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    Abstract     Neural progenitor cells (NPC) are multipotent and give rise to neurons, 
astrocytes and oligodendrocytes. NPC possess the ability of  in vivo  and  in vitro  
proliferation and can therefore be expanded for research proposes. Cell prolifera-
tion generates a three dimensional aggregate called neurospheres; posteriorly, these 
neurospheres can be differentiated into multiple cell types and become an important 
tool for understanding the mechanisms regarding cell differentiation and neuronal 
regeneration. In this chapter, we describe the extraction of rat neural progenitor cells 
from embryonic telencephalon (14 days) and generation of neurospheres. Next, we 
describe protocols to isolate and proliferate human fetal stem cells derived from 
elective abortion, recognizing the ethical dilemmas. The advantage of using the 
neurospheres-rat model is that the differentiation can be achieved by removing the 
growth factors and allowing cell differentiation in poly-  D - lysine/laminin coated 
plates. The cells can then be dissociated and grafted in animals or be differentiated 
and grafted, depending on the research hypothesis. The endogenous cells can be 
followed by staining with lipophilic dyes or analyzed by adding 5-Bromo-2′-
deoxyuridine (BrdU) using the posterior double immunofl uorescence technique, 
which identifi es the post-mitotic neural progenitor cells and the fate acquired. The 
methods here described will help the researcher to perform cell extraction, differen-
tiation without cell enrichment, track the proliferating neural progenitor cells and 
perform characterization after the cell graft, as well as isolate and maintain human 
fetal stem cells.  
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4.1       Introduction 

 The notion that the central nervous system (CNS) was unable to produce new neu-
rons was once held certain by the scientifi c community. Discoveries over the past 
20 years of neuronal progenitor cells (NPC) and neural stem cells (NSC) in adult 
animals have caused euphoria, bringing the possibility to repopulate the brain with 
new neurons capable of reestablishing connections, either physiologically lost with 
age or due to a variety of pathologic conditions such as traumatic brain injury, 
stroke, Alzheimer and amyotrophic lateral sclerosis (Einstein and Ben-Hur  2008 ). 
NPCs are  defi ned   as multipotent and self-renewing, give rise to neurons, oligoden-
drocytes, and astrocytes without generating other cells from embryonic layers 
other than the ectotherm, thereby showing more restriction. In other words, NPC 
are less committed than NSC and exist in low amounts in the CNS. 

 Neural progenitor cells are basically localized in thee niches: the  olfactory bulb  , 
the  subventricular zone (SVZ)  , and the  subgranular zone of dentate gyrus (SGZ)     . 
These niches are distinct regarding the ability to respond to different stimuli or in the 
ability to produce a specifi c type of neuron. For example, several groups have dem-
onstrated that the adult human NPCs at SVZ are the primary site of proliferation and 
neurogenesis in patients with neurodegenerative diseases (Nait-Oumesmar et al. 
 2007 ). At the same time, NPC derived from dentate gyrus is more suitable to prolif-
eration regarding memory formation (Eckenhoff and Rakic  1988 ). To study differen-
tiation processes, NPC derived from the embryonic brain from day 14 was used in 
several works (for review see Trujillo et al.  2009 ). However, even with a great capa-
bility for proliferation, the total number of NPC remains scarce. To increase the total 
number of cells for cell graft or to study the process of differentiation, the NPC can 
be cultured  in vitro  in tridimensional agglomerates, called neurospheres, in the pres-
ence of epidermal growth factor (EGF) and fi broblast growth factor (FGF). The easy 
induction of differentiation by removing the growth factors and the ability to drive the 
cell differentiation into neurons (using retinoic acid), oligodendrocytes (with insulin-
like growth factor 1, IGF-1), and astrocytes (using bone morphogenetic protein), 
make NPC important in the fi elds of both differentiation and neurorepair. 

 Here, we will focus on the extraction, proliferation, maintenance and analyses of 
cell differentiation by cell markers, using immunofl uorescence and fl ow cytometry 
for neurospheres from rats and mice. In this chapter, we also describe human NPC 
purifi cation and expansion.  

4.2     Protocols 

4.2.1      Preparation of Non-adherent Cell Culture  Flasks   

     1.    Use non-adherent culture fl asks from brands of your preference or,   
   2.    Prepare an anti-adherent solution of 12 % of 2-hydroxyethyl methacrylate MW 

20,000 (6 g of 2-hydroxyethyl methacrylate (Sigma-Aldrich, Cat. No. 128635) 
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in 50 ml of 95 % ethanol). Because it is diffi cult to dissolve, keep it covered in 
shacker at 37 °C overnight;   

   3.    Cover the fl ask bottom with the solution, remove the excess (which can be re- 
used) and leave the fl ask open inside the cell culture hood to completely dry;   

   4.    After it is dry, wash three times with phosphate-buffered saline (PBS). It is then 
ready to use.     

  Note:   Use sterilized beaker, spatula, and so on to prepare the solution even if 
2-hydroxyethyl methacrylate is not sterile. This will decrease the chances of con-
tamination by reducing the number of bacterial or fungi spores. Remember that 
ultraviolet light does not penetrate plastic or glass. The fl asks can be stored closed 
for several months at room temperature   .   

4.2.2       Animals   

     1.    Time-pregnant rats (for instance: Wistar, Sprague Dawley with 14–16 weeks of 
age) with 14.5 days of pregnancy purchased from the company of your choice 
or, paired one male and one female for approximately 12 h; after this period of 
time perform a vaginal smear using distillated water.  Do not use PBS or other 
buffer because of drying and crystal formation. Use a wet swab and a clean 
slide; this procedure can be performed in rats but not in mice, because in the 
latter you will remove the vaginal plug.    

   2.    Introduce a wet swab in the vagina and then make a smear in a clean slide. The 
presence of spermatozoids is a potential sign that the rat will become pregnant. 
Sometimes, despite the presence of spermatozoids, the rat may not be pregnant. 
 Non-observance also does not rule out the possibility of pregnancy.  We roughly 
calculate an 80 % chance of pregnancy .      

4.2.3       Surgery   (Instruments and Materials) 

     1.    Sterilize the instruments in the autoclave using a steel box or an instant sealing 
sterilization pouch.     

  For removing the head 

    2.    One operating scissor 5.5″ (Roboz Company, Cat. No. RS-6812)—For cutting 
the rat’s head;    

   For holding the skin of the rat while the skull is removed 

    3.    Curved forceps 7″ (Roboz Company, Cat. No. RS-5271)    

   For meninges peeling 
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    4.    Two micro-dissecting forceps 4″ slightly curved 0.8 (Roboz Company; Catalog 
number RS-5135)—For placing the cortices in the petri dishes containing 
medium, four micro-dissecting tweezers (Roboz Company, Cat. No. RS-4972);    

   For separating the cortices 

    5.    Two Micro-dissecting forceps 4″ angled fi ne sharp (Roboz Company, Cat. No. 
RS 5095) .    

4.2.4         Culture Materials   

•     Serological pipettes 5, 10, and 25 ml.  
•   Thee 60 mm petri dishes.  
•   Sterile syringe of 5 ml.  
•   Invert phase microscopy.  
•   Different micropipette tips (0.2 and 1 ml).  
•   Cell strainer 40 μm BD Falcon.  
•   Laminin.  
•   Centrifuge conical tubes of 15 and 50 ml.  
•   Stomacher 80 Seward® Lab System.  
•   Model 80 Bags for Stomacher.  
•   Trypsin/EDTA.  
•   Fibroblast growth factor.  
•   Epidermal growth factor.  
•   Poly- D -lysine.  
•   Heparin.  
•   Dulbecco’s Modifi ed Eagle’s Medium (DMEM) and F12 medium.  
•   Fetal bovine serum (FBS).  
•   B27 supplements 50× Gibco Life technologies (Cat. No. 12587-010).  
•   Trypan blue solution (for measurement of cell viability) .      

4.3     Methods 

4.3.1     Neurospheres from  Rat Embryonic Telencephalon   

  My collaborators and I have used for several years the protocol described below. 
We developed it to obtain NPCs and to generate neurospheres from mice and rats. 
Although the cells can be placed in any non-adherent cell culture fl asks or dishes 
after extraction, we recommend fl asks, which decreases the chances of contamina-
tion. After distributing the cells, carefully look inside the fl asks to fi nd any 
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contaminants such as fungi or bacteria. It is not necessary to anesthetize the fetuses 
for the surgery since at this stage of development they do not register pain and the 
head will be taken out following the NIH guidelines for euthanasia.

    1.    Use time-pregnant rats (14.5 days or mice of 12.5 days);   
   2.    There are several protocols for animal preparation for the surgery; (a) euthanize 

using an overdose of Isofl urane (5 % until the rat stop breathing) or (b) CO 2  
chamber;     

  Note:   Use a specifi c set of instruments for opening the skin and another set to 
remove the uterus containing the fetuses. This practice is important to avoid con-
tamination. Remember that the skin is disinfected but not sterilized. 

    3.    Perform an antiseptic cleaning of the skin using ethanol 70 % or iodine solution 
(10 % povidone-iodine);   

   4.    Open the skin using scissors and forceps;   
   5.    Remove the uterus using a different forceps and put it in 60 mm petri dishes;   
   6.    In another plate pour 5 ml of DMEM/F12 70 %/30 % medium;   
   7.    Open the uterus and let the fetuses felt in the liquid;   
   8.    Grasp the fetuses and decapitate those (RS 6812);   
   9.    Pour 5 ml of medium in a second petri dish;   
   10.    Place the head in the petri dish and discard the body in a plastic bag;   
   11.    Using two micro-dissecting tweezers (RS 5882), sustain the animals and make 

an incision between the eyes;   
   12.    Then, go laterally with the tweezers as follows: one blade of the tweezer will be 

inside the skin and the other, outside. Using the tweezer lift and remove the 
portion that will be the future skull;   

   13.    Remove the meninges completely, then the cerebellum and everything from 
underneath each telencephalon;   

   14.    Pour 2 ml of medium inside the Model 80 bags for Stomacher 80, leaving space 
to seal;   

   15.    Place the bag into the Stomacher 80 and close the door. The cell dissociation is 
performed during 2.5 min at high speed or, gently triturate the tissue using 
trypsin/EDTA through different series of descending micropipette tips to make 
single cell suspension. Add FBS to inactivate the trypsin;   

   16.    Filter the bag content using a 40 μm cell strainer coupled to a sterile syringe;   
   17.    The volume should be dispensed into a 15 ml conical tube;   
   18.    Centrifuge for 5 min at 200 ×  g , add 10 ml of fresh medium and centrifuge again;    
   19.    Repeat Step 18 twice.    

4.3.2       Neurosphere Formation 

 At this point, there are mixtures of cells smaller than 40 μm. The following protocol 
is used to expand the neural progenitor cells in the neurosphere shape.
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  Prepare the Plates for Plating Neurospheres 

   1.    Count the cells using Trypan-blue and add 180,000–200,000 cells/ml of viable 
cells into the anti-adherent fl asks or into coated fl asks using the following 
medium: DMEM/F12 70 %/30 %, 100 IU/ml of penicillin, 100 μg/ml of strepto-
mycin, 2 mM  L -glutamine 20 ng/ml fi broblast growth factor, 20 ng/ml epidermal 
growth factor, 5 μg/ml of heparin (Sigma-Aldrich, Cat. No. 1304005), 2 % B27 
at 37 °C in 5 % CO 2 ;   

   2.    Allow the cells to grow for 10 days changing half of the medium every 3–4 days.     

4.3.2.1     Neurosphere  Phenotype Analysis   

 After 10 days, the neurospheres can be analyzed. Due to variation in size, we rec-
ommend to use neurospheres with similar diameter to avoid structural differences. 
For example, large neurospheres possess more cell death in the center.

  Examples of Analysis 

   A.    Reverse Transcription-polymerase chain reaction (RT-PCR) to analyze gene 
expression;   

   B.    Western blot to evaluate protein expression;   
   C.    Flow cytometry analysis to quantify the number of neural progenitor cells and a 

specifi c protein of interest;   
   D.    Immunofl uorescence to analyze protein expression and localization.     

   Neurosphere Immunofl uorescence 

   Preparation 

   1.    Collect neurosphere samples of similar size;   
   2.    Wash twice to remove the excess medium;   
   3.    Fix using 4 % paraformaldehyde (PFA 4 %) at room temperature (25 °C) for 1 h;   
   4.    Afterwards, wash thee times with PBS and then transfer the neurospheres to a 

solution of PBS/sucrose 10 % (w/v) for 1 h, followed by PBS/sucrose 20 % (w/v) 
for 1 h and fi nally PBS/sucrose 30 % (w/v) for 16–18 h at 4 °C;   

   5.    Put the neurospheres in HistoPrep (Fisher Scientifi c, Cat. No. SH75-125D) and 
freeze in dry ice for 5 min, followed by freezing at −80 °C overnight; 

  Note:   Place the neurospheres at the bottom and very carefully add the HistoPrep, in 
order to keep the neurospheres at the same plane.    

   6.    Make slices of 10 μm using a Cryostat and put them onto signalized Superfrost 
slides (Fisher Scientifi c, Cat. No. 48311-703).     
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  Proceed for immunofl uorescence detection  
 There are different antibody dilutions and different blockers that could be used, 
depending on the protein of interest. Nonetheless, we will give a general protocol 
for permeabilization and blocking to analyze nestin, glial fi braly acidic protein 
(GFAP) and β3-tubulin expression patterns.

    7.    Prepare a permeabilization and blocking solution using 0.1 % Triton X-100 
(Sigma Aldrich, Cat. No. X100) and 3 % fetal bovine serum in PBS; incubate 
the neurospheres at 25 °C for 30 min;   

   8.    Add the primary antibody (1:250) using PBS and 3 % of fetal bovine serum and 
incubate for 2 h at 25 °C;   

   9.    Wash thee times with PBS;   
   10.    Add the secondary antibody (1:250) and incubate for 2 h at 25 °C.  Remember 

to use antibodies raised in different species in case of double staining ;   
   11.    Wash three times with PBS;   
   12.    Place a mounting medium for immunofl uorescence and add a coverslip.       

4.3.2.2      Neurosphere  Differentiation   

 Prepare dishes or 6-well plates with poly- D -lysine (Sigma-Aldrich, Cat. No. P7280) 
and laminin (Sigma Aldrich, Cat. No. L4544), as following:

    i.    Prepare a solution of 0.05 mg/ml of poly- D -lysine, MW 30–70 K, and then add 
0.5 ml/well 16–18 h (6-well plate). Remove the poly- D -lysine and wash the 
wells with sterile distilled H 2 O twice. Let it dry for 1 h.   

   ii.    Prepare a laminin solution and use it at fi nal concentration of 20 μg/ml in water. 
Add 200 μl into the previously coated poly- D -lysine dishes making circles using 
a pipette (recommended concentration by Sigma-Aldrich is 1–2 μg/cm 2 ). The 
circles will decrease the amount of volume used in each dish. Do not allow the 
laminin to drain to the edges. Incubate the dishes or 6-well plates at 37 °C for 
1 h. Wash twice using cell culture medium. We recommend not to store the 
plates coated with laminin.    

    1.    Allow the neurospheres to decant and transfer to a 15 ml conical centrifuge tube; 
wash the neurospheres three times with 10 ml of medium (70 %/30 % DMEM/
F12) to remove any trace of growth factors;   

   2.    Place the neurospheres in the dishes or 6-well plates prepared with poly- D -lysine 
and laminin;   

   3.    Let them to differentiate for 7 days. A radial pattern of cell differentiation can be 
visualized; next, analyze the protein of interest .    
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4.3.3        Characterization of the Cells Obtained Using 
the Described Protocol 

 To verify proper cell differentiation, we recommend analysis of the cells using 
immunofl uorescence and/or fl ow cytometry. After differentiation, the cells should 
express β3-tubulin, GFAP, S100β, and decreased expression of nestin (Martins et al. 
 2008 ). 

4.3.3.1      For  Immunofl uorescence   

     1.    Fix the differentiated neurospheres using 4 % paraformaldehyde at 4 °C for 
30 min. Wash the cells twice using PBS for 5 min;   

   2.    Permeabilize and block the cells using a solution of 0.1 % Triton and 10 % goat 
serum in PBS at 25 °C for 30 min;   

   3.    Add the primary antibody (1:750 anti-GFAP Cy3, Sigma-Aldrich, Cat. No. 
G3893 or 1:1000 anti-β3-tubulin (Abcam, Cat. No. 18207) for 2 h at 25 °C using 
PBS and 1 % of goat serum), or at 4 °C overnight;   

   4.    Wash thee times with PBS (5 min each);   
   5.    Add the secondary antibody (1:1000) at 25 °C for 1 h;   
   6.    Wash thee times with PBS (5 min each);   
   7.    Add 4′:6-Diamidino-2-Phenylindole; dihydrochloride- (DAPI) (Life Technologies, 

Cat no. D1306) solution to counterstain the nuclei;   
   8.    Put a mounting medium for immunofl uorescence and add a coverslip. Observe 

under a inverted immunofl uorescence microscope.     

  Note:   Remember to use primary antibodies raised in different species and sec-
ondary with different colors in case of double staining.  

 Several different markers are listed in Table  4.1 . Some cellular markers are 
shared by human stem/progenitor cells and neuron and glial cells, listed in 
Table  4.2  .

4.3.3.2           Flow Cytometry   

     1.    Dissociate the neurospheres with Accutase (Sigma-Aldrich, Cat. No. A6964) or 
trypsin into single cells using different decreasing micropipette tip size. When 
using trypsin, inactivate the trypsin with 10 % fetal bovine serum (fi nal concen-
tration) (BioAnalytical Instruments, Cat. No. 16000-044);   

   2.    Centrifuge at 200 ×  g  for 5 min;   
   3.    Fix the cells in ice-cold 1 % PFA in PBS for 20 min, then wash with PBS;   
   4.    Incubate the cells using 2 % of fetal bovine serum in PBS and 0.1 % Triton for 

30 min;   
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   5.    Incubate with primary antibodies specifi c for neurons (β3-tubulin, Abcam, Cat. 
No. 18207), astrocytes (1:500 anti-GFAP Cy3 Sigma-Aldrich, Cat. No. G3893) 
and mature neurons microtubule associated protein 2 (1:500 MAP-2, Cell 
Signaling Technology, Cat. No. 4542) for 2 h;   

   6.    After 2 h, wash twice with PBS, and then incubate the cells with 1:500 Alexa 
Fluor 488- or 555-conjugated secondary antibodies (Life Technologies and 
Molecular Probes, Cat. No. A11001 and A21428, respectively);   

   Table 4.1     Neural   progenitor/stem cells markers during development and  in vitro  differentiation   

 Target  Markers  Reference 

 Neural stem cells  CXCR4  Itoh et al. ( 2009 ) 
 FABP7/B-FABP  Yun et al. ( 2012 ) 
 ID2  Park et al. ( 2013 ) 
 Musashi-1  Kirik et al. ( 2013 ) 
 Nestin  Park et al. ( 2010 ) 
 Notch-1  Nagato et al. ( 2005 ) 
 SOX-1  Venere et al. ( 2012 ) 
 SOX-2  Ellis et al. ( 2004 ) 
 SSEA-1  Son et al. ( 2009 ) 

 Neural progenitor cells  Activin A  Rodriguez-Martinez 
et al. ( 2012 ) 

 FABP7/B-FABP  Arai et al. ( 2005 ) 
 GFAP  Liu et al. ( 2010 ) 
 NCAM-1/CD56  Marmur et al. ( 1998 ) 
 Nestin  Suzuki et al. ( 2010 ) 
 ROR2  Endo et al. ( 2012 ) 
 SOX-2  Graham et al. ( 2003 ) 
 Vimentin  Kim et al. ( 2009 ) 

 Glial progenitor cells  Nestin  Messam et al. ( 2000 ) 
 S100B  Raponi et al. ( 2007 ) 

 Young neurons  β3-Tubulin  Braun et al. ( 2002 ) 
 Calretinin  Brandt et al. ( 2003 ) 
 MAP2  Arai et al. ( 2005 ) 
 NCAM-1/CD56  Terkelsen et al. ( 1992 ) 

 Mature neurons  Calbindin  Young et al. ( 2000 ) 
 ID2  Neuman et al. ( 1993 ) 
 NeuN  Seki ( 2002 ) 
 Synaptophysin  Gingras et al. ( 2007 ) 

 Oligodendrocyte-like cells  Olig1  Ohnishi et al. ( 2003 ) 
 O4  Lu et al. ( 2000 ) 

 Astrocyte-like cells  EAAT1/GLAST-1  Miralles et al. ( 2001 ) 
 GFAP  Brahmachari et al. ( 2006 ) 
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   7.    Analyze in fl ow cytometer (Fc500, Beckman Coulter, Fullerton, CA) using an 
argon laser line for fl uorescence excitation (FL1 525 nm and FL2 575 nm, band 
pass fi lter). Between 10,000 and 50,000 events per sample should be acquired 
with fl uorescence measured in logarithmic scales. Set up the background fl uo-
rescence using unlabeled cells and those labeled with secondary antibody 
alone. Use it to set gating parameters between antigen-positive and negative 
cell populations;   

   8.    Use forward and side light-scatter gates for exclusion of cell aggregates and 
small debris;   

   9.    Use Cyfl ogic software (  http://www.cyfl ogic.com    ) and plot the results in a histo-
gram format.         

4.4     Use of Neural Progenitor Cells After Stroke 

 The majority of cerebral strokes are caused by the occlusion of a blood vessel in 
the brain, which decreases oxygen supply to the affected area. An early onset neu-
ronal death begins within a minute after the beginning of an ischemic stroke; it 
occurs in the area most affected by the ischemia. This area, called the  infarct core  , 
has either a low or no blood fl ow. The resulting oxygen and glucose deprivation is 
followed by a decrease in ATP, thus triggering an excitotoxicity cascade. The 

   Table 4.2     Human   neural progenitor/stem cells markers during development and  in vitro  
differentiation   

 Target  Markers (human)  Reference 

 Neural stem cells/neural 
progenitor cell 

 CD133 +  (Prominin)  Uchida et al. ( 2000 ) 
 CD34 −  
 CD45 −  
 Nestin  Tohyama et al. ( 1992 ) 
 GFAP 
 Integrin subunit α6  Hall et al. ( 2006 ) 
 Integrin subunit β1 
 Pax-6  Hansen et al. ( 2010 ) 
 SOX-2 
 TRBR2 (EOMES) 
 Musashi-1  Dhara et al. ( 2008 ) 

 Glial progenitor cells  Nestin  Hansen et al. ( 2010 ) 
 CD133 radial glia  Pfenninger et al. ( 2007 ) 

 Young neurons  β-3Tubulin  Liu et al. ( 2010 ) 
 TBR2 (EOMES)  Hansen et al. ( 2010 ) 
 Calbindin  Eriksson et al. ( 1998 ) 

 Mature neurons  MAP2  Anacker et al. ( 2011 ) 
 Synaptophysin  Gingras et al. ( 2007 ) 
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energy failure stops the sodium and potassium pumps and promotes collapse of 
the neuronal transmembrane ionic gradient, Ca 2+  infl ux and release of glutamate, 
which causes excitotoxicity (Barone et al.  1997 ; Dirnagl et al.  1999 ). The isch-
emic brain injury also increases the synthesis of infl ammatory cytokines that 
spread the infl ammation into the surrounding area (Huang et al.  2006 ; Iadecola 
and Alexander  2001 ). The brain tissue that surrounds the core is called the 
 penumbra and can be saved if neuroprotective drugs or thombolytic drugs are 
administrated timely. The penumbra neurons can either recover and survive, or be 
recruited to the ischemic core and die. The period during which the penumbra 
neurons can be salvaged is called “the  therapeutic window of opportunity  ”. 
Therefore, the neuroprotective interventions that target delayed processes such as 
apoptosis and infl ammation in the penumbra have a potential for clinical treatment 
in acute stroke (Xu et al.  2004 ). 

 Interestingly, recent evidence suggests that global and focal ischemia enhance 
the proliferation and differentiation into neurons in several zones including den-
tate gyrus, the anterior subventricular zone, and the posterior periventricular 
zone, adjacent to the hippocampus. Moreover, Arvidsson et al. ( 2002 ) showed 
that the initial generation of neuroblasts following a stroke, far exceeds the fi nal 
number of surviving new neurons, showing that number could be increased. The 
plasticity could allow brain repair without the need of cell graft (Andres et al. 
 2011 ) and much evidence exists describing the involvement of NPCs in stroke 
treatment (Andres et al.  2011 ; for review see Barkho and Zhao  2011 ). Grafted 
NPCs are “known to have the ability of migrating long distances to damage sites 
after brain injury and differentiate into new neurons” (for a review see Barkho 
and Zhao  2011 ). 

4.4.1     Protocol to Observe Cell Migration/Proliferation 
After Stroke 

4.4.1.1       Middle Cerebral Artery Occlusion (MCAO)   

 Surgical procedures should be performed using sterile/aseptic techniques in accor-
dance with institutional guidelines and the initial assistance of the veterinarian. 
Sprague-Dawley rats weighing 250–300 g will fast for no more than 4 h to avoid 
hyperglycemia after administration of nitric oxide and isofl urane. The animals will 
be subjected to permanent or transient MCAO as previously described (Xu et al. 
 2004 ; Martins et al.  2015 ).

  Middle Cerebral Artery Tools 

•   Rodent Brain Matrices (Stoelting, Cat. No. 51388).  
•   2 U Forceps (Stoelting, Cat. No. 52110-31).  
•   Silk Sutures (4-0 & 6-0) (Ashaway).  
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•   2 U Microvascular Clamp (Fine Science Tools, Cat. No. 18055-040).  
•   Cautery/Bipolar coagulation Forceps.  
•   Micro-Serrafi ne Clamp applicator (Fine Science Tools, Cat. No. 18056-14).  
•   Dual Gooseneck Illuminator (Stoelting, Cat. No. 59259).  
•   Anesthesia system (Stoelting).  
•   Micro-dissecting Forceps (Stoelting, Cat. No. 52102-54 and 52102-35).  
•   Anesthesia scavenger (Stoelting).  
•   Spring Scissors (Stoelting, Cat. No. 52130-00).  
•   Micro-dissecting scissors (Stoelting, Cat. No. 52132-42).  
•   Needle Holder (Stoenting. Cat. No. 52181-84).  
•   Heating Pad.  
•   Shaver.  
•   Surgery Microscope.  
•   Cotton tipped applicators.    

  To observe endogenous neural progenitor cell proliferation after stroke  
 The NPCs could be analyzed by using a pulse or a cumulative protocol of 5-bromo-
2′-deoxyuridine (BrdU), a thymidine analogue (Sigma-Aldrich, Cat. No. B5002) 
diluted in 0.9 % saline, depending on the researcher interest.

    1.    As an example, inject 50 mg/kg of BrdU intraperitoneal every 4 h for 12 h in the 
same day of the animal sacrifi ce (Zhang et al.  2001 ) to obtain a temporal 
profi le;   

   2.    To observe all proliferating NPCs, inject intraperitoneal 50 mg/kg of BrdU, 
saline immediately after the surgery. Inject 50 mg/kg every 24 h until 
euthanasia;   

   3.    Remove and freeze the brain using HistoPrep;   
   4.    Cut the brain into 40 μm slices and put them into Superfrost slides;   
   5.    Fix the slices using 4 % of paraformaldehyde for 30 min, then wash using 

PBS;   
   6.    Prepare a permeabilization and blocking solution using 0.1 % Triton, 5 % FBS or 

BSA in PBS for 10 min; add the primary antibodies in 1 % FBS in PBS at room 
temperature for 16–18 h; wash twice with PBS;   

   7.    Add the secondary antibodies: for instance, anti-mouse Alexa-Fluor 488 and 
anti-rabbit Alexa-Fluor 555 for 2 h.     

  Note:   The primary antibodies should be raised in different species in order to 
make a double staining. We recommend using Anti-BrdU plus a different combi-
nation of antibodies to detect newly generated neural progenitor cells that dif-
ferentiate into astrocyte, (BrdU   +   GFAP   +    cells), mature neurons (BrdU   +   NeuN   +   
 cells) or oligodendrocyte (BrdU   +    Anti-oligodendrocyte specifi c protein (Abcam, 
Cat. No. ab53041) positive cells), migrating newly neural progenitor cells or 
migrating newly immature neurons (BrdU   +    Doublecotin DCX   +   , Abcam, Cat. No. 
ab18723   ).   

A.H. Martins et al.



69

4.4.1.2      Injection   of Neural Progenitor Cells 

 Prepare a stock solution of lipophilic DiOC 18 (3) in dimethyl sulfoxide (DMSO) at 
1 mg/ml. 

  Note:   Dimethylformamide (DMF) is the solvent indicated by the company, how-
ever our laboratory dilutes in DMSO without complications. 

    1.    Prepare the NPCs as described above;   
   2.    Stain the cells using a lipophilic dye 3,3′dioctadecyloxacarbocyanine perchlo-

rate DiOC 18 (3) (ThermoFischer Scientifi c, Cat. No. D-275) as following;   
   3.    Prepare 2.5 × 10 6  of dissociated NPCs; pass the cells through a 40 μm cell 

strainer to avoid cell clamps and put them in complete NPC medium;   
   4.    Add 5 μl of a stock solution of 2.0 mg/ml to the cells and incubate at 37 °C for 1 h;   
   5.    Wash the cells twice using fresh medium;   
   6.    Check under fl uorescence microscope the quality of the staining (intensity and 

if all cells are stained);   
   7.    Graft of 120,000 cells/2 μl will be injected by means of the cisterna magna 

(intracranial) using a glass micropipette or a 1 cc insulin syringe, as previously 
described by Mitome et al. ( 2001 );   

   8.    After a period of time, which will vary according to the research interest, 
remove the brain and perform a slice preparation as described above;   

   9.    Chcek the fl uorescence under an immunofl uorescence microscope;   
   10.    The researcher has also the possibility to verify the type of cell that was grafted 

and posteriorly differentiated;   
   11.    Use antibodies, such as anti-NeuN (Abcam, Cat. No. ab104225) to detect the 

differentiation of NPCs into neurons, anti-GFAP for astrocytes, and anti-Nestin 
(Abcam, Cat. No. ab6142) for undifferentiated cells. Remember to use different 
colors for staining cells; for instance use DiO and DiD (Molecular Probes) and 
distinct antibodies.    

4.5            Human Fetal Tissue      as Source of Neural Stem Cells/
Neural Progenitor Cells 

 Fetal samples for enrichment and isolation of NSCs are usually discarded as biohaz-
ard samples from elective abortions performed in the USA and other countries. To 
properly obtain these samples, researchers must consult with an institutional bio-
safety and compliance offi cer to develop an  Institutional Review Board (IRB) 
Protocol   at least 6 months prior to experimental procedures. Other options to acquire 
tissue samples depend on research centers and/or non-profi t organizations. For CNS 
samples, it will usually be crude brain tissue from the end of the fi rst to the second 
trimester. Despite multiple moral and ethical issues, established protocols make this 
source of human neural stem cells very attractive. 
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 Fetal human adult or somatic neural stem cells come from mitotically active 
regions of the CNS during development, after 5 weeks of gestation, to adult human 
regions of the CNS such SVZ and outer SVZ (OSVZ) along the ventricles. These 
NSCs share the basic characteristic of self-renovation and the capacity, upon dif-
ferentiation, to give rise to neurons, glia and oligodendrocytes (Vescovi et al.  1999 ). 
At 10.5 weeks of gestation from a diencephalon sample, 1 % of 1000 cells form 
neurospheres using the regular serum free media with EGF/FGF-2 and supplemen-
tal hormones/salt mix. These NSCs, shaped as neurospheres, are multipotent upon 
differentiation, which involves the removal of growth factors (EGF/FGF-2). The 
cells will attach to the substrate via the poly-ornithine coating. Such cultures can be 
maintained up to 2 years with a subculturing or passage rate every 2 weeks. Finally, 
and more importantly, differentiated neurons and glial cells survive the transplanta-
tion procedure into the striatum of immunosuppressed rats. 

 The nature of the human neural stem cells was discovered by enrichment, using 
cell sorting of human fetal samples with antibodies previously used to isolated 
human Mesenchymal/Hematopoietic Stem cells. The NSC in fetal samples was 
found to be CD133+ (Prominin), CD34‒, and CD45‒. Single cells with these lin-
eage markers form a neurosphere under standard proliferative conditions (Uchida 
et al.  2000 ; Hall et al.  2006 ). It was later established that CD133 stains the radial 
glial/ependymal cell type at the early postnatal stage, and ependymal cells in the 
adult brain, but not neurogenic astrocytes in the adult human SVZ (Pfenninger et al. 
 2007 ). In another work by Hall et al. ( 2006 ), human fetal tissue (8–10 weeks of 
gestation) enriched by the use of integrin subunits α6 and β1, was capable to form 
NSC cultures. The presence of others markers of NSCs, such as Sox2, Sox3, Nestin, 
Bmi1 and Musashi1 (Sun et al.  2009 ) were found to corroborated the presence of 
such cells. 

 The developing fetal human forebrain has a massively expanded outer region 
throught to contribute to cortical size and complexity of the prospective human 
cortex. However, SVZ cytoarchitecture was presumed to be similar to rodent spe-
cies and progenitor cell types; its contribution to neurogenesis is still not well 
understood. A meticulous analysis showed that large numbers of radial glia-like 
cells and intermediate progenitor cells populate the human fetal SVZ (Hansen et al. 
 2010 ). A second population of radial glia-like cells, named OSVZ, was found to 
have long basal process but, surprisingly, are non-epithelial as they lack contact 
with the ventricular surface. By real-time imaging, clonal analysis with mitotic 
markers and using viral markers, the Krigelstein group (Hansen et al.  2010 ) showed 
that these cells can undergo proliferative divisions and self-renewing asymmetric 
divisions to generate NPCs that can further proliferate. This OSVZ with their popu-
lation of outer Radial Glia (oRG) may be isolated from human fetal samples and 
expanded in cultures due to the fact that the oRG are more numerous and prominent 
at the second trimester of gestational week of the fetus. 
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4.5.1     Isolation, Enrichment and Culture of Human Fetal 
Neurospheres 

 Fetal discarded tissue from elective abortions can be obtained from Advanced 
Bioscience Resources, a nonprofi t organization that collects and sends human fetal 
tissue for clinical and biomedical purposes, and follows all state and federal regula-
tory procedures. Under the laws of the US Commonwealth of Puerto Rico, fetal 
tissue is classifi ed as a cadaveric donation. In our experiments we used complete 
brain samples from 16 to 18 weeks of gestation. Every order required proper clear-
ance and approbation of IRB and Bio-Safety Institutional compliance.

  Materials 

•   Accutase 1× (Sigma-Aldrich, Cat. No. 6964).  
•   B-27 supplement.  No vitamin A . (Cat. No. 12587-010)  Note: contains insulin, 

antioxidants cocktail among others hormones.   
•   Micropipette P1000, Blue Tips, sterile (Fisher Scientifi c, Cat. No. 02-707-405).  
•   DMEM/F12 1:1 (Sigma-Aldrich, Cat. No. D8437).  
•   Sterile 10 ml 13-678-11E, Tubes 50 ml Falcon (Fisher Scientifi c, Cat. No. 

352098).  
•   GlutaMax (Invitrogen-Life Technologies, Cat. No. 35050061).  
•   6-Well Plate Falcon (Fisher Scientifi c, Cat. No. 353046).  
•   Leukemia Inhibitory Factor, fi nal concentration 5 ng/ml. (Peprotech, Cat. No. 

300-05).  
•   Recombinant Human EGF (Catalog number AF 100-15), fi nal concentration 

10 ng/ml.  
•   Neurospheres Proliferation Media (NPM): D-MEM/F12 1:1, EGF, FGF-basic, 

LIF, Glutamax, antibiotic-antimycotic, and B-27 supplement.  
•   Recombinant Human FGF-basic (154 a.a.) (Catalog No 100-18B) fi nal 10 ng/ml.  
•   Antibiotic-antimycotic 100×. (Gibco, Cat. No. 15240-062).    

  To isolated and enrich Neurospheres from tissue 

    1.    Decant shipping media, put tissue in sterile cold basal media with 2× antibiotic- 
antimycotic and a mix of wide spectrum antibiotics in a 50 ml conical tube. 
Repeat the process once with fresh media with antibiotic-antimycotic mix;   

   2.    After 5 min, transfer the tissue using a 25 ml pipette to another 50 ml tube; 
this will start the mechanical trituration of the tissue. Add around 25 ml of 
Accutase 1×;   

   3.    Triturate the tissue using a 10 ml pipette with ten times up and down movements 
in the same 50 ml with Accutase. Leave the 50 ml tube in the incubator (37 °C) 
for 10 min;   

   4.    Repeat the trituration process using a 10 ml pipette ten more times;   
   5.    Set a P1000 to 800 μl and with sterile tips, pipette up and down the tissue. If the 

sample clog the pipette, repeat Step 4. Try to use P1000 to pipette up and down 
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approximately 20 times, then leave the sample at 37 °C for 5 min, pipette again 
30 more times; fi lter the tissue and cells using a 40 μm fi lter.   

   6.    Dilute the volume in 15 ml of basal media, sediment at 1200 rpm (277 ×  g ), 
decant and plate ~2,000–10,000 cells/cm 2  in 2 ml of NPM with FGF/EGF/LIF/
B- 27 in a 6-well plate.  We strongly recommend the 6-well plate, because para-
crine factors help cells to reprogram and proliferate more effi ciently if they are 
in close proximity ;   

   7.    Feed the cells at day 3 and at day 5 or 6, adding FGF, EGF, B-27 and antibiotic- 
antimycotic. At this point, you should see small proliferation aggregates 
(Fig.  4.1a ). Change half media (50 %) for the fi rst time at day 8 or 9 (Fig.  4.1b );

       8.    After neurospheres become larger, regular feeding will be once a week; change 
half media, 2–3 days later, exclusively add FGF/EGF/LIF/B-27 and antibiotic- 
antimycotic. This feeding schedule applies to the rest of the neurosphere culture;   

   9.    Initial generation and enrichment of the “mature” neurospheres at P0 will take at 
least 14 to 21 days  in vitro ; after this time, dissociated cells for the next passage. 

  Fig. 4.1    Human neurospheres at  different   stages in culture. Neurospheres derived from rodent 
and humans look very similar. The differences occur at distinct time points in the culture, the 
main one is the doubling time and how long the cells can be maintained  in vitro . For example: 
human fetal samples can last more than 2½ years with passages every 2–3 weeks. ( a ) After the 
dissociation process of the tissue sample, the cells need 1–2 days to reprogram and start to prolif-
erate in both rodent and human species. ( b ) After 14 days  in vitro , proliferating spheres form a 
big bright golden sphere. ( c ) Human neurospheres at 21 days  in vitro  are ready to be split. At this 
point, a combination of small, medium and large spheres can be observed. From day 0 (or the 
initial isolation for human samples), this step takes 16–21 days. Embryonic samples from rodent 
take only 2 weeks for initial passage P0 to P1. ( e ) Upon differentiation, neurospheres attach to the 
precoated surface with Matrigel and start to migrate out from the center in radial patter, and dif-
ferentiate from the sphere; a similar migration pattern also occurs in rodent. ( e ) After 3 days  in 
vitro , the neurospheres attach and, supported by growth and neurotrophic factors, form a network 
of proliferating spheres with extensions of cells that connect some spheres with others. Scale 
bar = 1 μm       
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Subsequent generations of passages are done every 2–3 weeks depending on the 
growing conditions (Fig.  4.1c ).    

   Chemical and mechanical dissociation of Neurospheres 

    10.    After the neurospheres fl oat in neural proliferation medium for 14–21 days 
(Fig.  4.1c ), transfer them to a sterile 50 ml tube (up to four 6-well plate per 
50 ml tube) and centrifuge at 277 ×  g  for 7 min; 

  Note:   Collect supernatant in a sterile tube as this will be used for the next 
plating after dissociating neurospheres    

   11.    Add 1 ml Accutase 1× at room temperature to the cells;   
   12.    Set a P1000 automatic pipetter to 800 μl and with sterile tips, gently pipette up 

and down the neurospheres for approximately 30 times. Incubate the sample at 
37 °C for 10 min (CO 2  incubator), and pipette 30 more times. At this moment, 
the solution of Accutase and cells will look milk-like;   

   13.    To wash the cells, add 15 ml basal media (no growth factors), sediment at 
277 ×  g , decant and split at 1:2 ratio by using another 50 ml tube. Add 50 ml of 
fresh basal media to the cells, mix, transfer 25 ml with half of the cells in 
another 50 ml tube. Add 25 ml of used media to each 50 ml tube; you will use 
half of the cells plus half fresh media and conditioned media. Plate into a 6-well 
plate. Add FGF/EGF/LIF/B-27 (2,000–10,000 cells/cm 2  in 2 ml NPM);    

   Note:   Neurosphere are mostly aggregated. We usually do not count cells after 
passaging and just make a 1:2 split ratio in terms of cm   2    for every 6-well plate or 
fl ask that is full of neurospheres, diluting cells and media in two, so that they will 
grow better in high densities than in higher split ratios. 

    14.    Once a week, change half media and add FGF/EGF/LIF/B-27 and antibiotic- 
antimycotic and, 2–3 days later add FGF/EGF/LIF/B-27 and antibiotic- 
antimycotic (without changing the media);   

   15.    Repeat the dissociation every 2–3 weeks, depending on the number of neu-
rospheres (Fig.  4.1c ). As can be seen in Fig.  4.1d, e , the cells migrate and 
differentiate perpendicular to the center of the neurosphere. The differenti-
ated neurons in the periphery can be analyzed by patch clamp studies to 
identify variations in the ionic currents under different experimental 
conditions  .    

4.6        Potential Use o  f Human NSCs/NPCs 

 One of the most compelling arguments for isolation and characterization of human 
NSCs is its importance in biomedical knowledge and the enormous potential for 
translational studies in neurodegenerative diseases, including possible cell replace-
ment therapy with an autologous cell source. Thee sources are available to obtain 
tissue samples for biomedical  research   and translational studies: (1) fetal samples, 
(2) post-mortem biopsies and (3) surgical biopsies from elective operations of 
olfactory epithelia, curative neuro-surgical interventions such as in epilepsy. 
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Postmortem samples have long been the prime source of human  NSCs  ; some 
research scientists often argue that the resource is underutilized. Advances in stem 
cell culture procedures allow postmortem samples to grow stem/progenitor cells in 
a greater number and for longer periods of time than before. The use of post-
mortem brain for complex neuropsychiatric diseases is a good example of under-
utilized biomedical resource (McCullumsmith et al.  2014 ). Cells from the human 
olfactory mucosa are another tissue that can be harvested from living human sub-
jects. They regenerate throughout life from neural stem cells. A simple biopsy 
performed by an otorhinolaryngologist can produce 10–25 cm 2  of epithelial 
mucosa. This olfactory epithelium can be used for cultures that can be expanded 
into the large quantities required for molecular and functional analyses, compared 
to patient-derived  in vitro  model systems of complex neural disease   (Matigian 
et al.  2010 ).     
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