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Abstract: Cognitive deficits and neurodegenerative disorders appear to be linked with adult hippocampal 

neurogenesis (AHN), which, in addition to apoptosis, is regulated by miRNAs. Together with the pro-apoptotic 

proteins BCL2L13 and caspase-3, anti-apoptotic miR-124 and miR-137 were already shown to be upregulated in 

primary cultures of adult hippocampal neural stem cells (NSCs) after a pre-treatment with kainic acid (KA), a 

powerful neurotoxin widely used to induce epileptic seizures in mice. These miRNAs were shown to target BCL2L13 

cooperatively, inhibiting apoptosis, and to regulate NSC activation/proliferation, fate specification and differentiation 

individually. Yet, it was never investigated whether these miRNAs are present in adult hippocampal NSC-derived 

exosomes. Here we show that ultracentrifugation (UC) is a trustful and easy method to isolate exosomes, while the 

use of a tested commercial kit yielded significant contamination with other extracellular vesicles, as shown by RNA 

size-distribution and protein immunoblot analyses. Remarkably, we show that adult hippocampal NSCs, after a KA-

pre-treatment, selectively sort miR-124 into exosomes, and that miR-137 preferably stays in cells, although the 

underlying molecular mechanism is still unknown. This variation in intercellular communication content may reflect 

in part how NSCs rewire the hippocampal circuit network through anti-apoptosis and fate-specification signalling. 

Further RNA-sequencing and proteomic analysis should address which transcripts and/or proteins are involved in 

the selective sorting of miRNAs into exosomes. Ultimately, joining the possible manipulation of molecular sorting 

into exosomes with the ongoing improvements in exosome engineering and exosome therapy trials, more prospects 

arise regarding the use of exosomes for brain repair.  
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Introduction 
Neural stem cells (NSCs) and their progeny of neural 

progenitor cells (NPCs) can both give rise to glia or 

neurons, but with different potentials. While NPCs are 

already lineage committed (e.g. fate-specification into 

neurons or glia), NSCs are capable to generate all neural 

lineages, therefore multipotent, and either proliferate or 

divide asymmetrically, with the capacity of self-renewing1. 

In addition to their neurogenic and gliogenic potential, there 

is great interest towards NSCs regarding their secreted 

molecules. As an example, it was already shown that 

hypothalamic stem cells secrete exosomal miRNAs 

(exomiRs) into the cerebrospinal fluid, and these decline 

during ageing2, while treatment with more of the same 

exomiRs lead to slowing of ageing. 

Exosomes, in addition to apoptotic bodies and 

microvesicles (MVs), are a subclass of extracellular 

vesicles secreted by cells which have approximately 40–

100 nm in diameter, and are natural vehicles for miRNAs3. 

MiRNAs are small non-coding RNAs, composed of 

approximately 20-25 nucleotides, that can regulate gene 

expression post-transcriptionally, either by mRNA 

degradation or by blocking mRNA translation, when 

homologous sequences are found and bound to them4. 

Interestingly, adult hippocampal neurogenesis (AHN) 

has been linked to the cognitive capacity of adult mammals 

and reported to have therapeutic functions when loss of 

neurons occurs in disease conditions5 or pharmacological 

treatment6. In the recent years, many miRNAs were found 

to regulate the different stages of AHN7, and may be 

harnessed for brain repair. 

Two miRNA candidates to be present in exosomes 

secreted by hippocampal NSCs are miR-124 and miR-137, 

since it was previously shown that these transcripts are 

upregulated in the DG of mice following KA injection, and in 

primary adult hippocampal NSC cultures following a KA 

pre-treatment of 7 hours8. Both scenarios induce apoptotic 

and neurogenic signalling and, within the upregulated 

proteins in these conditions, the apoptotic protein BCL2L13 

is repressed at its translation level by the cooperative action 

of miR-124 and miR-137. Curiously, miR-124 was already 

shown to be essential for the maturation and survival of DG 

neurons, without affecting NSC proliferation9. Presumably, 

these epigenetic regulators are differentially secreted into 

exosomes when comparing control and KA conditions and, 

therefore, such experimental manipulations can serve as a 

model for miRNA selective sorting into exosomes, In this 

study, we aim to investigate how the outcomes of cellular 

and exosome content are altered in different conditions and 

time points (particularly for miR-124 and miR-137 

expression levels) and compare them to ultimately provide 

new clues about the process of miRNA sorting into 

exosomes. Subsequently, the intercellular communication 

is an underlying topic in this experiment, as well as possible 

exosome biotherapeutic potential. 
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Materials and Methods 

Hippocampal NSC culture 

Primary culture of NSCs was performed as previously 

described10. Briefly, hippocampus was dissected from 

brains of C57/BL6 mice, and tissue chunks were 

dissociated into a single cell suspension using a series of 

descending diameter glass pipettes. Cells were then 

washed and transferred to T-flasks in DMEM/F-12 medium 

supplemented with 5% fetal bovine serum (FBS) (Life 

TechnologiesTM), N-supplement (Invitrogen™), Bovine 

Pituitary Extract (BPE) (Invitrogen™), recombinant-human-

EGF (20ng/mL, Sigma-Aldrich®), and recombinant-human-

FGF (10ng/mL, Sigma-Aldrich®). Cell expansion was 

performed with passages every 2 days, once 80% 

confluency was reached, using Trypsin to dissociate cells. 

At passage 33, the previous medium was replaced by 

exosome production medium, in which the only difference 

is that the later has exosome-depleted FBS (ThermoFisher) 

instead of normal FBS. Cells were cultured in exosome 

production medium for 24 or 48 hours at 37ºC in 5% CO2. 

Experimental cell culture conditions before harvesting the 

exosome enriched conditioned medium were: control, 30 

µM KA 7-hour pre-treated, and 30 µM KA (no washout). 

When needed, cells were stored at -80ºC in culture medium 

with 10% DMSO. All cell cultures in this study were free of 

microbial contamination and their morphology and growth 

characteristics were comparable to the previous studies 8 

Cultured NSCs immunostaining 

Immunostainings were performed 2 passages after 

thawing cells, corresponding to passage 33. Cells were 

fixed with 4% PFA and 4% sucrose solution, blocked and 

permeabilized with 1% serum of appropriate species and 

0.3% Triton X-100 respectively, and incubated with primary 

antibodies in 1:200, followed by Alexa Fluor 488 (goat anti-

rabbit, R37116, Invitrogen™) and 594 (goat anti-mouse 

ab150116, Abcam®) conjugated secondary antibodies in 

1:1000. Images were captured using an optical microscope 

coupled with a 2-channel laser system and a Nikon camera. 

Primary antibodies included rabbit anti-Nestin (MAB5326, 

Chemicon®) and mouse anti-GFAP (Calbiochem®, IF03L). 

Exosome isolation 

Secreted exosomes in culture medium were purified 

by differential ultracentrifugation as previously described11. 

Briefly, cells were cultured in exosome-depleted medium for 

24 or 48 hours, and this exosome-containing conditioned 

medium was harvested for exosome isolation. Exosomes 

present in the 48-hour control condition samples were also 

isolated with the Total Exosome Isolation Reagent 

(Invitrogen™) kit as a technical confirmation, and the 

manufacturer protocol was employed after a 300 x ɡ 

centrifugation. The final exosome-enriched solutions were 

stored at -80ºC. 

 

Exosomal and cellular RNA isolation and size-

distribution analysis 

Isolated exosomes were harnessed for RNA isolation 

with the Total Exosome RNA & Protein Isolation Kit 

(Invitrogen™) following the manufacturer protocol. Cellular 

RNA was isolated with TRIzolTM reagent (ThermoFisher) 

directly inside the T-flasks and following the manufacturer 

protocol as well. Exosomal and cellular RNA was analysed 

with Nanodrop for quality control. Total RNA size-

distributions were assessed by Agilent 4200 TapeStation 

System and small RNA size-distributions including miRNA 

ratios by Agilent 2100 Bioanalyzer. TapeStation System 

and Bioanalyzer samples’ quality control was assessed by 

Qubit.  

Exosomal and cellular miRNA analysis 

The expression levels of miR-124 and miR-137 levels 

were assessed by RT-qPCR, using a custom-designed 

TaqMan™ MicroRNA Assay (ThermoFisher) for each 

miRNA (mmu-miR-124-3p assay ID: 001182; mmu-miR-

137-3p assay ID: 001129) and following the manufacturer 

protocol. Software-automatic threshold values were 

considered, resulting in the output Excel file with CT values 

for further normalization and fold-change calculations. 

Protein quantification and immunoblot analysis 

Protein extraction of cells was done as previously 

described11. Exosomes were subjected to the same cell 

lysis buffer, and protein concentration quantifications of 

both cellular and exosomal fractions was assessed by 

PierceTM BCA Protein Assay Kit (ThermoFisher). Exosomal 

protein marker immunoblot: exosomal and cellular protein 

fractions were sonicated two times over 90 seconds, diluted 

in Laemmle buffer and separated by SDS–PAGE, followed 

by western blotting with Ponceau staining, membrane 

blocking, primary antibodies including rabbit anti-TSG101 

(Sigma-Aldrich®, T5951) and rabbit anti-Calnexin (Cell 

Signalling Technology®, 2433) in 1:1000, and secondary 

antibodies coupled with HRP in 1:5000. Detection reagent 

mix (ThermoFisher) was added and image detection was 

performed with LICOR system. 

 

Results 
 

Adult hippocampal NSCs characterization 

Although the neural stem cells cultured in this project 

had been previously described10, these cells were observed 

in the microscope for their morphology and further 

immunostained for Nestin and GFAP to validate their neural 

multipotency (Fig. 1). Adult hippocampal NSCs clearly 

exhibited a healthy morphology (Fig. 1a) and co-expressed 

Nestin (green) and GFAP (red) (Fig. 1, b-d) thereby 

validating their neural stem cell identity. The pictures shown 

in Figure 1 are representative of the entire monolayer. Still, 

it has been described before that <10 % of the cells may be 

astrocytes, oligodendrocytes or immature neurons10. 
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Exosome isolation and RNA quantification 

Cell culture and subsequent exosome production was 

performed in control conditions and in other two conditions 

with KA in the culture medium. In one of these, and 

following previous studies8, cells were pre-treated 7 hours 

with KA in the medium, which was then washed out and 

replaced by exosome production medium. In the other KA 

condition there was no pre-treatment and cells were 

cultured in exosome production medium containing KA, 

with no washout. Because it was not known how many 

exosomes would be isolated from this cell type, nor the 

RNA content and quantity, exosomes were isolated from 96 

mL of conditioned medium (8 T-25 flasks) for each time-

point, condition and purification method. Note that in the 

standardized protocol used to purify exosomes, it is 

suggested to purify exosomes from a minimum of 70 mL of 

conditioned medium11.  

One of the aims of the project was to validate the 

presence of miR-124 and miR-137 in the isolated fractions. 

Therefore, the first step after exosome isolation by 

ultracentrifugation or Total Exosome Isolation Reagent 

(TEI) (Invitrogen™) kit was to extract RNA for further 

analyses. We obtained around 20-fold more RNA after 48 

hours of incubation, when compared to the 24-hour time 

point. This is a strong indication of the presence of 

exosomes since, in addition to the implementation of a 

standardized protocol for exosome isolation, it is known that 

these accumulate over time11, with several labs performing 

the harvesting step at 72 hours after cells reached 80% of 

confluency. In our experiments, incubations longer than 48 

hours (with KA) lead to increased cell death. The TEI 

Reagent (Invitrogen™) kit was used as a technical 

confirmation to test that the primary NSCs cultured in this 

project do secrete exosomes. Indeed, in our hands this 

method yielded almost 70 µɡ of RNA, around 3 times more 

compared to the ultracentrifugation method, in control 

conditions at 48 hours. 

RNA size-distribution in cells and exosomes 

Exosomes contain a different repertoire of RNAs 

when compared to microvesicles or cells12. For that reason, 

the size-distribution of RNA molecules for all exosomal and 

cellular samples was analysed in the TapeStation Analysis 

software after performing the electrophoretic gels in the 

Agilent 4200 TapeStation System (Fig. 2 and 3).  

As shown in Figure 2a, b, exosomes isolated at 24 

hours, exhibited a classical RNA size-distribution enriched 

in small RNAs (25-500 nt). Still, some longer RNAs were 

present, with a small peak around 1000 nt, which could be 

mRNA and/or degraded rRNA12. Exosomes isolated at 48 

hours (Fig. 2, c-e) seem to show a slightly different RNA 

size-distribution when compared to the 24-hour samples. 

Although smaller fragments are still more abundant than 

longer ones, the size-distribution peaks are different. The 

peak of 1000 nt present at 24 hours seems to be absent at 

48 hours. On the other hand, at 48 hours there is a peak 

around 1600 nt in every condition, which is higher in the 

exosomes isolated by the TEI Reagent (Invitrogen™) kit 

(Fig. 2e). Altogether, these peaks seem to be 

representative of rRNA species, as it will be later discussed. 

Focusing on the 48-hour time point, the exosome fraction 

seems to be enriched in shorter RNAs if cells were pre-

treated with KA for 7 hours (Fig. 2d). 

Regarding cellular fractions, they should be avoided 

of exosomes present in the conditioned medium since the 

monolayer culture was washed with HBSS after removing 

the exosome-enriched conditioned medium. As shown in 

Figure 3, cells have a much different RNA size-distribution 

when compared to exosomes (Fig. 2), as expected12. The 

classical peaks of rRNA are present, which are commonly 

used to evaluate RNA integrity. All RINs (RNA integrity 

numbers) are above 9.3, which is indicative of intact RNA, 

indicating a reliable RNA extraction. Comparing the 24 and 

48-hour cellular samples (Fig 12 and 13, respectively), 

there is no much difference to assign. The rRNA peaks 

mask the amount of shorter RNAs and are very similar 

between all samples. 

Exosomal and cellular miRNA quantification 

Because the TapeStation System’s electrophoresis 

does not allow to further quantify mature miRNA, we 

investigated to which extent miRNAs were present by 

another technique. For this, all samples were also run in a 

2100 Bioanalyzer electrophoresis system (Fig. 4). 

 

Immunofluorescence staining 

Nestin GFAP Merge 

b c d 

NSCs morphology 

a 

Figure 1: Brightfield microscopic observation and immunofluorescence staining of cultured primary adult hippocampal NSCs. 
A) NSCs morphology under brightfield microscopic observation B) Nestin (green) marker expression. B) GFAP (red) marker expression. 
C) Merge. Scale bar: a = 20 µm, b = 10 µm. 
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Exosomes 
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e 

Figure 2: Agilent 4200 TapeStation System’s size-distribution analysis of RNA from primary adult hippocampal NSC-derived 
exosomes in control and KA conditions, at 24 and 48 hours of culture. a) 24-hour control. b) 24-hour KA pre-treatment. c) 48-hour 
control. d) 48-hour KA pre-treatment. e) 48-hour control (exosome isolation with Total Exosome Isolation Reagent (Invitrogen™) kit). 

Values are expressed as fluorescence units, with background and size-marker normalizations. 
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Cellular samples exhibited a characteristic pattern 

where both 24 and 48-hour samples show an increase of 

all small RNA sizes in cultures treated with KA (Fig. 4). This 

increase may be due, at least in part, to miRNA 

upregulation8. It is important to note that for the miRNA 

quantification, miRNAs were selected to be comprised 

between 8 and 40 nt, because the peak in this region 

generally showed these limits, and the selected region’s 

integrated area was calculated. 

Exosomal samples appeared to be enriched in small 

RNAs at 24 hours, in accordance with the results obtained 

in the RNA size-distribution analysis (Fig. 2). By calculating 

the percentages of miRNAs using the Bioanalyzer software, 

the 24-hour samples show a slight increase of miRNA 

levels if KA is present in culture (Fig. 4), while the RNA-size 

distribution analysis showed the opposite trend for small 

RNAs between 35-120 nt. Interestingly, at 48 hours, where 

the TapeStation System results evidenced an increase of 

small RNAs if KA is present in culture, the miRNA 

percentage analysis showed the opposite. 

a 

b 

C 

Cells 

c 

d 

Figure 3: Agilent 4200 TapeStation System’s size-distribution analysis of RNA from primary adult hippocampal NSCs in control 
and KA conditions, at 24 and 48 hours of culture. a) 24-hour control. b) 24-hour KA pre-treatment. c) 48-hour control. d) 48-hour KA 

pre-treatment. Values are expressed as fluorescence units, with background and size-marker normalizations. 
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Sorting of miR-124 and miR-137 into exosomes 

Based on previous observations , we proposed that 

KA could serve as a manipulation that would alter the 

endogenous miR-124 and miR-137 levels in primary NSC 

cultures8. As a consequence of this upregulation, miRNAs 

may be selectively sorted into exosomes, and play a role in 

intercellular communication. As shown in Figure 5, both 

miRNAs were indeed detected in cellular and exosomes 

fractions by RT-qPCR. The CT values for miR-124 and 

miR-137 were both normalized against the CT values of the 

snRNA U6, and fold change (∆∆CT) values were calculated 

for each time point and condition (Fig. 5a-d). All ∆∆CT 

values were normalized against the 24h control condition of 

its corresponding cellular or exosome fraction. With the 

exception of miR-137 in cellular fractions (Fig. 5c), all 48-

hour samples exhibited a higher expression of both 

miRNAs when compared to the corresponding 24-hour 

samples. 

Interestingly, after a 7-hour pre-treatment with 30 µM 

KA both cellular and exosomal miRNA levels increased. 

However, when KA was not washed out, these levels 

decreased significantly (with exception to 24-hour cellular 

miR-124 and 48-hour exosomal miR-137; Fig. 15a, d). To 

investigate the possible selective sorting of miRNAs into 

exosomes, comparisons between cellular and exosomal 

fractions should be done within a specific time-point. The 

48-hour fractions were selected as the most interesting 

ones, since the RNA quantity was much higher and unique 

alterations between conditions and fractions were observed 

(Fig. 6). 

The most interesting phenomenon in the upregulation 

of these miRNAs may be the fact that although miRNA 

levels were higher with KA in both cells and exosomes, the 

fold changes differed. As shown in Figure 5e, where only 

the 48-hour fractions are shown, there was a higher level of 

miR-124 in both cells and exosomes after the KA 7-hour 

pre-treatment, when compared to control, but exosomes 

exhibited an 8.2-fold change, while cells only 2.1-fold (Fig. 

16a).  

24h Control 24h – 7h KA pre-treatment 24h KA (no washout) 

48h Control 48h – 7h KA pre-treatment 48h KA (no washout) 

Cells 

Exosomes 

24h Control 24h – 7h KA pre-treatment 24h KA (no washout) 

48h Control 48h – 7h KA pre-treatment 48h KA (no washout) 

48h Control (kit) Empty Ladder 

Figure 4: Agilent 2100 Bioanalyzer software analysis for miRNA quantification in primary adult hippocampal NSCs and their 
secreted exosomes, in control and KA conditions, at 24 and 48 hours of culture. Values are expressed as fluorescence units (FU), 
with background and size-marker normalizations. miRNA concentrations are highlighted on top of the plot for each sample. 
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Cells Exosomes 

miR-124 

Cells Exosomes 

miR-137 

a b 

c d 

e f 

miR-124 miR-137 

Figure 5: Quantifications of miR-124 and mir-137 fold-changes between control and KA conditions, in primary adult 
hippocampal NSCs and their secreted exosomes, at 24 and 48 hours of culture. a) miR-124 fold change in cells at 24 and 48 
hours. b) miR-124 fold change in exosomes at 24 and 48 hours. c) miR-137 fold change in cells at 24 and 48 hours. d) miR-137 fold 
change in exosomes at 24 and 48 hours. e) miR-124 fold changes in cells and exosomes at 48 hours. f) miR-137 fold changes in 
cells and exosomes at 48 hours. All ∆∆CT were calculated with normalization against U6 snRNA CT values. Fold changes were 
calculated separately for cells and exosomes, and 24-hour control is the baseline condition in a)-d), while 48-hour control is the 
baseline condition in e) and f). 
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This may indicate a selective guidance of this miRNA 

into exosomes. On the other hand, miR-137 shows almost 

16-fold increase in the cellular fraction, while there is only a 

1.2-fold increase in exosomes (Fig. 5f), indicating that this 

microRNA is preferentially retained in the cellular fraction. 

Intercellular communication through exomiR-124 and 

exomiR-137 

Sorting of miR-124 and miR-137 into exosomes was 

the main focus of this project, however, we also analysed 

the ratio between the two miRNAs throughout time in 

control and KA pre-treatment conditions and in both cellular 

and exosomal fractions (Fig. 6). This analysis could explain 

in part the intercellular communication function of 

exosomes, since both miRNAs are needed to regulate its 

target transcript of BCL2L13, the pro-apoptotic protein 

found upregulated in previous reports8. 

As shown in Figure 6, there was always much more 

miR-124 present than miR-137, with CT values of 24-27 

and 35-37 (not shown), respectively, in exosome fractions. 

Cellular fractions exhibited CT values of 30-33 for miR-124 

and 35-40 for miR-137. Therefore, miR-124 was generally 

more produced and secreted. This may be due to the fact 

that miR-124 may have more targets and roles than miR-

1377. Moreover, in addition to their anti-apoptotic function 

and later regulations on differentiation and synaptic 

integration, while miR-137 only targets the initial process of 

NSC activation/proliferation (± 1 day of culture) miR-124 

has two known targets (SOX9 and STAT3) that regulate 

NSC fate specification (± 1-4)7. In fact, as shown below in 

Figure 6, there was an increase of miR-124/miR-137 from 

24 to 48 hours in each condition and both in cells and 

exosomes (with exception to exosomes in control condition; 

Fig. 6b). 

Curiously, at both 24 and 48 hours, the miR-124/miR-

137 ratio decreased in cells if cultures were pre-treated with 

KA (Fig. 6a), which could be explained by the 

aforementioned fact that BCL2L13 is upregulated in 

response to KA, requiring more miR-137, and less miR-124, 

which is also visible in Figure 5a, c.  

Remarkably, exosomes at 24 hours also exhibited a 

decrease in the ratio if KA is in culture (Fig. 6b). Together 

with the decrease in cells, it seems that at 24 hours there 

was a real tendency to increase the transcription of miR-

137 in contrast to miR-124 (although miR-124 levels are 

always higher than miR-137), probably due to the initial role 

of miR-137 in NSC activation10. From 24 to 48 hours, 

exosomes clearly changed and increased their miR-

124/miR-137 ratio (Fig. 6b), which once again easily 

correlates with the data presented for the sorting of miR-

124 (Fig. 5e). This sorting may be required for the delivery 

of miR-124 not only within the NSC population, but as an 

intrinsic signalling to neurons as well, although they are not 

in culture. As mentioned in the Introduction section, it has 

been previously reported that the anti-apoptotic function of 

miR-124 is essential for the maturation and survival of DG 

neurons, without affecting NSPC proliferation 9.  

UC-isolated exosomes are free of cells and 

microvesicles 

Since the 48-hour isolated fractions are promising 

samples for future analysis of the molecular sorting into 

exosomes, some more characterization experiments were 

performed. Although every RNA analysis suggested the 

presence of exosomes in the ultracentrifuged fractions, 

direct evidence for exosomes was still required. Therefore, 

Western Blots were performed for all 48-hour exosomal 

samples, including the TEI Reagent (Invitrogen™) kit-

isolated fraction, and cellular samples as well. As shown in 

Figure 7, the exosome fractions exhibited a positive signal 

for the exosomal marker TSG101. Cells also show a clear 

positive and less saturated signal for TSG101, and this can 

be explained by the simple fact that exosomes are made in 

cells, and so these also show a positive signal for this 

exosomal marker, as seen in other studies2. 

miR-124/miR-137 

Cells Exosomes 

a b 

Figure 6: Ratio between expression levels of miR-124 and miR-137 in primary adult hippocampal NSCs and their secreted 
exosomes, at 24 and 48 hours of culture. a) Cell samples. b) Exosome samples. Expression levels are the ∆CT values normalized 
against U6 CT values.  
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Most interesting, the endoplasmic reticulum (ER) 

marker Calnexin only showed positive signal in cells and in 

exosomes isolated with the TEI Reagent (Invitrogen™) kit 

(Fig. 7). Calnexin is a negative control suggested by the 

International Society for Extracellular Vesicles13, and it has 

been shown that this protein is absent in exosomes, and 

present not only in cells, but also in microvesicles14. In our 

experiments, the purified exosome fractions did not show 

any band related to this marker (Fig. 7), while the TEI 

Reagent (Invitrogen™) fraction has around half of the signal 

that cells exhibited. This is in accordance with all the data 

presented so far, strongly suggesting that the kit isolates 

more than just exosomes, perhaps microvesicles included. 

Discussion 

 

After isolating RNA from exosomal fractions, 

calculations indicated that the TEI kit yielded around 3 times 

more RNA isolated compared to the ultracentrifugation 

method, within the same culture conditions and volumes. 

There are two possible scenarios to explain this difference: 

the ultracentrifugation’s exosome recovery yield is low due 

to the fact that many exosomes were lost between 

centrifugation rounds, supernatant transfers and pellet 

resuspensions, or/and the kit itself may precipitate a lot 

more vesicles and debris. 

The TEI kit’s protocol only indicates doing a 2,000 × ɡ 

centrifugation prior to exosomes precipitation by the 

chemical reagent. An additional 300 × ɡ centrifugation was 

included as first step, in order to better remove cells and 

cellular debris. After overnight incubation with the 

precipitation reagent exosomes were isolated by 

resuspending the pellet formed in a centrifugation of 10,000 

× ɡ. In the UC protocol, the 10,000 × ɡ centrifugation step 

is important to remove cellular debris, and as others 

suggest 15 this higher speed centrifugation sediments 

microvesicles as well, and keeps exosomes in the 

supernatant, although some of these can sediment. 

Moreover, there are two 100,000 x ɡ centrifugations in the 

UC protocol that sediment exosomes, and the second one 

is performed so that free-proteins in the supernatant are 

excluded from further analysis15. Presumably, although the 

kit forces exosomes out of solution allowing them to be 

collected after a 10,000 × ɡ centrifugation, microvesicles 

are co-precipitated. Therefore, the kit-isolated fractions may 

contain more RNA originally from other vesicle types such 

as microvesicles, or other cellular compartments. 

Regarding the RNA size-distribution analysis, in the 

exosome samples, the peaks of 1000 and 1600 nt present 

at 24 and 48 hours respectively were considered to be 

representative of rRNA species. This conclusion is 

supported by different facts. First, as previously explained, 

it has been reported that rRNAs are present in exosomes, 

although degraded. Second, at 48 hours, cells may get 

more deprived of growth factors present in the culture 

medium, which could lead to a release of different RNA 

species, including rRNA. Third, the kit shows a much higher 

peak in this region, which may origin from RNA species 

related with microvesicles presumably co-isolated in this 

sample. Subsequently, these peaks are here considered as 

a qualitative parameter of contamination with cells, cell 

debris, or microvesicles. Moreover, although not included in 

the graphs, is the fact that the TEI kit-isolated exosomes in 

control conditions exhibited higher U6 snRNA levels, like 

cells, and at the same time, higher miR-137 but lower miR-

124 levels, when compared to the same control condition in 

UC-isolated exosomes. This points once again to the 

presence of microvesicles in the kit-isolated fraction, since 

the content of these vesicles are more similar to cells. 

In this report we show that at 24 hours of culture miR-

137 is more produced than miR-124, and at 48 hours miR-

124 is selectively sorted into exosomes, while miR-137 

preferably stays in cells, although both miRNAs are 

upregulated. Therefore, we presume that adult 

hippocampal NSCs were starting to change their 

transcriptome to promote activation, cell survival and fate-

specification. Ultimately, these changes may happen also 

to maintain physiological levels of these miRNAs, which 

cooperate in equimolar parts to repress the BCL2L13 

translation8. Moreover, although there are no neurons in the 

culture, there may be an NSC-intrinsic protective role to 

maintain neurons in its hypothetic niche through miR-124, 

because, as mentioned before, the anti-apoptotic function 

of miR-124 has been shown to be essential for the 

maturation and survival of DG neurons9 and thus more miR-

124 is transcribed throughout time in harmful conditions. 

Nevertheless, more RT-qPCRs should be performed with 

different cell potency markers, such as GFAP, Nestin, 

SOX2, and Ki67, and different miRNAs, such as Let-7b, 

miR-34a and miR-145, to further investigate these 

Calnexin 

Calnexin 

TSG101 

TSG101 

Cells Exosomes 

KA 48h KA 7h C 

Kit KA 7h C KA 7h C 

KA 7h KA 48h C 

Figure 7: Western Blot detection of exosomal marker TSG101 and cellular endosomal marker Calnexin in primary adult 
hippocampal NSCs and their secreted exosomes, in control (C) and KA conditions at 48 hours of culture. 



November 2018                                                                                                                                                                    10 

activation, cell survival and differentiation potentials’ 

hypotheses. 

Our characterization of exosomes was consistent 

throughout all experiments, although the Western Blot 

analysis exhibited a saturated signal for both exosomal and 

cellular fractions. There may be a need of minor changes 

between cell culture and exosome isolation, such as a 

better washing of the cell monolayer after the exosome-

containing conditioned medium harvesting. Moreover, the 

International Society for EVs recommends using at least 

three EV markers (e.g. ALIX, TSG101, CD63, CD81, CD9), 

and this strategy indeed could better distinguish cells from 

exosomes. Still, the protein expression analysis contributed 

even more to hold promises regarding the 48-hour samples 

isolated in this project’s experimental design and to further 

explain the molecular mechanism behind of miRNA sorting 

into exosomes. 

 

Conclusions and Future Perspectives 

 

We were able to detect miR-124 and miR-137 in 

exosomes secreted by adult hippocampal NSCs, and it 

would be of interest to check whether other important 

miRNAs known to act on the different stages of AHN are 

also present and/or selectively sorted into exosomes. Even 

focusing only on miR-124 and miR-137, we only tried to 

detect the mature miRNAs, and more reports are showing 

that pre-miRNAs, and probably miRNA-duplexes, can be 

sorted into exosomes as well and in MSCs it was shown 

they were more abundant16, although the mechanism is 

poorly understood as well. 

Assuming there is selective sorting, the question 

remains, what is regulating this mechanism? There are 

several possible reasons17: 1) there is a different ratio of 

miRNA/target-mRNA; 2) proteins like ceramide are 

differentially regulated; 3) RISC complex proteins are 

differentially regulated; 4) miRNAs suffer non-template 

nucleotide additions; 5) some motifs within the sequence of 

the transcript may be recognized by specific proteins (e.g. 

GGAG and hnRNPA2B1, respectively) which may be 

undergoing differential expression or localization, and that 

is connected to the exosome-loading process in some 

extent. RNA sequencing and proteomic studies would give 

insights to answer these questions. Moreover, it was 

already suggested that the loading of mRNAs into 

exosomes could be mediated by a specific “zipcode”-like 

sequence, present within the 3’ UTR of mRNAs that are 

enriched in exosomes, and by the presence of binding sites 

for miRNAs that are highly expressed in source cells18. 

Exosomes can help to modulate molecular processes 

related to neurological disorders and have documented 

clinical benefits. In fact, exosomal miR-124 was already 

shown to promote neurogenesis after ischemia19. 

Therefore, testing the functionality of the exosomes isolated 

in this study would give us more reasons to think on adult 

hippocampal NSC-exomiRs for therapy in apoptotic and 

niche disruption scenarios such as in Epilepsy and 

traumatic brain injury (TBI). 

Concluding, if we reach a final model for the molecular 

sorting into exosomes, not only we contribute to the 

fundamental research on intercellular communication 

through extracellular vesicles, but later manipulate the 

process to produce exosomes with miRNAs of interest as 

well. This, with the increasing knowledge in exosome 

engineering for target specificity, may contribute to change 

the life of future generations, with more efficient and specific 

treatments for brain disorders and others. 
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