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Biomimetic Microenvironment Modulates Neural
Stem Cell Survival, Migration, and Differentiation
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Biomaterial matrices presenting extracellular matrix (ECM) components in a controlled three-dimensional
configuration provide a unique system to study neural stem cell (NSC)-ECM interactions. We cultured primary
murine neurospheres in a methylcellulose (MC) scaffold functionalized with laminin-1 (MC-x-LN1) and mon-
itored NSC survival, apoptosis, migration, differentiation, and matrix production. Overall, MC-x-LN1 enhanced
both NSC survival and maturation compared with MC controls. Significantly lower levels of apoptotic activity
were observed in MC-x-LN1 than in MC controls, as measured by bcl-2/bax gene expression and tetra-
methylrhodamine-dUTP nick end labeling. A higher percentage of NSCs extended neurites in a P;-integrin-
mediated fashion in MC-x-LN1 than in MC controls. Further, the differentiation profiles of NSCs in MC-x-LN1
exhibited higher levels of neuronal and oligodendrocyte precursor markers than in MC controls. LN1 production
and co-localization with a4f; integrins was markedly increased within MC-x-LN1, whereas the production of
fibronectin was more pronounced in MC controls. These findings demonstrate that NSC microenvironments
modulate cellular activity throughout the neurosphere, contributing to our understanding of ECM-mediated
NSC behavior and provide new avenues for developing rationally designed couriers for neurotransplantation.

Introduction

AHIGHLY ORGANIZED cellular microenvironment, includ-
ing a unique assembly of extracellular matrix (ECM)
proteins, is critical to cellular development." Neural stem
cells (NSCs) derived from the developing germinal eminence
present an attractive model to study cell-ECM interactions
associated with neural development and also for developing
regenerative biomaterial systems that incorporate ECM
support.” NSCs cultures are often maintained as proliferative
neurospheres and give rise to multiple cell types (i.e., neu-
ronal, astrocyte, and oligodendrocyte lineages) in response to
defined cues.”?

ECM-integrin interactions are fundamental to NSC sur-
vival, proliferation, differentiation, and migration.3"5 NSCs
within the developing germinal eminence express o and B;
integrin receptors co-localized with laminin (LN) chains,® an
interaction that remains prominent in the ventricular NSC
niche throughout adulthood.” Additionally, NSCs cultured
as neurospheres in vitro produce multiple isoforms of LN
and B, integrins.® In the absence of B, integrin signaling, NSC
neurospheres undergo apoptosis.> When exposed to exoge-
nous fibronectin (FN) or laminin-1 (LN1) adsorbed on a two-

dimensional (2D) substrate, cellular migration from the
neurosphere is partially mediated through B, integrins.s_5
NSCs plated on LN1 exhibit a more mature neuronal profile
than FN or collagen IV substrates.* Collectively, these ob-
servations underscore the important role ECM—cell interac-
tions play within the stem cell niche for neural survival and
differentiation.

Synthetic scaffolds have been used to investigate NSC re-
sponses to soluble and/or immobilized ligands on both 2D
and three-dimensional (3D) substrates.5° Ligands tethered to
a 3D matrix provide more in vivo-like cell-ECM interactions
than 2D counterparts.'"'* Here, we utilize methylcellulose
(MC) as a polymeric foundation to evaluate the effect of 3D
LNI1 presentation on NSC behavior. MC is a temperature-
sensitive polymer used in several neural tissue engineering
applications.'*® Tethering LN1 to MC enables examination
of NSC-LNT1 interactions in a controlled 3D configuration, as
the low levels of protein adsorption onto MC minimize non-
specific cellular binding."*> Additionally, MC tethered to LN1
generates a potential delivery vehicle for neural transplanta-
tion that may address current limitations such as poor donor
cell survival.'” Co-delivery of NSCs with pro-survival cues,
such as LN1, may therefore prevent and/or reduce apoptosis,
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thereby improving transplant survival while presenting both
migration and differentiation cues to donor cells.'®!

In this study, we evaluated the influence of a 3D LN1
microenvironment on multiple aspects of NSC behavior. We
hypothesized that NSC-derived neurospheres cultured
within an exogenous LN1 milieu will survive, migrate from
the neurosphere, and differentiate to a greater extent than
those cultured in MC alone. Foremost, we expected that the
presence of exogenous LN1 would enable the cell population
at the periphery of the sphere to possess a higher percentage
of committed cells, leading to an increased propensity to
migrate out of the sphere.

Methods
NSC harvest and culture

Colony breeding and harvest procedures were approved by
the Institutional Animal Care and Use Committee of the
Georgia Institute of Technology. NSC neurospheres were
obtained from fetal transgenic C57BL/6-Tg(CAG-EGFP)C14-
Y01-FM1310sb mice.*? Briefly, pregnant mice (gestational
day 14.5) were anesthetized with isoflurane and sacrificed.
The fetuses were isolated by Caesarian section and decapi-
tated. Upon removal of the skull, parasagittal cuts were made
in each hemisphere. The lateral ganglonic eminence was iso-
lated from underlying tissue and mechanically dissociated in
Hank’s balanced salt solution (Invitrogen). Dissociated cells
were plated and maintained as suspension cultures in un-
coated T-25 vented culture flasks at 37°C, 5% CO,, and 95%
relative humidity in NSC medium-serum-free Dulbecco’s
modified Eagle’s medium/F12 (Invitrogen) supplemented
with insulin (25 ug/mL), transferrin (100 pg/mL), putrescine
(60 M), sodium selenite (30nM), progesterone (20nM), and
glucose (6pg/mL). Human recombinant basic fibroblast
growth factor (bFGF, 20ng/mL; Peprotech) supplements
were added every other day to maintain proliferation. The
NSC cultures formed suspended neurospheres over 7-10 days
at which point the neurospheres were dissociated into a single
cell suspension and split at 1:3 ratio into new culture flasks.
All experimental assays were performed with NSC neuro-
spheres of passage 3-5. By isolating NSCs from the transgenic
mouse mice expressing green fluorescent protein (GFP) driven
by a B-actin promoter, NSC viability, migration, and neurite
outgrowth can be monitored in real-time. All reagents were
obtained from Sigma-Aldrich unless indicated otherwise.

Tethering of LN1 to MC

MC (M,, ~ 40kDa) hydrogels were prepared in Dulbec-
co’s phosphate-buffered saline (DPBS; Invitrogen) using
a dispersion technique.'**® The photocrosslinker N-
sulfosuccinimidyl-6-[4'-azido-2'-nitrophenylamino] hexanoate
(sulfo-SANPAH; Pierce Biotechnology; Fig. 1) was used to
tethering LN1 to MC. LN1 (200 pg/mL; Invitrogen) was in-
cubated with sulfo-SANPAH solution (0.5mg/mL) in the
dark for 2.5h. Residual unreacted sulfo-SANPAH was re-
moved with microcentrifuge filters. LN1-SANPAH (200 pg/
mL) was reconstituted and thoroughly mixed on ice with
MC (7.2% w/v). A thin layer (~150 um) of the MC+LN1-
SANPAH mixture was then cast onto a glass slide and ex-
posed to UV light for 4 min (100W, 365 nm; BP-100AP lamp;
UVP), initiating the photocrosslinking reaction. Upon com-
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pletion of the tethering reaction, unbound LN1 was removed
by rinsing with DPBS plus 0.1% Tween-20 then DPBS alone.
MC tethered to LNT1 is referred to as MC-x-LN1. Controls
included bovine serum albumin (BSA) tethered to MC (MC-
x-BSA) and MC supplemented with soluble LN1 (MC+LN1)
to account for residual nontethered LN1 trapped within MC.
LN1 tethering density of the end reaction product was
quantified with a dot blot and image analysis of intensity per
area measurements (Multi-Gauge Analysis software; Fuji-
film). This assay determined the amount of LN1 that was
incorporated into the MC as a result of the tethering reaction
and does not reveal any information about distribution of
LN1 when the cells are cast with the hydrogels, as no cells
were present at this stage.

3D NSC cultures within MC

NSC neurospheres (passages 3-5) were suspended in NSC
medium and mixed with MC at a 1:5 ratio (final seeding
density of 5x10° cells/mL of MC). The cell-MC solution was
dispensed into small chambers (5 mm in diameter) on cover-
glass to obtain a 300 pm thick hydrogel. The plated cell-MC
solution was allowed to gel at 37°C for 45 min and then NSC
medium was added. For all experimental groups (MC-x-BSA,
MC+LN1, and MC-x-LN1), bFGF was absent. The control
groups included NSCs plated on LN1-coated polystyrene
(5ug/cm?; seeding density 5x10° cells/cm?) and NSCs cul-
tured in suspension with and without bFGF. All cultures were
maintained in a tissue culture incubator with media ex-
changes every other day until performing a predetermined
endpoint assay (see subsequent methods for endpoint assays).

Cell viability

Release of lactic dehydrogenase (LDH) into the cell me-
dium is an indicator of compromised cellular membranes
and thus an indirect measure of cell death.** This assay
served as an initial screening tool to detect cell death. At 2, 4,
and 7 days, 50 uL. of NSC medium from atop of the MC 3D
cultures was collected and the LDH content measured
(In Vitro Toxicology Assay Kit; n =34 trials in triplicate per
group). Samples were transferred to a 96-well plate and
mixed with 100 uL of LDH reagent solution. After incubation
(30 min at 37°C), the reaction was stopped with 15 uL of 1.0N
HCL. Absorbance was measured at 490 nm. LDH levels were
normalized to a LDH standard curve.

At 2, 4, and 7 days in culture, viability was also assessed
by ethidium homodimer (EthD-1; Invitrogen) staining and
GFP intensity; the transgenic GFP was driven by a p-actin
promoter; therefore, production of GFP diminished with cell
death.” At the specified endpoints, cell-hydrogel constructs
were rinsed with DPBS and incubated a 4.0 uM EthD-1 at
37°C for 30 min. Before imaging, the stain was removed and
the cultures were rinsed with DPBS. For each sample (n =34
cultures per group), 200-um-thick z-stack images were ac-
quired at three different XY positions in the culture (Confocal
Model LSM 510; Ziess), to corroborate the quantitative
analysis of the LDH assay.

Apoptosis and apoptotic signaling

Quantitative reverse transcriptase polymerase chain re-
action. Transcript levels of bcl-2 and bax was determined at
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7 days postplating by performing quantitative reverse
transcriptase-polymerase chain reaction with SYBR Green
intercalating dye using the ABI Prism 7700 Sequence De-
tection System (Applied Biosystems; 40 cycles; melting, 15s
at 95°C; annealing and extension, 60s at 60°C; n=6-8 sam-
ples per group).® RNA was isolated and cDNA synthesized
on DNasel-treated total RNA by oligo(dT) priming using the
Superscript First Strand Synthesis System (Invitrogen). Se-
quences for bax and bcl-2 oligonucleotide primers were pre-
viously published®”—bax: forward 5 ATGCGTCCACCA
AGAAGCTGA 3 and reverse 5 AGCAATCATCCTCTGCA
GCTCC 3'; bel-2: forward 5 TTCGCAGCGATGTCCAGTC
AGCT 3’ and reverse 5 TGAAGAGTTCTTCCACCACCGT
3. B-Actin expression was measured as a housekeeping
control. Primer specificity was confirmed with ABI Prism
7700 Dissociation Curve Software. Standards for each gene
were from cDNA using real-time oligonucleotides, purified
using a Qiagen PCR Purification kit (Qiagen), and diluted
over a functional concentration range. Transcript levels in
template ¢cDNA solutions were quantified from a linear
standard curve and normalized to 1pg of total RNA.

Tetramethylrhodamine-dUTP nick end labeling. Terminal
deoxynucleotidyl transferase tetramethylrhodamine-dUTP
nick end labeling (TUNEL) (In Situ Cell Death Kit, TMR;
Roche Applied Science) was used to indicate apoptosis. At
7 days postplating, NSCs cultured in MC samples were
rinsed with PBS, fixed with 3.7% formaldehyde for 30 min,
rinsed again, embedded in OCT Compound, and then snap-
frozen. Frozen cultures were cryosectioned at 15pum and
collected onto subbed (gelatin) glass slides (Microm Cryo-
Star HM 560 MV Cryostat). Before TUNEL, sections were
permeablized with 0.1% Triton X-100 in 0.1% sodium citrate
for 30min at room temperature. Image acquisition and
analysis was performed with an LSM confocal microscope.
For each group, n=4-6 samples (5-8 neurospheres per
sample) were quantified.

Migration and neurite outgrowth

NSCs were harvested from transgenic mice that consti-
tutively express GFP driven by a B-actin promoter, enabling
the observation of migration and outgrowth from neuro-
spheres into the surrounding MC hydrogel. At 2, 4, and 7
days cultures, confocal microscopy z-stacks were collected
with low power laser excitation for each 3D culture con-
dition (MC-x-BSA, MC+LN1, and MC-x-LN1). Two-
dimensional projections from each confocal z-stack were
used to analyze migration area defined as total area of
sphere normalized to an inner circular area (Fig. 4A; Image
Pro-Plus Software; n=10-25 per culture). For neurite out-
growth analysis, the 3D z-stack micrographs were used to
quantify the number of extensions (>50um) protruding
from GFP-positive neurospheres.

B+ integrin blocking. NSC cultures were cultured with f3;
integrin function blocking antibodies to evaluate the role of
integrin-mediated adhesion on migration and outgrowth.
Experimental treatment groups (n=3 cultures per group)
received NSC media supplemented with anti-rat CD29
(250 pg/mL; BD Pharmingen). Control groups consisted of
media only (n=23 cultures) and media plus IgG isotype
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control (250 pg/mL; BD Pharmingen; n =3 cultures). At 2, 4,
and 7 days, neurite outgrowth was evaluated as described
above.

Differentiation and ECM and integrin production

Immunocytochemistry was employed to examine differ-
entiation markers and ECM production after 7 days in
culture. Cryosections (15um thick) of MC hydrogel cul-
tures, prepared as described above for TUNEL staining,
were blocked and permeablized with a 4% goat serum so-
lution supplemented with 0.1% Triton-X100 at room tem-
perature for 1h. Primary antibodies for nestin (1:100;
Promega), glial fibrillary acidic protein (GFAP, 1:100; Mil-
lipore), B-tubulin III (1:1000; Covance), oligodendrocyte
marker O4 (04, 1:100; Millipore), LN1 (1:50; Sigma), FN
(1:100; Millipore), integrin osfB; (1:50; Millipore), or integrin
o6 (1:50; Millipore) were diluted in 4% goat serum and in-
cubated with the cyrosections for 2h at 37°C. Sections were
rinsed thrice with PBS followed by a 2h incubation at room
temperature with secondary antibodies conjugated to Alexa
546 nm or Alexa 633nm (Invitrogen). Secondary antibody
controls for each immunocytochemistry run were used to
control for nonspecific binding and false-positive signal.
After rinsing with PBS, sections were mounted with
Fluoromount-G aqueous mounting medium, and cover-
slipped, and z-stack images for 2 um slices were captured
and analyzed on a LSM confocal microscope (n =5-8 GFP-
positive neurospheres per immunostain per group). During
this protocol, residual MC-x-LN1 was rinsed from the
slide as confirmed by running control sections of MC-
x-LN1 only, in which minimal positive LN1 stain was
observed. A blinded observer rated each confocal micro-
graph with a relative intensity scale ranging from negative
immunostaining (-) to high positive immunostaining
(+++).%®

ECM and integrin immunocytochemistry analysis. To
evaluate the spatial distribution of integrins (o5, and o6p1)
and FN and LN1 deposition, we developed a MATLAB
program to measure the relative staining intensity of im-
munostained cryosections (n=8-15 GFP-positive neuro-
spheres per MC group). Previous studies have used similar
methods to evaluate ECM production across spheroid cell
cultures.”’ From this analysis, we generated pixel intensity
maps for each immunostain and calculated the relative area
of positive immunostaining. Baseline intensity levels for all
samples were normalized to secondary antibody-only con-
trols. The positive staining area was determined by nor-
malizing the immunopositive area to the total area of the
neurosphere.

Statistical analysis

Data are presented as mean +one standard deviation.
Results were analyzed by t-test, one-way analysis of vari-
ance (ANOVA) followed by Tukey’s pairwise post-hoc, or
two-way ANOVA followed by Bonferroni posttest. A 95%
confidence level and corresponding p-value <0.05 was
considered significant. A nonparametric Kruskal-Wallis
one-way ANOVA on Ranks was performed on the im-
munostaining scores followed by pairwise compari-
sons with Dunn’s Method. A 95% confidence level and
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corresponding p-value <0.05 was considered significant.
All statistical analyses were performed with SigmaStat
software (Systat Software, Inc.).

Results

Tethered LN1 enhances NSC survival
in a 3D synthetic microenvironment

LN1 was covalently linked to MC via the heterobifunc-
tional photo-crosslinker sulfo-SANPAH. The NHS esters of
sulfo-SANPAH react with primary amine groups on LNI1
(Fig. 1A). Subsequent mixing of this conjugate with MC and
UV irradiation converts nitrophenyl azide groups on SAN-
PAH to nitrene groups, which then inserts into C-H bonds
on MC. Tethered LN1 densities were 8.2+1.3 ug LN1/mL
of MC as determined by dot blotting (Fig. 1B), whereas
MC+LN1 hydrogels contained significantly less at 0.7+
0.4ug LN1/mL of MC (p <0.05; t-test).

LDH release from the NSCs in the MC cultures was
evaluated as an indirect measure of cell viability. For this
assay, we compared NSCs cultured within MC-x-LN1 to
cells embedded in unfunctionalized (nonadhesive) MC hy-
drogels (i.e., MC-x-BSA and MC+LN1). Since released LDH
levels may not scale with cell seeding density, a comparison
of 2D control cultures (i.e., 2D LN1-coated plates) was not
included. At 2 days postplating, significantly lower LDH
release was observed with NSCs cultured within MC-x-LN1
compared with MC-x-BSA (p <0.001) and MC+LN1 (p <

A
Sulfo-SANPAH
h""'n’
0 /i\/vv"
+ Laminin” N~y H
n
R=CHyorH
MC
B LN1 MC-x- MC-x-
Standards BSA MC+LN1 LN1
E so| W9 g 12 ®
2 E
c =1
g 25| 2 »
£ 2
§ o
=
g h @ 18
FIG. 1.

STABENFELDT ET AL.

0.05; Fig. 2A) (F(2,14)=52.205, one-way ANOVA). MC-x-
LN1 cultures maintained significantly higher viability at
4 and 7 days in vitro than MC-x-BSA and MC-+LN1
(p<0.001; F(2,14)=160.407 and F(2,14)=46.934, respec-
tively, one-way ANOVA); thus, the density and/or presen-
tation (i.e., soluble vs. tethered) of ligand influences NSC
survival. Qualitative analysis with EthD-1 staining and GFP
intensity corroborated the LDH assay. The representative
confocal micrograph projections (Fig. 2B-J) show increased
EthD-1 uptake in the MC-x-BSA and MC+LN1 groups
compared with MC-x-LN1 over 7 days in vitro. Conversely,
GFP intensity was most prominent in MC-x-LN1 cultures,
providing additional evidence of preserved NSC survival.
Collectively, these results demonstrate the critical need to
present immobilized ECM to prevent cell death.

MC-x-LN1 reduced apoptosis

Consistent with the cell survival results, apoptotic ac-
tivity measured by bcl-2/bax gene expression levels (mi-
tochondrial apoptosis pathway) and a TUNEL assay further
supported the hypothesis that 3D presentation of tethered
LN1 provides pro-survival signals to NSCs. At 7 days
in vitro, quantitative reverse transcriptase-polymerase chain
reaction was used to measure expression of bcl-2 (anti-
apoptotic) and bax (pro-apoptotic) signaling molecules. The
ratio of these molecules is indicative of the apoptotic state of
the cell; lower bcl-2/bax ratios indicate higher levels of bax
than bcl-2, driving the cell into an apoptotic state.®® The
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MC-x-LN1 characterization. (A) Tethering scheme: NHS ester groups on sulfo-SANPAH react with primary amino

groups on LN1 to form stable amide bonds. Subsequent mixing with MC in addition to UV irradiation initiated the formation
of a nitrene group which inserts into C-H bonds on MC. (B) Quantitative dot blots measured the LN1 density for the final
reaction products. The density for MC-x-LN1 was 8.2+ 1.3 pg LN1/mL of MC and MC+LN1 was 0.7 +0.4 ug/mL. MC,

methylcellulose; LN1, laminin-1.



BIOMIMETIC MICROENVIRONMENTS FOR NEURAL STEM CELLS

3751

A 06 -
—e— MC-x-BSA
5054 ~--- MC+LN1
£ s MC-X-LN1
€ 04
=
€ 03
2
s ..T  _Beemmmmm————
€024 000 ae="
B T — $
E 01 Wit
-d
0 T T r -
2 3 4 5
Days

—
------------ 4
$
FIG. 2. NSC viability is sup-
ported in MC-x-LN1. (A) Over 7
days, NSCs cultured within
. 1 MC-x-LN1 had significantly
6 7 lower levels of LDH release than

MC controls (*p < 0.05). (B-J)
Confocal micrograph 5um slice
from the 200um z-stacks at 7 days
postplating of GFP on actin
promoter (green; B, E, H), EthD-1
(red; C, F, I), and merged GFP
and EthD-1 (D, G, J). EthD-1
uptake was highest for NSCs
plated within MC-x-BSA (C and
D), decreased with MC+LN1

(F and G), and lowest within
MC-x-LN1 (I and J). Scale bar
100 um. BSA, bovine serum
albumin; GFP, green fluorescent
protein; EthD-1, ethidium homo-
dimer; LDH, lactic dehydroge-
nase; NSC, neural stem cell. Color
images available online at

www liebertonline.com/ten.

ratio of bcl-2 to bax levels was significantly higher in MC-x-
LN1 than in all groups, including the 2D LN1 control
(Fig. 3A) (p <0.05; F(3,19) =17.72, one-way ANOVA). TU-
NEL was then used to identify fragmented DNA. The mi-
crographs in Figure 3C-F are representative TUNEL images
for the MC groups and a 2D LN1-positive reference. At
7 days postplating, significantly fewer TUNEL™ cells were
observed in MC-x-LN1 (30%) than in MC-x-BSA (65%) and
MC+LN1 (57%; Fig. 3B) (p < 0.05; F(3,19) =12.013, one-way
ANOVA). Similarly, 2D LN1-coated positive control sub-
strates contained few TUNEL" NSCs, indicating the pro-
survival capacity of LN1.

Neurite outgrowth, but not migration,
is enhanced in MC-x-LN1

LN1 stimulates migration and outgrowth from NSC
neurospheres.4 Therefore, we measured both the migration

and neurite outgrowth from neurospheres within a 3D en-
vironment as a function of LN1 presentation. We defined
migration as the total area of the neurosphere normalized to
the largest inner circle (Fig. 4A). At 7 days in vitro, migra-
tion from the viable neurospheres significantly increased
when LN1 was present in either MC+LN1 or MC-x-LN1
compared with MC-x-BSA (Fig. 4B). However, no migration
difference was observed between MC+LN1 and MC-x-LNT1.
In addition to migration, we quantified the percentage of
neurospheres extending projections. Within the 3D MC
groups, we observed significant outgrowth in the MC-x-
LN1 cultures compared with MC-x-BSA and MC+LNT1 at
4 and 7 days (Fig. 4C) (p<0.001, F(2,72) =86.43 for MC
formulation, two-way ANOVA). Importantly, the addition
of a function-perturbing B, integrin antibody significantly
blocked outgrowth in MC-x-LN1 at all time points and
MC+LNT1 at 4 days (Fig. 4D) (p <0.05, F(5,144) =92.17 for
MC formulation, two-way ANOVA), suggesting that NSC
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FIG. 3. Apoptosis decreased within MC-x-LN1. (A) At 7 days, the ratio of bcl-2 to bax, as measured by quantitative reverse
transcriptase-polymerase chain reaction, showed significantly higher levels of anti-apoptotic signaling in MC-x-LN1 and
LN1-coated control than in MC-x-BSA and MC+LNT1. (B) A significantly lower percentage of TUNEL+ cells were observed
with MC -x-LN1 and LN1-coated than in MC-x-BSA and MC+LN1. Mean + standard deviation, *p <0.05 relative to all
groups, °p < 0.05 relative to MC-x-BSA and MC+LNT1. (C-F) Representative TUNEL staining of 15um sections of neuro-
spheres plated within MC-x-BSA (C), MC+LNT1 (D), MC-x-LNT1 (E), and on LN1-coated substrates (F). Light gray = TUNEL",
dark gray = Hoechst nuclei stain; scale bar =50 pm. TUNEL, tetramethylrhodamine-dUTP nick end labeling.

outgrowth in MC-x-LN1 involves B; integrin receptors.
NSC media supplemented with control IgG isotype anti-
body did not significantly alter neurite outgrowth and was
therefore presented collectively with controls (Fig. 4C).
Immunocytochemistry on cryosectioned cultures revealed
that the projections were B-tubulin III positive, indicating a
neuronal phenotype (Fig. 5). Together, these data show that
while MC with traces of nontethered LN1 supports NSC
migration from neurospheres, the generation of neurite
projections requires an LN1-presenting matrix and B, in-
tegrin activity.

3D presentation of LN1 modulates differentiation

Markers of neural phenotypes were evaluated via immu-
nocytochemistry at 7 days for neural progenitor (nestin), neu-
ronal (B-tubulin III), astrocyte (GFAP), oligodendrocyte
precursor (O4), and oligodendrocyte (NG2) lineages (Fig. 5 and
Table 1). For the MC groups, NSCs were cultured in the ab-
sence of bFGF, removal of this mitogen inherently induces
differentiation.® As expected, nestin expression diminished
across all MC conditions and 2D LN1 controls (Fig. 5A, D, G, J)
as compared with control NSC suspension cultures supple-
mented with bFGF (data not shown). There was residual
nestin-positive staining in the MC groups at the neurosphere
periphery and no significant differences among the MC groups
(p=0.133; H=4.562, 2 degrees of freedom, Kruskal-Wallis
ANOVA). In all MC culture conditions, an increase of GFAP
expression was observed compared with bFGF controls;
however, no statistical difference was detected across the MC

groups (Fig. 5B, E, H) (p =0.604; H=1.009, 2 degrees of free-
dom, Kruskal-Wallis ANOVA). B-Tubulin III-positive staining
significantly increased at the peripheral edges of neurospheres
cultured within MC-x-LN1 (Fig. 5H) compared with MC-x-
BSA (p <0.05) and MC+LN1 (p < 0.05) (H=10.237, 2 degrees
of freedom, Kruskal-Wallis ANOVA), indicating that the ex-
tensions observed in the outgrowth study were of neuronal
origin. NG2-positive staining was absent throughout all cul-
ture conditions. Marker O4-positive immunostaining signifi-
cantly increased within MC-x-LN1 (Fig. 5I) compared with
MC-x-BSA (p <0.05) and MC+LN1 (p <0.05) (H=12.639, 2
degrees of freedom, Kruskal-Wallis ANOVA). Our findings
demonstrate that engineered extracellular microenvironment
surrounding the neurosphere modulates and directs the dif-
ferentiation of NSCs. Specifically, while MC alone supports
primarily astrocyte differentiation with minimal neuronal dif-
ferentiation, the spectrum of phenotypes increased to include
oligodendrocyte precursors and a more prominent neuronal
population by tethering LN1 to MC.

Biomimetic extracellular environment
modulates ECM production

To further examine the impact LN1 has on NSCs, we
measured LN1 and FN levels and co-localization with their
corresponding integrin binding receptors a¢f; and a5y,
respectively (Fig. 6). Antibody to the integrin subunit og
was used to detect agf;; this antibody also binds to ogfs;
however, previous reports show that B, integrins are min-
imally expressed on NSCs.>*! Therefore, positive o stain-
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FIG. 4. MC-x-LN1 supports B, integrin-dependent neurite extension. (A) Migrational area (M.A.) was measured on
confocal z-stack projects where the total spheroid area (light gray) was normalized to the inner sphere area (dark gray). (B)
Migrations increased significantly in MC+LN1 and MC-x-LN1 compared with MC-x-BSA only at day 7. (C) At 4 and 7
days postplating, the percentage of viable neurospheres with neurite-like extensions was significantly higher in MC-x-LN1
than in MC-x-BSA and MC+LN1. There was no significant difference between cultures treated with control media and
media supplemented with IgG isotype control. Therefore, these results were presented collectively as one group. (D) B,
integrin function blocking significantly blocked neurite extension in MC -x-LN1 across all time points. Mean + standard
deviation; *p < 0.05 relative to MC-x-BSA, *p < 0.05 relative to all groups; *p < 0.05 relative to matching B, integrin blocked

group.

ing was considered indicative of ocf; integrins. NSCs pla-
ted in all MC groups stained for all probed markers, though
the intensity and distribution of both ECM proteins and
integrins varied across condition (Fig. 6). Area analysis for
positive a5B; integrin signal revealed no statistical differ-
ences among MC cultures (Fig. 6D) (F(2, 21) =1.312, one-
way ANOVA); however, spatial patterns show positive
staining at the peripheral edge of the neurospheres for MC-
x-BSA and MC+LN1 compared with MC-x-LN1 (Fig. 6A-
C). The area of FN-positive staining was significantly
higher across neurospheres cultured in MC-x-BSA than in
MC-x-LN1 (Fig. 6A-C, E) (p<0.05, F(2, 21)=3.474, one-
way ANOVA), with dense localized FN staining across the
neurosphere in MC-x-BSA. In contrast, the production of
LN1 and o6B; in neurospheres was significantly elevated in
MC-x-LN1 compared with MC-x-BSA and MC+LN1 (Fig.
6F-]) (p>0.05, F(2, 21)=8.504 and F(2, 21)=10.37, re-
spectively, one-way ANOVA). Further, both LN1 and of;
integrins within MC-x-LN1 cultures were distributed across
the entire neurosphere with enhanced intensity at the pe-
riphery. Therefore, presenting a 3D LN1 microenvironment
to NSCs resulted in an upregulation of LN1 and osf; in-
tegrins across the neurosphere. In contrast, lack of LN1
signaling enhanced the production of FN. Together, these

data further demonstrate the influence of microenviron-
mental factors on the synthesis and deposition of ECM and
regulation of corresponding receptors.

Discussion

Intercellular signaling involves complex cell-ECM en-
gagements, cell-cell contacts, and cellular interactions with
soluble molecules. We show that NSCs placed in a micro-
environment devoid of bioadhesive signals and ECM sup-
port (i.e., MC-x-BSA) will undergo apoptosis (i.e., anoikis).
The B, integrin family has been linked to ECM-mediated
pro-survival signaling. In particular, Leone et al. reported
increased apoptosis of NSCs derived from f; integrin-
conditional knock-out mice.? Similar observations have been
reported in stem cell development, where disruption of LN1
assembly in the basal lamina of embryoid bodies led to ap-
op’tosis.]’32 Therefore, ablation of either the ECM or critical
ECM receptors eliminates inherent survival mechanisms in
NSCs and other developing cells.

An enhanced understanding of cell-ECM interactions will
drive improved transplant therapies, as acute donor cell
apoptosis posttransplantation has been linked to anoi-
kis.!82033 I many transplantation procedures, donor cells
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FIG. 5. Differentiation. Inmunocytochemistry at 7 days revealed substantial differences in phenotype profiles within each
culture condition. Representative images of MC-x-BSA (A-C), MC+LN1 (D-F), MC-x-LN1 (G-I), and LN1-coated control (J-
L). Compared with basic fibroblast growth factor-treated cultures, nestin staining (red; A, D, G, J) diminished in all culture
conditions. Increased glial fibrillary acidic protein staining (red; B, E, H, K) was most pronounced in MC+LN1 and LNI1-
coated control. B-Tubulin III (purple; B, E, H, K) was predominantly observed in MC-x-LN1 and LN1-coated control. O4
staining (red; C, F, I, L) was only observed in MC-x-LN1 and LN1-coated controls. Green = GFP on actin promoter, scale
bar =50 pm.
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TABLE 1. RELATIVE SCALE OF PHENOTYPE EXPRESSION
AS OBSERVED WITH IMMUNOCYTOCHEMISTRY AT 7 DAYS

Phenotypic markers

Group Nestin ~ GFAP  B-Tubulin Il O4 NG2
+bFGF ot + + - -
—~bFGF - ++ ++ - -
LN1 coated + 4+ +++ ++ -
MC-x-BSA ++ +++ + - -
MC+LN1 + +++ + - -
MC-x-LN1 + 4+ 4+ +° -

High, +++; moderate, ++; low, +; not detected, —.

“Denotes significant higher phenotype expression in MC-x-LN1
than in MC controls as determined by Kruskal-Wallis analysis of
variance on ranks followed by Dunn’s pairwise comparisons
(p<0.05).

BSA, bovine serum albumin; bFGF, basic fibroblast growth factor;
LN1, laminin-1; MC, methylcellulose.

are injected in suspension form void of ECM support. In
addition, transplanting cells into injured tissue exposes do-
nor cells to deleterious molecules, further contributing to low
donor cell survival.'®**° Others and we hypothesize that
low levels of donor cell survival are due to perturbations of
pro-survival cues (e.g., cell-cell contact, cell-ECM interac-
tions, and growth factor signaling) and inducers of necrosis
and apoptosis. Marchionini et al. found that donor cell sur-
vival in a Parkinson’s lesion model increased by pre-
incubating transplant cell suspensions with tenascin or an
antibody for cell adhesion molecule L1, possibly by reducing
anoikis.’® In the present study, we demonstrate that NSC
viability was maintained when cells were cultured within
MC tethered to LN1. Similar observations have been made
with pancreatic islet and hepatocyte isolations, where direct
plating onto LN1, FN, or collagen IV substrates decreased
apoptosis.’>*® In a previous study, we injected NSCs into
mechanically injured neuronal-astrocytic cultures and found
that NSCs contained high levels of caspase activity, whereas
the number of caspase-positive donor cells was significantly
reduced when co-delivered with MC-x-LN1.*® Therefore,
incorporating pro-survival ECM ligands within the trans-
plant delivery vehicle may effectively improve donor cell
survival through inherent survival mechanisms in the face of
damaged neural tissue.

NSCs maintained in proliferative neurosphere cultures
result in a heterogeneous cell population with a supporting
3D microenvironment of secreted ECM proteins and cell-
cell interactions.® It is hypothesized that this resulting
complex 3D microenvironment leads to directed differen-
tiation and asymmetrical proliferation.’” Therefore, alter-
ations in the ECM deposition patterns within the spheroid
may, in turn, induce corresponding phenotypic changes.
Alterations in spatial phenotypic profiles due to an exog-
enous stimulus such as LN1 may result in modified ECM
deposition. In the present study, the LN1-presenting mi-
croenvironment perturbed the spatial distribution of phe-
notypic markers across the neurosphere and the deposition
of ECM and corresponding integrins. NSCs maintained
under proliferative culture conditions (e.g., bFGF- or epi-
dermal growth factor-supplemented medium) possess a
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distinct phenotypic distribution that is dependent on the
spatial location within the neurosphere, where nestin-
positive cells are located on the peripheral edges and more
mature phenotypes (neuronal and astrocyte) are located at
the center.® We demonstrated that introducing exogenous
tethered LN1 to NSCs resulted in a higher propensity of
mature phenotypic markers (neuronal, astrocytic, and oli-
godendrocyte) at the periphery, whereas nestin expression
was reduced overall and peripherally located when pres-
ent. ECM deposition and integrin receptor profiles in
MC-x-LN1 were also altered compared with control cul-
tures. Protein adsorption to MC is limited,"® which may
explain the modest responses observed in MC+LN1 com-
pared with MC-x-LN1 as covalently tethering LN1 to
MC retains LN1 within the matrix. Future studies may
investigate a potential LN concentration effect on differ-
entiation and protein production. Previous studies re-
ported that neurospheres maintained with mitogens (bFGF
or epidermal growth factor) exhibit LN1 production pre-
dominantly in the center.® In contrast, we demonstrated
that an LN1 microenvironment augmented production of
LN1 and of; integrins across the spheroid, with the most
intensity at the periphery. The corresponding phenotype
pattern indicated that LN1 production might be of either
neuronal or astrocytic origin as both cell types have been
shown to produce LN1.>® Therefore, deposition of LN1
may further push neuronal differentiation. We established
that, by altering the exogenous microenvironment of NSC
cultures, the phenotype and the ECM and integrin profiles
are modified. Questions still remain as to whether pheno-
typic changes occurred before ECM modifications or vice
versa.

An alternative approach to generating a biomimetic
LN-based hydrogel is to incorporate known bioactive pep-
tide sequences. This approach has proven fruitful in
increasing adhesion, viability, and differentiation of NSCs
within a collagen gel® and self-assembled nanofibers.*’
Additionally, the mechanical properties of hydrogels also
influence stem cell behavior.*! Notably, pluripotent mes-
enchymal stem cells plated on substrates of differing ri-
gidities expressed phenotypic markers of tissues with
similar mechanical properties; soft substrates (E ~0.1-
1kPa) yielded cell populations expressing neuronal mark-
ers.*! Recent studies with NSCs in alginate,** poly(ethylene
glycol) (PEG)/ poly(L-lysine),43 functionalized chitosan,**
hyaluronic acid,*® and PEG-acrylamide*® hydrogels re-
ported an increase in NSC proliferation, migration, and/or
neuronal differentiation in softer hydrogel formulations (G*
~0.1-1kPa; E ~1-7kPa) compared with stiffer formula-
tions. The MC hydrogels used in our studies were for-
mulated to have a complex modulus of ~0.45kPa
(Supplementary Fig. S1, available online at www liebertonline
.com) within the aforementioned range to promote neu-
ral differentiation. Nevertheless, each of the aforemen-
tioned mechanical studies required incorporation of a
bioactive molecule to ensure cell activity. Therefore, in
this study, we focused on how the presence or absence of
LN1 affected NSC fate within a mechanically favorable
environment.

Increasing in complexity, 3D hydrogels can be used to
evaluate the combination of bioadhesive and soluble mi-
togenic factors. For example, NSCs suspended within a
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poly(ethylene glycol)/poly(lactic acid) (PEG-PLA) hydrogel
with collagen I and bFGF exhibited increased proliferation,
survival, and neuronal expression compared with a PEG-
PLA hydrogel with either collagen I or bFGF alone.®
Comparatively, we observed a markedly altered pheno-
typic profile in the presence of tethered LN1 without ex-
ogenous mitogenic support. Future investigations that add
exogenous growth factors to MC-x-LN1 would lend insight
into any synergistic or antagonistic signaling.

In conclusion, by controlling the presentation LN1 within
a novel engineered 3D scaffold, we evaluated the influence
of cell-ECM interactions on NSC fate. This engineered MC-
x-LN1 hydrogel is advantageous over current systems due
to the minimal nonspecific protein adsorption to MC and
the potential to translate to clinical modalities such as cell
transplantation. We observed a significant improvement of
NSC survival using the tethered MC-x-LN1 scaffold and
profound enhancement of neurite outgrowth and differen-
tiation compared with MC matrices void of ECM signals.
We acknowledge that NSC development is directed by
many complex signals in addition to cell-ECM interactions.
This controlled matrix provides a novel platform in which
additional stimuli can be introduced to evaluate multiple
stimuli on NSCs for improved therapeutic approaches that
require NSC control.
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