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a  b  s  t  r  a  c  t

Progenitors  were  discovered  in  the corpus  striatum  several  years  ago,  but  little  is  known  about  their
proliferation  and  differentiation.  The  aim  of  this  study  was to analyze  embryonic  progenitor  cells  from
the  corpus  striatum  using  a bioassay  with  trophic  stimulation.  Primary  cells  obtained  from  brains  of rat
embryos  at  E13–14  were  dissected  from  striatum  niches  and  cultured  in  stem  cell media.  These  floating
dispersed  cells  clumped  together  to forming  floating  bodies  like irregular  spheres  (spheroids),  which
were  placed  in  type  I collagen  gel  and  cultured  under  basal  conditions  or with  the  addition  of  NGF,
NT-3,  or NTN.  Optimum  growth  of  neurites  was  obtained,  and  after  24 and  48  h,  they  were measured
for  number  and  length.  The  expression  of  proliferation  markers  such  as PCNA  and  Ki67,  and  of  neural
TN
ollagen
eural progenitors
eural spheroid

progenitor  markers  such  as GFAP,  nestin,  vimentin,  O4,  A2B5,  Pax6,  S100,  TubIII,  and  NeuN,  was  then
analyzed.  The  initial  behavior  in  cell cultures  showed  distinguishable  spheroids  that,  when  placed  in 3D
gels  and  with  trophic  support,  generated  neurites.  A similar  effect  was  observed  in glial  cell  outgrowth
from  the  spheroids.  Our  assay  showed  high  reproducibility,  short  culture  time,  and  high resolution for
tracing  neuron-neurite  outgrowth  or visualizing  glial  outgrowth  in  a  few  hours.

©  2015  Published  by  Elsevier Inc.
. Introduction

The formation of neurons in the adult brain has contributed to
nowledge on brain plasticity. In 1962, Joseph Altman reported the
ncorporation of tritiated thymidine into neural cell DNA (Altman,
962, 1969; Altman and Das, 1966), which indicated proliferation

n the adult brain. Then, decades later, neuron formation in adult-
ood was confirmed by Eriksson et al. (1998). There are several
egions in the mature brain, such as the olfactory bulb and the hip-
ocampus, where the neuron formation process takes place. New
eurons seem to derive from neural stem cells that are first trans-

ormed into a progenitor which later forms a neuron. This stem cell
esides in the subventricular zone of the lateral ventricles (Corotto

t al., 1993) and in the subgranular zone of the dentate gyrus (Gould
t al., 1992).

∗ Corresponding author at: Laboratorio de Biología Molecular del Desarrollo,
MBICE (CIC/CONICET) La Plata, Camino Gral. Belgrano y 526, 1900 La Plata,
rgentina. Tel.: +54 221 4210183; fax: +54 221 4210112 extension 222.

E-mail address: gabrielcarri@yahoo.se (N.G. Carri).

ttp://dx.doi.org/10.1016/j.brainresbull.2015.04.006
361-9230/© 2015 Published by Elsevier Inc.
Neural stem cells may  increase neuroblast populations by rapid
proliferation. Later, they generate a group of progenitors that will
remain quiescent in these regions until they replace neurons by
migration and differentiation, to finally form part of a network. The
same finding has been reported for the subventricular zone in the
human brain by Sanai et al. (2004) and for the hippocampus by
Eriksson et al. (1998).

Knowledge on brain progenitors is growing exponentially,
which may  be explained by current interest in brain mechanisms
by which different populations of neural cells give rise to cells with
a multipotent capacity of differentiation and proliferation. These
are stem cells that could give rise to progenitors. This is why the
subventricular zone of mammalian brain has become a focus for
experimental research but there are also true several aspects that
still remain incomplete, among which the potential replacement
of neurons in diseases, causing cell loss and presents an interesting
challenge. A possible way to induce neurogenesis could be learned
from manipulating these pluripotent cells that live inside the brain

niches.

The formation of new cells from quiescent stem/progenitors
must be regulated precisely to avoid an alteration in circuits where
neurogenesis is activated through epigenetic signals. This involves

dx.doi.org/10.1016/j.brainresbull.2015.04.006
http://www.sciencedirect.com/science/journal/03619230
http://www.elsevier.com/locate/brainresbull
http://crossmark.crossref.org/dialog/?doi=10.1016/j.brainresbull.2015.04.006&domain=pdf
mailto:gabrielcarri@yahoo.se
dx.doi.org/10.1016/j.brainresbull.2015.04.006
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ctivation from quiescent cells to controlled amplification and
nal differentiation of neurons. Culture systems in collagen gel are
pecific bioassays that have been intensively used as models to
valuate trophic factors in the survival, differentiation and stim-
lation of nerve outgrowth in vitro (Ebendal et al., 1985; Carri et al.,
998; Morel et al., 2010). However, there are few reports concern-

ng their use for stem and progenitor cells (Cruz Gaitan et al., 2012;
arri et al., 2014).

On the other hand, there is abundant experimental evidence for
he adult mammal  subventricular zone and hippocampus, where

 subgroup of quiescent stem cells is able to generate neurons.
he corpus striatum could provide important stem cell reserves,
ut little is yet known about their rate of proliferation and the
ossible paths of differentiation from the embryonic stage. Recent
esearch studies on neural progenitor cells have provided further
nowledge on neural regeneration. A number of chemical factors
hich mediate these effects have been well characterized and have

een studied through different development stages of neuronal and
lial cells, though little has been done on progenitors, especially by
eans of 3D assays. The analysis of this response, neuritogenesis,

n spheroids explanted to 3D cultures with type I collagen would
acilitate their evaluation since this substrate allows the extension
f neuronal cells and their neurites.

Several reports suggest that neuron development in the nervous
ystem may  be controlled by similar or analogous mechanisms but
hey have not been applied to stem cells. In order to study this
e prepared trophic factors at 20 ng/ml. These factors derive from

amilies of molecules that may  influence survival, differentiation,
nd outgrowth in length and number (density).

In this paper we first characterize the assay necessary for brain
rogenitors to be cultured under basal conditions and trophic stim-
lation with the analysis of survival, differentiation, and neurite
utgrowth. In this assay, it was possible to evaluate cells by the
ffects of trophic molecules, particularly those with clear activity
n embryonic cells. We  were also able to evaluate the action of
ther epigenetic signals recently discovered for embryonic stem
ells in 3D bioassays of type I collagen. It is essential to identify sig-
als that lead the stem to leave quiescence and express a neuronal
r glial phenotype under basal conditions and trophic stimulation.
his paper also includes the analysis of the immunoreactive profile
f stem cells for the identification of neuronal and glial phenotypic
pitopes.

. Materials and methods

.1. Donor tissue, stem cells assay

Stem cells were obtained from the corpus striatum of E14.5 fetal
prague Dawley rats, and kept in sterile Hank’s medium (CRL:CD
D BR® Charles River Laboratories, USA). Surgery was  performed
ith a stereo-microscope under sterile air flow in a tissue culture

oom following a previously described protocol (Rojas Mayorquin
t al., 2010). Briefly, an oblique cephalic cut above eye level was
erformed, and skin and cartilage of the head were removed to
xpose the brain. The corpus striatum is a clear anatomical region
n the developing rat brain and has a niche with considerable neural
tem cells. This region has a readily recognizable vascular irrigation,
hich makes it easy to identify it during explantation. The niche
as removed from brain hemispheres, and placed in sterile plastic

ubes containing Hank’s medium, in a humid chamber at 37 ◦C for
0 min  (see Flow chart phase 1). The explanted brain zones were

hen mechanically dissociated by gently pipetting resulting in a
ell suspension that was centrifuged for 5 min  (>1000 rpm) for cell
oncentration. Pellets were resuspended into mitogenic medium
efined for stem cells (75% DMEM,  25% HAM F-12, 1% B27 – all from
ch Bulletin 115 (2015) 37–44

GIBCO, USA) and a mitogenic factor (bFGF at 10 ng/ml – Invitrogen,
USA) (see Table 1).

The first step of cell culture was  resuspension, seeding in culture
bottles (Corning, USA) and incubation at 37 ◦C in a 5% CO2 in a humid
atmosphere. After the first 48–72 h of incubation, spheroids of pri-
mary cultures were obtained and collected by centrifugation for
5 min. The supernatant was then removed, and the spheroids were
mechanically dissociated for resuspension in 1 ml  medium defined
for stem cells. After this procedure we  obtained the spheroids of
secondary cultures. The cell suspension was  resuspended in a dou-
ble volume and incubated under the same conditions as those of
the primary culture. At 48 h from beginning of the culture floating
spheroids contained in an aliquot of 8 �l medium were placed in
the center of a 35 mm plastic dish for inclusion in collagen gel for
the 3D bioassay. The action of trophic factors on the spheroids of
secondary culture was then analyzed using the same protocol as
that used to evaluate the primary culture.

2.2. The 3D bioassay and treatments

Our 3D bioassay is based on cell clumps inside collagen gel pro-
duced in our lab according to the original procedure described by
Elsdale and Bard (1972), Ebendal’s protocol (1985) and our group
(Carri et al., 1998; Reynaldo et al., 2007; Cruz Gaitan et al., 2012;
Carri et al., 2014). Briefly, spheroids were pipetted out from the
flask, placed in the center of the 35 mm plastic dish inside collagen
gels. The trophic factors like neurturin (NTN), neurotrophin-3 (NT-
3) and nerve growth factor (NGF) from Peprotech® were added over
the surface of the gel at a final concentration of 20 ng/ml. We also
performed cultures without trophic factors, covering them with
DMEN to prevent dihydratation (see Table 1). The bioassay was
cultured for 48 h and neurite outgrowth was then measured at 24
and 48 h (see Flow chart) with an inverted microscope IM35 from
Carl Zeiss with long focal distance lens of 10× or 20× and phase
contrast illumination.

2.3. Expression markers in cultured cells.

Cultures grown inside gels were fixed in toto with 4%
paraformaldehyde at room temperature, and then washed three
times each in PBS for 5 min. Permeabilization was performed with
0.02% Triton X-100 for 15 min  at room temperature followed by
overnight incubation at 4 ◦C with normally diluted (1:100 in PBS)
primary antibody, then washed again three times for 5 min  each
in PBS, and finally incubated with the secondary antibody diluted
in 1:200 PBS for 1 h. DNA nuclei were stained with DAPI (Sigma,
USA) at 1 �g/ml concentration for 15 min. After washing three
times for 5 min  each with PBS, the culture was preserved with
Fluoromount-G® (Southern Biotechnology Association, USA) anti-
fading mounting medium. Several primary antibodies were used for
detecting antigens, especially two antibodies which show expres-
sion of proliferation related identifier proteins (anti-PCNA – from
Santa Cruz Biotech SC56 – and anti-Ki67 – from AbCam, USA).
Several other antibodies showed neural lineage (anti-GFAP – from
SIGMA 63893; anti-nestin from Developmental Studies Hybridoma
Bank at the University of Iowa DSHB-RAT401; anti-vimentin –
from SIGMA B6630; anti-O4 – anti-oligodendrocyte marker O4
MAB345; anti-A2B5 – prepared by us with DSHB-Clone 05; anti-
Pax6 from DSHB-PAX6-Kawakami; anti-S100 from SIGMA, USA;
anti-Tub III – from SIGMA USA; anti-NeuN from Chemicon Inter-
national MAB377B). These primary antibodies were detected by a
secondary antibody with red Alexa 555 or green Alexa 488 from

Molecular PROBES, USA. Then cultures were washed and mounted
with Fluoromount-G. This method provided excellent detection
of cellular antigens for visualization of the markers and for mor-
phometric analysis. The immunoprofile analysis was carried out
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Flow chart. The chart illustrates different phases in the bioassay to evaluate trophic factors on stem cells. At the first step, in phase 1, tissue is taken from the embryonic
brain,  disaggregated and in phase 2 cultured as primary cells in a PC flask for the next 48 h to produce floating spheroids. In phase 3, the spheroids are placed in a 3D assay
to  evaluate the action of trophic factors, as indicated in the figures below the arrow at 24 and 48 h. Spheroids continue in culture in the same flask for a total of 72 h and are
then  taken, disaggregated and resown/recultured in a new SC flask for 48 h continuing phase 2. The newly formed spheroids from passaged cells are placed in phase 3 in a
3D  assay to evaluate the action of trophic factors as indicated in the chart at 24 and 48 h.

Table 1
Spheroid trophic treatments.

Treatments Stem cell media Differentiation media

1 Control 75% DMEM + 25% F12 + 1 ml B27 + bFGF at 10 ng/ml Collagen gel type I + DMEM
2  NTN Collagen gel type I + DMEM + NTN at 20 ng/ml
3  NT-3 Collagen gel type I + DMEM + NT-3 at 20 ng/ml
4  NGF Collagen gel type I + DMEM + NGF at 20 ng/ml

The 3D bioassay of spheroids in collagen gel with trophic factors over first and second passages.
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ig. 1. Images of brain stem cells, floating spheroids and 3D bioassay. (A) Brain d
n  culture before forming the typical clumps as real spheroids. Magnification bar: 

agnification bar: 50 �m.  (C) Spheroids with neurites after trophic treatment in 3D

n spheroids cultured under basal as well as experimental con-
itions. The specimens were observed and photographed with a
ikon Eclipse microscope, attached to a D100 digital camera.

.4. Cell-image processing for measurement

After 24 and 48 h culture, spheroids in 3D gels were clipped in
 universal mechanical stage with x–y translation movement con-
rols. Then the spheroids were field-selected at random and drawn
sing a clear double glass prism to keep records of the experiment.
he cultures drawn were digitalized and measured, outlining the
pheroids with a semi-automatic quantitative software (Image-
ro Plus, Media Cybernetic, USA). We  measured the number and
ength of neurites emitted. Neurites are considered as the maxi-

um  exponent of trophic factor action on neural tissues producing
ifferentiation. A total of 720 explants were randomly drawn and
nalyzed as a group (5 per treatment dish for 24 and 48 h, with as
uch initial culture as the spheroid of secondary culture). Experi-
ents were repeated nine times under the same conditions.

.5. Numerical data and statistics

Numerical data from experimental cultures measured by the
oftware were transferred to Excel spreadsheets, and assigned to
ndividual groups. We  measured two variables, number and length
f emitted neurites, classified in three groups: (i) Treatments (NTN,
T-3, and control), (ii) Types of culture (primary and secondary),
nd (iii) Culture times (24 and 48 h). To obtain comparable data we
nalyze each spheroid, quantified number and length of neurites
n each of them, and calculated the mean. We  used the statistical
ackage STATA 7.0 and the NESTED ANOVA TEST to evaluate differ-
nces among the Treatments, Types of culture inside Treatments,
nd Culture times inside Types of culture. The analysis was  per-
ormed with the original data and those previously submitted to
ogarithmic transformation to homogenize variance (significance
evel p < 0.05).

. Results

.1. Developing stem cells

Explants from the striatum provide tissue with a great amount
f proliferative cells, which become detectable when the tissue is
isaggregated and cultured in appropriate culture media. These
isaggregated cells are randomly distributed in the culture dish
Fig. 1A), reaching a final density that allows good proliferation,

nd forming floating bodies like irregular spheres (spheroids) after

 h incubation. They reach a uniform size of 70 �m after 48 h cul-
ure. Small pieces of disaggregated tissues produce hundreds of
pheroids like the one shown in Fig. 1B. The cell structure of the
egated cells. The explanted brain contains good viable cells that can be seen here
m. (B) Floating spheroids in stem cell media before implanting them in 3D assay.
gen substratum. Magnification bar: 100 �m.

spheroid is similar to an organoid of classical organotypic explants
(Fig. 1C).

3.2. 3D gel culture for trophic evaluation

Inside the collagen matrix, the spheroid is an excellent assay
to evaluate the effects of trophic factors on stem cells (see neu-
ritogenesis in Fig. 1C). The 3D gel prepared in our lab proved to
be of optimal consistency for proliferation and differentiation, and
good mechanical support for survival, neurogenesis and vigorous
outgrowth (see spheroids in Fig. 3). Treatments with NT-3, NTN, or
NGF were used to evaluate trophic factor action. Untreated cultures
were used as controls. After stimulation, they started a rapid pro-
cess of differentiation, increasing survival and extending a neurite.
The number of neurites as well as their length can be noted and the
treatments compared with respect to untreated spheroids.

3.3. Analysis of the differentiation process

3.3.1. Neuritogenesis measured as emitted neurites
Treatments were measured as the number of neurites based

on two different parameters of the experiments: types of culture
and culture times for each treatment and controls. We  observed
great number of neurites in the spheroid after trophic stimula-
tion, in comparison with cultures under basal conditions (control).
Spheroids of secondary cultures inside collagen gel after 48 h
treatment with NT-3 presented the highest number of neurites
(mean = ±45). These were followed by NTN (mean = 32 neurites),
and NGF (25 neurites), evaluated at 24 and 48 h. The control
experiment showed few neurites in comparison with treatments,
with a mean of seven neurites in secondary cultures (Fig. 2A),
and the highest response in the differentiation process compared
with neurite number in all treatments (10 between spheroids of
primary and secondary cultures for NT-3, 6 for NGF, and 2 for
NTN). Culture times (24 and 48 h) did not influence the differen-
tiation process. These results demonstrate that stem cells respond
to trophic factor stimulation (Fig. 2B). Highly significant differ-
ences (p < 0.001) were observed between the number of neurites
under the action of trophic stimulation among different molecules
and experiments under basal conditions. Differences were also
observed between primary and secondary cells per treatment (p
value < 0.001), whereas culture times (24 and 48 h) for the same
secondary cells showed no differences (significance level = 0.661).

3.3.2. Length of emitted neurites
Neurite length measurement showed longer neurites in
spheroids under trophic stimulation than in controls. NT-3-treated
spheroids of secondary cultures (48 h) presented the longest neu-
rites (86.9 �m)  compared to the other treatments. These were
followed by NTN (72.86 �m),  and NGF (60.48 �m).  Controls did not
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Fig. 2. Histograms of neurite number and neurite length. Neurite outgrowth
induced with NTN, NT-3, and NGF on spheroids of primary culture and spheroid of
secondary culture evaluated at 24 and 48 h. (A) Neurite number. (B) Neurite length.
NT-3 showed the best effect compared to control, followed by NTN, and finally NGF.
After 48 h culture, a greater elongation of neurites was observed.

Fig. 3. (A–D) Images of spheroids in 3D bioassay. Images illustrate microscopic photos of c
between the control and the stimulated spheroids: (A) untreated (control); (B) NTN; (C) N
ch Bulletin 115 (2015) 37–44 41

show significant neurite elongation in comparison with all treat-
ments. Spheroids of secondary cultures presented highest response
in the differentiation process of neurite length in all treatments. An
important influence of culture times (24 and 48 h) on this differ-
entiation process could be observed in terms of neurite elongation.
These results were confirmed by the existence of significant dif-
ferences in neurite length among all trophic factors tested with
respect to the control (significance level = 0.045). Differences were
also observed between both culture times (24 and 48 h) (p = 0.015).
Moreover, highly significant differences were found between types
of culture (p < 0.001).

Culture times also showed significant neurite differences:
higher number and length of neurites were observed for NT-3-
treated spheroids of secondary 48 h cultures. This demonstrates
the excellent action of these factors on the neurite elongation pro-
cess and the growth cone of neural cells. All cells analyzed in
collagen gel showed significant differences among treatments and
in spheroids of secondary cultures tested (p < 0.001). The highest
length and number of neurites were observed for spheroids of
secondary cultures where NT-3 exerted a stronger stimulation on
these parameters than the other trophic factors assayed, to develop
neurogenic processes (Fig. 3C). The same though lower effect was
observed for NGF (Fig. 3D) and NTN (Fig. 3B).

3.4. Neural profile of spheroids

Neural markers have been characterized in these cells and the
multipotency of the cells has already been shown. It was  also pos-
sible to trace that cells can be differentiated into at least two  types.

In floating cultures (spheroids of primary cultures), the expres-
sion was  dominated by antigen PCNA and A2B5, while S100, KI67,

and Pax6 were notably expressed in the spheroids of secondary
cultures. GFAP, nestin, PCNA, O4, and tubulin III were expressed in
spheroids of primary and secondary cells of both types of culture
(Fig. 4).

ultured spheroids inside collagen gel with trophic stimulation. Note the differences
T-3; (D) NGF. Magnification bar: 150 �m.
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ig. 4. (A–D) Spheroids with immunolabelling. Spheroid of primary culture was stai
reated with NTN (B), anti-A2B5 antibody (C). Note the excellent cell staining of glia
ounterstained. Magnification bar: 50 �m.

.5. Expression markers under trophic induction

Trophic stimulation with NT-3, NTN, and NGF is sufficiently
ffective to activate the expression of specific neuronal markers
ike tubulin III (Fig. 4D). Spheroids of primary cells also expressed
ubulin III. Spheroids of secondary cells only expressed glial marker
4 with NTN, and neuronal marker NeuN with NT-3. Moreover,

pheroids of primary cells and untreated spheroids showed positive
arking for neuronal NSE, typical of neurons. Images of positive

ndings are shown in Fig. 4.

. Discussion

The neural system arises from multipotent cells capable of pro-
iding neurons and glia (Reynolds et al., 1992; Doestch, 2003a,
003b; Weinandy et al., 2011; Quadrato et al., 2014). After the ini-
ial proliferation, the stem/progenitor is restricted to a small area
Miller and Gauthier-Fisher, 2009; Weinandy et al., 2011; Gould
nd Tanapat, 1999; Magavi et al., 2000; Sabelström et al., 2013),
hich demonstrates that proliferating cells in the brain generate

ranule neurons and those in the SVZ give rise to both telencephalic
eurons and glia.

However, the existence of corpus striatum stem cells in the
mbryonic rat brain is controversial. Evidence of a mechanism pro-
ucing these cells in this area is disputed (Fentress et al., 1981). But
everal groups disagree and demonstrate from brain embryos of
prague Dawley rats that the corpus striatum is a well-established
eurogenic region. Palmer et al. (1995) have shown the existence
f neuronal and glial progenitors in the corpus striatum similar
o the progenitors identified in the subventricular zone and the
ippocampal dentate gyrus. These progenitors will differentiate to
eurons or glial cells in vitro only if they receive the appropriate
rophic treatment. In fact, Doestch (2003a, 2003b) has proposed

e-analyzing the function as well as the progeny of cells, especially
hen they are located in the niche under the influence of trophic

actors. In this paper, we have analyzed the action of some trophic
actors on striatum stem/progenitor brain cells using our collagen
ith anti-vimentin antibody (A), expression of anti-� III tubulin antibody in spheroid
 lineage. Anti-� III tubulin antibody in NT-3 treated spheroids (D). Nuclei are DAPI

gel 3D assay (Reynaldo et al., 2007; Cruz Gaitan et al., 2012; Carri
et al., 2014).

4.1. The clump of cells as spheroids in collagen gels as a model

The bioassay used in these experiments is simple, easy to per-
form, with repeatable good results. Tissue explanted is easy to
dissociate by simple mechanical procedures and the results are
reliable and show a good number of proliferating stem cells. These
proliferative cells seem to be the same as those reported by Dayer
et al. (2005). Bédard et al. (2006) proposed that new neurons
at the striatum come from subventricular progenitors migrating
through different pathways toward the olfactory bulb. There are
some remaining progenitors from the same striatum (Tropepe et al.,
1997). In contrast, Luzzati et al. (2007) demonstrated that the stri-
atum and migrating neuroblast are different progenitors that never
mix. There are some clusters of proliferative cells in the caudate
from which neuroblasts start migrating (Luzzati et al., 2007). These
are the corpus striatum proliferative cells that were used for our
culture assays. These cells, like hippocampal neurons, express DCX.
In the adult brain, this neurogenic striatum is in intimate contact
with another two  neurogenic regions (Luzzati et al., 2007; Jiao and
Chen, 2008).

The explantation zone is easy to identify during surgery. Access
is rapid and precise. Explanted tissue contains good viable cells that
form spheroids in culture (Fig. 1B) (Rojas Mayorquin et al., 2010).
Mitosis of the peripheral cells into spheroids has been attributed to
stimulation of bFGF within the stem cell medium (Reynolds et al.,
1992); this mitosis can be seen in Fig. 1A.

Progenitors and stem cells grown together as spheroids and then
placed in a 3D culture are an excellent assay for trophic factors. The
response could be differentiation of progenitors as neurons that can

produce a neurite. As soon as the cells are stimulated with trophic
factors, they start to increase survival and rapidly differentiate,
extending a neurite. Fig. 3 illustrates spheroids placed in collagen
and under the effect of NT-3, NTN and NGF. NT-3 exerts a greater
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timulation than other trophic factors in both length and number.
TN and NGF have the same effect but with small differences.

.2. Action of trophic factors on proliferating cells

Trophic factors have multiple actions on cells throughout
mbryo development. Neurotrophins and their receptors have been
hown in vitro and in vivo to be localized in numerous nerve
tructures, influencing proliferation, neurite outgrowth and cell
urvival (Von Bartheld, 1998; Wang et al., 2010; Delgado et al.,
014; Gransee et al., 2015). Various effects of trophic factors have
lso been observed on embryonic stem cells. In our bioassay, bFGF
romotes progenitor proliferation. Cattaneo and McKay reported
hat NGF increases proliferation of explanted nestin-positive pre-
ursors from E13.5–E14.5 embryos when they were previously
reated with bFGF, but in our bioassay bFGF seemed to promote
nly proliferation of nestin-positive stem cells and NGF acted as
n inductor of neuritogenesis (see Fig. 4D).bFGF induces prolifera-
ion of precursors, which migrate without complete differentiation
f neurons from the subventricular zone through the striatum or
. nigra (Jin et al., 2005). It also directs progenitor differentiation
o glial oligodendrocytes (Palmer et al., 1995) and increases sur-
ival and differentiation of dopaminergic neurons in vitro (Reuss
nd Unsicker, 2000). We  analyzed oligodendrocyte markers and
ound similar results of 04 and A2B5expression when stem cells
ere in our medium with bFGF, demonstrating induction of oligo-
endrocyte differentiation.

NT-3 has important effects on the developing nervous system
nd during regeneration, such as the regulation of the survival
nd proliferation of glia in the visual system (Von Bartheld, 1998).
horacic dorsal root ganglia dissected from rats at embryonic day
3 show neurite outgrowth, especially when they are under NT-

 and NGF in the collagen matrix (Hari et al., 2004). Our results
emonstrate that NT-3 induces neurogenesis and neuritogenene-
is in embryonic stem cells from the corpus striatum when they are
n a 3D collagen matrix.

More recently, GDNF was found to be expressed at the develop-
ng striatum (Choi-Lundberg and Bohn, 1995) but reduced during
he postnatal days as NTN increased (Arekud et al., 1999). GDNF
nd NTN may  protect and restore neural function in injured ani-
als (Gasmi et al., 2007) and these factors seem to work together

n neural development. It is clear that the action of GDNF and NTN
s to specifically promote cell morphology and stimulate neurite
utgrowth (Zihlmann et al., 2005) and our results clearly confirm
hat NTN is neuritogenic for striatal precursors.

.3. The trophic factors direct neural stem cells to become neurons

Neural stem cells that are stimulated by a trophic factor will
hange shape and morphology following a process to generate a
euron that will finally produce an extension outgrowth that will be

 neurite. This process will show varicosities, branching along the
longation axis on the neurite body, and a final growth cone. These
aricosities and growth cones are easily recognizable in phase con-
rast illumination during evaluation in the assay (Fig. 1C). This
rocess is known as neuritogenesis; it has been very well regarded
or assessing the action of trophic molecules on nerve cells (Ebendal
t al., 1985), and may  be attributed to their action on specific cell
eceptors (Huang and Reichardt, 2001).

In cultures, the elongation of neurites from the spheroid offers
 good parameter for measurement. The outgrowth is measured
s two magnitudes: (i) number of neurites, and (ii) length of

eurites (see Fig. 2A and B). These magnitudes represent the num-
er of cells transformed to neurons and the elongation of neurons

n response to trophic action. In our experiments we  found very
ood outgrowth in both number and length of neurites. There are
ch Bulletin 115 (2015) 37–44 43

significant differences with untreated control cultures. Spheroids
of secondary cultures treated with NT-3 at 48 h gave a spectacu-
lar 86.9 �m extension of neurites. It was clear that NT-3 acts on
both aspects of neurite magnitude: number and length. The results
found with NT-3 are manifestly different from those produced by
NGF and NTN (Fig. 2A and B). No other treatment gave the same
result. Spheroids of secondary cultures with NTN gave 72.8 �m at
48 h and classical NGF gave a length of 60.4 �m at 48 h. The con-
trol elongated only 51.9 �m.  Spheroids of secondary cultures have
a greater response in length in all treatments with minimal differ-
ence between primary and secondary. Elongation was very good at
48 h culture.

The NT-3 effect could be explained through the expression on
the cell membrane of the corresponding receptor TrkC and TrkB
(Tessarollo et al., 1994; Klein et al., 1994). The effect of NTN funda-
mentally supports survival more than differentiation in neural cells
(Zihlmann et al., 2005) possibly acting through the Ret receptor
(Durbec et al., 1996). NGF also promotes survival, with proliferation
and strong differentiation made possible through the high affinity
NGF-receptor (Loeb et al., 1991; Bothwell, 1995; Kaplan and Miller,
1997).

In the experiments, neural stem cells which are treated with
trophic factors differentiate to neurons and produce neurite out-
growth (Quadrato et al., 2014). This outgrowth, which we named
neuritogenesis, has been measured based on three different cir-
cumstances of the experiments: (i) the trophic factors, (ii) the type
of assay, whether primary or secondary cultures, (iii) evaluation at
24 and 48 h. Under these conditions, the stem cells show vigorous
neuritogenesis with a considerable number of neurites (Fig. 3B–D).
Experiments with NT-3 and spheroid of secondary cultures eval-
uated at 48 h show a mean number of 45 neurites per sphere.
Treatments with NTN show a mean number of 32 neurites and with
NGF, a mean number of 25 neurites at both 24 and 48 h. Controls
compared with those treated do not show neurites in the same
number and length. There are significant differences (p < 0.001)
between the number of neurites under the action of trophic stim-
ulation and also in comparison to the experiment under basal
conditions. There are also significant differences between types of
culture in each treatment, but no differences between evaluations
at 24 and 48 h.

4.4. Markers of neural stem cells in cultures

The presence of antigens corresponding to cell proliferation
in cellular spheroids indicated that there are progenitors of neu-
ral phenotypes in early phases of cultures. Positivity with Ki67
and PCNA has been detected, and this corresponds to prolifera-
tion and characteristic self-renewal of stem cells. The expression
of the markers cited above also shows in early phases that there
is induction of differentiation in the assay. The immunolabeling
was performed within the collagen after trophic stimulation. In
these spheroids, the expression of nestin, vimentin and GFAP are
markers of stem cells and progenitors. Floating spheroids show
characteristics of stem cells, with expression of PCNA and A2B5
in spheroids of primary cultures, while S100, KI67 and Pax6 are
markedly expressed in spheroids of secondary cultures. GFAP,
nestin, PCNA, O4 and tubulin III are expressed in cells of both pri-
mary and secondary cultures. Their expression demonstrates the
capacity to generate differentiation toward other cell types. Photos
of stained anti-vimentin spheroids can be seen in Fig. 4A, while
those treated with NTN and stained with anti-� III tubulin can be
seen in Fig. 4B. The spheroids stained with anti-A2B5 antibody are

shown in Fig. 4C and those treated with NT-3 and stained with
anti-tubulin III in Fig. 4D. Spheroids of secondary cultures treated
with NTN express O4 according to glial cells, while those of primary
cultures treated with all the trophic factors, NT-3, NTN and NGF,
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xpress tubulin III (Fig. 4D). Spheroids of primary cultures treated
ith NT-3 express tubulin III and Neu-N characteristic of neurons,

nd those treated with NGF express tubulin III, again typical of the
euronal phenotype.
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