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ABSTRACT
Historically, it was thought that neurogenesis ceased by the end of development, but it is currently understood 
that neurogenesis continues throughout the life of an individual. This continued growth arises from neural stem 
or progenitor cells (NSCs) located in specifi c regions of the adult brain, including the subventricular zone and 
the dentate gyrus of the hippocampus. Increased understanding of the nature of these cells and their reaction 
to environmental stimuli is of paramount importance in the effort to discern their role and potential use in repair 
following neurological disruption. Neurosphere suspension culture is identifi ed as an effective way of actualizing 
a self-renewing population of neural stem cells. This study demonstrated that adult rat neural stem cells could be 
effectively induced to differentiate into cells of astrocytic lineage through exposure to fetal bovine serum (FBS), 
and that the same population of precursor cells could be induced toward neuronal lineage through exposure 
to dibutyryl cyclic adenosine monophosphate (dcAMP). There were also observations noted regarding diffi culty 
inducing cell attachment following enzymatic digestion of neurospheres, and potential effects on various types 
of assays, including migration assays (Fig. 7, Ref. 31). Text in PDF www.elis.sk.
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Introduction

Injuries and defi cits of the nervous system have devastating 
effects on millions of people around the world. Estimates indi-
cate that 500,000–700,000 children and 2.5 million adults experi-
ence traumatic brain injury each year (1–5). Annually, more than 
795,000 people have strokes in the United States alone (6). Stroke 
remains a leading cause of death and functional decay in industri-
alized countries (7). The body of literature on repair in the central 
nervous system following injury focuses on neural stem or progeni-
tor cells (NSCs). The purpose of this study was to explore the char-
acteristics, proliferation, differentiation, and migration of neural 
stem cells derived from the whole brains of adult Sprague-Dawley 
rats, and to note diffi culties encountered in matters of method 
and protocol to aid other investigators pursuing similar studies.

Materials and methods

Media preparation
The serum-free medium (SFM) used for neurosphere cultur-

ing was constituted of 1 ml of B12 supplement (50x), 0.5 ml of 

Glutamax (100x), 0.5 ml of Gibco Antibiotic-Antimycotic (10,000 
units/ml of penicillin, 10,000 μg/ml of streptomycin, and 25 μg/
ml of Amphotericin B), and 47.5 ml of DMEM/F12 for every 50 
ml of medium.

The washing medium consisted of 4 ml of Gibco Antibiotic-
Antimycotic as described above, and 46 ml of high glucose DMEM 
for every 50 ml of medium.

The 2x SFM was comprised of 2 ml of B12 supplement (50x), 
1 ml of Glutamax (100x), 1 ml of Gibco Antibiotic-Antimycotic, 
and 46 ml of DMEM/F12 in 50 ml of medium.

The astrocyte differentiation medium consisted of the SFM de-
scribed above with the addition of 5 % fetal bovine serum (FBS). 
The oligodendrocyte differentiation medium was comprised of the 
SFM with 30 ng/ml triiodo-L-thyronine (T3) supplement. The neu-
ron differentiation medium was made up of the SFM with 1 mM 
dibutyryl cyclic adenosine monophosphate (dcAMP).

All media were prepared using vacuum fi ltration through 0.2 
μm polyethersulfone (PES) membrane rapid-fl ow fi lters. 

Neural stem cell isolation from whole rat brain and neurosphere 
culturing

All procedures in this study were performed in accordance 
with the Guide for the Care and Use of Laboratory Animals out-
lined by the National Institutes of Health, and followed a process 
approved by the Institutional Animal Care and Use Committee 
(IACUC). Brain tissue was extracted from Sprague-Dawley rats, 
both males and females, within 30 minutes of their deaths. Fur 
was shaved, and the head and neck region was cleaned with 70 % 
ethanol. The head was removed with sterile scissors and scalpels. 
Skin was removed from the superior portion of the head, and the 
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skull was cracked with scissors. The overlying skull fragments 
were removed, and the brain was placed into 15 ml of washing 
medium. The brain was then washed with fresh washing medium 
fi ve times to minimize vascular debris. Brain tissue was minced 
manually and enzymatically in 0.1 % collagenase for 45 minutes 
at 37 °C. The resulting solution was centrifuged at 500 g for 5 
minutes, and the supernatant was discarded. 5 ml of SFM was 
added to the pellet, which was gently triturated. The resulting so-
lution was strained through a 70 μm tissue strainer; explant was 
discarded, and the strained solution was added to a T75 fl ask. An 
additional 5 ml of medium was added to the fl ask in addition to 
10 μL of FGF2 (basic fi broblast growth factor) (10 ng/ml) and 10 
μL of EGF (epidermal growth factor) (10 ng/ml). The fl asks were 
placed in 37 °C and left undisturbed for 3 days (Fig. 1). 

10 μL quantities of EGF and FGF2 were added every three 
days due to the short half-life of FGF2. After 5–6 days, 5 ml of 
culture medium (with cells) was transferred to a new T75 fl ask, 
and 5 ml of 2x serum-free medium was added to each fl ask along 
with 10 μL EGF and 10 μL FGF2. 

Cells were passaged using Accutase, when neurospheres 
reached approximately 150 μm in diameter, which was typically 
after 6–10 days of culturing. Neurospheres were removed from 
fl asks and centrifuged at 500 g for 5 minutes. The supernatant was 
removed, and each pellet was suspended in 1.5 ml of Accutase 
for 30 minutes. The cells were spun again at 500 g for 5 minutes, 
and the supernatant was discarded. Cells were resuspended in 2 
ml SFM, and 1 ml was seeded into each T75 fl ask. 9 ml of ad-
ditional SFM was added to each fl ask in addition to 10 μL EGF 
and 10 μL FGF2.

Immunofl uorescence
Characterization of the neurospheres was performed using 

immunofl uorescence (IF). Cells from suspension culture were 
plated onto slides using a cytospin machine. The following pri-
mary antibodies raised in mouse were used: nestin (neuroectoder-
mal stem cell marker), SOX-2 (sex determining region Y-box 2), 
GFAP (glial fi brillary acidic protein), Oct-3/4 (octamer binding 
transcription factor 3/4), Msi-1 (Musashi-1), NG2 (neural/glial 
antigen 2), and CD45 (cluster of differentiation 45). Primary an-

tibodies raised in rabbit for NeuN (neuronal-specifi c nuclear pro-
tein), and Tuj1 (neuron-specifi c class III beta tubulin) were also 
used. The secondary antibodies used were donkey-anti-mouse 

5 days 7 days

Fig. 1. Neurospheres in suspension culture 5 days and 7 days following 
isolation from brains of 8-week-old rats. Imaged at 40x magnifi cation 
(with differences in exposure and color gradient).

DAPI Nestin Merged
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Fig. 2. Positive NSC markers. Neurosphere culture cells strongly as-
sociated with primary antibody against nestin with secondary anti-
body conjugated to 594 nm fl uorochrome, primary antibody against 
SOX-2 with secondary antibody conjugated to 594 nm fl uorochrome, 
primary antibody against Msi-1 with secondary antibody conjugated 
to 594 nm fl uorochrome, and primary antibody against GFAP with 
secondary antibody conjugated to 594 nm fl uorochrome
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with the fl uorochrome at 594 nm, and goat-anti-rabbit with 488 
nm fl uorochrome (Figs 2–6). 

Differentiation
P3 neurospheres from culture were centrifuged and seeded 

into poly-L-ornithine- and laminin-coated chamber slides in their 
respective differentiation media as described above. In two cul-
tures, neurospheres were enzymatically digested using Accumax 
for 15 minutes just prior to seeding in the chamber slides to ob-
serve the effect on cell attachment and differentiation. All cells, 
regardless of intended lineage, were cultured for 14 days to allow 
time for both attachment and differentiation. New media were 
added every two days. After differentiation had appeared to occur 
under phase contrast microscopy, cells were washed gently with 
SFM and fi xed in 10 % neutral buffered formalin solution for 30 
minutes. The slides were then washed with PBS and underwent 
typical immunofl uorescence (IF) protocol using the markers to be 
discussed later to identify the cell types (Figs 5–6). 

Transwell migration assay
24-well plates with 8 μm pore transwell inserts were used in 

the migration assays. The bottom wells were prepared with SFM 
and the appropriate concentrations of FGF2 and EGF in addition 
to human chorionic gonadotropin titrated to the following con-
centrations: 1 μg/ml, 0.5 μg/ml, 0.25 μg/ml, 0.125 μg/ml, 0.0625 
μg/ml, and 0 μg/ml (control). Total volume in the lower wells 
was 600 μL. To each laminin-coated insert was added 100 μL of 
cell suspension, which was prepared by centrifuging a confl uent 
T75 fl ask of neurospheres at 350 g for 5 minutes, removing the 
supernatant, resuspending pellet in Accutase for 30 minutes, cen-
trifuging again at 350g for 5 minutes, discarding the supernatant, 
and resuspending the pellet in 1.4 ml of SFM (with FGF2 and 
EGF). Fourteen wells were utilized in each plate with two wells 
containing only the SFM and cell suspension, but no inserts. The 
migration assays ran for either 24 or 48 hours. Crystal violet and 
methylene blue were used in different assays to stain the cells to 
enable manual cell counting. In two assays each, uncoated inserts 
and poly-L-ornithine inserts were used following an otherwise 
identical protocol to observe any effect on cell attachment.

Uncoated inserts were used in studies performed with the in-
tent of observing the migration of cells across the membrane into 
a freely-fl oating state in the lower well (Fig. 7). Images of the 

MergedDAPI Oct3/4

MergedDAPI Oct3/4

Fig. 3. Weakly-expressed OCT3/4 marker in images using primary 
antibody against OCT3/4 and secondary antibody conjugated to 594 
nm fl uorochrome.
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Fig. 4. Negative NSC markers. Antibodies targeting negative markers 
for neurosphere culture cells included primary antibody against NG2 
with secondary antibody conjugated to 594 nm fl uorochrome, primary 
antibody against NeuN with secondary antibody conjugated to 488 nm 
fl uorochrome, primary antibody against Tuj1 with secondary antibody 
conjugated to 488 nm fl uorochrome, and primary antibody against 
CD45 with secondary antibody conjugated to 594 nm fl uorochrome.
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lower wells were taken at regular intervals, and viable cell quan-
tity was quantifi ed using MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) assay. 

Migration quantifi cation
The inferior aspect of the coated membranes was stained us-

ing crystal violet. After removing the inserts, the superior side of 
the membrane was gently wiped with a cotton swab to remove 
cells. The remaining cells were fi xed in 10 % neutral buffered 
formalin solution for 5 minutes. This was followed by rinsing in 
PBS (phosphate buffered saline), then staining in crystal violet 
for 25 minutes. Brief destaining was performed using PBS, and 
the inserts were placed on microscope slides and imaged using 
a bottom-viewing microscope at 40x magnifi cation with a 0.55 

mm fi eld of view. Efforts were made to count cells manually, 
and differences in means were to be evaluated fi rst with ANOVA 
(analysis of variance) then with t-test between individual groups 
to determine statistically signifi cant differences.

DAPI MergedNestin

DAPI MergedSOX-2

DAPI MergedTuj1

DAPI MergedNG2

DAPI MergedNeuN

DAPI MergedGFAP

Fig. 5. Cells cultured in the astrocyte differentiation medium. GFAP 
was expressed by these cells, and could be seen in projections from the 
nuclei (with secondary antibody conjugated to 594 nm fl uorochrome). 
All other markers were negative including primary antibodies against 
nestin, SOX-2, NG2, NeuN, andTuj1, with the secondary antibodies 
and conjugated fl uorochromes as stated previously.

DAPI MergedNestin

DAPI MergedSOX-2

DAPI MergedTuj1

DAPI MergedNeuN

DAPI MergedGFAP

Fig. 6. Cells cultured in the neuronal differentiation medium. NeuN 
was strongly expressed by cells that had numerous, large projections 
around the nuclei; Tuj1 was expressed by some cells with limited pro-
jections from the nuclei (both with secondary antibodies conjugated to 
488 nm fl uorochrome). Other negative markers were not expressed; 
these were investigated using primary antibodies against nestin, SOX-
2, and GFAP, and secondary antibodies as described.

48 hours 5 days

Bottom wells in migration assays

Fig. 7. Migration was noted across the transwell membrane as cells 
were visualized in bottom wells containing varying concentrations of 
HCG using phase contrast microscopy. Both images are taken from 
wells containing 1 μg/ml HCG: on the left is an image taken 48 hours 
after seeding in the insert, and the right image is after 3 additional 
days of culture; note expansion of neurospheres



Ludwig PE, Patil AA. Adult neural stem cell isolation from whole rat brain and neurosphere culture… 

xx

23

The MTT assay was conducted using 5 mg/ml stock solu-
tion of MTT in phosphate buffered saline (PBS). The contents 
of each well were centrifuged at 5000 rpm for 5 minutes, and 
the supernatant was discarded. Each pellet was resuspended in 
100 μL of the MTT stock solution and incubated at 37 °C for 2 
hours. 50 μL of dimethyl sulfoxide (DMSO) was added to each 
tube, and after aspirating, the contents were centrifuged again at 
5000 rpm for 2 minutes to force any debris to the bottom. The 
supernatants were added to wells in a 96-well plate, and read at
560 nm.

Results

Culturing and differentiation
Neurospheres comprised of neural stem/progenitor cells were 

successfully cultured as determined by their expression of nestin, 
SOX-2, Musashi-1, GFAP, and non-expression of CD45, NG2, 
NeuN, and Tuj1, and their ability to differentiate into both neuro-
nal and glial lineages (Figs 2 and 4).

Nestin, SOX-2, and musashi-1 were strongly expressed by 
the neurospheres (Fig. 2). GFAP was also expressed quite consis-
tently. Oct-4 was expressed by some cells, but did not present the 
strong fl uorescence that the other positive markers did (Fig. 3). A 
review of literature leads one to expect some expression of oct-4 
in adult stem cells, but potentially with lower expression than is 
typical in embryonic stem cells (8–10). 

NG2, NeuN, and Tuj1 were chosen as markers of differentia-
tion with NG2 being expressed by oligodendroglial precursors, 
NeuN expression by mature postmitotic neurons, and the expres-
sion of Tuj1 by immature neurons (11–13). An antibody for CD45 
was used to rule-out a hematopoietic identity or origin in the cells 
being investigated (14). There was no observable expression of 
NG2, NeuN, Tuj1, or CD45 by the spheres of cells with an absence 
of any colocalization between antibody signals and those of DAPI 
(4’,6-diamidino-2-phenylindole). 

The cells cultured in the astrocyte differentiation medium ex-
pressed GFAP, and no longer expressed NSC markers, such as: 
nestin and SOX-2. It should also be noted that these cells did not 
express Tuj1, NG2, and NeuN (Fig. 5). The cells cultured in the 
oligodendrocyte differentiation medium failed to attach in either 
the attempts using complete neurospheres or those in which the 
spheres were broken up using Accumax prior to culturing, so no 
information regarding potential differentiation was obtained. The 
cells cultured in the neuron differentiation medium were visual-
ized at varying levels of differentiation (Fig. 6). The cells noted to 
have subjectively more expansive projections strongly expressed 
NeuN, while some cells with smaller/fewer projections expressed 
Tuj1. These cells of neuronal lineage failed to express nestin, 
SOX-2, NG2, and GFAP.

Of the differentiation cultures with neurospheres digested by 
Accumax just prior to seeding, none resulted in attached cells 
that could be stained and visualized. The cultures were main-
tained for 25 days, with continued failure to attach throughout the 
period.

Migration assays
While multiple attempts were made to optimize the protocol 

for the use of the transwell plates in the migration assays, a suit-
able method of quantifi cation was not realized. Efforts to stain 
cells on the underside of the transwell inserts after staining with 
crystal violet or methylene blue did not yield compelling results. 
Some objects that initially appeared to be cells were determined to 
be bubbles formed as the inserts were placed on slides following 
staining; these objects were absent, when the inserts were visual-
ized in the transwell plates with the imaged surface in no contact 
with other surfaces. The lack of signifi cant staining observed in 
these objects supported this designation. 

There was no difference observed among the plates coated 
with laminin, those coated with poly-L-ornithine, and those that 
were left uncoated. There was lack of attachment noted regard-
less of the insert coating.

The MTT assays of the bottom well contents suggested a trend 
toward an increased migration with increasing HCG concentration, 
however, the results were not signifi cant. This lack of signifi cance 
could result from lack of a relationship between HCG administra-
tion and increased NSC migration, or it could be due to the small 
sample size as only two different migration cultures, each with 
two wells per concentration, were subjected to the MTT assay. 
The fi rst MTT assay was conducted using a 2-hour incubation 
period, and the second assay was incubated overnight to increase 
the intensity of the spectrophotometric reading.

Discussion

NSCs can be diffi cult to culture effectively. The initial ef-
forts in this project were to induce the cells to attach to poly-L-
ornithine- and laminin-coated fl asks. There were no successful 
attempts to culture attached NSCs without inducing differentia-
tion. This prompted a switch to suspension culture, which proved 
effective in enabling neurospheres to form, and cells to proliferate 
and maintain stem cell markers. Others have documented benefi ts 
and diffi culties associated with the use of neurosphere culture, and 
the experience of the authors supports a suggestion that suspended 
neurosphere culture remains an optimal method for perpetuating 
NSC growth and proliferation without causing undesired differ-
entiation (15–17). The use of neurosphere cultures has been ex-
panded to the culture of cells from human neoplasms as well (18, 
19). To prevent differentiation in the neurosphere culture, it was 
of importance that the medium remained free of serum, and that 
EGF and FGF2 were replaced regularly. 

It is documented that dcAMP is an effective means of induc-
ing NSC differentiation into neurons; however, previous studies 
illustrated this effect in embryonic cells, in other species such as: 
mice and humans, or with an emphasis on the administration of 
dcAMP in combination with other factors such as: interferon-γ 
(20,21). This project confi rmed that dcAMP, as the sole signaling 
factor added to medium, is effective at inducing neuronal differen-
tiation from adult rat neural stem cells as derived from the whole 
brains of rats. It was noted that cells of neuronal lineage could be 
visualized at varying stages of differentiation as was indicated by 
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the expression of Tuj1 by cells with two projections of limited 
size, and the expression of NeuN by cells with more expansive 
networks of projections that were evidently more mature (Fig. 6).

FBS was used in the astrocyte differentiation medium due to 
the effectiveness of serum at inducing astrocytic differentiation 
according to the reports in literature (22–25). It was demonstrated 
that FBS is an effective signal for inducing astrocyte differentia-
tion in progenitor cells derived from the whole brains of adult rats. 
The cells exposed to FBS in culture were identifi ed as being of 
astrocyte lineage due to their expression of GFAP, and negativity 
for all other pertinent markers examined (Fig. 5).

The lack of attachment following enzymatic digestion of the 
neurospheres prior to seeding led to wondering about what dis-
rupted this process. A search of literature did not immediately 
resolve the question regarding potential effects of Accumax on 
neural stem cell attachment and differentiation. Attachment was 
not achieved after 25 days in differentiation culture with any of 
the differentiation media described previously. It would not be 
unreasonable to wonder if the enzymatic cleavage has a long-
lasting effect on the attachment capabilities of adult neural stem 
cells, or if the proximity of cells inherent in neurosphere aggrega-
tion and potential paracrine or juxtacrine signaling is requisite for 
the attachment and/or differentiation of neural stem cells. Further 
investigation into these questions is needed before any conclu-
sions can be drawn.

The results obtained from the migration studies do not validate 
conclusions regarding the effects of HCG on neural stem cell mi-
gration. The diffi culties associated with these migration assays are 
mentioned to aid those intending to do similar studies in the future. 
Though migration did occur, as evidenced by the presence of neu-
rospheres in the bottom wells, the migration was not quantifi able 
by counting cells attached to the inferior surface of the insert mem-
brane due to lack of attachment. The neurospheres were treated 
with Accutase prior to being placed inside the transwell inserts to 
divide them into individual cells better able to pass through the 8 
μm pores; it is unclear if this enzymatic activity inhibited the at-
tachment abilities of the cells, as discussed regarding the use of 
Accumax before differentiation studies. A cell viability assay such 
as MTT may prove a more effi cacious means of quantifying cells 
in migration assays using transwell plates. However, it should be 
noted that Wang et al (26) reported a successful quantifi cation of 
glioblastoma multiforme (GBM) neurosphere cells using a similar 
method to that attempted in this study, but with the use of DAPI 
instead of crystal violet or methylene blue. There is also no men-
tion of enzymatic digestion of the cells immediately prior to seed-
ing in the GBM study. Others have reported success in the use of 
standard Boyden chamber technique (27–31). Comparison of the 
protocol employed in this study and migration assay protocols 
reported in literature reveals that enzymatic digestion just before 
seeding could be a likely factor impeding attainment of readily 
quantifi able results, but this would need to be verifi ed through 
additional study. The effects of HCG on NSC migration warrant 
further investigation.

There is continued interest in the study of stem cells to ascer-
tain methods of improving prognoses for devastating conditions 

of the human nervous system. While much has been explored in 
relation to neural stem cells, there remain signifi cant information 
to be elucidated. Rats provide a good model for animal studies 
that could mimic many aspects of human disease, development, 
and cellular processes. Much of the published literature focuses 
on stem cells derived from embryos; while this emphasis has 
gleaned vast amounts of invaluable information, there is great 
potential benefi t to be derived from more extensive study of cells 
from adults. There could be notable differences between neural 
stem cells of adults and embryos that still need to be identifi ed. 
Further study of adult neural stem cells may also have important 
clinical implications as many of the disease processes affect-
ing the general population, such as: stroke and traumatic injury, 
arise in adults. Further investigation into adult neural stem cell 
proliferation, differentiation, and migration is of paramount im-
portance.
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