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Abstract
Rat adult hippocampal progenitor cells (AHPCs) are self-renewing, multipotent neural progenitors
that have the ability to differentiate into neurons and glia. Previously, we demonstrated that co-
culture of AHPCs with postnatal day two, type 1 cortical astrocytes on laminin-coated
micropatterned polymer substrates facilitates selective neuronal differentiation of the AHPCs 1.
Under this condition, multi-dimensional cell-cell and/or cell-extracellular matrix interactions, as
well as possible soluble factors released from astrocytes provided spatial and temporal control
selectively enhancing neuronal differentiation and neurite alignment on topographically different
regions of the same substrate. To investigate the potential role of astrocyte-derived soluble factors
as cues involved in neuronal differentiation, a non-contact co-culture system was used. Under
control conditions, approximately 14% of the AHPCs were immunoreactive (IR) for the neuronal
marker, class III β-tubulin (TUJ1-IR). When co-cultured in physical contact with astrocytes,
neuronal differentiation increased significantly to about 25%, consistent with our previous results.
Moreover, under non-contact co-culture conditions using Transwell insert cultures, neuronal
differentiation was dramatically increased to approximately 64%. Furthermore, neurite outgrowth
from neuronal cell bodies was considerably greater on the patterned substrate, compared to the
non-patterned planar substrate under non-contact co-culture conditions. Taken together, our results
demonstrate that astrocyte-derived soluble factors provide cues for specific neuronal
differentiation of AHPCs cultured on micropatterned substrates. In addition, a suppressive
influence on neuronal differentiation appears to be mediated by contact with co-cultured
astrocytes. These results provide important insights into mechanisms for controlling neural
progenitor/stem cell differentiation and facilitate development of strategies for CNS repair.
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Introduction
During development of the central nervous system (CNS), reciprocal interactions between
neural stem cells and their milieu are important for regulating and coordinating a variety of
inter- and intra-cellular processes, such as proliferation, differentiation, migration, and cell
survival. These developmental events also impact tissue organization and matrix remodeling
2-5. The local microenvironment of multipotent neural stem/progenitor cells (NPCs),
referred to as the neural stem cell ‘niche’, have a profound influence on the fate of the NPCs
6-10. Extracellular matrix (ECM) components have been known to regulate the
differentiation of NPCs 9,11-15. Moreover, numerous studies have demonstrated that
astrocytes surrounding NPCs play a critical role in mediating neurogenesis 1,16,17. In
addition, astrocyte-derived signals have been reported to regulate the structural formation
and functional plasticity of synapses in developing and adult CNS 18-20. Our previous
results suggested that the enriched astrocytes enhance neuronal differentiation of NPCs
isolated from adult rat hippocampus (adult hippocampal progenitor cells, AHPCs) 1. In
addition, the synergistic combination of spatial control from three-dimensional (3-D)
micropatterned polystyrene substrates coated with the ECM molecule, laminin, along with
the biological influence of the astrocytes aligned in the direction of the patterned substrate
provided guidance cues for promoting neuronal differentiation of the AHPCs 1. Based on
these results we proposed that, in the multi-dimensional environment, the astrocytes present
discrete cues to the overlying AHPCs involving contact-mediated or release of soluble
factors, or a combination of both. These factors may include specific molecules known to
mediate cellular mechanisms that regulate cell growth, development, maturation and
communication among the cells 21-24. The soluble factors released by astrocytes may be
spatially restricted due to the topography of the micropatterned polystyrene substrate as well
as the physically aligned astrocytes within the microgrooves. The astrocyte-derived factors
may be locally constrained in the microgrooves and could potentially influence AHPC
differentiation. It is possible that the stem cell niche has been mimicked in vitro through the
presentation of an optimal combination of signals necessary for neuronal differentiation of
the AHPCs.

In the present study, we have investigated the factors responsible for selective neuronal
differentiation of AHPCs within the micropatterned multi-dimensional environment. Non-
contact co-cultures were established using Transwell® semi-porous membrane inserts to
separate the astrocytes from AHPCs cultured on micropatterned substrates but in the same
well. In this culture system, the membrane inserts prohibit the physical interaction between
the two types of cells but permit exchange of soluble factors between the cells. In an effort
to identify the optimal combination of signals creating biological and spatial control over
AHPC differentiation, we examined whether the factors responsible for the selective
differentiation in the co-cultures were contact-mediated or soluble (or both) and possible
roles of the factors.

Materials and Methods
Micropatterned substrate fabrication

Micropatterned polystyrene (PS) substrates were prepared as described in the previous study
1,25. The pattern dimensions used were 16/13/4 μm [groove width/groove spacing (or mesa
width)/groove depth] and substrate thickness was approximately 50-70 μm. The
micropatterned/non-patterned PS substrates were washed in deionized water, sterilized with
70% ethanol and used to construct cell growth chambers as described previously 25. The PS
substrates were coated with poly-L-lysine (PLL, 100 μg/ml; Sigma, St. Louis, MO) solution

Oh et al. Page 2

J Biomed Mater Res A. Author manuscript; available in PMC 2010 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and mouse-derived laminin (LAM, 10 μg/ml; R&D systems, Inc., Minneapolis, MN) diluted
in Earle’s Balanced Salt Solution (EBSS; Gibco, Grand Island, NY) before plating cells.

Astroglial cell isolation and purification
All animal procedures were conducted in accordance with and had the approval of the Iowa
State University Committee on Animal Care. Astrocytes were obtained from cerebral cortex
of two day old Sprague-Dawley rats as previously described 25. Dissected and dissociated
cells were grown in modified minimal essential culture medium (MMEM; Gibco) containing
minimum essential medium (MEM; Gibco) supplemented with 40 mM glucose, 2 mM L-
glutamine, 1 mM sodium pyruvate and 14 mM sodium bicarbonate, penicillin (100 IU/ml)
and streptomycin (100 μg/ml) with 10% v/v fetal bovine serum (FBS; HyClone, Logan,
UT), pH 7.35. The cells were cultured in an incubator (37°C, 5% CO2 / 95% humidified air
atmosphere) until being confluent in 25 cm2 tissue culture flasks (T-25; Falcon), and
screened with an anti-GFAP antibody (see Immunocytochemistry and Antibodies below)
before use to ensure purification of an enriched population of type-1 astrocytes. Greater than
95% of the cells in these astrocyte cultures were immunoreactive for the GFAP antibody and
no immunostaining for oligodendrocyte (RIP immunoreactivity) or neuronal (TUJ1
immunoreactivity) cell-types were observed. The cultures were not passaged more than 5
times.

Adult hippocampal progenitor cell culture
Adult hippocampal progenitor cells (AHPCs; a gift from Dr. F. H. Gage, La Jolla, CA) were
originally isolated from the brains of adult Fischer 344 rats and the expanded cultures from
single clones were infected with retrovirus to express enhanced green fluorescent protein
(GFP) as reported by Palmer and colleagues 26. The AHPCs were cultured as described
previously 1,25. Briefly, AHPCs were maintained in 75 cm2 tissue culture flasks (T-75;
Fisher Scientific, Pittsburgh, PA) coated with 10 μg/ml of poly-L-ornithine (Sigma) and 5
μg/ml of LAM. The AHPCs were propagated in complete medium containing Dulbecco’s
modified Eagle’s medium/Ham’s F-12 (DMEM/F-12, 1:1; Omega Scientific, Tarzana, CA)
supplemented with N2 (Gibco BRL, Gaithersburg, MD), 20 ng/ml basic fibroblast growth
factor (human recombinant bFGF; Promega Corporation, Madison, WI), and 2.5 mM L-
glutamine (Gibco BRL, Gaithersburg, MD). For in vitro analysis, the AHPCs were detached
using 0.05% Trypsin-EDTA (Gibco BRL, Gaithersburg, MD), harvested , and plated onto
the micropatterned/non-micropatterned PS substrates coated with PLL (100 μg/ml) and
LAM (10 μg/ml in EBSS) (PS-LAM substrates) and maintained in appropriate culture
media.

Co-culture of astrocytes and AHPCs
Astrocyte-AHPC co-cultures were established as described previously 1. Briefly, 1.5 × 104

cells/cm2 of AHPCs were plated on top of an astrocyte monolayer and the co-cultures were
maintained in a mixed medium (referred to as co-culture medium, CCM) that consisted of
astrocyte MMEM without FBS in a 1:1 mixture with AHPC differentiation medium (AHPC
complete medium excluding bFGF). Contact co-cultures, as well as control cultures (AHPCs
alone and astrocytes alone), were grown for 6 days and then fixed in 4% paraformaldehyde
in 0.1 M PO4 buffer, pH 7.4 for immunocytochemical analysis.

To co-culture AHPCs with the astrocytes without physical contact, purified astrocytes were
seeded onto 0.4 μm semi-porous polyester membrane of Transwell® inserts inside 6-well
plates (Corning, Inc., Corning, NY) at the same initial plating density, and cultured in
MMEM including 10% FBS. After 2 days, the MMEM inside the inserts was replaced with
CCM following rinses with EBSS and incubated for 4 hours at 37°C. Meanwhile, AHPCs
were prepared separately. 1.5 × 104 cells/cm2 of AHPCs were plated on PS-LAM substrates
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and allowed to attach for 1 hour before removing the o-ring. The PS-LAM substrate on
which AHPCs were plated was placed at the bottom of each well and additional CCM was
added to the wells. Astrocytes on the insert membrane were then placed inside the well.
AHPC-astrocyte non-contact co-cultures were terminated after 6 days and fixed in 4%
paraformaldehyde for further analysis.

To obtain astrocyte-conditioned CCM, purified astrocytes were cultured in T-25 flasks in
MMEM including 10% FBS at similar seeding densities to those plated on the insert
membrane. After 2 days, the MMEM was replaced by CCM after rinses with EBSS. After 2
days of further growth, the CCM conditioned by astrocytes was collected, centrifuged to
remove any debris and then used to feed AHPC alone cultures without astrocytes. The
cultures were fed every 24 hours.

Immunocytochemistry and Antibodies
AHPCs cultured on PS-LAM substrates were processed for immunocytochemistry as
described previously 25. Briefly, fixed cells were incubated in blocking solution containing
5% normal donkey serum, 0.4% bovine serum albumin (BSA; Sigma), and 0.2% Triton
X-100 (Fisher Scientific), followed by incubation with primary antibodies overnight at 4°C.
After rinsing in phosphate-buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 8.1 mM
Na2HPO4, 1.47 mM KH2PO4, pH 7.4), cells were incubated in the appropriate biotinylated
secondary antibodies, followed by incubation with streptavidin-conjugated Cy3 (Jackson
ImmunoResearch, West Grove, PA). Cell nuclei were stained with 4’, 6-diamidino-2-
phenylindole, dilactate (DAPI), diluted at 1:2000 in PBS. Preparations were then mounted
onto microscope slides using an antifade mounting medium (GelMount; Biomeda Corp.,
Foster City, CA).

To identify differentiated neurons, antibodies against class III β-tubulin (TUJ1, mouse
monoclonal IgG; R&D systems, Inc.) or against microtubule-associated protein 2ab
(MAP2ab, mouse monoclonal IgG; Sigma) were used at a dilution of 1:750. To identify
differentiated glial cells, anti-receptor interacting protein (RIP, mouse monoclonal IgG;
Developmental Studies Hybridoma Bank) diluted at 1:1,600 for oligodendrocytes 17,27 and
anti-glial fibrillary acidic protein (GFAP, mouse monoclonal IgG; ICN, Costa Mesa, CA)
diluted at 1:500 for astrocytes were used. Biotinylated donkey anti-mouse secondary
antibody (Jackson ImmunoResearch) and Cy3-conjugated streptavidin were diluted at 1:500
and 1:15,000 in PBS, respectively. Negative controls were performed in parallel by omission
of the primary and/or secondary antibodies. No antibody labeling was observed in these
controls.

Quantitative analysis of immunocytochemistry
Following immunocytochemical procedures, the preparations were imaged using a Nikon
Eclipse (Nikon Corp., Melville, NY) inverted microscope equipped with standard
epifluorescence illumination and digital camera controlled by MetaMorph software
(Universal Imaging Corporation, West Chester, PA). A total of 12 microscopic fields (0.24
mm2/field) from each micropatterned/non-patterned PS-LAM substrate, 6 fields from
micropatterned half and 6 fields from non-patterned half, were randomly taken. To calculate
the percentage of AHPCs immunoreactive (IR) for anti-TUJ1, MAP2ab, RIP or GFAP, the
number of GFP-expressing and phenotypic marker-IR AHPCs were divided by the total
number of cells (DAPI-stained nuclei).

Neurite outgrowth assay
The images (400 X magnification) of AHPCs co-cultured and immunolabeled against TUJ1
were analyzed. From the images, 21 to 25 TUJ1-IR AHPCs per condition were analyzed
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using MetaMorph software. The length of major neurites emanating from each cell body
was measured. To calculate the average neurite length per cell, total length of the major
neurites of each cell, measuring from the edge of the cell body to the tip of the growth cone,
was divided by the number of primary neurites. Statistical analysis was performed using
GraphPad PRISM (ver. 3.0). All tests were two-tailed tests and p-values less than an alpha
of 0.05 were considered significantly different.

Statistical analyses
Statistical analyses were performed on the percentage of the AHPCs IR for each antibody of
interest. Since each field was a sub-sample of that half of the substrate, the means of the 6
fields were calculated for use in the analysis so that each field would receive equal weight.
The experiment followed a split plot design since the treatment (co-culture or control) was
applied to the entire substrate and both micropatterned and non-patterned halves were within
one substrate. Due to this design, there were two random effects in the model, (1) for the
whole plot effect, consisting of the error term for the treatment and (2) for the split plot
effect including the pattern effect and the interaction between the treatment and pattern. The
whole plot experimental unit was the entire PS-LAM substrate (approximately 1 cm2 in
area) while the split plot experimental unit was the half of the substrate that was either
patterned or non-patterned. For each primary antibody (anti-TUJ1, MAP2ab and RIP), N=12
for the whole plot analysis and N=24 for the split plot analysis. Mixed model analysis was
performed on the means using the PROC MIXED procedure in SAS. All tests performed
were two-sided tests and p-values less than an alpha value of 0.05 were considered
significant. Analysis of the residuals was performed and there was no evidence of
assumption violations.

Results
To delineate between contact-mediated and soluble neuronal inducing activities associated
with the astrocytes, the AHPCs were differentiated in parallel under four different culture
conditions: (1) AHPCs cultured alone in CCM (AHPCs alone), (2) AHPCs co-cultured in
physical contact with astrocytes (contact co-culture), (3) AHPCs cultured alone but in
astrocyte-conditioned CCM (conditioned CCM), and (4) AHPCs co-cultured with astrocytes
in non-contact co-culture conditions (non-contact co-culture).

When AHPCs were cultured alone, approximately 14% of the AHPCs were TUJ1-IR, 13%
MAP2ab-IR, 17% RIP-IR and 4% GFAP-IR averaging across the entire substrate (Fig. 1 A).
In addition, comparison between patterned and non-patterned surfaces of PS-LAM
substrates revealed no statistically significant differences in phenotypic differentiation of
AHPCs cultured alone (Fig. 1 B1-B4). When co-cultured in physical contact with astrocytes,
approximately 25% of the AHPCs were TUJ1-IR, 21% MAP2ab-IR and 22% RIP-IR (Fig. 1
A). Under these contact co-culture conditions, significantly more AHPCs were
immunoreactive for the TUJ1 antibody compared to the AHPCs cultured alone (AHPC
alone: 14% versus contact co-culture: 25%; Fig. 1 A). Furthermore, under the contact co-
culture conditions, significantly more AHPCs were immunolabeled with the TUJ1
antibodies when co-cultured on the patterned side of the substrate compared to the non-
patterned side (patterned surface: 31% versus non-patterned surface: 19%; α = 0.05; p <
0.0001) (Fig. 1 B1). However, no statistically significant differences in AHPC
differentiation were observed between the patterned and non-patterned sides of the
substrates when performing our analysis for the other phenotypic markers (MAP2ab, RIP
and GFAP shown in Fig. 1 B2, B3 and B4, respectively). These results were consistent with
our previous study 1.
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When AHPCs were cultured alone, but in astrocyte-conditioned CCM, we observed a
significant increase in the percentage of AHPCs immunolabeled with the TUJ1 antibody
(39% TUJ1-IR) in comparison to AHPCs alone and AHPCs in contact co-culture on the
non-patterned surfaces (α = 0.05; p ≤ 0.0006) (Fig. 1 B1). These results suggest that the
astrocytes secrete soluble factors that induce neuronal differentiation of the AHPCs.
Moreover, this activity appeared to be neurogenic since there was no significant change in
the percentage of RIP-IR in the AHPCs when compared to the contact co-cultured AHPCs
(Fig. 1 B3). To further explore this neurogenic activity, AHPCs were co-cultured with
astrocytes under non-contact co-culture conditions. Under these conditions, we observed a
dramatic increase in the percentage of AHPCs immunolabeled with the TUJ1 antibody
(64%), illustrating an even greater neuronal induction activity for the soluble astrocyte-
derived factor (Fig. 1 A). This level of TUJ1 differentiation was significantly greater
compared to TUJ1 expression in the other three parallel culture conditions (α = 0.05; p ≤
0.001). However, no statistically significant differences in AHPC differentiation were
observed between the patterned and non-patterned sides of the substrate in astrocyte-
conditioned CCM or non-contact co-cultures for any of the phenotypic markers (TUJ1,
MAP2ab, RIP or GFAP; Fig. 1 B1-B4). These results provide strong evidence that
astrocytes secrete soluble factors that facilitate the differentiation of the AHPCs towards a
neuronal fate. This differentiating activity of the soluble factor(s) secreted from the
astrocytes appears to be specifically neurogenic, since no significant effect was observed on
the differentiation of RIP- or GFAP-IR cells. In addition, the soluble factor(s) might be
short-lived, since the proportion of TUJ1-IR cells cultured in the astrocyte-conditioned
CCM (39%) was lower than the proportion of TUJ1-IR cells cultured under non-contact co-
culture conditions (64%).

Morphologically, TUJ1-IR AHPCs were observed to possess longer processes under non-
contact co-culture condition compared to those in the contact co-cultures. To investigate this
possible morphological difference, we performed a quantitative analysis measuring the
length of primary major neurites emanating from the cell bodies of TUJ1-IR AHPCs. Under
both co-culture conditions, the average length of primary processes oriented in the direction
of the grooves were significantly longer on the micropatterned side compared to that on the
non-patterned side [Fig. 2; 68.25 μm on patterned surface vs. 40.73 μm on non-patterned
surface under non-contact co-culture (α = 0.05; p < 0.0001); 52.60 μm on patterned surface
vs. 39.53 μm on non-patterned surface under contact co-culture (α = 0.05; p = 0.0043)].
When comparing the morphology of the AHPCs cultured on the patterned sides under both
co-culture conditions, the average length of neurites of the AHPCs in non-contact co-
cultures was significantly longer than that in contact co-cultures [Fig. 2; non-contact co-
culture vs. contact co-culture (α = 0.05; p = 0.006)] or in the AHPCs alone cultures (data not
shown).

On the patterned substrates, RIP-IR cells elaborated extensive processes weaving intricately
inside the grooves and along the mesas of the substrate (Fig. 3 G-I). On the non-patterned
substrates, extensive radial outgrowth from RIP-IR cells was consistently observed (Fig. 4
G-I). GFAP-IR cells differentiating on the patterned side of the PS-LAM substrate often
elaborated filamentous processes oriented in the direction of the pattern (Fig. 3 J-L). GFAP-
IR cells differentiating on the non-patterned side of the substrate usually displayed flattened
morphologies with large nuclei (Fig. 4 J-L).

Discussion
There are multiple factors in the microenvironment directly surrounding cells that can
induce and maintain their functional stability. Elucidating which factors are involved and
how they interact with cells is extremely helpful in understanding the intra- or inter-cellular
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mechanisms occurring with the in vivo microenvironment. Micropatterned 3-D constructs
have been used to study the effects of the microenvironment on cell growth and
differentiation 28,29. Microfabrication technology has been applied to the design of
substrates having specific architectures for such purposes 30. Culture environments
incorporating these substrates are designed to encourage isolated cells to function as they
would in their in vivo microenvironments or niches. Our previous study demonstrated an
enhancement of selective neuronal differentiation of AHPCs co-cultured with astrocytes on
PS-LAM substrates 1. These results provided evidence that physical, chemical and
biological cues supplied by the surrounding microenvironment could influence the
differentiation of the AHPCs by providing spatial and temporal control through soluble
factors and/or contact-mediated cellular mechanisms which can influence CNS development
and function 12,22. In this study, we investigated the factors which play an important role in
selective neuronal differentiation and the directed outgrowth of AHPCs using a non-contact
co-culture system on micropatterned PS-LAM substrates.

Effect of guidance cues on AHPC differentiation and outgrowth
In contact co-cultures, we observed a significantly greater percentage of TUJ1-IR cells on
the patterned side of the substrate compared to the non-patterned side, supporting our
previous findings that 3-D micropatterned PS substrates can enhance neuronal
differentiation of AHPCs 1-3. In addition, on the patterned side of the substrate, the neurites
of TUJ1-IR AHPCs were oriented along the direction of the pattern provided by the 3-D
environment and they were significantly longer than neurites on the non-patterned side.
Under the non-contact co-culture condition, elongation of the neurites oriented in the
direction of the grooves were also enhanced on the patterned surfaces, although there was no
significant difference in TUJ1 immunoreactivity when cultured on the patterned compared
to the non-patterned surfaces. These findings demonstrate that the astrocyte-derived factors
in combination with 3-D micropatterned construct coated with purified ECM (laminin) play
a role in promoting elongation of the neurites emanating from the differentiated AHPCs.
Interestingly, between the two co-culture systems, in the non-contact co-culture, about 2.5
times greater proportion of the AHPCs were TUJ1-IR compared to that in contact co-
cultures while there were no significant differences in the percentage of RIP- or GFAP-IR
cells. This result provides strong evidence in support of soluble factor(s) being released from
astrocytes co-cultured with AHPCs and that the factor(s) specifically promotes neuronal
differentiation. In addition, via a contact-mediated mechanism, astrocyte-associated factors
likely provide an activity that suppresses neuronal differentiation of AHPCs 22,32-34. To
confirm that astrocyte-derived soluble factors enhance neuronal differentiation of AHPCs,
we cultured the AHPCs alone (in the absence of astrocytes) but in astrocyte-conditioned
CCM which presumably includes the factors released from astrocytes. When the AHPCs
were cultured in the astrocyte-conditioned CCM, TUJ1 immunoreactivity was increased
approximately 3-fold compared to when cultured in normal CCM. Furthermore, there were
significantly more TUJ1-IR AHPCs, on the non-patterned side of the substrate, in astrocyte-
conditioned CCM compared to the contact co-culture condition. These results strongly
support our hypothesis that astrocyte-derived soluble factors selectively stimulate neuronal
differentiation of AHPCs which can be modulated by a contact-mediated suppressive
mechanism.

During in vitro differentiation, no significant differences in the percentage of MAP2ab-IR
AHPCs were observed among the different culture conditions. It is possible that astrocyte-
derived factors selectively affect axonogenesis and outgrowth of AHPCs, rather than
dendritic development, since the TUJ1 (class III β-tubulin) antibody is commonly used as an
axonal marker in young neurons 35-37 and the MAP2ab (microtubule-associated protein)
antibody as a dendritic marker in more mature neurons 38,39. During neuronal development,
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multiple environmental cues can influence the formation and arborization of neuronal
processes 40-42. Although we observed no significant differences in MAP2ab-IR across the
different conditions, our results revealed a dramatic increase in TUJ1-IR under co-culture
conditions and in astrocyte-conditioned CCM in comparison to the AHPC alone cultures.
These results suggest that the astrocyte-derived soluble factors may play a critical role in
neurite extension and axonal development during early neuronal differentiation.

Microenvironmental regulation of AHPC outgrowth and differentiation
Our results have demonstrated that the 3-D microenvironment can provide physical and/or
molecular cues to the micropatterned PS-LAM substrate in the co-culture conditions and,
thus, influence neuronal differentiation of AHPCs. However, in the non-contact co-culture
condition, as well as in the astrocyte-conditioned CCM, no significant difference of TUJ1
immunoreactivity was observed between the patterned and non-patterned surfaces. It is
possible that the AHPCs are in competition with the astrocytes for the released soluble
factors. These factors, secreted from astrocytes, in contact co-culture condition, may
concentrate within the grooves where astrocytes are aligned, but they may presumably be
taken up by the AHPCs that are proximal to the astrocytes or could influence the astrocytes
themselves through an autocrine signaling system. Since many of the factors are short-lived
43, it may be unlikely that the factors would have time to accumulate or diffuse across the
substrate. However, in the non-contact co-culture, there may be no direct competition among
AHPCs and astrocytes for the released factors. Thus it is possible that the AHPCs are
directly and immediately affected by the soluble cues originating from the astrocytes. In
contact co-culture, on the patterned surface, simple diffusion of the soluble factors may be
less obstructed by the aligned astrocytes than on the non-patterned surface. Thus, a greater
proportion of the AHPCs on the patterned surface might be able to differentiate into
neuronal cells. However, in the non-contact co-culture condition, diffusion may not be
constrained by co-cultured astrocytes because the factors secreted from astrocytes would be
released directly into the media and be presented to the AHPCs on both patterned and non-
patterned surfaces immediately upon release. The astrocyte-derived factors, thus, are
uniformly presented to all AHPCs on the substrates, whether or not the surface is
micropatterned. These factors appear to be critical cues for maximum effect on neuronal
differentiation and outgrowth of AHPCs.

Extracellular transport processes play critical roles in cellular morphogenesis. During
development, diffusion of morphogens or substances that assign different cell fates or their
localization at different concentrations specifies many patterns of cell and tissue
organization 44. Morphogen transport from a localized site forms microgradients through
unknown mechanisms which might be simple diffusion or more elaborate mechanisms 45. It
is not yet known how diffusion may be controlling outgrowth and differentiation in our co-
culture systems and which factors are released from astrocytes to modulate the neuronal
differentiation of the neural progenitor cells. Further studies need to be undertaken to
distinctly characterize the mechanism(s) behind this enhanced effect and to elucidate the
specific soluble factor(s) involved. The controlled in vitro biological model introduced in
this study can potentially provide new insights into diffusion mechanisms that govern cell
fates in vivo during development.

Conclusion
The results of this study have demonstrated that astrocyte-derived soluble factors
specifically promote neuronal differentiation of adult hippocampal neural progenitor cells
(AHPCs). A non-contact co-culture system using semi-porous polyester membrane inserts
was established to study a potential role of soluble factors derived from neonatal cortical
astrocytes in selective neuronal differentiation of AHPCs. In comparison to control cultures
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(AHPCs cultured alone and AHPCs co-cultured in physical contact with astrocytes),
neuronal differentiation was dramatically increased when AHPCs were co-cultured with
astrocytes under non-contact co-culture conditions. These results suggest that astrocyte-
derived soluble factors provide cues for enhancing neuronal differentiation of AHPCs
cultured on PS-LAM substrates. Furthermore, under non-contact co-culture conditions,
neurite length was significantly greater when compared with contact co-culture conditions.
In addition, neurite outgrowth on the patterned side of the substrates was considerably
greater compared to the non-patterned, planar surface of the PS-LAM substrates. Our results
demonstrate that astrocyte-derived soluble factors facilitate neuronal differentiation of the
AHPCs, in combination with multiple microenvironmental cues, such as 3-D micropatterned
PS substrate and purified ECM molecules (laminin). These results have important
implications for developing strategies to promote neuronal differentiation from NPCs and
for stem cell-mediated repair of the CNS.
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Figure 1.
Differentiation of AHPCs under the four different culture conditions - AHPCs alone, contact
co-culture, conditioned CCM and non-contact co-culture. (A) Average percentages ± SEM
of phenotypic marker-IR AHPCs, TUJ1 and MAP2ab for neurons and RIP and GFAP for
oligodendrocytes and astrocytes, respectively. All phenotypic marker- IR cells were
averaged over both patterned and non-patterned surfaces. (B) Quantification of phenotypic
marker-IR AHPCs on patterned versus non-patterned substrates. The percentages of TUJ1-
IR (B1; asterisks, *, statistically significant difference when p ≤ 0.001; NS, no statistically
significant differences), MAP2ab-IR (B2), RIP-IR (B3) and GFAP-IR (B4) AHPCs on
patterned and non-patterned substrates in different conditions. N (number of parallel
experiments) = 3 or 4. For the other phenotypic markers (MAP2ab and RIP), under all
culture conditions, no statistically significant differences in AHPC differentiation were
observed between the patterned and non-patterned sides of the substrates. A statistical
analysis was not performed on GFAP-IR cells as the data were obtained from two
independent experiments and little differences were observed in the average number of
GFAP-IR cells for the various experimental conditions.
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Figure 2.
Morphological differences between TUJ1-IR AHPCs cultured with astrocytes with physical
contact or without contact, on non-patterned (NP) or patterned (P) PS-LAM substrates. (A)
Representative fluorescence images of TUJ1-IR AHPCs cultured in non-contact co-culture
conditions or contact co-culture conditions on the NP or P side of the PS-LAM substrates.
These are merged images created by the superimposition of TUJ1-IR (red), GFP-expression
(green) and DAPI nuclear counterstain (blue) fluorescent images. Dotted white lines indicate
the location of a groove on the micropatterned substrate. Scale bar = 50 μm. (B) Line
drawing reconstructions of individual TUJ1-IR AHPCs under the different culture
conditions illustrating the major primary neurites emanating from the cell body. (B1)
Reconstructions of TUJ1-IR AHPCs in (A) for each condition. (B2, B3) Two additional
examples of line drawing reconstructions of TUJ1-IR cells. (C) Average primary neurite
lengths for TUJ1-IR AHPCs growing under the respective culture conditions. Values are the
averaged neurite lengths of TUJ1-IR GFP-expressing AHPCs, mean ± SEM. Asterisks
indicate statistical difference (p < 0.05, t test).
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Figure 3.
Differentiation of AHPCs co-cultured with astrocytes on patterned substrates in the non-
contact condition. Fluorescence images of TUJ1-IR (A), MAP2ab-IR (D) RIP-IR (G) and
GFAP-IR (J) GFP-expressing AHPCs (B, E, H and K, respectively) were merged with DAPI
nuclei counterstaining (C, F, I and L, respectively). In non-contact co-cultures, on the
patterned surfaces, directed neuritic extension from the neuronal cell body was observed
with prominently longer and elaborated processes in the direction of the grooves than on the
non-patterned surfaces (TUJ1-IR, A-C and MAP2ab, D-F). RIP-IR cells elaborated
extensive processes weaving intricately inside the grooves and along the mesas of the
substrate (G-I). GFAP-IR cells displayed flattened morphologies with large nuclei and in
many cases, processes strongly immunoreactive for GFAP (J-L). Dotted white lines indicate
the location of a groove on the micropatterned substrate. Scale bar = 20 μm.
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Figure 4.
Differentiation of AHPCs co-cultured with astrocytes on non-patterned, planar substrates in
the non-contact condition. Fluorescence images of TUJ1-IR (A, B), MAP2ab-IR (D, E),
RIP-IR (G, H) and GFAP-IR (J, K) GFP-expressing AHPCs were merged with DAPI
counterstaining (C, F, I, and L, respectively). In general, immunoreactive AHPCs displayed
radially directed processes when cultured on non-patterned, planar substrates. Scale bar = 20
μm.
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