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Abstract
The purpose of this study was to explore the phenotypic potential of embryonic rat cerebral cortical stem cells by inducing
differentiation on lysine–alanine sequential (LAS) polymer substrates at neurosphere level. LAS polymer is a heterologous polymer of
lysine and alanine and has been demonstrated to enhance axon growth of neurons in a serum-free medium in vitro. It was found that very
few cells migrated outside of the neurospheres but extremely long processes extended from differentiated cells could form a network
between remote neurospheres when cells were cultured on LAS substrates at a low density of 120 neurospheres/cm2 in the serum-free
medium. On the contrary, when the neurosphere density was increased to 360 neurospheres/cm2, many neurosphere-forming cells
migrated out from their original aggregate and exhibited short processes morphology. Furthermore, when serum was added to the
culture system, the neurosphere-forming cells could be induced into an extensive cellular substratum of protoplasmic cells upon which
process-bearing cells spread. Clearly, neurospheres could exhibit different behaviors on LAS substrates according to the complex
environmental conditions. Here, we proposed that neurospheres would change their social communication and adopt different strategies
to communicate with other neurospheres when they detected each other’s presence. Therefore, the mediation of cell behavior on LAS
substrates by communication between neurospheres should be taken into account.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The discovery of neural stem cells in the central nervous
system (CNS) and their capacity to regenerate functional
neural cells have raised hopes for once untreatable diseases
and injuries to the brain and spinal cord. In vitro, these
neural stem cells or neural progenitor cells can be
maintained and expanded in the presence of mitogenic
growth factors, and also they have the potential to
differentiation to neurons, astrocytes, and oligodendrocytes in response to microenvironmental cues [1–4].
Previous studies suggested that the proliferation and
differentiation of embryonic cortical neural stem cells were
determined by the effects of extrinsic and intrinsic signals
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coming from substrates, medium components, and several
complex interactions among cells [5,6]. For example,
epidermal growth factor, basic ﬁbroblast growth factor
(bFGF) and hepatocytes growth factor have been shown to
induce the proliferation of embryonic precursors of the
CNS, leading to the formation of cell clusters, termed
neurospheres [2,3,7]. In addition, ciliary neurotrophic
factor and insulin-like growth factor-1 have also been
reported to function as key cues in regulation of development of neural stem cells [8,9]. Besides the diffusible
factors, signal coming from cell–cell contact also has an
effect on the transition of multipotential neural stem cells
to postmitotic cells of different types [6,10]. However, little
is known what determines the choice of the differentiation
pathway taken by neural stem cells on different substrates
[10]. It is possible that neural stem cells respond to different
substrates, and their fate determination depends on the
chemical properties of the substrates.
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Numerous natural and synthetic polymers have been
used as substrates or scaffolds for peripheral and central
nerve regeneration in vitro or in vivo [11,12]. For example,
poly-D-lysine (PDL) is the most common polymer substrate
used for culture of CNS neurons because of its efﬁcacy and
economy [13–17]. Compared to PDL, lysine–alanine
sequential (LAS) polymer is a heterologous polymer of
lysine and alanine. Brewer et al. reported that LAS
enhanced better axon growth of neurons in a serum-free
medium than PDL did [18]. Therefore, this study examined
whether the differentiation behavior of neural stem cells
responded differently to LAS and PDL substrates under
serum-free conditions. Neural stem cells, isolated from
embryonic rat cerebral cortices, were cultured on LAS and
PDL substrates at the neurosphere level. Furthermore, the
effects of neurosphere density and serum proteins on the
differentiation of neural stem cells on LAS substrates were
investigated. Finally, we proposed the mediation of cell
behavior on LAS substrates by communication between
neurospheres. The information should be useful for the
development of biomaterials to regulate the proliferation
and differentiation of neural stem cells and their eventual
manipulation to replace lost or dysfunctional neurons
following trauma or disease.
2. Materials and methods
2.1. Preparation of LAS and PDL substrates
LAS polymer was kindly supported by Professor Brewer [18] and its
synthesis was described elsewhere [20]. The LAS polymer was dissolved at
1 mg/ml in distilled water and preserved at 20 1C as the stock solution.
After thawing, the stock solution was diluted to 50 mg/ml. PDL was
purchased from Sigma and diluted to 50 ng/ml in phosphate-buffered
saline (PBS). Before cell culture, 24-well tissue culture polystyrene (TCPS)
plates (Corning, New York, USA) were covered with 1 ml of LAS or PDL
diluted solution and incubated for 12 h, after which time excess solution
was removed by suction and dried for another hour.

2.2. Isolation and culture of cortical neural stem cells
Cortical neural stem cells were prepared from pregnant Wistar rat
embryos on days 14–15 according to a protocol detailed previously [5,6].
Brieﬂy, rat embryonic cerebral cortices were dissected, cut into small
pieces and mechanically triturated in cold Hank’s balanced salt solution
containing 5.4 mM KCl, 0.3 mM Na2HPO4  7H2O, 0.4 mM KH2PO4,
4.2 mM NaHCO3, 0.5 mM MgCl2  6H2O, 0.6 mM MgSO4  7H2O, 137 mM
NaCl, and 5.6 mM D-glucose. The dissociated cells were collected by
centrifugation and were resuspended in a serum-free medium containing
DMEM-F12, 8 mM glucose, glutamine, 20 mM sodium bicarbonate, 15 mM
HEPES and N2 supplement (25 mg/ml insulin, 100 mg/ml human apotransferrin, 20 nM progesterone, 30 nM sodium selenite, pH 7.2) [19]. The
number of live cells was counted by trypan blue exclusion assay in a
hemocytometer.
Cerebral cortical neural stem cells were puriﬁed and cultured in T25
culture ﬂasks (Corning, NY, USA) at a density of 50,000 cells/cm2 in the
above culture medium in the presence of bFGF at a concentration of
20 ng/ml. Cultures were maintained at 37 1C in a humidiﬁed atmosphere of
95% air/5% CO2. After 1–3 d in vitro, cells were undergoing cell division
and the proliferating cells formed the neurospheres, which were suspended
in the medium. Subsequently, adherent cells were discarded and suspended
neurospheres were collected by centrifugation, mechanically dissociated

and subcultured as single cells in a new T25 culture ﬂask at a density of
50,000 cells/cm2 in the fresh culture medium containing the same
concentration of bFGF. These cells grew into new spheres in the
subsequent 2–3 d, that is, single cells proliferated and formed new
neurospheres. The procedure of subculture was repeated again to achieve
the puriﬁed cortical neural stem cells and proliferating neurospheres. The
plasticity of these puriﬁed cortical neural stem cells was identiﬁed by the
method of immunocytochemistry with anti-nestin, anti-NSE, and antiGFAP, which has been reported in a previous publication [10].
Subsequently, neurospheres were seeded on LAS- or PDL-coated wells
at 120 neurospheres/cm2 in the serum-free medium after bFGF withdrawal for investigating the effects of substrates on neural stem cells. In
addition, the effects of higher neurosphere density (at 360 neurospheres/
cm2 under serum-free conditions) and serum proteins (10% fetal bovine
serum (FBS) at 120 neurospheres/cm2) on the differentiation of neural
stem cells on LAS substrates were included in this study. The empty TCPS
wells without coating were used as controls. At indicated time points,
morphologies of cultured neurospheres were observed under a phase
contrast microscope (Zeiss LAMBDA 10-2, Germany).

2.3. Quantification of process growth
Digital photomicrographs were taken of random ﬁelds of neurospheres
at indicated experimental points. Quantiﬁcation of process growth was
evaluated by the end-to-end distance of extensive processes. The lengths of
10–15 longest processes (neurites from neurons or processes from glial
cells) per neurosphere were estimated from the edge of the neurospheres to
the tip of the processes in linear form. Process lengths were measured by
tracing the processes using NIH Image software (ImageJ). The length of
processes of 20 independent neurospheres was calculated at each
experiment, and the means and standard error of mean (SEM) were also
calculated [21,22].

2.4. MTT assay
The cell viability was determined by the MTT (3-(4,5-dimethylthiazol2-yl)-diphenyl tetrazolium bromide; Sigma) colorimetric assay [23,24].
Brieﬂy, the culture medium was removed at the indicated time points, and
the cells were incubated with 0.1 ml of MTT solution (2 mg/ml in PBS) for
3 h at 37 1C. After incubation, the MTT solution was aspirated and the
formazan reaction products were dissolved in dimethyl sulfoxide and
shaken for 20 min. The optical density of the formazan solution was read
on an ELISA plate reader (ELx 800, BIO-TEK) at 570 nm. MTT
conversion data were expressed as fold growth relative to seeding
neurospheres.

2.5. Immunocytochemistry
For immunocytochemical characterization, cultured cells were ﬁxed in
ice-cold 4% paraformaldehyde in PBS for 20 min and washed three times
in PBS at indicated time points. After ﬁxing, cells were incubated with
primary antibodies diluted in PBS containing 0.3% triton-X-100 and 10%
bovine serum albumin for 2 h at 37 1C. The primary antibodies and their
dilution used in this study were mouse anti-nestin monoclonal antibody
(anti-nestin; 1:1000; Chemicon, Temecula, CA), mouse anti-neuron
speciﬁc enolase monoclonal antibody (anti-NSE; 1:250; Chemicon,
Temecula, CA), mouse anti-b-tubulin-III monoclonal antibody (antib-tubulin-III; 1:200; Chemicon, Temecula, CA), rabbit anti-microtubuleassociated protein 2 polyclonal antibody (anti-MAP2; 1:500; Chemicon,
Temecula, CA), rabbit anti-glial ﬁbrillary acidic protein polyclonal
antibody (anti-GFAP; 1:500; Chemicon, Temecula, CA), and mouse
anti-oligodendrocyte marker O4 monoclonal antibody (anti-O4; 1:250;
Chemicon, Temecula, CA) [25–28]. FITC- and Rhodamine-conjugated
secondary antibodies were used to visualize the signal by reacting with
cells for 30 min at room temperature. The secondary antibodies and their
dilution were FITC-conjugated goat anti-mouse IgG (preabsorbed with

ARTICLE IN PRESS
J.-H. Wang et al. / Biomaterials 27 (2006) 3441–3450
rabbit and rat serum protein; 1:100; Chemicon, Temecula, CA), FITCconjugated donkey anti-rabbit IgG (preabsorbed with rabbit and rat
serum protein; 1:100; Chemicon, Temecula, CA) and rhodamineconjugated goat anti-mouse IgG (preabsorbed with rabbit and rat serum
protein; 1:100; Chemicon, Temecula, CA). Immunostained cells were
visualized by indirect ﬂuorescence under the ﬂuorescent microscope
(Axiovert 100TV, Germany).

3. Results
3.1. Behavior of neurospheres on LAS substrates at low
density under serum-free conditions
Fig. 1 shows photomicrographs of neurospheres cultured
on LAS substrates at an initial density of 120 neurospheres/cm2 in the serum-free medium after bFGF withdrawal to allow cell attachment and differentiation. It can
be seen that as early as 1 d in culture, neurospheres
attached onto LAS substrates and the differentiating
processes extended out from the spheres. Actually, the
number and length of processes from differentiated cells
within the neurospheres extended their length and territory
steadily over the course of 4 d on LAS substrates. Although
neurospheres were discretely distributed on LAS substrates
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due to the low seeding density, differentiated cell bodies
sent out very long, straight, and slender processes into the
surrounding areas. Therefore, processes extended from
individual neurosphere could form a network between
neurospheres after 4 d of culture. At this time, very few
migrating cells were found around the neurospheres. The
differentiated neuronal phenotype of these neurospheres
was conﬁrmed by immunocytochemical staining, which
will be described subsequently.
LAS is a sequential copolymer of lysine and alanine. For
comparison, PDL, a homopolymer of lysine molecule and
is the most common substrate for neuronal cultures, was
used to culture neurospheres under the same conditions.
Dissimilar to LAS polymer, PDL could induce more
neurosphere-forming cells migrating far away from neurospheres; see Fig. 2. In addition, although these neurospheres were also attached onto PDL substrates after 1 d of
culture and the processes were also becoming abundant
and longer to extend to adjacent neurospheres for longer
culture times, the processes emanating from neurospheres
were not so straight as those on LAS substrates. The
differentiated processes exhibited a characteristic of zigzag
form.

Fig. 1. Photomicrographs illustrate morphology and process growth of embryonic cerebral cortical neurospheres on LAS substrates under serum-free
conditions at low neurosphere density (120 neurospheres/cm2) after culture of (A) 1 d, (B) 2 d, and (C) 4 d. Scale bar ¼ 200 mm.
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Fig. 2. Photomicrographs illustrate morphology and process growth of embryonic cerebral cortical neurospheres on PDL substrates under serum-free
conditions at low neurosphere density (120 neurospheres/cm2) after culture of (A) 1 d, (B) 2 d, and (C) 4 d. Scale bar ¼ 200 mm.
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Fig. 3 shows quantitative analysis of process growth of
differentiated cells generated from cerebral cortical neurospheres on LAS and PDL substrates after 1, 2, and 4 d of
culture under serum-free conditions. The lengths of 10–15
longest processes per neurosphere were measured from the
edge of the neurospheres to the tip of these processes, i.e.,
the end-to-end distance. The average process length of 20
independent neurospheres on PDL substrates were
51.271.2, 137.972.6, and 309.676.3 mm at 1, 2, and 4 d,
respectively. The average process lengths on LAS substrates were 211.674.0, 359.975.8, and 448.876.8 mm at
1, 2, and 4 d, respectively, which were signiﬁcantly longer
than those on PDL substrates at each indicated time point
(po0.001).
Because these cultures represent a heterogeneous population of cells at different stages of neuronal and glial
development, immunocytochemical staining was performed to analyze differentiated phenotypes after neurospheres were cultured on LAS and PDL substrates for 3 d.
Fig. 4 shows that the extensive processes’ outgrowth from
the neurospheres were both identiﬁed as either neuronal
ﬁlaments (anti-b-tubulin-III and anti-MAP-2 immunoreactive) or glial processes (anti-GFAP immunoreactive) on
LAS and PDL substrates. The monoclonal antibody

400

*

300

*

200

100

0
1

2
time in culture(day)

4

Fig. 3. Quantiﬁcation of process growth of neurospheres on LAS and
PDL substrates under serum-free conditions at 120 neurospheres/cm2 after
1, 2, and 4 d of culture. The lengths of 10–15 longest processes per
neurosphere were estimated from the edge of the neurospheres to the tip of
the processes in linear form. Values represent means7SEM of 20
independent neurospheres. *Signiﬁcant differences of the average length
of processes on LAS substrates compared to that on PDL substrates
(po0.001) as determined by Student’s t-test.
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Fig. 4. Fluorescent photomicrographs represent differentiated cell phenotypes from embryonic cerebral cortical bFGF-responsive neurospheres on LAS
and PDL substrates under serum-free conditions at low neurosphere density (120 neurospheres/cm2) after 3 d of culture. Anti-b-tubulin-III and anti-MAP2 are immunoreactive for differentiated neurons, while anti-GFAP is speciﬁc for astrocytes, and anti-O4 is for oligodendrocytes. Scale bar ¼ 100 mm.

120

100
Percentage of cells (%)

against b-tubulin-III recognizes neurons at an early stage
of development and is used to identify cells differentiating
toward a neuronal phenotype [25,29]. Examination of the
immunostaining results with b-tubulin-III-positive cells
exhibited similar growth morphology on LAS and PDL
substrates, suggested that the morphological growth of
differentiating neurons is similar on these two substrates.
On the other hand, the immunocytochemical distribution
of MAP-2 is normally restricted to mature nerve cell bodies
and dendrites [26,30]. Examination of the immunostaining results with MAP-2-positive cells revealed that
the migrating behavior and morphological dendritic
growth of these differentiated neurons were different on
these two substrates. More mature neurons migrated away
from neurospheres on PDL substrates and relatively fewer
MAP-2-immuopositive cells were observed around the
neurospheres on LAS substrates. In addition, most of the
GFAP-positive cells, which had long and slender processes,
show ﬁbrous astrocyte morphology on LAS and PDL
substrates [22]. However, O4-immunoreactive cells were
not found on these two substrates. Based on the above
results, neurosphere-forming cells differentiated predominantly into neurons and astrocytes. Therefore, these
bFGF-responsive cerebral cortical neurospheres cultured
on LAS or PDL substrates under this culture condition
were bi-potent: they could differentiate into neurons and
astrocytes simultaneously.
Fig. 5 shows the average percentage of differentiated cell
phenotypes on LAS and PDL substrates, counted from
MAP-2- and GFAP-positive cells of immunocytochemical
staining in 20 random high-power ﬁelds of independent
neurospheres from six independent cultures. After 3 d of
differentiation in the serum-free medium, the percentages
of differentiated neurons and astrocytes were 74.874.0%
and 25.273.1% on PDL substrates, and were 52.275.9%
and 47.974.3% on LAS substrates.
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80

60

40

20
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Fig. 5. Average percentage of differentiated cell phenotypes generated
from neurospheres on LAS and PDL substrates in the presence or absence
of serum medium.

3.2. Behavior of neurospheres on LAS substrates at high
density under serum-free conditions
For the next experiment, the effect of neurosphere
density on the behavior of cortical stem cells on LAS
substrates was investigated. When the neurosphere density
was increased to 360 neurospheres/cm2 under serum-free
conditions, neurospheres showed distinct behavior compared to that at low neurosphere density (120 neurospheres/cm2). As shown in Fig. 6(a), extensive outgrowth
of processes was not found after 3 d of culture. Conversely,
neurosphere-forming cells migrated out from their original
aggregate. It seemed that neurospheres broke down
gradually. After migrating out of neurospheres, the cells
became ovoid and bipolar or tripolar in shape with short
processes. These cells were characterized as GFAP-positive
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Fig. 6. (A) Morphology and (B) GFAP-immunoreactive cells of
embryonic cerebral cortical neurospheres on LAS substrates under
serum-free conditions at high neurosphere density (360 neurospheres/
cm2) after 3 d of culture. Scale bar ¼ 100 mm.

Fig. 7. (A) Morphology of embryonic cerebral cortical neurospheres on
LAS substrates in the serum medium after 3 d of culture. (B) Enlarged
views of boxed areas in (A), high-power DIC photomicrograph shows
process-bearing cells grown on cytoplasmic spreading cells rather on LAS
substrates. Scale bar ¼ 100 mm.

cells (Fig. 6(b)), but MAP-2- and O4-negative (not shown
here), indicating that migrating-out cells were predominantly induced into astrocytes. Therefore, increased neurosphere density can greatly inﬂuence the behavior and
differentiated cell types of cortical neurospheres on LAS
substrates.

cellular substratum of protoplasmic cells upon which
process-bearing cells spread. The protoplasmic cells,
exhibiting large, ﬂat cell bodies with very few processes,
would migrate far away from the neurospheres and were
characterized as GFAP-immunoreactive astrocytes, and
the process-bearing cells grown on these protoplasmic
astrocyte layers were identiﬁed as either neurons (antiMAP-2, and anti b-tubulin-III) or astrocytes (anti-GFAP);
see Fig. 8. This indicated that the processes grown on the
substratum of astrocyte layers consist of MAP-2- and
b-tubulin-III-positive neuroﬁlaments from neurons and
GFAP-positive processes from astrocytes. Therefore, when
serum was present, the differentiated GFAP-positive
astrocytes could be protoplasmic astrocytes or ﬁbrous
astrocytes. It is noted that protoplasmic astrocytes were
not observed in the serum-free medium.
Fig. 5 also shows the average percentage of differentiated
cell phenotypes on LAS and PDL substrates in the

3.3. Behavior of neurospheres on LAS substrates at low
density in the presence of serum
Finally, we investigated the behavior of bFGF-responsive neurospheres on LAS substrates at low neurosphere
density (120 neurospheres/cm2) in the presence of 10%
FBS. After 3 d of differentiation, the morphology of
bFGF-responsive neurospheres grown on LAS substrates
in the presence of serum was dramatically different from
that grown in absence of serum. As shown in Fig. 7, the
neurospheres were induced into typically an extensive
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Fig. 8. Fluorescent photomicrographs represent differentiated cell phenotypes from embryonic cerebral cortical bFGF-responsive neurospheres on LAS
and PDL substrates in the medium containing 10% FBS after 3 d of culture. Anti-b-tubulin-III and anti-MAP-2 are immunoreactive for differentiated
neurons, while anti-GFAP is speciﬁc for astrocytes, and anti-O4 is for oligodendrocytes. Scale bar ¼ 100 mm.
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presence of 10% FBS. When neurospheres were cultured
on PDL substrates in the 10% FBS medium, the
morphology and differentiated phenotypes of cortical
neurospheres were similar as those observed on LAS
substrates (Fig. 8). After 3 d of differentiation, the
percentages of differentiated neurons and astrocytes were
13.6%70.5% and 86.4%72.1% on PDL substrates, and
were 17.6%72.1% and 84.9%72.8% on LAS substrates.
Clearly, regardless of LAS and PDL substrates, the
percentage of differentiated neurons was decreased to a
great extent when serum was present.
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3.4. MTT assay
MTT assay relies on the ability of the viable cells to
reduce a water-soluble yellow dye to a water-insoluble
purple formazan product. Fig. 9 shows the MTT conversion of neurospheres cultured on the LAS substrates and
TCPS at 120 neurospheres/cm2. The effect of serum on the
MTT reduction activity of cells was noted. At all data
points, the MTT conversion of neurospheres in the
presence of serum was greatly higher than that in the
absence of serum, regardless on the LAS substrates and
TCPS. In addition, the MTT reduction activity of cells on
the LAS substrates in the presence of serum exhibited a
stable increase and was signiﬁcantly higher than that on
TCPS at all data points (po0.001), indicating that the LAS
substrate is favorable for the proliferation of neural stem
cells in the presence of serum. This is consistent with the
result of Fig. 5 that the percentage of differentiated
astrocytes on LAS substrates was greatly increased when
serum was present. However, there was no signiﬁcant
difference in the MTT conversion on LAS substrates and
TCPS in the absence of serum. Therefore, the cell number
would greatly increase on LAS substrates when only serum
was present.

Serum-free-TCPS
Serum-free-LAS
Serum-TCPS
Serum-LAS

1

2

3

4

DIV
Fig. 9. MTT reduction activity of neurospheres cultured on LAS
substrates and TCPS in the presence and absence of serum. The data
were expressed as fold growth relative to seeding neurospheres7SEM
from six independent cultures and determinations. Asterisk denotes
signiﬁcant differences of MTT reduction activity on LAS substrates
compared to that on TCPS (po0.001) as determined by Student’s t-test.

4. Discussion
Recently, the factors responsible for proliferation and
differentiation of neural stem cells have been the subject of
intense investigation because identiﬁcation of effects that
regulate the behavior of neural stem cells may allow for
their eventual manipulation in the CNS therapies to
replace cells lost to injury or disease. These factors include
extrinsic signals coming from culture substrates [2,31],
medium components [3,5,7,22,32], and several complex
interactions among cells [6,10,33] to either augment or
inhibit cellular proliferation or to impart new functional
capabilities of neural stem cells. The major ﬁnding of this
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study was that neurospheres, obtained from embryonic rat
cerebral cortex, could exhibit different behaviors on LAS
according to the complex environment conditions.
Firstly, when neurospheres were sparsely distributed on
LAS under serum-free conditions, long and straight
processes extended from neurosphere to the surrounding
areas. Albrecht-Buehler has reported that a mammalian
cell can sense the presence of another cell at the range of
cell diameter [34]. Therefore, it is reasonable to assume that
neurospheres did not know whether other neurospheres
existed around somewhere when the distance between
neurospheres was so far that signals from soluble factors
secreted by other neurospheres, such as hormones,
cytokines and growth factors are extremely dilute [35]. At
this time, if cells migrated far away from neurosphere, cells
could not survive due to too low cell density [36,37].
Therefore, cells only could migrate a short distance around
neurospheres. Alternatively, processes extended out from
the neurosphere to search other neurospheres. It seemed
that processes extending out from the neurosphere were a
more economical method to communicate with other
neurospheres than cells migrating out from the neurosphere. Therefore, processes extending from individual
neurosphere could form a network between neurospheres,
but only some migrating cells were found around the
neurospheres. At this time, cell–substrate interaction was
believed to determine pattern of process growth. As shown
in Figs. 1–4, although the differentiated cell types (neurons
and astrocytes) were similar on LAS and PDL substrates,
process outgrowth was signiﬁcantly enhanced by LAS
substrates and morphological differentiation was somehow
different on these two substrates.
If one places a neurosphere at the midpoint between two
adjacent neurospheres, the long processes between two
neurospheres will be intercepted by the third neurosphere
(i.e., increasing neurosphere density). Theoretically, neurospheres should form a more tight and complex network
under this circumstance because the distance between
neurospheres is decreased substantially. However, when
neurosphere density was increased from 120 to 360
neurospheres/cm2 in this study, extensive outgrowth of
processes was not found but astrocytes migrated out from
their original aggregate to interact with other neurospheres
(Fig. 6(b)). Indeed, the average number of migrating-out
cells at the third day, counted from 15 neurospheres on six
different substrates at low and high neurosphere density
were 18.171.7 and 45.573.9, respectively. It seemed that
neurospheres would change their social communication,
which did not require physical contact, when they detected
each other’s presence. If the distance between neurospheres
was near enough for cell migration to communicate with
each other (i.e., higher neurosphere density), ovoid shaped
astrocytes with short processes would migrate out from
neurosphere to contact other cells. Conversely, if the
distance was too far (i.e., lower density culture) for cells to
migrate, longer processes extended outwards from cells
inside the neurospheres instead of cell migration. This

suggests that neurosphere density may considerably
inﬂuence the behavior of cortical neurospheres.
Finally, when serum proteins were added to the culture
system at low-density culture, extensive outgrowth of
processes was not found but neurosphere-forming cells
migrated out from their original aggregate. It appeared
that serum proteins could alter communication between
remote neurospheres. Suppose that the density-dependent
increase in cell migration may be due to speciﬁc interactions between neurospheres controlled by growth factors
(hormones or cytokines) secreted by cells [35]. Thus, a
necessary condition for cells to migrate outside of the
neurosphere is that signals from soluble growth factors
secreted by other neurospheres needs to exceed a threshold.
It can be inferred that the higher the neurosphere density,
the shorter the mean distance between two adjacent
neurospheres, and the higher the concentration of growth
factor between neurospheres. This implies that the higher
the neurosphere density, the easier for cells to migrate
outside of the neurosphere. Thus, low levels of secreted
growth factors by low density of neurospheres had no
effect on the cell migration in sparse cultures. In contrast,
sparse neurospheres could obtain strong signals when
enough serum proteins are supplied to the medium.
Therefore, the fate of neurospheres was changed from
extensive outgrowth of processes to cells migrating out
from their original aggregate. In other words, not only
neurosphere density promotes cell migration but also the
supply of serum proteins acts as a migration factor for cells
in culture.
On the other hand, MTT assay shows the viability of
neural stem cells in the presence of serum was signiﬁcantly
higher than that in the absence of serum (Fig. 9). As shown
in Figs. 1 and 7, both in the same neurosphere density,
serum proteins not only enhanced more cells to migrate out
from neurospheres but also induced cells to differentiate
into more different phenotypes; hence cells had higher
mitochondria reactivity (MTT absorbance). Besides neurons, two types of astrocytes were induced and migrated
out of neurospheres. One is the protoplasmic astrocyte
with large, ﬂat cell body with very few processes, and the
other is the ﬁbrous astrocyte with long processes and was
grown on protoplasmic astrocyte layers. Such extensive
cellular substratum of protoplasmic astrocytes differentiated from neurospheres can be considered as an optimum
substrate for neuronal growth, which is similar to glia
functioning as substrate pathways for the structuring of
neuronal growth during CNS development [38–41]. On the
contrary, when neurospheres were cultured under serumfree conditions, these neurosphere-forming cells could not
migrate far away from neurospheres and survive within or
around neurospheres. At this time, cells exhibited relatively
low mitochondrial reactivity. It is noted that protoplasmic
astrocytes were not observed under serum-free conditions.
These suggested that serum proteins could exert much
inﬂuence on growth and fate determination of neural stem
cells.
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4.1. Conclusion
In summary, neurospheres would adopt different strategies to communicate with other neurospheres on LAS
substrates according to the complex environmental conditions. Under serum-free conditions, neurosphere-forming
cells could extend long processes to form a network
between remote neurospheres or migrate out from their
original aggregate to communicate with adjacent neurospheres. When serum was added to the culture system,
serum proteins could alter communication between neurospheres. Even in sparse cultures, the fate of neurospheres
was changed from extensive outgrowth of processes to cells
migrating out from neurospheres. The present study
provides evidence that LAS polymer can be a potent
substrate for the development and growth of neural stem
cells in tissue engineering and neuroscience research.
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