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Abstract 

Extracellular nanovesicles, particularly exosomes, can deliver their rich bioactive biomolecular 

content including miRNAs, proteins and lipids, and thus providing a context for researching the 

capability of exosomes to induce stem cells toward lineage-specific cells and tissue 

regeneration. In this study, we demonstrate that rat subventricular zone neural stem cell-derived 

exosomes (rSVZ-NSCExo) can control neural-lineage specification of human mesenchymal 

stem cells (hMSCs). We use miRNA array analysis to show that the miRNA content of both 

rSVZ tissue and rSVZ-NSCExo are similar. Through immunocytochemistry, gene expression, 

and multi-omics analyses, we demonstrate the capability to use rSVZ-NSCExo to induce 

hMSCs into either a neuroglial or neural stem cell phenotype and genotype in a temporal and 

dose-dependent manner, and via multiple signaling pathways. The current study presents a new 

and innovative strategy to induce hMSCs into neural lineage by harnessing the rich molecular 

compositions of exosomes, thus suggesting future opportunities for rSVZ-NSCExo in nerve 

tissue regeneration.  

Keywords: Exosomes, Extracellular Vesicles, Subventricular Zone, Neural Differentiation, 

Neural Stem Cells, Mesenchymal Stem Cells, Metabolomics 
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1. INTRODUCTION 

 

Neurogenic differentiation is a dynamic process involving functional regulation of FoxO1[1], 

EZH2-mediated histone methylation by SOX19b[2], binding of neurotrophins to receptor 

tyrosine kinases (RTKs)[3], regulation of Rho-GDIγ by hepatic nuclear factor (HNF4-1), and 

myc-associated zinc finger protein (MAZ-1)[4]. Also, the induction of NGN2 expression by 

PAX6 is well-known to promote neuronal differentiation by repressing HES5 and inhibiting 

downstream Notch effectors[5]. Moreover, STAT3 and SMAD1 activation by interleukin-6 

family that induces glial protein expression plays an important role in neurogenic differentiation 

[6]. In addition to transcriptional and epigenetic regulation, post-transcriptional mechanisms, 

largely mediated by miRNAs, also contribute to cell specification during neural differentiation 

[7, 8]. Several specific miRNAs are involved in different neurogenic processes such as neuronal 

migration[9], proliferation of neural stem cells (NSCs)[10, 11], and neural cell specification[12].  

 

To induce neurogenic differentiation of mesenchymal stem cells (MSCs), inductive chemicals 

such as β-mercaptoethanol (bME) and retinoids have been demonstrated[13]. Growth factors, 

including epidermal growth factor (EGF), nerve growth factor (NGF)[14], and neurotrophins[15] 

have been prominently used to  induce neurogenic gene expression. MSCs can also give rise to 

neural lineage cells and acquire neuronal phenotypes when induced with substances able to 

elevate intracellular level of cyclic adenosine monophosphate (cAMP). For example, forskolin 

and dibutyryl cAMP have been frequently used for neuronal differentiation of MSCs[16]. 

Despite the successful and continuous use of the aforementioned inductive factors, their uses 

are associated with certain drawbacks including (i) poor solubility in aqueous solutions, (ii) 

induction of autophagy and/or apoptosis[17], (iii) adverse cardiac remodeling[18], and (iv) 

adverse physiological action on the sensory and autonomic systems[19]. Consequently, an 

alternative approach to facilitate neurogenic differentiation of MSCs without displaying these 

limitations will represent a new direction and timely intervention in the field.  

 

Emerging evidences have implicated the use of exosomes in cell differentiation[20, 21], cellular 

communication[22], disease diagnosis[23], and tissue regeneration[24] as an attractive and viable 

strategy in cell/tissue engineering. Despite being, a rich source of bioactive proteins (growth 
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factors), lipids, metabolites, and genetic materials (mRNAs, miRNAs, and noncoding RNAs) 

[25] that can stimulate cell differentiation, the use of exosomes for this purpose has rarely been 

explored[26-28].  Glioma-derived exosomes[26], exosomes isolated from neuronal cells[27], and 

differentiating neuronal cells[28] have been shown to induce MSCs and NSCs into neuron-like 

cells. However, the methods used for the isolation suffer some drawbacks including extremely 

low yield and that the neuron-like cells only showed neuritic extension. Exosome-mediated 

induction strategy has also been harnessed to induce MSCs into other tissue-specific cells 

including adipose and bone[29], nucleus pulposus[30], and odontogenic[31] cells. However, the 

underlying complex molecular mechanisms of exosome-triggered stem cell differentiation have 

not been fully elucidated. 

 

In the current study, we use exosomes isolated from rat subventricular zone (rSVZ)- derived 

NSCs (rSVZ-NSCExo) to induce hMSCs into specific neural subtype cells due to their 

concentrated and innate biochemical contents and unique attributes such. NSCs-derived 

exosomes have been shown to regulate neurogenesis[32], attenuate apoptosis and 

neuroinflammation[33]. Moreover, Morton et al. previously demonstrated that NSCs in the SVZ 

regulate microglial morphogenesis in the central nervous system[34]. Considering this, we 

reasoned that NSCs-derived exosomes might induce MSCs differentiation into different 

neurogenic lineage cells. Herein, we report a growth factor/cytokine-free strategy for the 

xenogeneic exosome-mediated induction of hMSCs. This induction strategy enables a reliable 

neurogenic induction with a higher yield cell differentiation compared to previous reports by 

others, and enables the induction of MSCs differentiation into different subtypes of neural cells 

in a dose-dependent manner.  

 

2. MATERIALS AND METHODS 

 

2.1. Isolation and characterization of NSCs from rSVZ  

 

We isolated NSCs from SVZ tissues[35] obtained from the brains of rats (n=9) as previously 

described[36] (Figure 1A,B). Briefly, Wistar Albino rats (6 months old, male) were euthanized 

using a protocol approved by the Institutional Animal Care and Use Committee of Canakkale 

On Sekiz Mart University (Turkey). The dissected brains were cut under a dissection 

microscope from ventral to dorsal between the left striatum and the left ventricle. Finally, SVZ-

tissues were dislodged with a cut at the dorsal SVZ along the corpus callosum. The dislodged 
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SVZ tissues were kept in Hibernate A medium (Thermo Fisher, USA), a CO2-independent 

medium for the maintenance of neural cells until further processed for NSCs isolation. 

 

For NSC isolation, we dissociated SVZ tissues by pipetting, followed by treatment with 

trypsin–EDTA (0.05%) in Neurobasal A (Thermo Fisher, USA). After centrifugation, the 

obtained cell pellet was resuspended in N2B27 medium consisting of Neurobasal/DMEM-F12 

(1:1) supplemented with GlutaMax (0.5% v/v), penicillin/streptomycin (1% v/v), epidermal 

growth factor (EGF, 10 ng/mL), fibroblast growth factor-2 (FGF-2, 20 ng/mL), N2 (1% v/v) 

and B27 (2% v/v). All media and supplements were obtained from Thermo Fisher, USA. The 

cells were then plated on laminin-coated 6-wells (200.000 cells/well). 

 

We used various techniques for detailed characterization of the isolated cells. For the 

phenotypical analysis of rNSCs with flow cytometry, cells (1x106) were permeabilized with 

Triton X-100, blocked with bovine serum albumin (5%, BSA, Sigma-Aldrich, USA) in 

phosphate buffer saline (PBS), stained with Nestin antibody (1:200, Ab92391, Abcam, USA) 

and goat anti-rabbit IgG (1:1000, ab72465, Abcam, USA). We used flow cytometry 

(FACSAria, BD, USA) to analyze the stained cells.  

 

Expression of Nestin and PAX6 in rNSCs, hMSCs (negative control), and rSVZ tissue (positive 

control) was investigated by quantitative reverse-transcriptase polymerase chain reaction (RT-

qPCR, primers are listed in the SI). Total RNA was isolated from rNSCs, hMSCs, and rSVZ 

tissue using a commercial RNA isolation kit (GeneAll, Korea). To do this, we measured 100 

ng of RNA on a Nanodrop (Nanodrop 2000/2000c, Thermo Fisher, UK) and reverse transcribed 

using a cDNA synthesis kit (Bio-Rad, USA) to obtain cDNA for each sample. For RT-qPCR, 

each reaction was run (Bio-rad CFX96 qPCR system, USA) in triplicate using SYBR green 

master mix, and the gene expressions were normalized to an internal control GAPDH.  

 

The rNSCs were further characterized morphologically by immunofluorescent (IF) staining. 

The rNSCs were fixed with paraformaldehyde (PFA, 4% v/v), permeabilized with Triton X-

100 (0.1% v/v), blocked with BSA (2% v/v), incubated with Nestin antibody (1:200), and 

finally labelled with goat anti-rabbit IgG secondary antibody with green fluorescence dye 

(Thermo Fisher, UK). The cell nuclei were stained with DAPI and cells were observed under a 

fluorescence microscope (Leica DMIL model, Leica, Germany).  
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We assessed the capability of rNSCs to form neurosphere by culturing the cells in ultra-low 

attachment 96-well plates (ULAP) for 3-4 days. In this case, cells (2x104) were seeded in 

N2B27 medium, and the formation of neurospheres was observed under an inverted 

phase/contrast microscope (Leica, Germany). 

 

2.2. Isolation and characterisation of rSVZ-NSCExo  

 

Conditioned media (CM) were collected from NSCs that we cultured up to 4 passages in 

laminin-coated 6-well plates in N2B27 medium. Exosomes from rSVZ-NSCs were isolated as 

described previously[23], but with a slight modification (Figure 2A). The collected CM was 

centrifuged for 15 min at 300 g and 4 °C to remove the cells. After filtration through 0.22 μm, 

CM was centrifuged at 2000 g and 12000 g at 4 °C to remove apoptotic bodies, microvesicles, 

and cell debris. Finally, CM was ultracentrifuge for 3h at 120000 g and 4 °C to pelletize the 

exosomes. The isolated exosomes were resuspended in PBS (10 mL) and re-pelletized to 

remove contaminants. The final product was dispersed in 100 L of DPBS. 

 

The rSVZ-NSCs derived exosomes were characterized with several techniques. Total protein 

was extracted from the rSVZ-NSCExo using a radioimmunoprecipitation assay (RIPA) buffer 

(Thermo Fisher, USA), and protein content was measured using a bicinchoninic acid (BCA) 

test (Thermo Fisher, USA) by recording the absorbance at 562 nm.  For Western Blot (WB) 

analysis, the extracted proteins were separated by sodium dodecyl sulphate polyacrylamide gel 

(SDS-PAGE) electrophoresis, subsequently, transferred onto polyvinylidene difluoride 

(PVDF) membrane. The membrane was then blotted with exosome-specific antibodies namely 

CD9 and CD63 (1:200, Santa Cruz, USA), which was followed by incubation with horseradish 

peroxidase-conjugated anti-mouse IgG (1:2000, Abcam, UK). Proteins were then visualized 

using SuperSignal West Femto electrochemiluminescence (ECL) substrate (Bio-Rad, USA). 

 

To analyze the morphological characteristics, rSVZ-NSCExo was counterstained and examined 

under transmission electron microscope (TEM). To this end, exosomes suspended in 

paraformaldehyde were pipetted (4 % v/v, 10 L) onto the formvar-coated copper grids, 

allowed to settle by incubating for 10 min, further fixed with glutaraldehyde (1%, v/v) and 

stained with uranyl acetate (1%, w/v). After each step, the grid was washed with DPBS three 

times to remove remnants. Images were obtained using transmission electron microscopy 

(JEM100XC, JEOL Ltd., Japan). The size distribution of rSVZ-NSCExo was also assessed by 

dynamic light scattering (DLS), which measures the alterations of scattered light intensity 
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caused by the Brownian motion of the spherical particles. DLS spectra were obtained for rSVZ-

NSCExo -that were diluted with DPBS (1:100 v/v)- using a Nanosizer (Malvern Instruments, 

Malvern, UK). Measurement was performed in triplicate. 

 

Uptake of rSVZ-NSCExo by hMSCs is an important process for an effective cell differentiation. 

To investigate the cellular uptake of rSVZ-NSCExo, first we labelled the exosomes with 

PHK67 (Sigma Aldrich, USA) following the user manual, then incubate them with hMSCs 

culture (in 6-well plate), and finally observed under a fluorescence microscope (Leica DMIL 

model, Leica, Germany) using a 488 nm excitation wavelength. 

 

2.3. miRNA array and metabolomics study to characterize molecular signatures of rSVZ-

NSCExo  

 

We used multi-omics analyses including miRNA array and metabolomics to obtain detailed 

miRNA and metabolite profiles of rSVZ-NSCExo. 

 

To assess the similarity and differences in miRNA content of rSVZ tissue and rSVZ-NSCExo, 

miRNA microarray was conducted. rSVZ and exosomal miRNAs were extracted using 

miRNeasy Mini Kit (Qiagen, USA) in accordance with the manufacturer’s instructions. The 

concentrations of miRNAs were measured with a spectrometer and the integrities were assessed 

using a Bioanalyzer (Agilent Technologies, USA). The miRNA profiles were obtained on an 

Affymetrix GeneChip miRNA 4.0 Array (Thermo Fisher, USA) having the capability to 

recognize 728 rat miRNAs. To examine the metabolite profiles of rSVZ-NSCExo, we extracted 

metabolites from SVZ-NSCExo and subjected to metabolomics analysis. Sample preparation 

and derivatization protocols are provided in the SI. The extracted metabolite samples were 

analyzed using a Gas Chromatography-Mass Spectrometry system (GC-MS-QP-2010 Ultra 

system, Shimadzu, Japan) with a DB5-MS column as well as liquid chromatography quadrupole 

time-of-flight mass spectrometry (LC-qTOF-MS). Data deconvolution and/or analysis for 

metabolomics study were conducted using several online tools as comprehensively described 

in SI. 

 

2.4. Investigation of cytocompatibility of rSVZ-NSCExo 

  

To assess the potential applicability of rSVZ-NSCExo as a cell induction agent, we conducted 

calcein-AM/ethidium homodimer-1 (EthD-1) staining to examine the cell viability before 

proceeding with further experiments. For this purpose, hMSCs were seeded in 96-well plates 
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(7.5x103 cells/well) in a commercial expansion medium (Merck Millipore, USA) with 

exosome-depleted FBS (10%, v/v) (System Biosciences, USA) and penicillin/streptomycin 

(1%, v/v). Various concentrations (10, 50, and 100 g/mL) of rSVZ-NSCExo were injected 

into the media 1 day after cell seeding. After definite culture periods (2 and 7 days), media were 

replaced with calcein-AM/EthD-1 solution (4 M, Molecular Probes, Thermo Fisher, UK), and 

cell viability was observed under a fluorescence microscope (Leica DMIL model, Leica, 

Germany) using green (ex. 488 nm) and red (ex. 527 nm) channels. In addition, 3-(4,5-

dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) 

testing was conducted to investigate the effect of rSVZ-NSCExo on cell proliferation. These 

experiments were conducted with the same exosome concentrations and in the same conditions 

with the cell viability assay. After definite time points (2 and 7 days), the waste medium was 

discarded, and 20 L of MTS reagent was added in each well containing 100 L of fresh culture 

medium. After 1 h incubation in the dark at 37 oC, absorbance values were recorded at 490 nm. 

Each parameter was studied in triplicate. Tukey’s multiple comparison test was used for the 

statistical evolution and comparison of groups. 

 

2.5. rSVZ-NSCExo mediated reprogramming of hMSCs  

 

The neuro-inductive potential of rSVZ-NSCExo on hMSCs was assessed by seeding cells in 6-

well plates (5x104 cell/well) in the presence DMEM medium supplemented with FBS (10%, 

v/v) and P/S (1%, v/v) (denoted as growth medium, GM), and cultured for 1 day in order to 

ensure cell adhesion and spreading. On the following day, the media were discarded and 

replaced with DMEM medium with exosome-depleted FBS (2%, v/v) which was supplemented 

with rSVZ-NSCExo in different concentrations (10, 50, 100 g/mL). Here, hMSCs that were 

cultured in GM and N2B27 medium were used as negative and positive controls, respectively. 

 

The potential of rSVZ-NSCExo to induce hMSCs into neural-lineage cells was investigated 

phenotypically with IF staining. hMSCs, that were induced with rSVZ-NSCExo (10, 50, and 

100 g/mL) for 10 days, were immunostained with antibodies Nestin (1:200, Abcam, USA), 

SOX2 (1:200, Abcam, USA), GFAP (1:200, Thermo Fisher, USA), and Vimentin (1:200, Santa 

Cruz Biotechnology, USA) following the method described in the Section 2.1. Following 

secondary staining with goat anti-mouse IgG or goat anti-rabbit IgG, cells were observed under 

a fluorescence microscope (Leica DMIL model, Leica, Germany). To further assess the neuro-

inductive potential of rSVZ-NSCExo, expressions of Nestin, GFAP, SOX2, PAX6, and Nestin 
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in rSVZ-NSCExo induced hMSCs were investigated by RT-qPCR following the protocol 

described in the Section 2.1 (primers have been listed in SI). In this case, hMSCs cultured in 

GM were used as the negative control, while hMSCs cultured in N2B27 were considered as the 

positive control. The differences between expression levels among groups were evaluated with 

a one-way ANOVA test; p-values< 0.05 were considered significant. 

 

2.6. Optimization of the exosome-mediated neurogenic differentiation approach  

 

To optimize the rSVZ-NSCExo based cell induction protocol, the effects of initial cell density 

and exosome loading frequency were investigated. For this purpose, rSVZ-NSCExo (100 

g/mL) was injected into the 6-wells in which hMSCs were cultured in different cell densities 

(5x104, 1x105, and 2x105 cells per 6-well). Culture media were refreshed every 3 days. To assess 

the effect of the exosome loading frequency, rSVZ-NSCExo (100 g/mL) was loaded to the 

cell culture (5x104 cell per 6-well) 1, 2, and 3 times with 3-days’ intervals. At the end of the 

10-day induction period, neurogenic gene expressions were investigated with RT-qPCR for 

Nestin, SOX2, PAX6, GFAP, MAP2, and Vimentin. The differences between expression levels 

among groups were evaluated with a one-way ANOVA test; p-values< 0.05 were considered 

significant. 

 

2.7. Assessment of rSVZ-NSCExo-mediated reprogramming strategy using multi-omics 

approach: miRNA profiling and metabolomics 

 

Mechanism of action of the rSVZ-NSCExo mediated reprogramming of hMSCs into neural-

lineage cells was deeply investigated with a multi-omics approach, including miRNA array and 

metabolomics. In this case, miRNA profile of hMSCs was compared with the miRNA profile 

of rSVZ-NSCExo (100 g/mL)-induced hMSCs. In addition, metabolomics patterns of hMSCs 

induced with different concentrations of rSVZ-NSCExo (10, 50, and 100 g/mL) were 

obtained. For a time-resolved mechanical understanding, we also performed metabolomics 

analyses for 1, 3, 5, and 10-days of exosomal induction. miRNA array and metabolomics 

analyses were performed as described in the Section 2.3. Additional notes on bioinformatics 

analyses were provided in SI. 

 

3. RESULTS  

 

3.1. Rational of the study 
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It is well-known that the therapeutic benefits of stem cells are largely driven by their paracrine 

factors. Increasing evidence showed that exosomes derived from stem cells might be the major 

source of these paracrine factors. Therefore, understanding the inductive capability of exosomes 

in various subtype of stem cells is far-reaching. Our strategy aims to characterize the molecular 

components and biological potential of rSVZ-NSCs derived exosomes and to harness the innate 

biochemical cues to induce mesenchymal stem cells differentiation into neural lineage cells 

with a reliable method. Exosomes were collected from xenogenic NSCs which we isolated from 

rSVZ (Figure 1A,B). After a comprehensive characterization process including miRNA 

profiling, rSVZ-NSCExo was used for the induction of hMSCs. Herein, we hypothesized that 

rSVZ-NSCExo can trigger neurogenic mRNA expression in hMSCs employing their genetic 

materials including miRNAs. Also, they can switch fibroblastic morphology to the unique 

morphologies of neural cells by employing the protein content of rSVZ-NSCExo that regulates 

neurogenesis. As such, we believe that rSVZ-NSCExo holds great potentials as a better 

substitute for pure growth factors and cytokines in regenerative medicine.  

 

 

Figure 1. Isolation of rSVZ-derived NSCs. (A) Schematic representation and corresponding 

real images of the dissected rSVZ tissue. (B) Illustration of NSC isolation from rSVZ tissue. 

(C) Flow-cytometry diagram for Nestin+ NSCs. (D) rSVZ-NSCs at passage 1, 2, and 3, stained 

with Nestin and DAPI. (E) rSVZ-NSCs as monolayer culture (P1) and spheroid culture (P3). 

The cells when cultured onto Laminin-coated plate were shown to spread and form neuronal 

extensions. (F) Gene expression study for Nestin and PAX6, two neural stem cell markers, in 

comparison to hMSCs (negative control) and rSVZ (positive control). All experiments were 

performed thrice.  

 

3.2. Isolation and characterization of NSCs  
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To identify rSVZ derived NSCs, we carried out flow cytometry analysis for Nestin. It was 

quantitatively shown that 36% of the SVZ-derived and isolated cells were Nestin-positive 

(Figure 1C). This isolation yield was found somewhat higher than those previously reported by 

others[37,38]. Immunofluorescence staining for Nestin further confirmed that the isolated cells 

have the characteristic phenotype of NSC (Figure 1D). The density of Nestin+ cells at the first 

passage was very low due to the presence of other neural-lineage cells, however, the density of 

Nestin+ cells increases with increasing passage number. In the third passage, almost all the cells 

exhibited Nestin+ phenotype (Figure 1D). This is possibly resulted from the elimination of non-

neural stem cells because of their low proliferating capability. In addition to the flow cytometry 

and immunocytochemistry results, the ability of the isolated cells to form neurosphere was 

assessed. We observed the production of neurospheres (diameter ~1 mm) when the isolated 

cells were cultured in N2B27 medium supplemented with bFGF and EGF, which further 

confirmed the identity of the isolated cells (Figure 1E). When the obtained neurospheres were 

cultured with hMSCs on Laminin/Poly-L-Ornithine-coated wells in N2B27 in the absence of 

bFGF and EGF, formation of extended neurite-like branches (Figure 1D) that is characteristic 

of neuronal differentiation was observed. We then carried out gene expression analysis to probe 

the expression of two NSC-specific genes, Nestin and PAX6. NSCs exhibited a high-level 

expression for both Nestin and PAX6 when compared to the negative control hMSCs (Figure 

1F). Unsurprisingly, the expression level of Nestin in SVZ tissue was higher than NSCs.  

 

3.3. Characterization of rSVZ-NSCExo  

 

The total protein content of rSVZ-NSCExo was calculated to be 5 mg/mL. The TEM 

micrograph of rSVZ-NSCExo showed many cup-shaped and stained wall nanovesicles with 

diameters between 50 and 200 nm, which is a typical size distribution for exosomes (Figure 

2B). The TEM micrograph was consistent with the DLS data, which confirmed that rSVZ-

NSCExo have a mean diameter of 80 nm (Figure 2C). The presence of two ubiquitous exosomal 

surface proteins (CD9 and CD63)[29, 39], which were detected by immunoblotting, further proved 

the identity of rSVZ-NSCExo (Figure 2D). 

 

The uptake of exosomes by the cells is an important parameter for an efficient induction and 

cell reprogramming. Hence, we assessed the uptake of rSVZ-NSCExo by hMSCs by co-

culturing PKH67-labeled exosomes with hMSCs. The green fluorescence signal of PKH67-

labeled exosomes was apparent 30 min after the injection of exosomes (Figure 2E). At this time 
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point, individual exosomes or exosomal aggregates were recognizable. Also, an intense signal 

resulting from excessive uptake after 60 min was observed. These findings are consistent with 

the previous studies that reported the kinetics of exosomes’ cellular uptake[40, 41]. This cellular 

uptake is vital for an efficient paracrine effect of the exosomes. 

 

 

 

 

Figure 2. Isolation of rSVZ-NSCExo. (A) The protocol applied to rSVZ-NSC spent media to 

isolate exosomes. (B) TEM image showing the cup-shape exosomes with 50-200 nm diameter. 

(C) DLS spectrum exhibiting the size distribution for rSVZ-NSCExo (n=3). (D) 

Immunoblotting bands for CD9 and CD63, two exosomal surface proteins (n=2). (E) Tracking 

the time-dependent uptake of PKH67-stained rSVZ-NSCExo by hMSCs.  (F) Hierarchical 

clustering of miRNA profile of rSVZ-NSCExo in comparison to rSVZ tissue (n=3). (G) 

Scattering graph obtained with significantly differentially expressed miRNAs in rSVZ-

NSCExo as compared to rSVZ tissue (n=3). Red and green dots represent highly expressed 

miRNAs in rSVZ and rSVZ-NSCExo, respectively. 

 

3.4. Exploring the molecular content of rSVZ-NSCExo  
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Elucidation of the biomolecular content of exosomes derived from primary cells represents a 

useful strategy to identify key biomolecular component that drives specific cellular processes 

under physiological conditions. To this end, we sought to determine the similarity between 

miRNA profiles of rSVZ tissue and rSVZ-NSCExo. 

 

Hierarchical clustering (Figure 2F) and scattering (Figure 2G) analysis showed a significant 

overlap in the miRNA expressions of both rSVZ tissue and rSVZ-NSCExo (684 miRNAs). 

Some rat origin miRNAs (28 out of 728 miRNAs) in both cases were determined to be 

significantly up/down-regulated (change ≥2- fold, p ≤ 0.05, listed in Table S1). This finding 

suggests that the isolated exosomes reflect the innate miRNA content of rSVZ tissue and can 

be used in cell reprogramming. This result shows for the first time that miRNA contents of 

exosomes and the corresponding tissues are identical. We then performed gene ontology 

analysis for the significantly up/down-regulated miRNAs in conjunction with FunRich3.0 

(Entrez IDs are presented in Table S2) to show that the exosomes are enriched with nerve tissue-

related miRNAs (Figure S1A). Furthermore, the enriched miRNAs regulate different biological 

processes including cell communication, signal transduction, and regulation of nucleic acid 

metabolism (Figure S1B) with receptor binding activity, GTPase activity, protein 

serine/threonine kinase activity, and transcription factor activity (Figure S1C). This result is 

consistent with previous reports[42, 43].  

 

To identify rSVZ-NSCExo-enriched metabolites prior to downstream applications, we 

performed a combined GS-MS and LC-MS analyses. Amongst the whole metabolome, we 

identified 122 metabolites over the threshold (the list is available in Excel I file). Amongst the 

numerous metabolites, dopamine[44], betain[45], sphinganine[46], cholesterol[47], 

docosapentaenoic acid[48], and hypotaurine[49] are known to take part in neurogenesis or neural 

system functions. This finding supports the miRNome data and implies that rSVZ-NSCExo 

carries innate neurogenic materials. The obtained metabolome data also strengthen our 

hypothesis questioning the neuro-inductive potential of rSVZ-NSC-derived exosomes. 

 

3.5. Cell biocompatibility of rSVZ-NSCExo  

 

To assess the potential cytocompatibility of rSVZ-NSCExo, we conducted calcein-AM and 

ethd-1 staining as well as MTS testing for different doses of rSVZ-NSCExo (10, 50, and 100 

g/mL) to examine the cell viability and proliferation. Both microscopy (Figure S2A) and MTS 
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assay (Figure S2B) confirmed that rSVZ-NSCExo did not elicit obvious cytotoxic effect when 

applied between 10-100 g/mL. This concentration range is consistent with concentrations we 

tested for neurogenic induction of hMSCs. 
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Figure 3. Characterization of cell reprogramming through immunostaining. (A) 

Schematic of the culture system. (B) Immunofluorescence staining of rSVZ-NSCs-induced (10, 

50, and 100 g/mL) hMSCs for glial (GFAP) and NSC markers (Nestin and SOX2). Vimentin 

staining was performed for the assessment of cell phenotypes. The cells induced with N2B27 

medium were considered as positive control while non-treated hMSCs were used as negative 

control. (C) The graphes indicate GFAP+, Nestin+, and SOX2+ cell ratios. (D) The illustration 

summarizes the proposed strategy and shows the downstream applications. 
 

3.6. rSVZ-NSCExo reprograms hMSCs into neuroglial or neural stem cell pheonotype 

and genotype in a dose-dependent manner  

 

Tissue-specific EVs are enriched in RNAs and proteins able to influence cellular processes, just 

like transcription factors do, and thereby regulate stem cell fate[29, 50]. Considering this, we 

hypothesized that exosomes obtained from rSVZ-NSCs contain numerous biomolecules that 

can induce cell differentiation or direct cell fate-decision. To test this hypothesis, we 

incorporated rSVZ-NSCExo (10, 50, and 100 g/mL) into hMSCs medium and maintained the 

culture up to 10 days (Figure 3A). Immunofluorescence microscopy was used to probe two 

NSC markers (Nestin and SOX2), a neuroglial marker (GFAP), and a marker that is associated 

with the skeleton (Vim). Morphological observations showed that a high level (100 g/mL) of 

rSVZ-NSCExo switched the fibroblastic morphology of hMSCs into a less spread/more 

rounded morphology of NSCs (Figure 3B). The cells were highly Nestin+ (52%) and SOX2+ 

(58%) positive but exhibited lower level of GFAP+ (12%) morphology (Figure 3C). When the 

rSVZ-NSCExo concentration was reduced to 50 g/mL, the percentage of Nestin+ and SOX2+ 

cells decreased to 24% and 46%, respectively. In contrast, the percentage of GFAP+ cells 

increased to 31%. Interestingly and unexpectedly, in the presence of a very low concentration 

of rSVZ-NSCExo (10 g/mL), a massive increase in GFAP+ cells (45%) was observed, 

whereas the percentage of Nestin+ and SOX2+ cell was restrained with 21% and %7, 

respectively. Similar to the observed neuro-inductive property of rSVZ-NSCExo, hMSCs 

cultured in N2B27 are highly differentiated into NSCs with high Nestin+ (70%), SOX2+ (69%) 

cell ratio and very low GFAP+ cell ratio (~ 10%) as expected. On the other hand, hMSCs 

cultured in GM retained their fibroblastic phenotype. Taking together, our results shows that 

rSVZ-NSCExo can regulates hMSCs’ fate in a dose-dependent manner (Figure 3D). In light of 

previous studies[51], we speculate that this lineage-specification results from the rich exosomal 

content of rSVZ-NSCExo. NSC-specification derives from rSVZ-NSCExo’s ability to 

transform cells where the exosomal content is sufficient at higher doses. On the other hand, at 

a lower dose the cells undergo random differentiation after a certain point. This observation 

suggests that hMSCs are reprogrammed by rSVZ-NSCExo in a dose-dependent manner. 
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Similar results demonstrating that exosomes modulate and differentiate stem cells in a dose-

dependent manner have been previously reported for stimulation of neural progenitor cells[52] 

and Schwann cells[53]. 

 

To corroborate the immunocytochemistry results, we investigated mRNA expression of neural 

markers (Nestin, SOX2, GFAP) in hMSCs following the induction with rSVZ-NSCExo. When 

we treated hMSCs with high dose of rSVZ-NSCExo (100 g/mL), we observed a significant 

expression of Nestin (by 6.7-fold, p<0.05) and SOX2 (by 3.1-fold, p<0.05) relative to the non-

treated hMSCs (Figure 4A). Remarkably, expression levels of Nestin and SOX2 following the 

treatment with rSVZ-NSCExo (100 g/mL) were similar to those obtained by culturing the 

cells in the N2B27 medium (positive control). A decrease in the level of Nestin expressions 

was observed with decreasing concentration of rSVZ-NSCExo (50 g/mL) by 1.1-fold, but the 

decrease was not significant (p>0.05). However, SOX2 expression was decreased in rSVZ-

NSCExo (50 g/mL) treatment condition by 1.67-fold, indicating a significant change in SOX2 

expression (p<0.05). On the other hand, GFAP expression was noticeably upregulated only in 

the cells treated with a low dose of rSVZ-NSCExo (10 g/mL). In contrast, hMSCs that were 

cultured in N2B27 did not exhibit GFAP expression. Surprisingly, the expressions of Nestin 

and SOX2 were found to be insignificantly lower in D10 when compared to D3, which might 

have resulted from Nestin+SOX2+ cell death or random differentiation of hMSCs-derived 

NSCs (Figure 4B). The GFAP expression was significantly higher by 1.43-fold (p<0.05) at day 

10 compared to day 3. 
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Figure 4. Characterization of neurogenic induction of hMSCs via rSVZ-NSCExo (n=3, 

technical replicate=3). (A) RT-qPCR graphes related to the expressions of Nestin, SOX2, and 

GFAP (A). Alterations of Nestin, SOX2, and GFAP expressions with time (B). N2B27-induced 

hMSCs and non-treated hMSCs were used as positive and negative controls, respectively. 

*p>0.05, **p<0.05. 

 

To optimize the rSVZ-NSCExo assisted reprogramming of hMSCs into neural-lineage cells, 

we deeply investigated the optimal cell density and exosome loading protocol. To this end, 

rSVZ-NSCExo assisted reprogramming protocol was applied to different initial cell densities 

(5x104, 1x105, and 2x105 cells per 6-well).  In this case, we found that lowest initial cell density 

(5x104) provided the highest Nestin expression, and the level of expression was gradually 

decreased when cell density was increased (Figure 5A). On the other hand, the expression of 

SOX2 and PAX6 was insignificantly changed when cell density was increased to 1x105, 

whereas their expressions were seen to decrease when the cell density was further increased. 

Given the high rSVZ-NSCExo concentration (100 g/mL) applied in these experiments, as 

expected, the expression of GFAP was not significant in all conditions. A similar result that 

showed the down-regulation of NSC-specific genes with increasing initial cell density has been 

reported by others[54]. This might also be attributed to the likelihood of a decreasing percentage 

of differentiated cells with increasing number of cells beyond an optimum density. To decipher 

the involvement of neuronal differentiation, which might be one of the reasons for the decreased 

expression level of NSC-specific genes, we investigated the expression of MAP2 in the same 

conditions. The expression of MAP2 was found insignificant (Figure 5A). To further explore 
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the underlying factors for the perturbed neural gene expressions, we performed a gene 

expression analysis for vimentin, which is a class-III intermediate filament found in non-

epithelial cells, especially mesenchymal cells. The expression of vimentin appeared to be higher 

when the initial cell density was increased to some extent (from 5x104 to 1x105), indicating a 

higher mesenchymal character at the initial cell density of 1x105. Whereas, it decreased when 

the cell density was further increased (2x105). This decrease in vimentin expression in higher 

cell density might be due to contact inhibition.  
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Figure 5. Optimization of cell reprogramming. (A) Effect of cell density (50K, 100K, and 

200K) on rSVZ-NSCExo mediated neurogenic differentiation of hMSCs. (B) (a) Schematic 

presentation of reprogramming condtions. (b) Effect of exosome loading frequency (1, 2, and 

3 times with 3 days’ intervals) on rSVZ-NSCExo mediated neurogenic differentiation of 

hMSCs. All experiments were performed thrice with technical replicates (n=3).  *p>0.05, 

**p<0.05.  

 

To further validate the rSVZ-NSCExo assisted reprogramming protocol, we evaluated the 

expressions of genes following the treatment of hMSCs with three different time interval and 

loading regimes (Figure 5Ba). The results showed that expressions of all neural-lineage-specific 

genes were augmented by loading the rSVZ-NSCExo two times with 3 days’ intervals (Figure 

5Bb). Unexpectedly, after loading the rSVZ-NSCExo three times with 3 days’ intervals we 

observed a massive inhibition in neural gene expressions, possibly due to the over-saturation of 

cells with exosomes or exosomal contents (miRNAs and proteins) that lead trigger 

dysfunctional cellular behaviors[55]. 

 

3.7. Temporal and dose-dependent modulation of hMSCs by rSVZ-NSCExo: 

Understanding the underlying mechanism  

 

To further corroborate the hypothesis, we obtained miRNA profiles of rSVZ-NSCExo (100 

g/mL) induced hMSCs in comparison with non-induced hMSCs. Hierarchical clustering and 

scattering graphs (Figure 6A,B) revealed that 54 miRNAs appeared to be significantly 

up/down-regulated in rSVZ-NSCExo treated hMSCs (listed in Table S3). miR-3178, miR-

1469, let-7b, miR-1915, miR-762, miR-3196, miR-1908, miR-2861, miR-149, miR-4281, miR-

663, miR-3195, miR-4281, miR-663, miR-3195, miR-222, miR-20a, miR-1975, miR-1228, 

miR-320d, miR-24, miR-424, miR-1268 were top 20 most highly up/down-regulated miRNAs. 

RT-qPCR analysis conducted for the two most highly up-regulated and one down-regulated 

miRNA (miR3178, miR1469, and miR20a) confirmed the validity of differentially expressed 

miRNAs identified by microarray (Figure 6C). Some of the up-regulated miRNAs (miR-3178, 

miR-1915, miR149, miR-663, miR-222, miR-221, and miR-181) observed in this work are also 

characteristic features of embryonic stem cells differentiation into neural cells[56]. In addition, 

four miRNAs (miR-222, miR-1268, miR-181, miR-4281) that were determined to be up-

regulated in this study have been associated with neurogenic differentiation of periodontal 

ligament stem cells[57]. Many reports have showed that the expression of miR-181 increases 

with neurogenic differentiation[58-60]. Moreover, the up-regulated miR-24 in this work has been 

associated with neurogenic differentiation[61]. Up-regulation of these miRNAs in hMSCs after 
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rSVZ-NSCExo induction resembles the neural differentiation process of human adult stem cells 

using standard inductive factors, thus showing potential of rSVZ-NSCExo as a promising 

substitute for conventional exogenous inductive inductive factors.  

 

Next, upregulated miRNAs were used to reveal the cellular pathways and processes regulated 

by the overexpressed miRNAs. For this, we utilized FunRich3.0 and mirPathV.3. Gene 

ontology analysis performed with FunRich3.0 showed that upregulated miRNAs within rSVZ-

NSCExo display transcription factor activity (p<0.001), transcription regulator activity 

(p<0.01), and receptor binding activity (p<0.012) (Figure S3). Exosomal miRNAs affect the 

neurogenic differentiation process through regulating nucleic acid metabolism (p<0.01) by 

interacting various transcription factors including EGR1 (p<0.001), SP1 (p<0.001), SP4 

(p<0.001), POU2F1 (p<0.001), SOX1 (p<0.001), and RREB1 (p<0.001) mainly in nucleus 

(p<0.001) (Figure S3). Moreover, GO analysis revealed that differentially expressed miRNAs 

regulate these transcriptional factors through various pathways that include TRAIL signaling 

pathway (p<0.001), IFN-g signaling pathway (p<0.001), ErbB receptor signaling network 

(p<0.001), Glypican-1 network (p<0.001), c-MET (p<0.001), and PDGF receptor signaling 

pathway (p<0.001) (Figure S3). In addition to FunRich3.0, we performed a GO study using 

mirPathV.3 to reveal KEGG pathways affected by the rSVZ-NSCExo. The results revealed that 

the essential target genes of the differentially expressed miRNAs were Insulin, MAPK, Wnt, 

Hippo, PI3K/Akt, Axon guidance, RNA degradation, and neurotrophin signaling pathways 

(Figure 6D). To conclude, the GO study consolidated the microarray results and supported the 

idea that rSVZ-NSCExo, through their miRNA content, has functions in regulating neurogenic 

differentiation of hMSCs.   

 
 

The target biological pathways of the differentially expressed miRNAs including IFN-g 

signaling pathway, ErbB receptor signaling network, Glypican-1 network, c-MET, and PDGF 

receptor signaling pathway have previously been demonstrated to have functions in different 

stages of neurogenesis. IFN-g regulates the proliferation and differentiation of NSCs in SVZ[62, 

63], while ErbB plays a critical role in neurogenic-specification and neuronal migration[64, 65]. In 

addition, Glypican-1 is expressed by NSCs[66] and controls various neurogenic processes over 

FGF signaling[67]. The c-MET mediates dendritic growth and synaptogenesis[68], while PDGF 

initiates neuronal differentiation of SVZ progenitor cells[69]. Like our GO study, others have 

indicated that EGR1[70], SP1[71], SP4[72], and SOX1[73] might be the underlying driver for 

transcript-level regulation of neural differentiation. Lastly, the use of miRPathV.3 reveals the 
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KEGG pathways over which rSVZ-NSCExo mediated neural-specification occurs. The Wnt[74], 

Hippo[75], MAPK[76], Neurotrophin[77], and PI3K/Akt[78] pathways are believed to associate with 

neurogenic differentiation processes.  
 

 

 

Figure 6. Assessment of the mechanism of action of rSVZ-NSCExo mediated cell 

reprogramming by miRNA profilling. (A) Hierachical clustering and (B) Scatter graph 

representing the significantly up/down regulated  miRNAs in hMSCs after induction with 
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rSVZ-NSCExo (100 g/mL) for 10 days (n=3).(C) Validation of two overexpressed (miR1469 

and miR3178) and one down-regulated (miR20a) miRNAs by RT-qPCR. (D) KEGG pathways 

obtained with significantly up/down regulated miRNAs in hMSCs induced with rSVZ-NSCExo 

(100 g/mL) for 10 days.  

 

To deeply investigate the mechanism of action of rSVZ-NSCExo-mediated cell reprogramming 

and ultimate functions of exosomes in hMSCs, we additionally employed another high-

throughput screening method namely non-targeted metabolomics. In this case, we extracted 

metabolites from hMSCs that were induced with 10, 50, and 100 g/mL rSVZ-NSCExo for 10 

days, and the samples were subjected to combined GC-MS and LC-MS analyses. A total of 

16351 mass features were detected by LC-qTOF-MS, amongst them, 77 and 15 metabolites 

were identified through LC-MS and LC-MS/MS, respectively. Additionally, 424 metabolites 

were detected, and 62 metabolites were identified by GC-MS (data available in Excel II). The 

partial least squares-discriminant analysis (PLS-DA) score plot showed a remarkable 

discrimination between metabolic phenotypes of the three groups (Figure 7A), which was 

further confirmed by one-way ANOVA (Figure S4). This clear discrimination implies an 

altered metabolic structure in hMSCs when induced with different concentrations of rSVZ-

NSCExo (10, 50, or 100 g/mL). The most significantly altered 15 metabolites were presented 

in the Variable Importance in Projection (VIP) (Figure 7B). The hierarchical cluster analysis of 

the metabolites further depicted the changes of these metabolites between the three groups 

(Figure 7C). The clear pattern during the transition from 10 to 100 100 g/mL rSVZ-NSCExo 

is an indication of the change in metabolome in response to rSVZ-NSCExo dose.  

 

In addition to dose dependency, we investigated the change in metabolite profiles at different 

time points (1, 3, 5, and 10 days) by keeping the 100 g/mL rSVZ-NSCExo constant (data can 

be found in Excel II). The production of metabolites by cells varies with time with low 

intragroup variation (Figure 7D), confirmed by ANOVA test (Figure S5). The most 

significantly altered metabolites were presented in VIP (Figure 7E), which include betaine, 

sorbose, myo-inositol, taurolithocholic acid, and serine, amongst others. The hierarchical 

clustering analysis obtained with most differentially altered metabolites demonstrated a pattern 

transition from day 1 to 10, asserting a temporal change in cell metabolome following the 

introduction of rSVZ-NSCExo (100 g/mL). The significantly altered metabolites possibly 

perform their functions by affecting the pathways alanine, aspartate and glutamate metabolism, 

pantothenate and CoA biosynthesis, aminoacyl-tRNA biosynthesis, and citrate cycle  (Figure 

7G) (see Excel II) in addition to the pathways for organic cation/anion/zwitterion transport 
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(p=0.0026), transport of bile salts and organic acids, metal ions and amine compounds 

(p=0.0037), glycerophospholipid catabolism (p=0.0067), dopamine receptors (p=0.0079), 

inositol transporters (p=0.0032), dopamine neurotransmitter release cycle (p=0.038), and 

sphingolipid de novo biosynthesis (p=0.048) (obtained by Reactome.org). The interaction 

network of the enriched metabolites has been presented in Figure 7H. Dopamine, pyruvic acid, 

putrescine, taurine, and amino acids (e.g. serine, cysteine, hydroxyproline, phenyl alainine, etc.) 

exhibited maximum interactions with other metabolites indicating the maximum potential 

functional relationship with other metabolites in the network. 

 

Figure 7. Untargeted metabolomics analysis for dose-dependent and temporal 

reprogramming of hMSCs through rSVZ-NSCExo. (A) PLS-DA diagram showing the 

discrimination in metabolite profile in hMSCs treated with 10, 50, and 100 100 g/mL rSVZ-

NSCExo. (B) VIP score plot and (C) Hierarchical clustering analysis obtained by altered 

metabolites in hMSCs that were induced with 10, 50, and 100 g/mL rSVZ-NSCExo. (D) PLS-
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DA diagram indicating the inter-group discrimination in metabolite profile in hMSCs treated 

with 100 g/mL rSVZ-NSCExo for 1, 3, 5, and 10 days. (E) VIP scopre plot and (F) 

Hierarchical clustering heatmap graph that demonstrate the metabolite alteration patterns in 

hMSCs treated with 100 g/mL rSVZ-NSCExo for 1, 3, 5, and 10 days. (G) Pathway impact 

graph representing the most significantly affected pathways during reprogramming process. (H) 

Metabolite-metabolite interaction network revealing the molecular interactions during cell 

reprogramming. The metabolites are represented as nodes (circles) highlighted in red in case of 

higher betweenness centrality followed by pink and blue in lower betweenness centrality. The 

size of the node indicates node degree (number of links a node has to other nodes). All analyses 

have been conducted by MetaboAnalyste. n=3, technical replicate=3. 

 

To conclude, metabolomics results are consistent with the observed phenotypic change upon 

induction of hMSCs with various concentrations of rSVZ-NSCExo. The alteration in metabolite 

profile was not only dose-dependent but reconstructed by cells in time (from the initial 

induction time to the end of the culture duration -10 days-). This time-dependent change in 

metabolite profile indicates that rSVZ-NSCExo drives a temporal modulation in hMSCs to 

generate the new phenotype. Similar temporal alterations in metabolite profiles have previously 

been reported for the differentiation of MSCs into osteoblasts[79], specification of NSCs[80], 

reprogramming of fibroblasts into induced pluripotent stem cells (iPSCs)[81], induction of iPSCs 

into hepatocyte-like cells[82], and during myogenesis of skeletal muscle cells[83].   

 

4. CONCLUSION 

 

Mesenchymal stem cells (MSCs) have generated a great amount of enthusiasm in the past 

decades as a novel therapeutic paradigm for a variety of tissue regeneration due to their inherent 

multiple biological properties. Traditionally, MSCs are cultured on a dish or materials scaffold 

and induced into tissue-specific cells by supplementation with cytokines, chemokines, and 

growth factors. The main challenge with this induction method is whether growth-factor-

induced cells resemble any stage of in vivo neurogenesis. Also, the reliability of the use of 

growth-factor-induced MSCs in regenerative medicine is questionable. To provide an 

alternative strategy, in this work, we examined the use of xenogenic exosomes obtained from 

rSVZ-derived primary NSCs in neural specification of hMSCs. The study explores the dose-

dependent and temporal modulation of hMSCs by rSVZ-NSCExo and their resulting molecular 

change at both miRNA and metabolite levels. The ability of rSVZ-NSCExo to switch hMSCs 

into neuroglial cell or neural stem cell phenotype and genotype largely depends on the dose of 

rSVZ-NSCExo. Given the GO study obtained with miRNome data, the neural specification 

process is seen to proceed mainly through neural system-related pathways that include  Insulin, 

MAPK, Wnt, Hippo, PI3K/Akt, Axon guidance, RNA degradation, and neurotrophin signaling. 
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In addition, a broad-range of exosomal metabolites (e.g., dopamine, betain, sphinganine, 

cholesterol, docosapentaenoic acid, and hypotaurine) coordinately take part in neural 

specification by affecting a set of pathways (e.g., organic cation/anion/zwitterion transport, 

transport of bile salts and organic acids, metal ions and amine compounds, glycerophospholipid 

catabolism, dopamine receptors, inositol transporters, dopamine neurotransmitter release cycle, 

and sphingolipid de novo biosynthesis). Our study shed light on the development of a novel 

exosome-based platform capable of reprogramming MSCs to neural-specific cells for potential 

application in nerve regeneration in vivo.  
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