of NSPCs. The isolated E14 and adult neurospheres were characterized using immunocytochemistry. Nestin biomarker analysis confirmed the stemness of the cultured neurospheres (A). Scale bars represent 100 μm for embryonic and 50 μm for adult. Immunocytochemistry analysis displays the differentiation potential of the embryonic and adult NSPCs. B-Tubulin III-expressing neurons (red), GFAP-expressing astrocytes (blue), and MBP-expressing oligodendrocytes (green) were identified and merged (B). Scale bars represent 20 μm.




3.3 Regional identity characterization of embryonic and adult NSPCs

Otx2, En1, Hoxa1, and Hoxc8 are patterning TFs expressed along the RC axis of the developing neural tube. In the telencephalic area, Pax6, Olig2, and Nkx2.1 are expressed DV axis, while Nkx6.1 is expressed in the ventral region of the developing neural tube. The initial neural patterning of GE and SVZ-derived NSPCs was characterized, indicating that both embryonic and adult NSPCs remarkably expressed Otx2 and Hoxa1 at higher levels, whereas En1 and Hoxc8 were found to be downregulated, demonstrating the rostral identity of isolated NSC in the RC axis. In the DV axis, both embryonic GE and adult SVZ clearly displayed upregulation of Olig2 and Nkx2.1 along with lower expression of Pax6 and Nkx6.1, representing the initial ventral patterning of GE and SVZ (Figures 3A–H; Supplementary Table 2).

[image: Figure 3]

FIGURE 3
 Quantification of regional identity data for E14, E18, neonate, and adult NSPCs and tissues is based on the Cq values of the patterning genes. The characterization of the RC transcription factors reveals the highest expression levels for Otx2 and Hoxa1, with the lowest levels for En1 and Hoxc8. Expression data for GE and SVZ tissues clearly indicate a telencephalic character. The patterning gene expression profile of NSPCs in the DV axis indicates that they are ventrally characterized as belonging to the embryonic GE and adult SVZ regions. These tissues show high expression of Olig2 and Nkx2.1, the GE markers, and low expression of Pax6 and Nkx6.1 (A–H). Data are presented as means ± SEM from three independent experiments.




3.4 Potential of neural patterning in embryonic and adult brain

The brain is a vital organ that starts its development early in the embryo and continues into the postnatal period (La Manno et al., 2021). To explore whether the long-lasting development of the brain effects on its initial neural patterning, we isolated the embryonic forebrain and the adult brain to display their expression profile of neural patterning genes over time. Compared to the embryonic forebrain, the expression of patterning genes (with the exception of Hoxc8 expression) was found to be decreased in the adult forebrain, suggesting that the brain alters its initial neural patterning potential by aging (Figure 4A).

[image: Figure 4]

FIGURE 4
 Temporal regional identity of NSPCs and brain. RT-qPCR analysis of the neural patterning genes in embryonic E14 and adult brain (A), E14 GE, E18 GE and adult SVZ (B), and embryonic E14, E18, neonate and adult-derived NSPCs (C). Data are presented as means ± SEM, normalized to the expression level of GAPDH as an internal control and compared with the expression level of E14-derived brain, tissue and NSPCs, respectively. *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.




3.5 Potential of neural patterning in embryonic GE and adult SVZ tissues

Ganglion eminence of the embryonic brain and SVZ in the adult CNS serve as localizing centers for NSPCs (Chen et al., 2017). Consequently, GEs from E14 and E18 along with SVZ from the adult brain, were isolated to investigate the expression profiles of regional identity genes in these tissues at the mRNA level. Our results revealed different levels of gene expression in the GE of the developing brain on days 14 and 18 as well as in the SVZ of the adult brain. The GE on E18 indicated similar or higher levels of patterning gene expression than the E14. However, as expected, the expression levels of the selected patterning genes in SVZ tissues were more restricted and significantly decreased, suggesting that the adult brain fails to maintain the initial expression of neural patterning genes (Figure 4B).



3.6 Potential of neural patterning of NSPCs from embryonic into adult

The NSPCs residing in the embryonic GE and adult SVZ are exposed to different niches over time (Li et al., 2024; Navarro Negredo et al., 2020; Nicaise et al., 2020; Solano Fonseca et al., 2016). This raises the question of whether they can retain their initial potential for neural patterning during the prolonged development of CNS (Capela and Temple, 2006). To address this query, NSPCs from E14 and E18 GE, as well as SVZ of neonate and adult brains, were isolated, cultured for neurosphere generation, and passaged one time for ongoing evaluation of RC and DV patterning. Compared to E14 GE-derived NSPCs, cultured neurospheres at passage 1 in the other groups confirmed our previous data and exhibited a conserved region-specific gene expression profile at the cellular level. In particular, the highest expression of patterning genes in E18 GE-derived NSPCs was not retained in neonate and adult SVZ-derived NSPCs, suggesting the decline of the neural patterning potential over time (Figure 4C; Supplementary Table 3).



3.7 Evaluation of time-course differentiation status of NSPCs

In the particular domain of the RC and DV axes of the developing neural tube, the profile of the regional-specific genes transitions from the stemness state to a differentiated state (González-Iglesias et al., 2024). This raises the question of whether the decreased expression of neural patterning genes over time may relate to alterations in the differentiation status of NSCs from the embryonic to the adult brain. To address this query, we analyzed stemness-related markers (Nestin and Pax6) and differentiating neuronal markers (Map2 and B-Tubulin III) in NSPCs. We found that Nestin expression diminished in adult SVZ-derived NSPCs compared to E14 GE-derived NSPCs; however, E18 GE-derived NSPCs exhibited a high expression of Pax6 compared to the other groups, confirming the peak neural patterning potential of the developing brain at this stage (Figures 5A,B). Concurrent with the reduced expression of the neural stemness genes, B-Tubulin III and Map2 were found to be expressed over time, suggesting a more differentiated state in the neonate and adult SVZ than the developing GE (Figures 5C,D; Supplementary Table 4).

[image: Figure 5]

FIGURE 5
 Evaluation of temporal differentiation status of NSPCs. RT-qPCR analysis of stemness markers (Nestin and Pax6) in (A) and (B), respectively and neuronal markers (B-Tubulin III and Map2) in (C) and (D), respectively in E14, E18, neonate, and adult NSPCs. The results indicated that NSPCs lose their stemness properties and differentiate into neural cells over time. Data are presented as means ± SEM, normalized to the expression level of GAPDH as an internal control, and compared with the expression level of E14 NSPCs. *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.




3.8 Potential of neural patterning in NSPCs vs. tissues of origin

Different types of NSCs are populated in both developing GE and SVZ including types A, B, and C, which are highly spatially organized and perform specific functions. Using neurosphere assay, it is impossible to distinguish these NSPC population in vitro (Azari and Reynolds, 2016). Therefore, as the pattern formation and regional identity of the developing brain result from its partitioning along the RC and DV axes at the tissue level, we experimentally compared the neural patterning of unknown types of NSPCs with the tissues (i.e., GE/SVZ) from which they originated. Our results indicated that expression of the most patterning TFs, with the exception of Otx2 (E18), Hoxa1 (Adult), Hoxc8 (Neonate), and Nkx6.1 (Adult), in NSPCs decreased compared to the host tissues, suggesting that NSPCs are not capable of retaining tissue-specific patterning upon isolation. Among the different groups, E18-derived NSPCs demonstrated a considerably better ability to maintain this regional identity potential than NSPCs from other groups (Figures 6A,B; Supplementary Table 5).

[image: Figure 6]

FIGURE 6
 Comparison of neural patterning between NSPCs vs tissues of origin. RT-qPCR analysis of gene expression level of RC axis (Otx2, En1, Hoxa1, and Hoxc8) (A) and DV axis (Pax6, Olig2, Nkx2.1, and Nkx6.1) (B) in NSPCs at different developing times become downregulated in comparison with the tissues of origin (GE and SVZ). Data are presented as means ± SEM, normalized to the expression level of GAPDH as an internal control, and compared with the expression level of GE of E14, GE of E18, SVZ of neonate, and SVZ of adult in each diagram. *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.




3.9 Potential of neural patterning in embryonic and adult NSPCs in different passages

To determine whether dissociated E14 GE-derived NSPCs and adult SVZ-derived NSPCs can maintain their tissue-specific patterning over an extended culturing period, the expression levels of the RC/DV axes-related TFs were evaluated during different passages (P0, P3, and P7) in vitro. The results demonstrated that E14 GE-derived NSPCs at higher cell passages exhibited increased expression of patterning genes. In contrast to embryonic NSPCs, SVZ-isolated NSPCs could not retain their neural patterning potential over time (with the exception of Nkx2.1, which was highly expressed at higher passages), and the cells at the higher passages lost this property, suggesting once again the adult brain fails to maintain its initial patterning potential over time (Figures 7A,B; Supplementary Table 6).

[image: Figure 7]

FIGURE 7
 Effect of cell passaging on initial neural patterning of embryonic and adult NSPCs. RT-qPCR analysis of gene expression levels along the RC axis (Otx2, En1, Hoxa1, and Hoxc8) (A) and DV axis (Pax6, Olig2, Nkx2.1, and Nkx6.1) (B) in embryonic and adult-derived NSPCs across different passages indicated that embryonic NSPCs not only retain but also upregulate neural patterning genes at higher passages. In contrast, results for the adult NSPCs displayed downregulation of patterning gene expression with an increase in passage. Data are presented as means ± SEM, normalized to the expression level of GAPDH as an internal control, and compared with the expression level of embryonic and adult NSPCs in passage 0. *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.




3.10 Potential of neural patterning in suspended vs. attached NSPCs

To investigate whether NSPCs retain their regional identity after attachment and subsequent differentiation, E14 GE-derived neurospheres in the control group (suspension group) were cultured as suspension for 12 days in Neurobasal medium containing DMEM/F12 complemented with 2% B27, 1% GlutaMAX, 1% NEAA, heparin (1 μL.ml−1 of 0.2%,), 100 U.ml−1 penicillin, 100 μg.ml−1 streptomycin, EGF (20 ng.ml−1). In the attachment group, E14 GE-derived neurospheres were cultured in the same medium for 4 days and then transferred onto prewashed 0.1% (w/v) gelatin-coated plates. They were then cultured for an additional 8 days in the same medium supplemented with 5% FBS for attachment (Figure 8A). As shown in Figures 8B,D, compared to the suspended neurospheres, the cells began to extrude from the attached neurospheres and differentiated into neural-like cells by day 12. These cells acquired a neural phenotype with bright soma and short bipolar processes. They lost their neural stemness markers (Nestin and Pax6) and began to express B-Tubulin III and Map2, indicating their fate to become neurons (Figures 8E,F). Interestingly, these differentiating neural-like cells were unable to maintain their regional identity and RC/DV patterning TFs, which were initially present in suspended neurosphere–derived NSPCs. This suggests that differentiating NSPCs lose their original region-specific patterning after attachment and differentiation into neural-like cells (Figure 8G; Supplementary Table 7).
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FIGURE 8
 Effect of cell attachment on initial neural patterning of NSPC. Schematic image of the experimental procedure used for NSPC culture in suspension and adherent condition, (A). Phase-contrast images of NSPC cultures after 4 days in both suspension (B) and adherent conditions indicate neural-like cells with bright soma and tiny cell processes at the neurosphere margin after 8 days (C,D). RT-qPCR analysis of stemness (Pax6 and Nestin) (E) and neuronal differentiation genes (Map2 and B-Tubulin III) (F) in E18-derived NSPCs in both suspension and adherent conditions shows that NSPCs tend to alter their stemness to a differentiate state upon attachment. RT-qPCR analysis of gene expression levels along the RC axis (Otx2, En1, Hoxa1, and Hoxc8) and DV axis (Pax6, Olig2, Nkx2.1, and Nkx6.1) in embryonic E18- and adult-derived NSPCs in suspension and adherent conditions (G) demonstrates that NSPCs lose their preliminary patterning after attachment. Data are presented as means ± SEM, normalized to the expression level of GAPDH as an internal control and compared with the expression level of suspended NSCs. *p < 0.05, **p < 0.01, +p < 0.001, and #p < 0.0001.





4 Discussion

In this study, we concentrated on isolating tissue from the GE at E14 and E18, along with the SVZ from both the neonate and adult telencephalon. This approach enabled us to present a temporal profile of neural patterning and examine the changes occurring in developing NSPCs over time. Previously, we found that by using the neurosphere assay, the differentiated cells are unable to proliferate and survive, leading to their decline, while a small number of stem cells do proliferate, forming small clusters that detach from the substrate and create neurosphere (Golmohammadi et al., 2008). We set up experiments using varying numbers of NSPCs to determine the optimal size of neurospheres in all groups. We discovered that using fewer than 200,000 cells/ml during the embryonic stage, or a higher initial cell density during the generation of neonatal and adult neurospheres, resulted in cell death or neurosphere aggregation, respectively (Coles-Takabe et al., 2008). This suggests that neurosphere size is more crucial than initial cell density in producing the desired neurospheres for assay. In particular, it has been reported if the neurospheres become too large, they develop dark centers due to cell death, while the surfaces of healthy neurospheres exhibit micro spikes (Azari et al., 2011b, 2010; Soares et al., 2020). We also obtained similar results and selected both embryonic and adult neurospheres with an average size of 150 μm, represented with a bright margin for further analysis.

To confirm the stemness of NSPCs from the embryonic and adult tissue, we utilized the expression of the Nestin gene by the immunocytochemistry assay as highlighted in Park’s report that indicated Nestin is fundamental for NSCs survival and self-renewal (Kim et al., 2006; Morshead et al., 1994). However, some reports emphasize that Nestin expression may not be reliable as a single marker for all NSCs (Imayoshi et al., 2011). By comparing embryonic and adult neurospheres, we found that the number of embryonic neurospheres was more than two times as high, and this increase is due to a higher proliferation rate of embryonic neurospheres, as we have shown. This discrepancy may also be attributed to BMP signaling, which maintains embryonic NSCs in a proliferative state while promoting adult NSCs in a quiescent state to prevent the exhaustion of stem cells in the brain (Urbán and Guillemot, 2014). In addition, the high expression of FGFR4 in neural stem/precursor cells in the VZ of the dorsal telencephalon is also necessary for self-renewing symmetric division (Lathia et al., 2007).

These results are consistent with previous studies that have reported on the restricted self-renewal capacity and limited lineage potential of adult neurospheres compared to embryonic neurospheres (Tropepe et al., 2000). Kim and Morshead (2003) also indicated that fewer NSCs are achieved from the adult neurospheres. As only a small percentage of cells populate adult neurospheres, this is attributed to NSCs (Kim and Morshead, 2003). In addition, we demonstrated that both embryonic and adult-derived NSPCs display the capacity for differentiation into tri-lineages through protein expression of B-Tubulin III for neurons, GFAP for astrocytes, and MBP for oligodendrocytes. This differentiation potency as functional identities serves as the key hallmark for neurosphere recognition (Rushing and Ihrie, 2016). Taken together, this dual verification of NSCs (proliferation and differentiation) provides them as a suitable source for neural.

Along the rostrocaudal (RC) axis of the developing brain, Otx2 plays essential roles in the early development of the anterior part of the CNS to being patterned and specified to telencephalon and diencephalon. Additionally, Hox genes are involved in the posterior region of the brain, with a function in segmental patterning and subsequent neuronal differentiation at distinct positions along neural tubes (Gavalas et al., 2003). Along the dorsoventral axis (DV), Pax6 is also key to organizing dorsal identities in the developing brain (Götz et al., 2016). Initially, its expression is all over the neuroepithelium, but finally restricted to the presumptive dorsal axis of the telencephalon and the border between Pax6 and Nkx2.1 expression determines the presumptive dorsal and ventral area (Corbin et al., 2003).

In the following experiments, we evaluated the levels of candidate gene expression along the RC (Otx2, En1, Hoxa1, and Hoxc8) and DV (Pax6, Olig2, Nkx2.1, and Nkx6.1) axes in NSPCs and tissues from E14, E18, neonate, and adult stages. The tissue derived from GE and SVZ at different times expressed the rostral (Otx2) and the ventral genes (Olig2 and NKx2.1) at high levels. Meanwhile, NSPCs derived from those tissues at appropriate times also expressed high levels of the same transcription factors with minor variation, suggesting that NSPCs can serve as a promising in vitro model for neural patterning analysis of the telencephalon. These results align with Azari and Reynolds (2016), indicating that NSPCs can replicate the processes occurring during in vivo neurogenesis and can function as a valuable in vitro model (Azari and Reynolds, 2016).

Neural stem cells are temporally patterned in response to extracellular signaling (Ray et al., 2022). Therefore, we posed the question of whether changes in brain structure and function over time would impact its regional identity and whether aging restricts the initial patterning of the prosencephalon and NSCs. The gene expression analysis of the adult brain or brain-derived GE and SVZ for the candidate regional genes indicates a significant downregulation of patterning genes expression, such as En1, Pax6, NKX2.1, and Olig2, in the adult brain/SVZ compared to the embryonic brain/GE, suggesting that the adult brain and its SVZ region cannot maintain the initial neural patterning capacity and this potential alters over time. As aging reduces neurogenesis in adult SVZ and hippocampal niches (Bailey et al., 2004; Ben Abdallah et al., 2010; Blackmore and Rietze, 2013; Bondolfi et al., 2004), this decline can be due to enhanced NSC dormancy, reduced NSC self-renewal and survival of their progeny, limited neuronal fate commitment, and finally, NSC perdition (Obernier and Alvarez-Buylla, 2019; Navarro Negredo et al., 2020). The adult neurogenesis process is modulated by multiple physiological stimuli, and the age-related microenvironment significantly affects inherited neural patterning (Urbán and Guillemot, 2014). Studies have shown similarities and differences between embryonic and adult NSC niches and molecular pathways. FGF-2 plays a crucial role in maintaining an undifferentiated state and promoting proliferation. In addition, Shh has a significant effect on cell proliferation, making this signaling pathway pivotal in NSC development (Lathia et al., 2007). Moreover, a recent report indicates that Protein S1, through downregulation of Notch signaling, promotes the balancing of NSC proliferation and differentiation (Zelentsova et al., 2017). However, how these signals change over time in the adult brain and affect the initial neural patterning is not well understood.

Given that growth factors play an important role in the survival of NSPCs by promoting self-renewal and proliferation in vivo and in vitro (Li H. et al., 2022; Mason, 2007; Tropepe et al., 1999), it has been observed that these growth factors, when combined with other molecules, such as noggin and all-trans-retinoic acid (RA), can influence neural patterning (Okada et al., 2008; Zhao et al., 2019). In our experiment, we aimed to minimize the impact of growth factors on neural patterning by using the minimum possible amounts of EGF/FGF to produce embryonic, neonate, and adult-derived neurospheres. We found that when NSPCs from the adult SVZ are exposed to less than 10 ng/mL of bFGF, they do not proliferate and form the desired neurosphere. Therefore, only EGF was used to promote neurosphere formation from embryonic GE, and later, as SVZ-derived NSPCs became more reliant on additional factors (Martens et al., 2000), a combination of EGF and bFGF was required to produce high-quality neurospheres. However, we cannot rule out the effect of EGF/FGF, even in low doses on neural patterning evaluation which, as mentioned already, was our experimental limitation in generating neurospheres and requires further analysis. Nevertheless, even by using the combination of EGF/FGF on neonate and adult neurospheres, the potential of neural patterning significantly decreased, compared to embryonic neurosphere, suggesting that this potential changes over time, even in the presence of growth factors in the culture medium.

Encinas et al. (2011) also reported that NSC, upon exiting their quiescent state, rapidly underwent a series of asymmetric divisions to produce dividing progeny destined to become neurons and subsequently mature into astrocytes. This alteration led to changes in the size of the NSC pools and showed a dramatic decrease in their populations over time (Encinas et al., 2011). Data indicated that various important molecular and developmental aspects of NSC regional identity are preserved when cultured out of the brain; therefore, regional identity can be considered as cell-intrinsic and may follow of the origin tissue.

To explore whether NSPCs can retain the initial neural patterning, we compared this property in the embryonic and the adult NSPCs over time. We found a notably high patterning genes expression at embryonic, such as Otx1, EN1, Hoxa1 and Olig2, Nkx2.1, followed by a decline as development proceeds into adulthood, suggesting that aging may impose restrictions on the inherent patterning potential of NSPCs (Chen and Konstantinides, 2022). These findings are in contrast to as described previously by Qian et al. (1998), who indicated that the neurogenesis temporal pattern is preserved in cultured NSPCs (Qian et al., 1998), and in addition, Delgado et al. (2016) declared that NSCs differentiate during development with an expression of regional TFs (Delgado et al., 2016).

We suppose that this decline may be closely linked to alterations in the differentiation status of NSPCs as they transition from the embryonic to the adult stage. We observed that expression of neural stemness markers, Nestin and Pax6, progressively decreased in NSPCs with aging. Concomitantly, this decline facilitates the differentiation of NSPCs into mature neural cells expressing B-Tubulin III and Map2 over time. These results are consistent with previous research demonstrating that reduction in Nestin expression is integral to the differentiation process, ultimately leading to the complete loss of Nestin expression as cells mature (Morshead et al., 1994). Furthermore, the study by Duan et al. (2013) highlights the role of Pax6, a crucial neurogenic determinant that regulates both the proliferation and differentiation of NSPCs. Their findings indicate that while Pax6 expression is maintained into adulthood, there is a notable decrease in its expression intensity, underscoring the dynamic changes that occur in NSPCs as they age (Duan et al., 2013).

To characterize whether the neurospheres preserve their preliminary regional identities during a prolonged cultivation in vitro, through passaging of neurospheres, we observed that embryonic NSPCs up-regulate the several candidate TFs up to seven passages. This finding highlights the inherent robustness of embryonic NSPCs in maintaining their pluripotency and developmental potential. In contrast, the adult NSCs exhibited a significantly reduced capacity to retain these properties over time. This declined potential of adult NSPCs suggests that aging alters the biological nature of NSCs over extended cultivation and restricts initial regional identity (Kim et al., 2006; Ramalho-Santos et al., 2002). This is manifested that the enhanced passaging could display more structural variations and genomic instability (Merkle et al., 2017; Närvä et al., 2010).

Stem cell therapy is a widely used and promising strategy for treating neurodegenerative disorders, where neural stem cells are transplanted into the degenerated brain either in neurosphere form or through directed differentiation into specific neuronal subtypes from adult NSCs or embryonic stem cells, such as dopaminergic neurons for the treatment of Parkinson’s disease (Nie et al., 2023). However, based on research in the literature, it is less known whether isolated embryonic neurosphere-derived NSPCs can maintain their patterning during attached cultivation. Therefore, we cultured these neurospheres onto a culture dish with a medium containing FBS and found that they lost their initial neural patterning 8 days after attachment. These results suggest that neurospheres can only maintain their patterning potential in suspension conditions and lose it when attached. Delgado et al. (2016) reported that Nkx2.1 maintained its expression following monolayer differentiation. This finding contrasts with our results, where we observed that this expression was significantly reduced when the neurosphere was attached. We believe this difference may reflect the type of attached neurosphere concerning its origin and culture conditions for expansion and differentiation as the physical niche and cell–cell communication play a crucial role in cellular behavior and differentiation (Delgado et al., 2016). Moreover, we found that the attached neutrosphere began to differentiate into neural-like cells, expressing Map2 and B-Tubulin III following attachment. One possible explanation for this differentiation may be the presence of FBS in the medium used for neurosphere attachment (Seaberg and Van der Kooy, 2002; Tropepe et al., 2001). Delgado also used the same concentration of FBS as we did, but, as mentioned above, the results obtained were different. Additionally, Wnt ligands and receptors are expressed and play their roles in both the expansion and neurogenic phases. The Wnt/b-catenin pathway promotes proliferation via upregulation of cyclin D1, cyclin D2, and c-Myc expression in other systems, while it appears to promote neuronal differentiation via upregulating Ngn1 and Ngn2 expression in the neocortex (Wen et al., 2009). Taken together, how the serum components modulate cell signaling and promote neural differentiation by affecting neural patterning is a subject that requires further analysis.

Despite this investigation, some key questions remain unanswered. For example, we need to address how we can overcome the aging problem to prevent or at least reduce the decline in the inherited potential of neural patterning in NSPCs through manipulation of the culture system. What are the differences at the cellular and molecular levels in the potential for neural patterning between NSPCs derived from SVZ and hippocampal tissue? Which is a better resource for inducing adult NSPCs to exhibit specific neural patterning, leading to differentiation into specific neuron subtypes? Moreover, finally, a clonal segregation of which stem cell type in adult neurospheres provides better sources for achieving the appropriate positional neural patterning, generating the specific neuron subtypes.



5 Conclusion

Our findings support the idea that neurogenesis and regional identity are temporally linked. Through the use of the neurosphere assay, we have demonstrated that the temporal neural patterning of NSPCs decreases from embryonic to adult age in vitro. Prolonged culturing of adult NSPCs also results in a significant decline in neural patterning potential. Additionally, after attachment and differentiation of embryonic neurospheres, their inherited neural patterning significantly decreases.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

The animal study was approved by Experimental Animal Ethics Committee of Ardabil University of Medical Sciences (ethical approval number: IR.ARUMS.REC.1399.263). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

SA: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Resources, Software, Visualization, Writing – original draft, Writing – review & editing. MGG: Conceptualization, Data curation, Investigation, Methodology, Supervision, Writing – review & editing. MS: Conceptualization, Data curation, Formal analysis, Methodology, Project administration, Resources, Supervision, Writing – original draft, Writing – review & editing. KG: Conceptualization, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This study was partly supported by the University of Isfahan to help SA to get her Ph.D.



Acknowledgments

We thank Dr. Shahnaz Hosseinzadeh for her technical support. We also gratefully acknowledge everyone who collaborated in the study and helped us facilitate the research at Ardabil University of Medical Sciences (ArUMS) and Isfahan University.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnagi.2024.1498308/full#supplementary-material



Abbreviations


bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; cDNA, complementary DNA; CNS, central nervous system; DMEM, dulbecco’s modified eagle medium; DNA, deoxyribose nucleic acid; DV, dorsal–ventral; E, embryonic day; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GFAP, glial fibrillary acidic protein; Hox a1, homeobox A1; Hox C8, homeobox C8; Map2, microtubule-associated protein 2; MBP, myelin basic protein; mEN1, Mus musculus Engrailed 1; GE, ganglionic eminence; mOlig2, Mus musculus oligodendrocyte transcription factor 2; mPAX6, Mus musculus paired box gene 6; NEAA, non-essential amino acid; RC, rostrocaudal; RNA, ribonucleic acid; RT, room temperature; RT-qPCR, reverse transcription–quantitative polymerase chain reaction; SVZ, subventricular zone; TF, transcription factors; VZ, ventricular zone.



References

 Altman, J. (1962). Are new neurons formed in the brains of adult mammals? Science 135, 1127–1128. doi: 10.1126/science.135.3509.1127 

 Azari, H., Osborne, G. W., Yasuda, T., Golmohammadi, M. G., Rahman, M., Deleyrolle, L. P., et al. (2011a). Purification of immature neuronal cells from neural stem cell progeny. PLoS One 6:e20941. doi: 10.1371/journal.pone.0020941 

 Azari, H., Rahman, M., Sharififar, S., and Reynolds, B. A. (2010). Isolation and expansion of the adult mouse neural stem cells using the neurosphere assay. JOVE 45:2393. doi: 10.3791/2393 

 Azari, H., and Reynolds, B. A. (2016). In vitro models for neurogenesis. Cold Spring Harb. Perspect. Biol. 8:a021279. doi: 10.1101/cshperspect.a021279 

 Azari, H., Sharififar, S., Rahman, M., Ansari, S., and Reynolds, B. A. (2011b). Establishing embryonic mouse neural stem cell culture using the neurosphere assay. JOVE 47:2457. doi: 10.3791/2457 

 Bailey, K. J., Maslov, A. Y., and Pruitt, S. C. (2004). Accumulation of mutations and somatic selection in aging neural stem/progenitor cells. Aging Cell 3, 391–397. doi: 10.1111/j.1474-9728.2004.00128.x 

 Baker, D. J., and Petersen, R. C. (2018). Cellular senescence in brain aging and neurodegenerative diseases: evidence and perspectives. J. Clin. Invest. 128, 1208–1216. doi: 10.1172/JCI95145 

 Beccari, L., Marco-Ferreres, R., and Bovolenta, P. (2013). The logic of gene regulatory networks in early vertebrate forebrain patterning. Mech. Dev. 130, 95–111. doi: 10.1016/j.mod.2012.10.004 

 Ben Abdallah, N. M. B., Slomianka, L., Vyssotski, A. L., and Lipp, H. P. (2010). Early age-related changes in adult hippocampal neurogenesis in C57 mice. Neurobiol. Aging 31, 151–161. doi: 10.1016/j.neurobiolaging.2008.03.002 

 Blackmore, D. G., and Rietze, R. L. (2013). Distribution of neural precursor cells in the adult mouse brain. Mol. Biol. 1059, 183–194. doi: 10.1007/978-1-62703-574-3_16 

 Bondolfi, L., Ermini, F., Long, J. M., Ingram, D. K., and Jucker, M. (2004). Impact of age and caloric restriction on neurogenesis in the dentate gyrus of C57BL/6 mice. Neurobiol. Aging 25, 333–340. doi: 10.1016/S0197-4580(03)00083-6 

 Capela, A., and Temple, S. (2006). LeX is expressed by principle progenitor cells in the embryonic nervous system, is secreted into their environment and binds Wnt-1. Dev. Biol. 291, 300–313. doi: 10.1016/j.ydbio.2005.12.030 

 Chaddah, R., Arntfield, M., Runciman, S., Clarke, L., and van der Kooy, D. (2012). Clonal neural stem cells from human embryonic stem cell colonies. J. Neurosci. 32, 7771–7781. doi: 10.1523/JNEUROSCI.3286-11.2012 

 Chen, Y. J. J., Friedman, B. A., Ha, C., Durinck, S., Liu, J., Rubenstein, J. L., et al. (2017). Single-cell RNA sequencing identifies distinct mouse medial ganglionic eminence cell types. Sci. Rep. 7:45656. doi: 10.1038/srep45656 

 Chen, Y. C., and Konstantinides, N. (2022). Integration of spatial and temporal patterning in the invertebrate and vertebrate nervous system. Front. Neurosci. 16:854422. doi: 10.3389/fnins.2022.854422 

 Coles-Takabe, B. L. K., Brain, I., Purpura, K. A., Karpowicz, P., Zandstra, P. W., Morshead, C. M., et al. (2008). Don’t look: growing clonal versus nonclonal neural stem cell colonies. Stem Cells 26, 2938–2944. doi: 10.1634/stemcells.2008-0558 

 Corbin, J. G., Rutlin, M., Gaiano, N., and Fishell, G. (2003). Combinatorial function of the homeodomain proteins Nkx2.1 and Gsh2 in ventral telencephalic patterning. Development 130, 4895–4906. doi: 10.1242/dev.00717 

 Delgado, R. N., Lu, C., and Lim, D. A. (2016). Maintenance of neural stem cell regional identity in culture. Neurogenesis 3:e1187321. doi: 10.1080/23262133.2016.1187321 

 Duan, D., Fu, Y., Paxinos, G., and Watson, C. (2013). Spatiotemporal expression patterns of Pax6 in the brain of embryonic, newborn, and adult mice. Brain Struct. Funct. 218, 353–372. doi: 10.1007/s00429-012-0397-2 

 Encinas, J. M., Michurina, T. V., Peunova, N., Park, J.-H., Tordo, J., Peterson, D. A., et al. (2011). Division-coupled astrocytic differentiation and age-related depletion of neural stem cells in the adult hippocampus. Cell Stem Cell 8, 566–579. doi: 10.1016/j.stem.2011.03.010 

 Gavalas, A., Ruhrberg, C., Livet, J., Henderson, C. E., and Krumlauf, R. (2003). Neuronal defects in the hindbrain of Hoxa1, Hoxb1 and Hoxb2 mutants reflect regulatory interactions among these Hox genes. Development 130, 5663–5679. doi: 10.1242/dev.00802 

 Gilani, A. I., Chohan, M. O., Inan, M., Schobel, S. A., Chaudhury, N. H., Samuel, P., et al. (2014). Interneuron precursor transplants in adult hippocampus reverse psychosis-relevant features in a mouse model of hippocampal disinhibition. Proc. Natl. Acad. Sci. USA 111, 7450–7455. doi: 10.1073/pnas.1316488111 

 Golmohammadi, M. G., Blackmore, D. G., Large, B., Azari, H., Esfandiary, E., Paxinos, G., et al. (2008). Comparative analysis of the frequency and distribution of stem and progenitor cells in the adult mouse brain. Stem Cells 26, 979–987. doi: 10.1634/stemcells.2007-0919 

 Gómez-Gaviro, M. V., Scott, C. E., Sesay, A. K., Matheu, A., Booth, S., Galichet, C., et al. (2012). Betacellulin promotes cell proliferation in the neural stem cell niche and stimulates neurogenesis. Proc. Natl. Acad. Sci. USA 109, 1317–1322. doi: 10.1073/pnas.1016199109 

 González-Iglesias, A., Arcas, A., Domingo-Muelas, A., Mancini, E., Galcerán, J., Valcárcel, J., et al. (2024). Intron detention tightly regulates the stemness/differentiation switch in the adult neurogenic niche. Nat. Commun. 15:2837. doi: 10.1038/s41467-024-47092-z 

 Götz, M., Nakafuku, M., and Petrik, D. (2016). Neurogenesis in the developing and adult brain similarities and key differences. Cold Spring Harb. Perspect. Biol. 8:a018853. doi: 10.1101/cshperspect.a018853 

 Hitoshi, S., Tropepe, V., Ekker, M., and van der Kooy, D. (2002). Neural stem cell lineages are regionally specified, but not committed, within distinct compartments of the developing brain. Development 129, 233–244. doi: 10.1242/dev.129.1.233


 Imayoshi, I., Sakamoto, M., and Kageyama, R. (2011). Genetic methods to identify and manipulate newly born neurons in the adult brain. Front. Neurosci. 5:1095. doi: 10.3389/fnins.2011.00064 

 Kelly, T. K., Karsten, S. L., Geschwind, D. H., and Kornblum, H. I. (2009). Cell lineage and regional identity of cultured spinal cord neural stem cells and comparison to brain-derived neural stem cells. PLoS One 4:e4213. doi: 10.1371/journal.pone.0004213 

 Kiecker, C., and Lumsden, A. (2012). The role of organizers in patterning the nervous system. Annu. Rev. Neurosci. 35, 347–367. doi: 10.1146/annurev-neuro-062111-150543


 Kim, H.-T., Kim, I.-S., Lee, I.-S., Lee, J.-P., Snyder, E. Y., and In Park, K. (2006). Human neurospheres derived from the fetal central nervous system are regionally and temporally specified but are not committed. Exp. Neurol. 199, 222–235. doi: 10.1016/j.expneurol.2006.03.015 

 Kim, M., and Morshead, C. M. (2003). Distinct populations of forebrain neural stem and progenitor cells can be isolated using side-population analysis. J. Neurosci. 23, 10703–10709. doi: 10.1523/jneurosci.23-33-10703.2003 

 Kohwi, M., and Doe, C. Q. (2013). Temporal fate specification and neural progenitor competence during development. Nat. Rev. Neurosci. 14, 823–838. doi: 10.1038/nrn3618 

 Kuhn, H. G., Dickinson-Anson, H., and Gage, F. H. (1996). Neurogenesis in the dentate gyrus of the adult rat: age-related decrease of neuronal progenitor proliferation. J. Neurosci. 16, 2027–2033. doi: 10.1523/jneurosci.16-06-02027.1996 

 La Manno, G., Siletti, K., Furlan, A., Gyllborg, D., Vinsland, E., Mossi Albiach, A., et al. (2021). Molecular architecture of the developing mouse brain. Nature 596, 92–96. doi: 10.1038/s41586-021-03775-x 

 Lathia, J. D., Rao, M. S., Mattson, M. P., and Ffrench-Constant, C. (2007). The microenvironment of the embryonic neural stem cell: lessons from adult niches? Devl. Dyn. 236, 3267–3282. doi: 10.1002/dvdy.21319 

 Li, H., Gan, X., Pan, L., Zhang, Y., Hu, X., and Wang, Z. (2022). EGF/bFGF promotes survival, migration and differentiation into neurons of GFP-labeled rhesus monkey neural stem cells xenografted into the rat brain. Biochem. Biophys. Res. Commun. 620, 76–82. doi: 10.1016/j.bbrc.2022.06.077 

 Li, M., Guo, H., Carey, M., and Huang, C. (2024). Transcriptional and epigenetic dysregulation impairs generation of proliferative neural stem and progenitor cells during brain aging. Nat. Aging. 4, 62–79. doi: 10.1038/s43587-023-00549-0 

 Li, D., Wu, Q., and Han, X. (2022). Application of medial ganglionic eminence cell transplantation in diseases associated with interneuron disorders. Front. Cell. Neurosci. 16:939294. doi: 10.3389/fncel.2022.939294 

 Li, T., Zheng, Y., Li, Y., and Ye, D. (2018). Comparison of in vitro neuronal differentiation capacity between mouse epiblast stem cells derived from nuclear transfer and naturally fertilized embryos. Front. Mol. Neurosci. 11:392. doi: 10.3389/fnmol.2018.00392 

 Liszewska, E., and Jaworski, J. (2018). Neural stem cell dysfunction in human brain disorders. Results Probl. Cell Differ. 66, 62–79. doi: 10.1007/978-3-319-93485-3_13 

 Llorente, V., Velarde, P., Desco, M., and Gómez-Gaviro, M. V. (2022). Current understanding of the neural stem cell niches. Cells 11:3002. doi: 10.3390/cells11193002 

 Lu, M.-H., Zhao, X.-Y., Xu, D.-E., Chen, J.-B., Ji, W.-L., Huang, Z.-P., et al. (2020). Transplantation of gabaergic interneuron progenitor attenuates cognitive deficits of alzheimer’s disease model mice. J. Alzheimers Dis. 20, 1233–1242. doi: 10.3233/JAD-2010-090249


 Martens, D. J., Tropepe, V., and Van Der Kooy, D. (2000). Separate proliferation kinetics of fibroblast growth factor-responsive and epidermal growth factor-responsive neural stem cells within the embryonic forebrain germinal zone. J. Neurosci. 20, 1085–1095. doi: 10.1523/jneurosci.20-03-01085.2000 

 Mason, I. (2007). Initiation to end point: the multiple roles of fibroblast growth factors in neural development. Nat. Rev. Neurosci. 8, 583–596. doi: 10.1038/nrn2189 

 Merkle, F. T., Ghosh, S., Kamitaki, N., Mitchell, J., Avior, Y., Mello, C., et al. (2017). Human pluripotent stem cells recurrently acquire and expand dominant negative P53 mutations. Nature 545, 229–233. doi: 10.1038/nature22312 

 Miranda-Negrón, Y., and García-Arrarás, J. E. (2022). Radial glia and radial glia-like cells: their role in neurogenesis and regeneration. Front. Neurosci. 16:1006037. doi: 10.3389/fnins.2022.1006037 

 Miri, V., Asadi, A., Sagha, M., Najafzadeh, N., and Golmohammadi, M. G. (2021). Poly (L-lactic acid) nanofibrous scaffolds support the proliferation and neural differentiation of mouse neural stem and progenitor cells. Int. J. Dev. Neurosci. 81, 438–447. doi: 10.1002/jdn.10119 

 Morshead, C. M., Reynolds, B. A., Craig, C. G., McBurney, M. W., Staines, W. A., Morassutti, D., et al. (1994). Neural stem cells in the adult mammalian forebrain: a relatively quiescent subpopulation of subependymal cells. Neuron 13, 1071–1082. doi: 10.1016/0896-6273(94)90046-9 

 Muñoz-Sanjuán, I., and Brivanlou, A. H. (2002). Neural induction, the default model and embryonic stem cells. Nat. Rev. Neurosci. 3, 271–280. doi: 10.1038/nrn786 

 Närvä, E., Autio, R., Rahkonen, N., Kong, L., Harrison, N., Kitsberg, D., et al. (2010). High-resolution DNA analysis of human embryonic stem cell lines reveals culture-induced copy number changes and loss of heterozygosity. Nat. Biotechnol. 28, 371–377. doi: 10.1038/nbt.1615 

 Navarro Negredo, P., Yeo, R. W., and Brunet, A. (2020). Aging and rejuvenation of neural stem cells and their niches. Cell Stem Cell 27, 202–223. doi: 10.1016/j.stem.2020.07.002 

 Nicaise, A. M., Willis, C. M., Crocker, S. J., and Pluchino, S. (2020). Stem cells of the aging brain. Front. Aging Neurosci. 12:247. doi: 10.3389/fnagi.2020.00247 

 Nie, L., Yao, D., Chen, S., Wang, J., Pan, C., Wu, D., et al. (2023). Directional induction of neural stem cells, a new therapy for neurodegenerative diseases and ischemic stroke. Cell Death Discov. 9:215. doi: 10.1038/s41420-023-01532-9 

 Obernier, K., and Alvarez-Buylla, A. (2019). Neural stem cells: origin, heterogeneity and regulation in the adult mammalian brain. Development 146:156059. doi: 10.1242/dev.156059 

 Okada, Y., Matsumoto, A., Shimazaki, T., Enoki, R., Koizumi, A., Ishii, S., et al. (2008). Spatiotemporal recapitulation of central nervous system development by murine embryonic stem cell-derived neural stem/progenitor cells. Stem Cells 26, 3086–3098. doi: 10.1634/stemcells.2008-0293 

 Qian, X., Goderie, S. K., Shen, Q., Stern, J. H., and Temple, S. (1998). Intrinsic programs of patterned cell lineages in isolated vertebrate CNS ventricular zone cells. Development 125, 3143–3152. doi: 10.1242/dev.125.16.3143 

 Ramalho-Santos, M., Yoon, S., Matsuzaki, Y., Mulligan, R. C., and Melton, D. A. (2002). “Stemness”: transcriptional profiling of embryonic and adult stem cells. Science 298, 597–600. doi: 10.1126/science.1072530 

 Ray, A., Zhu, H., Ding, A., and Li, X. (2022). Transcriptional and epigenetic regulation of temporal patterning in neural progenitors. Dev. Biol. 481, 116–128. doi: 10.1016/j.ydbio.2021.10.006 

 Reynolds, B. A., and Weiss, S. (1992). Generation of neurons and astrocytes from isolated cells of the adult mammalian central nervous system. Science 255, 1707–1710. doi: 10.1126/science.1553558 

 Riquelme, P. A., Drapeau, E., and Doetsch, F. (2008). Brain micro-ecologies: neural stem cell niches in the adult mammalian brain. B: biol. Science 363, 123–137. doi: 10.1098/rstb.2006.2016


 Rossi, A. M., Fernandes, V. M., and Desplan, C. (2017). Timing temporal transitions during brain development. Curr. Opin. Neurobiol. 42, 84–92. doi: 10.1016/j.conb.2016.11.010 

 Rushing, G., and Ihrie, R. A. (2016). Neural stem cell heterogeneity through time and space in the ventricular-subventricular zone. Front. Biol. 11, 261–284. doi: 10.1007/s11515-016-1407-1 

 Seaberg, R. M., and Van der Kooy, D. (2002). Adult rodent neurogenic regions: the ventricular subependyma contains neural stem cells, but the dentate gyrus contains restricted progenitors. J. Neurosci. 22, 1784–1793. doi: 10.1523/jneurosci.22-05-01784.2002 

 Soares, R., Ribeiro, F. F., Lourenço, D. M., Rodrigues, R. S., Moreira, J. B., Sebastião, A. M., et al. (2020). Isolation and expansion of neurospheres from postnatal mouse neurogenic niches. JOVE. 159, e60822. doi: 10.3791/60822-v


 Solano Fonseca, R., Mahesula, S., Apple, D. M., Raghunathan, R., Dugan, A., Cardona, A., et al. (2016). Neurogenic niche microglia undergo positional remodeling and progressive activation contributing to age-associated reductions in neurogenesis. Stem Cells Dev. 25, 542–555. doi: 10.1089/scd.2015.0319 

 Southwell, D. G., Seifikar, H., Malik, R., Lavi, K., Vogt, D., Rubenstein, J. L., et al. (2020). Interneuron transplantation rescues social behavior deficits without restoring wild-type physiology in a mouse model of autism with excessive synaptic inhibition. J. Neurosci. 40, 2215–2227. doi: 10.1523/JNEUROSCI.1063-19.2019 

 Temple, S. (2001a). The development of neural stem cells. Nature 414, 112–117. doi: 10.1038/35102174


 Temple, S. (2001b). Stem cell plasticity building the brain of our dreams. Nat. Rev. Neurosci. 2, 513–520. doi: 10.1038/35081577 

 Tropepe, V., Coles, B. L. K., Chiasson, B. J., Horsford, D. J., Elia, A. J., McInnes, R. R., et al. (2000). Retinal stem cells in the adult mammalian eye. Science 287, 2032–2036. doi: 10.1126/science.287.5460.2032 

 Tropepe, V., Hitoshi, S., Sirard, C., Mak, T. W., Rossant, J., and Van Der Kooy, D. (2001). Direct neural fate specification from embryonic stem cells: a primitive mammalian neural stem cell stage acquired through a default mechanism. Neuron 30, 65–78. doi: 10.1016/S0896-6273(01)00263-X 

 Tropepe, V., Sibilia, M., Ciruna, B. G., Rossant, J., Wagner, E. F., and Van Der Kooy, D. (1999). Distinct neural stem cells proliferate in response to EGF and FGF in the developing mouse telencephalon. Dev. Biol. 208, 166–188. doi: 10.1006/dbio.1998.9192 

 Upadhya, D., Hattiangady, B., Castro, O. W., Shuai, B., Kodali, M., Attaluri, S., et al. (2019). Human induced pluripotent stem cell-derived MGE cell grafting after status epilepticus attenuates chronic epilepsy and comorbidities via synaptic integration. Proc. Natl. Acad. Sci. USA 116, 287–296. doi: 10.1073/pnas.1814185115 

 Urbán, N., and Guillemot, F. (2014). Neurogenesis in the embryonic and adult brain: same regulators, different roles. Front. Cell. Neurosci. 8:396. doi: 10.3389/fncel.2014.00396 

 Walker, T. L., and Kempermann, G. (2014). One mouse, two cultures: isolation and culture of adult neural stem cells from the two neurogenic zones of individual mice. JOVE 25:e51225. doi: 10.3791/51225 

 Wen, S., Li, H., and Liu, J. (2009). Dynamic signaling for neural stem cell fate determination. Cell Adhes. Migr. 3, 107–117. doi: 10.4161/cam.3.1.7602 

 Zappone, M. V., Galli, R., Catena, R., Meani, N., De Biasi, S., Mattei, E., et al. (2000). Sox2 regulatory sequences direct expression of a β-geo transgene to telencephalic neural stem cells and precursors of the mouse embryo, revealing regionalization of gene expression in CNS stem cells. Development 127, 2367–2382. doi: 10.1242/dev.127.11.2367 

 Zelentsova, K., Talmi, Z., Abboud-Jarrous, G., Sapir, T., Capucha, T., Nassar, M., et al. (2017). Protein s regulates neural stem cell quiescence and neurogenesis. Stem Cells 35, 679–693. doi: 10.1002/stem.2522 

 Zhao, H., Zuo, X., Ren, L., Li, Y., Tai, H., Du, J., et al. (2019). Combined use of bFGF/EGF and all-trans-retinoic acid cooperatively promotes neuronal differentiation and neurite outgrowth in neural stem cells. Neurosci. Lett. 690, 61–68. doi: 10.1016/j.neulet.2018.10.002 


Copyright
 © 2025 Aran, Golmohammadi, Sagha and Ghaedi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Aging restricts the initial neural patterning potential of developing neural stem and progenitor cells in the adult brain



		1 Introduction



		2 Materials and methods



		2.1 Animals



		2.2 Isolation and cultivation of NSPCs from adult mouse brain



		2.3 Isolation and cultivation of NSPCs from postnatal mouse brain



		2.4 Isolation and cultivation of NSPCs from embryonic mouse brain



		2.5 Differentiation of neural stem cells



		2.6 Immunofluorescence staining



		2.7 RT-qPCR analysis of neural patterning genes



		2.8 Statistical analysis









		3 Results



		3.1 Isolation and culture of NSPCs



		3.2 Characterization of NSPCs



		3.3 Regional identity characterization of embryonic and adult NSPCs



		3.4 Potential of neural patterning in embryonic and adult brain



		3.5 Potential of neural patterning in embryonic GE and adult SVZ tissues



		3.6 Potential of neural patterning of NSPCs from embryonic into adult



		3.7 Evaluation of time-course differentiation status of NSPCs



		3.8 Potential of neural patterning in NSPCs vs. tissues of origin



		3.9 Potential of neural patterning in embryonic and adult NSPCs in different passages



		3.10 Potential of neural patterning in suspended vs. attached NSPCs









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary material



		Abbreviations



		References



















OPS/images/fnagi-16-1498308-t003.jpg
Pax6

olig2

o2

Hoxal
Hoxc§
Nkx6.1
Nkx2.1
Nestin
B-Tubulin 111
Map2
GAPDH

Forward sequ

€}

SAACACAACCCTGCGATCCTACS
SAGTGAATGGGCGGAGTTATG3'
5GCAGCGAGCACCTCAAATC3®
SGACGACATTTACTAGGGCACAGY
SCACGCCAGCCACCAAGAAGS
SCTAACAGTAGCGAAGGACAAGY'
SGAAGAGAAAACACACCAGACCCACH
SAGCATCGGAAGGGAAAACTGS
5GTCTACAGGCAGCGCTAACA3'
5TGAGGCCTCCTCTCACAAGTS
SATACCAGCCGTTTGAGA3'
SGAAGAGAAAACACACCAGACCCACH

Reverse sequence
STAGCTTCCTGGTGCGTGGACH
SGAACTTGGACGGGAACTGACS
SATCATCGGGTTCTGGGGAC3'
SCTCACTTTGTTCTGACCTCCATTCY
SCGTAGCCGTACTCTCCAACTTTCS
5 TCTCTAGTTCCAAGGTCTGATACS
5GAACCAGACCTTGACCTGACTCS!
SCGTGTGCTTTGGACTCATCGS
5TGGGCATCTGTCAAGATCGG3
5GTCGGGCCTGAATAGGTGTCY
STTCATCTTTCCGCTCGTCGGS
SAATCTCCACTTTGCCACTGCY





OPS/images/fnagi-16-1498308-t002.jpg
Company Concentration

-Mouse Alexa Fluor 568 Molecular Probe 000

Donkey anti-Rat Alexa Fluor 488 Molecular Probe 1:1,000

Goat anti-Rabbit Alexa Fluor 350 Molecular Probe 1:100





OPS/images/fnagi-16-1498308-t001.jpg
Name Compa Concentration
Mouse anti-8-Tubulin 111 Promega 1:2,000
Rabbit anti-GFAP DakoCytomation 1:500
Ratanti-MBP Chemicon 1:200

Rabbit anti-Nestin Chemicon 1200





OPS/images/cover.jpg
’ frontiers | Frontiers in Aging Neuroscience

Aging restricts the initial neural
patterning potential of
developing neural stem and
progenitor cells in the adult brain












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Aging Neuroscience






OPS/images/fnagi-16-1498308-g005.jpg
Pax6

Nestin

<

< © ~ - °

HAdV9 0} uoissaidxe anlejey

w - w o
- o

Hadyo 0} uoissaidxa aAjejey

Map2

B-Tubulin IIT

%
%,
*
: &
“
>
>
& & Y L
wn =3 w
2 L=
Hadvo 0} uoissaidxa aAejoy
7
“
e
(X
F* 000
o
“
3,
%

HAdVo 0} uoissaidxe annejey





OPS/images/fnagi-16-1498308-g006.jpg
En1

o2

Neonate Adult

ED

E14

Hoxc8

Neonate Adult

E8

E14

olig2

Neonate Adult

ED

EQ

Nioxc6.1

T T T T
re T a9TR

(@0 Ha1d VD o1 woissadxa NI

Neonate Adult

E8

E14

Hoxat

(GoN) HaavD o worssaidko Y

Neonate Adult

E18

E14

24

(@8O0 Ha Y 01 orssaidxa an

(@D Haay o orssadxo o

Pax6

=]

E18  Neonate Adult

E14

= - LRI &

(@B0) HAdYD O orssaida o1 (@B0l) HAdYD 01 vorssaidxd o
P B .
) 3 X s
s
m &
2 % H

3
* H £ 5
& o £
. N R
H 4 :
T IR T 3
(@) Haavo o worssada o (@01 1D 0 vorssaudo o

B Adult SVZ Tissue

&
N
>
H

B EI8 GE Tissue

E14 GE Tissue

B EI8 Neurosphere 3 Neonate Neurosphere [ Adult Neurosphere

B E14 Neurosphere





OPS/images/fnagi-16-1498308-g003.jpg
Tissue (E14)

NSPC (E14)

8 & R
anjea by

& "
] s,
g o
9
Py e
o
: e
= o,vmv
<&,
o
%
44,
K4

8 8 8 8 ¥ &

a anjeaby

&
g
o
-9
17}
4

anjeaby

m 4,
Z LAl SN
2 I+
2 g
g [IH %,

NSPC (Neonate)

Tissue (Adult)

NSPC (Adult)

-

anjen by





OPS/images/fnagi-16-1498308-g004.jpg
Rotro-Candal

g ey

e g

Brain

Tissue





OPS/images/fnagi-16-1498308-gr0001.jpg
1epnesoasoy.

[eAUSNO8I0Q.

o Temporal profile of neural patterning potential of the neurospheres-derived NSCPs at different developmental time points.

A @

N
_____ Rostosaudal
Embryoday 18 ‘Neanste “Adut e

o i

H
nt H
Hoxal
Hoxes
poxs
oigz
o2
o

Hight

Low






OPS/images/fnagi-16-1498308-g007.jpg
O Passage 0
O Passage3
m Passage7

, =

s

¥

he

L S T

[ ——

o —

Emoyo At

gt

Embro.

R —

]

e

STRATITLNTY
Gt i st ey

[ R———

Embyo.

Embryo

STF @

[ra—

Embyo.

STITEITEIT
PARAAAREA

Embyo  Adut






OPS/images/fnagi-16-1498308-g008.jpg
A 0 daw
e

Patterning genes
E F G
Stemness genes Differentiation genes
- 4 - 3
+ 14 N
T o 5 4
G § s - H
3 3 3
: El :
R g H
H 3 ]
H £ £
g £ o H
£ £ £
I T 3 ] & . T S A
Pax6 Nesin 2 Map2  B-Tubuin 111 2 el R R gl e
[ Suspension M Adherent

Rostro-Caudal Dorso-Ventral





OPS/images/fnagi-16-1498308-g001.jpg
Developmental timeline

Adult

E18 Neonate

El4

Days

Days

Day2

Dayo

[El

<

2 B
g3
1

() sasaydsoinau Jo selewelq

-

P B -

2 & & & o

sanoydsoinou jo soquinu uyo,

Time (Day)

2
2,
%,
2





OPS/images/fnagi-16-1498308-g002.jpg
Nestin

Nestin

B-Tubulin 111 Tri-merge

Embryo

Tri-merge

B-Tubulin 111






