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Stem cell transplantation is a promising approach for
the treatment of traumatic brain injury, although the
therapeutic benefits are limited by a high degree of do-
nor cell death. Tissue engineering is a strategy to
improve donor cell survival by providing structural and
adhesive support. However, optimization prior to clini-
cal implementation requires expensive and time-con-
suming in vivo studies. Accordingly, we have developed
a three-dimensional (3-D) in vitro model of the injured
host-transplant interface that can be used as a test
bed for high-throughput evaluation of tissue-engineered
strategies. The neuronal-astrocytic cocultures in 3-D
were subjected to mechanical loading (inducing cell
death and specific astrogliotic alterations) or to treat-
ment with transforming growth factor-p1 (TGF-B1),
inducing astrogliosis without affecting viability. Neural
stem cells (NSCs) were then delivered to the cocul-
tures. A sharp increase in the number of TUNEL™ donor
cells was observed in the injured cocultures compared
to that in the TGF-B1-treated and control cocultures,
suggesting that factors related to mechanical injury, but
not strictly astrogliosis, were detrimental to donor cell
survival. We then utilized the mechanically injured co-
cultures to evaluate a methylcellulose-laminin (MC-LN)
scaffold designed to reduce apoptosis. When NSCs
were codelivered with MC alone or MC-LN to the
injured cocultures, the number of caspase™ donor cells
significantly decreased compared to that with vehicle
delivery (medium). Collectively, these results demon-
strate the utility of an in vitro model as a preanimal
test bed and support further investigation of a tissue-
engineering approach for chaperoned NSC delivery
targeted to improve donor cell survival in neural trans-
plantation. © 2007 Wiley-Liss, Inc.
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Traumatic brain injury (TBI) is caused by physical
deformation of the brain and may result in prolonged or
permanent loss of sensory, motor, and/or cognitive func-
tions (Dixon et al., 1999; Adelson et al., 2000; Fujimoto
et al., 2004; Povlishock and Katz, 2005). Current treat-
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ments have had limited success at restoring function,
largely because of the complexity and duration of the
pathophysiological alterations involved. A primary physical
insult to the brain immediately initiates neural cell death
and dysfunction and translates into a series of secondary
complications including excitotoxicity, inflammation, and
blood—brain barrier breakdown. As a result, a hostile envi-
ronment is created and may induce delayed cell death for
months after the insult (Smith et al.,, 1997; Conti et al,,
1998; Bramlett and Dietrich, 2002; Kochanek et al.,
2002). Reactive gliosis may also ensue, initially involving
the recruitment and activation of astrocytes, macrophages,
and microglia and ultimately forming a glial scar, a physical
and chemical barrier isolating acutely injured tissue from
the surrounding parenchyma (Fawcett and Asher, 1999;
McGraw et al.,, 2001). The glial scar consists of a mesh-
work of reactive hypertrophic astrocytes exhibiting
increased expression of intermediate filaments [e.g., glial
fibrillary acidic protein (GFAP)| and is rich in chondroi-
tin-sulfate proteoglycans (CSPGs; Asher et al, 2000;
McKeon et al,, 1999). Thus, although TBI initiates an
array of pathophysiological alterations, prominent features
of the postinjury environment include local cell death and
reactive astrogliosis (Hill et al., 1996; Fawcett and Asher,
1999; Morgenstern et al., 2002; Raghupathi, 2004).

Given the prolonged degenerative state and complex
environmental alterations following TBI, it is likely that a
sustained effort will be required to alleviate or reduce neu-
rological disability. Cell transplantation has the potential to
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dynamically target a wide range of pathological manifesta-
tions over a prolonged period. Stem cell transplants may
have the ability to replace the function of missing or dam-
aged cells, play either a direct or indirect role in the
reconstruction of damaged neural circuitry, and reduce
secondary damage by providing bulk trophic support or
mediating cell—cell repair (for a review, see Longhi et al.,
2005). Although transplantation is a promising approach,
therapeutic effects are currently limited by the large degree
of donor cell death that occurs and a lack of integration
with the host brain tissue (Kanelos and McDeavitt, 1998;
Riess et al., 2002; Picard-Riera et al., 2004; Bakshi et al.,
2005; Boockvar et al., 2005). The postinjury environment
may cause donor cell death through activation of apoptotic
signaling pathways (Bakshi et al.,, 2005; Boockvar et al.,
2005; Shindo et al., 2006), yet the mechanisms for this
have not been fully elucidated.

Tissue engineering is one strategy for improving do-
nor cell survival by transplanting cells in a bioactive scaffold
designed to provide structural and adhesive support while
presenting prosurvival signaling cues. In this study, we uti-
lized a bioactive scaffold comprising a methylcellulose (MC)
backbone tethered to the extracellular matrix protein lami-
nin (LN). The thermoreversible properties of MC allow for
minimally invasive delivery to the injury cavity, whereas
incorporation of LN provides bioadhesive ligands to
improve donor cell survival (Leone et al., 2005). We have
characterized the biocompatibility of MC, the material
properties of the MC-LN scaffold, and neural cell survival
and attachment in culture conditions (Tate et al., 2001,
2004; Stabenfeldt et al., 2006). Optimization of these tissue-
engineered constructs requires a feedback-based engineering
process to alter cell density, ligand concentration, and methyl-
cellulose concentration. The presented in vitro injury model
permits an empirical systematic evaluation of tissue-engi-
neered construct in an injured environment in order to
determine the factors that promote donor survival and sup-
port differentiation. Currently, in vivo models are com-
monly used to assess cellular transplantation after TBI; how-
ever, we selected this high-throughput and more easily con-
trolled in vitro model, which can be used prior to more
expensive and time-consuming in vivo testing.

The goals of this study were (1) to evaluate factors
influencing donor cell survival and differentiation by trans-
planting neural stem cells into in vitro models of mechani-
cally induced cell death and/or reactive astrogliosis and (2)
to examine the utility of the mechanically injured test bed
to assess acute donor cell survival when codelivered with a
bioactive tissue-engineered scaffold. The results validate
the use of this in vitro model for high-throughput assess-
ment of transplantation strategies and suggest that tissue
engineering is a promising approach for attenuating donor
cell death in the hostile postinjury environment.

MATERIALS AND METHODS
Cell Culture Procedures and Experimental Treatments

All procedures involving animals were approved by the
Institutional Animal Care and Use Committee of the Georgia
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Institute of Technology. All cell reagents were obtained from
Invitrogen (Carlsbad, CA) or Sigma-Aldrich (St. Louis, MO)
unless otherwise noted.

Neuronal Harvest. Neurons were isolated from em-
bryonic day 17-18 rat fetuses. Dames were anesthetized using
isoflurane. Following cesarean section, the fetuses were rapidly
decapitated, and the brains were removed. The cerebral corti-
ces were isolated in Hank’s Balanced Salt Solution (HBSS)
and digested with trypsin (0.25% + 1 mM EDTA) at 37°C
for 10 min. The trypsin-EDTA was then removed, and the
tissue was triturated in HBSS containing DNasel (0.15 mg/
mL). The cells were centrifuged at 100¢ for 3 min, then resus-
pended in coculture medium [neurobasal medium (NBM) +
2% B-27 supplement + 1% G-5 formulation + 500 pM L-
glutamine| immediately prior to three-dimensional (3-D) plat-
ing. B-27 is an established supplement for primary neuronal
cultures (Brewer et al., 1993; Brewer, 1995), and G-5 is a
supplement formulated for the growth of astrocytic cultures
(1 pg/mL biotin, 0.5 pg/mL basic FGF, 1 pg/mL EGEF,
5 mg/mL human transferrin, 500 pg/mL insulin, 0.36 pg/mL
hydrocortisone, and 0.52 pg/mL selenite).

Astrocytic Harvest and Maintenance. Astrocytes
were harvested from postnatal day 0—1 rat pups as previously
described (McCarthy and de Vellis, 1980). The pups were
anesthetized using isoflurane and rapidly decapitated, and the
cerebral hemispheres were placed in sterile HBSS. The iso-
lated cortices were minced, and the tissue fragments were
digested in trypsin (0.25% + 1 mM EDTA) for 5-7 min at
37°C, followed by treatment with DNasel (0.15 mg/mL) and
gentle mechanical trituration. Cells were then centrifuged at
100¢ for 3 min, dispersed in DMEM/F12 with 10% fetal
bovine serum, and plated in a flask. Mechanical agitation was
used to detach less adherent cell types after 24 and 72 hr, and
on reaching about 90% confluency, the primary astrocyte cul-
ture was passaged for 4 weeks. Astrocytes were used between
passages 4 and 12 for plating in 3-D cultures to acquire a
nearly pure population (>95% type I astrocytes) and to permit
“maturation’’ of the astrocyte phenotype (Smith et al., 1990;
Passaquin et al., 1994).

3-D Neuronal-astrocytic Coculture Plating and
Maintenance. Cocultures were plated in 3-D in custom-
made cell culture chambers consisting of a glass coverslip
below a silicone-based elastomer mold (cross-sectional area =
2 cm?, Sylgard 184 and 186; Dow Corning, Midland, MI).
Prior to plating, the chambers were pretreated with 0.05 mg/
mL poly-i-lysine (PLL), followed by Matrigel™ (0.5 mL/well
at 0.6 mg/mL; Becton Dickinson Biosciences, Bedford, MA)
in Neurobasal medium (each treatment > 4 hr). Neuronal-
astrocytic cocultures were plated in 3-D at a 1:1 initial neuron:
astrocyte ratio at a density of 2,500 cells/mm” in Matrigel®
matrix (500-750 pum thick; final concentration 7.5 mg/mL).
Coculture medium was added following matrix gelation. Co-
cultures were maintained at 37°C and 5% CO,/95% humidi-
fied air. Medium was replaced after 24 hr and every 2 days
thereafter. Experiments were initiated after 21 days in vitro
(DIV), permitting neural network formation and neuronal
maturation (as indicated by the expression of mature isoforms
of cytoskeletal proteins, synaptic markers, and functional elec-
trophysiological properties) and maintaining a high baseline
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Fig. 1. Timeline of experiments and outcome measures. Neuronal-
astrocytic cocultures in 3-D were plated in Matrigel™ and at 21 DIV
were subjected to treatment with TGF-1 or to high-rate shear de-
formation or were left as uninjured controls. NSCs were delivered to
these 3-D cocultures 48 hr postinsult, and donor cell survival and dif-
ferentiation were subsequently assessed.

viability (>95%) in this 3-D coculture system (Ferreira et al.,
1987; Nunez, 1988; Koller et al., 1990; Fletcher et al., 1991;
Goedert et al., 1991; Pizzi et al., 1995; Steinschneider et al.,
1996; Li et al.,, 1998; Evans et al.,, 1998). In addition, at an
initial plating ratio of 1:1, astrocytic proliferation resulted in a
relative reduction in neuronal presence to 10%—20% (occuring
over 7-21 DIV; unpublished observations), a ratio of neurons
to astrocytes more representative of that found in various cort-
ical regions in vivo (Gabbott and Stewart, 1987; Braitenberg,
2001).

Mechanical Deformation and TGF-p1 Treatment. Neu-
ronal-astrocytic cocultures were subjected to mechanical defor-
mation, treatment with an astrogliosis-inducing cytokine, or con-
trol conditions. Cocultures were mechanically injured usinga 3-D
cell-shearing device (CSD), a custom-built electromechanical de-
vice capable of quantifiably imparting high-strain-rate shear defor-
mation to 3-D-cell-containing matrices (LaPlaca et al., 2005;
Cullen and LaPlaca, 2006). Immediately prior to injury, cultures
were removed from the incubator and mounted in the device.
The mechanical action of the device was driven by a linear-actua-
tor (BEI Kimco, San Marcos, CA) governed by a custom-fabri-
cated digital proportional-integral-derivative controller (25 kHz
sampling rate, 16-bit sampling resolution) with closed-loop
motion control feedback from an optical position sensor (RGH-
34, 400-nm resolution; R enishaw, New Mills, UK). A symmetri-
cal trapezoidal input was provided by code written in LabVIEW ™
(version 6.1; National Instruments, Austin, TX). Rapid horizontal
motion of the cell chamber top plate relative to the fixed base of
the cell chamber imparts high-strain-rate simple shear deforma-
tion to the 3-D-cell-containing matrices. This 3-D bulk shear de-
formation results in the generation of heterogeneous local cellular
strains (Cullen and LaPlaca, 2006) where acute biophysical
responses and longer-term cell survival each depend significantly
on strain rate (LaPlaca et al., 2005), which is characteristic of trau-
matic loading in vivo (Margulies et al., 1990; Meaney etal., 1995).
Figure 1 shows the 3-D cocultures subjected at 21 DIV to high-
rate deformation (shear strain 0.50, loading onset time 16.6 msec,
resulting strain rate 30 s~ '; n = 33), which produced significant
cell death in 3-D neuronal cultures (Cullen and LaPlaca, 2006) and
3-D cocultures, or left as undeformed control cultures (uninjured
control, n = 32). After exposure to mechanical deformation or

control conditions, warm medium was added, and the cultures
were returned to the incubator. Also beginning at 21 DIV, a set of
cocultures were treated with transforming growth factor-31
(TGF-B1; 10 ng/mL diluted in coculture medium), a cytokine
previously demonstrated to induce astrogliotic alterations (n = 21;
Logan et al., 1994). TGF-B1-treated cultures served as an experi-
mental control representing TBI-induced astrogliotic alterations
without the effects of neural cell death, allowing us to isolate the
effects of astrogliosis on NSC responses following transplantation.

Neural Stem Cell Harvest and Maintenance. The
neural stem cell was chosen as the donor cell phenotype on
the basis of its ability to differentiate into the major cells of the
CNS (neurons, astrocytes, and oligodendrocytes), a potential
advantage when more than one cell type may be needed to
mediate recovery of injured tissue (Rao, 1999; Whittemore,
1999; Gage, 2000). Primary fetal-derived green fluorescent pro-
tein—positive (GFP™) NSCs were used to aid in posttransplant
identification. Pregnant transgenic B6-TgN(B-act-EGFP)-
osbY01 mice (C57BL6 background, a gift of Dr. Masaru
Okabe) were anesthetized with isoflurane and sacrificed, and
then embryos (gestational day 14.5) were isolated by cesarean
section. The germinal zone was isolated and mechanically disso-
ciated in HBSS. Cells were maintained in suspension culture in
serum-free DMEM/F12 containing insulin (25 pg/mL), trans-
ferrin (100 pg/mlL), putrescine (60 UM), sodium selenite (30
nM), progesterone (20 nM), and glucose (6 pg/mL). Human
recombinant basic fibroblast growth factor (bFGF, 20 ng/mlL)
was added fresh every other day to maintain the cells as prolif-
erating neurospheres, which were passaged every 7-10 days.
Neurospheres used in the experiments were between passages
3 and 6.

Methylcellulose-laminin Scaffold. Methylcellulose
(MC; M,, = 40 kDa) gels were prepared in 1X Dulbecco’s
phosphate-buffered saline (D-PBS) according to a dispersion
technique previously reported (Kobayashi et al., 1999; Tate
et al.,, 2001). Tethering of laminin-1 (LN) to MC was accom-
plished via the photocrosslinker N-sulfosuccinimidyl-6-[4'-
azido-2'-nitrophenylamino] hexanoate (sulfo-SANPAH; Pierce
Biotechnology, Inc, Rockford, IL). Briefly, LN (200 pg/mL)
was incubated with a 0.5 mg/mL sulfo-SANPAH solution in
the absence of light for 2.5 hr. Residual unreacted sulfo-SAN-
PAH was removed with microcentrifuge filters. LN-SANPAH
(200 pg/mL) was reconstituted and thoroughly mixed on ice
with MC (6.75% w/v). A thin layer of the MC+LN mixture
was then cast on a glass slide and exposed to UV light for 4
min (100 W, 365 nm; BP-100AP lamp, UVP, Upland, CA) in
order to initiate the photocrosslinking reaction. On completion
of the tethering scheme, unbound LN was removed by rinsing
with D-PBS supplemented with 0.1% Tween-20, followed by
three rinses with D-PBS. MC tethered to LN is referred to as
MC-LN, and untreated MC is referred to as MC.

Delivery of NSCs to 3-D Neuronal-astrocytic
Cocultures. NSCs were delivered via controlled injection
designed to mimic in vivo transplant protocols implemented
by our group (Tate et al., 2002; Shear et al., 2004). In a lami-
nar flow hood, a micromanipulator was fixed to a stereoscope
base to visualize the injection. Forty-eight hours following ex-
posure to mechanical loading (23 DIV; see Fig. 1), the TGE-
B1 treatment, or control conditions, most of the medium was
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removed (leaving 100 pL). NSCs were then delivered to
the 3-D neuron-astrocyte cocultures using a microsyringe
(Hamilton, 10 pL) gradually penetrating to a depth of 200 pm
below the coculture surface. The delivery consisted of 2.5 pL
containing 1.5 X 10* cells [dispersed in media (vehicle:
NBM/B-27/L-glutamine), MC, or MC-LN] delivered over
1.5-2.0 min. The cultures were returned to a tissue culture
incubator for 60 min, after which NBM/B-27/L-glutamine
was added.

Assessment of Cell Viability/Cytotoxicity, TUNEL
Staining, and Caspase Activation

Cell viability/cytotoxicity. Coculture viability was
assessed following exposure to mechanical loading, TGF-1
treatment, or control conditions using probes to distinguish
live and dead cells (n = 5-7 cocultures per group). Two days
following insult, cocultures were incubated with 4 uM ethi-
dium homodimer-1 and 2 pM calcein AM (Molecular Probes,
Eugene, OR) at 37°C for 30 min and then rinsed with 0.1M
D-PBS. The numbers of viable and dead cells were quantified
(3—5 randomly selected regions per culture).

TUNEL. Terminal  deoxynucleotidyl  transferase
(TdT)-mediated dUTP nick-end labeling (TUNEL) assay was
used to assess DNA fragmentation and strand breaks, indica-
tive of cell death, in transplanted cells 24 and 72 hr postdeliv-
ery (n = 3-5 cocultures per group, each stained in triplicate).
The 3-D neural cocultures containing transplanted GFP™ cells
were fixed with 3.7% formaldehyde (Fisher, Fairlawn, NJ) for
60 min and then placed in 30% sucrose (Sigma-Aldrich) over-
night at 4°C. Cocultures were then placed in Optimum Cut-
ting Temperature embedding compound (Sakura, Tokyo,
Japan), flash-frozen in liquid nitrogen, sectioned on a cryostat
(20 pm thick; Microm Cryo-Star, Walldorf, Germany), and
mounted on glass slides. Sections containing GFP™ cells were
stained using a commercially available TUNEL kit (Neuro-
TACS™ 11; Trevigen, Gaithersburg, MD). Briefly, cells were
permeabilized using NeuroPore™ for 30 min at 18°C-24°C.
After rinsing, slides were immersed in TdT-labeling buffer for
5 min, followed by the addition of labeling reaction mix (con-
taining TdT dNTP mix, Mn>", and TdT enzyme in labeling
buffer) for 60 min humidified at 37°C. Next, the slides were
immersed in a TdT stop buffer, followed by rinsing, and
strep-HRP was added for 10 min humidified at 18°C—24°C.
After rinsing, the slides were immersed in a DAB solution for
4 min followed by counterstaining. Microscopic analysis was
performed to determine the number of TUNEL™ nuclei colo-
calized with GFP.

Caspase Activation. The level of activated caspases,
a family of proteolytic enzymes central in apoptotic cell death,
was measured in order to assess the involvement of proapop-
totic pathways in NSCs transplanted into injured 3-D cultures
using a commercially available kit (CaspaTag'™ Pan-Caspase
Assay; Chemicon, Temecula, CA; n = 3—4 cocultures per
condition). The reagent solution, which uses a sulforhod-
amine-labeled fluoromethyl ketone peptide inhibitor of cas-
pase (SR-VAD-FMK) to covalently bind the activated caspase
heterodimer, was mixed in media (1:30) and added to the co-
cultures. Following incubation at 37°C at 5% CO, for 60
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min, the cocultures were rinsed. The binding reaction causes
the fluorescent indicator to be retained in a cell on rinsing,
thus permitting fluorometric detection of activated caspases
colocalized with GFP™ cells in 3-D cocultures (45 randomly
selected regions per coculture were sampled).

Immunocytochemistry. Immunocytochemistry was
employed to assess (1) reactive astrogliosis in mechanically
injured, TGF-f1-treated, and control cocultures and (2) NSC
differentiation following delivery to injured, treated, or con-
trol cocultures. The 3-D cocultures (with or without NSCs)
were fixed, cryoprotected, embedded, frozen, and sectioned as
described for the TUNEL assay. Sections were rinsed in PBS
and permeabilized using 0.3% Triton X100 (Kodak, Rochester,
NY) + 8% goat serum (Invitrogen) for 60 min. Primary anti-
bodies were added (in PBS + 0.1% Triton X100 + 2% se-
rum) overnight at 4°C in a humidified chamber. After rinsing,
the appropriate secondary fluorophore-conjugated antibodies
(FITC/TRITC-conjugated IgG, Jackson Immuno Research,
or Alexa 488/546-conjugated IgG, Molecular Probes) were
added (in PBS + 2% serum) for 2 hr at 18°C-24°C in a
humidified chamber. For assessment of astrogliosis, sections
were immunostained using primary antibodies recognizing: (1)
GFAP (AB5804 or MAB360, 1:400, Chemicon), (2) CS-56 (a
general CSPG marker; C8035, 1:100, Sigma), and (3) neuro-
can (a specific CSPG; MAB5212, 1:1,000, Chemicon), with n
= 3-5 cocultures per group per marker with each sample
stained in triplicate. For analysis of NSC differentiation patterns,
sections containing GFP™ cells were selected and immuno-
stained using primary antibodies for (1) GFAP (MAB360,
1:400), (2) Tu-1 (BI-tubulin; MMS-435P, 1:2,000, Cova-
nce, Denver, PA), (3) neuronal-glial antigen-2 (NG2;
AB5320, 1:200, Chemicon), and (4) nestin (MAB353, 1:200,
Chemicon), with n = 3—4 cocultures per group with each
sample stained in triplicate. NSC phenotypic expression was
assessed via colocalization of GFP with the primary/TRITC
or Alexa 546—conjugated secondary antibody specific for a
particular marker. In all cases, counterstaining was performed
using Hoechst 33258 (1:1,000, Molecular Probes).

Data Collection and Statistical Analysis

For cell viability and caspase activation assays, intact
(full-thickness) cocultures were viewed using a confocal laser-
scanning microscope (LSM 510; Zeiss, Oberkochen, Germany)
and z-stacks (50 pm) were analyzed to distinguish individual
cell bodies using LSM Image Browser (Zeiss) and projected as
2-D images for visualization. For immunocytochemistry and
TUNEL, coculture sections were viewed using brightfield,
phase-contrast, and/or fluorescent microscopy techniques
(Eclipse TE300 or Eclipse 80i; Nikon, Melville, NY) with
images digitally captured and analyzed using Image-Pro Plus
(Media Cybernetics, Silver Spring, MD). Data are presented as
the mean * standard deviation. To analyze potential altera-
tions in CSPG presence following experimental conditions,
the mean image intensity was quantified using Image Pro Plus
based on zero intensity assigned to sections only exposed to
secondary fluorescent antibodies. To characterize the 3-D co-
culture environment, general-linear-model ANOVA was used
with 3-D coculture treatment (control, TGF-1 treated, or
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Fig. 2. Coculture viability following mechanical deformation or
TGF-B1 treatment. The 3-D neuronal-astrocytic cocultures were
subjected to mechanical loading, TGF-B1 treatment, or control con-
ditions at 21 DIV, and culture viability was assessed 48 hr later. Fluo-
rescent confocal reconstructions of representative cocultures after (A)
control conditions, (B) TGF-31 treatment, or (C) mechanical injury
(scale bar = 50 um). D: Mechanical loading resulted in a significant
reduction in culture viability, whereas cytokine treatment had no
effect on culture viability (*P < 0.05). E: High-rate deformation
resulted in a significant increase in the density of dead cells P <
0.05). [Color figure can be viewed in the online issue, which is avail-
able at www.interscience.wiley.com.]

mechanically injured) as the independent variable and culture
viability or astrogliotic parameter as the dependent variable.
For NSC interface studies, general-linear-model ANOVA was
used with 3-D coculture treatment, delivery (vehicle, MC, or
MC-LN), and time postdelivery (24 or 72 hr) as independent
variables and donor cell outcomes as dependent variables
(TUNEL™, caspase”, phenotype, process outgrowth). GFP+
donor cell integration in the host 3-D cocultures was quanti-
fied by counting cells that had extending neurites >10 pm
and expressing this quantity as a percentage of total cells.
When significant differences were found between groups, post
hoc Tukey’s pairwise comparisons were then performed. For
all statistical tests, a P value <0.05 was required for differences
to be considered significant.

RESULTS

High-Rate Mechanical Loading Resulted in
Localized Cell Death and Developing Astrogliosis
in 3-D Neuronal-Astrocytic Cocultures

Neuronal-astrocytic  cocultures exhibited wide-
spread 3-D process outgrowth and consisted of astrocytes
and functional neurons at 21 DIV. At this point, the cul-
tures were subjected to high-rate shear deformation, to
treatment with TGF-31, or were left untreated as con-
trols, with wviability and markers of astrogliosis subse-
quently assessed. Forty-eight hours postinsult, fluorescent

02 days post-insult
W 5 days post-insull

o

TGF-B

GFAP* Hypertrophic
Processes (#/mm?)
: 3

B8

*
ﬂ )
Injured

Fig. 3. CSPG expression and astrocyte hypertrophy following mechan-
ical injury or TGF-B1 treatment. Representative fluorescent micro-
graphs of neuronal-astrocytic cocultures exposed to (A, D) control con-
ditions, (B, E) TGF-1 treatment, or (C, F) mechanical injury (scale
bar = 20 pm). A—C: Cocultures immunolabeled for neurocan (red)
and GFAP (green) with nuclear counterstain (blue) 2 days postinsult.
Expression of CSPGs, including neurocan, significantly increased fol-
lowing TGF-B1 treatment (P < 0.05). D=F: Cocultures immunola-
beled for GFAP (red) with nuclear counterstain (blue) 5 days postinsult.
H: Density of GFAPY hypertrophic processes (insets in D-F) signifi-
cantly increased beyond control levels 2 and 5 days following TGF-31
treatment and by 5 days following mechanical injury (*P < 0.05).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com. |

Control

confocal microscopy revealed a significant decrease in
the percentage of viable cells with a concurrent increase
in the spatial density of dead cells following mechanical
loading (P < 0.05 each). In addition, at this time, most
of the dead or dying cells were neurons rather than
astrocytes, as assessed by immunocytochemistry for phe-
notypic markers (data not shown). However, treatment
with TGF-B1 did not significantly affect coculture via-
bility (Fig. 2). Characteristics of reactive astrogliosis were
evaluated via immunocytochemistry using markers for
GFAP and CSPGs. By 48 hr postinsult, the matrix con-
tent of CSPGs, specifically neurocan, increased precipi-
tously following TGF-31 treatment compared to in the
controls (P < 0.05); however, significant alterations in
matrix CSPG content were not observed following ex-
posure to the mechanical loading regime used in this
study (Fig. 3). In addition, astrocytic reactivity and hy-
pertrophy were evaluated by assessing GFAP expression
(Fig. 3). There was an increase in both the intensity of
GFAP immunoreactivity and in process density follow-
ing TGB-B1 treatment or mechanical injury compared
to in the controls (Fig. 3). Specifically, there were signif-
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icant increases in the density of hypertrophic processes
by 2 days following treatment with TGF-1 (P < 0 05).
However, such alterations in the density of GFAP™ hy-
pertrophlc processes manifested over a longer period fol-
lowing high-rate deformation as a significant increase
beyond control levels was not observed until 5 days
postinsult (P < 0.05). The delayed increase in the den-
sity of GFAP™ hypertrophic processes may have been a
result of cell death following injury, causing recovery
time for the process density to increase beyond preinjury
levels. Thus, TGF-1 treatment induced a robust astrogli-
otic response consisting of increased GFAP expression,
astrocyte hypertrophy, and increased matrix CSPG expres-
sion, specifically neurocan, without influencing culture vi-
ability. Alternatively, mechanical injury induced significant
cell death with a delayed increase in hypertrophic pro-
cess density.

Factors in a Mechanically Injured but

Not a TGF-p1-Treated Environment Were
Detrimental to NSC Survival without
Influencing Differentiation Patterns

NSCs in vehicle (medium) were delivered to
mechanically injured, TGF-B1-treated, or control cocul-
tures 48 hr postinsult to test the effects of injured and/or
reactive astrogliotic environmental parameters on NSC
survival and differentiation (Fig. 1). TUNEL staining,
which labels the fragmented DNA of dying cells, was
used to assess donor cell survival 24 and 72 hr followmg
delivery. There was a paucity of TUNEL" donor cells
in the mechanically injured, TGF-B1-treated, and con-
trol 3-D cocultures 24 hr following delivery. Approxi-
mately 5% of the donor cells in each of these groups
were TUNEL™, w1th no statlstlcal difference in the per-
centage of TUNEL"/GFP" cells at this time (Fig. 4).
Seventy- two hours following delivery, the pattern of
TUNEL"/GFP" cells remained unchanged in the con-
trol and TGF-B1-treated cocultures; however, there was
a sharp increase in the percentage of TUNEL™ donor
cells delivered to mechanically injured 3-D cocultures,
which rose to nearly 30% (P < 0.05). There were often
clusters of GEP™ cells in mechanically injured cocultures
that presented a relatively large number of dying donor
cells (Fig. 4C). Thus, there was an increase in TUNEL™"
donor cells when delivered to a mechanically injured
environment compared to in the control and cytokine-
induced astrogliotic cocultures.

The expression of specific neural phenotypic
markers was assessed 72 hr following transplantation
using immunocytochemistry. Morphological indications
of donor cell growth and process extension in the host
coculture were evident in many cases. In each of the co-
culture treatment groups, GFP™ cells were colabeled
with nestin (intermediate filament found in undifferenti-
ated NSCs), GFAP (intermediate filament expressed by
astrocytes), NG2 (transmembrane CSPG expressed by
various neural subtypes, often used as a marker for oligo-
dendrocyte precursors), or Tuj-1 (intermediate filament
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Fig. 4. Donor cell survival following vehicle delivery. Photomicro-
graphs of GFP™ donor cells 72 hr after delivery to 3-D cocultures
subjected to (A) control conditions, (B) TGF-1 treatment, and (C)
mechanical injury (TUNEL™ nuclei appear brown). Scale bar = 10
pum. D: TUNEL"/GFP" donor cells were quantified 24 and 72 hr
postdelivery. Percentage of TUNEL" donor cells did not signifi-
cantly differ between the coculture groups 24 hr following delivery.
However, by 72 hr following delivery, significantly more TUNEL™
donor cells were observed in the mechanically injured 3-D cocultures
than in the control and TGF-B1-treated cocultures (*P < 0.05).

expressed by immature neurons). Donor cells most
prominently expressed GFAP, followed by nestin, NG2,
and Tuj-1 (Fig. 5). However, there was not a significant
difference in the differentiation profiles of donor cells
delivered to the different coculture conditions.

NSCs Codelivered in Tissue-Engineered Scaffolds
Resulted in Reduced Caspase Activation in
Mechanically Injured 3-D Cocultures

On the basis of our finding that elements in a
mechanically injured but not a strictly astrogliotic envi-
ronment detrimentally influenced NSC survival, we
tested the hypothesis that tissue-engineered scaffolds
with prosurvival bioadhesive ligands would enhance
NSC survival in a surrogate postinjury environment.
Accordingly, NSCs were delivered to mechanically
injured or control 3-D cocultures with no scatfold
(media vehicle), in a MC-only scaffold, or in a MC-LN
scaffold. In this study, caspase activation was evaluated to
detect early markers of donor cell death via caspase-
related apoptotic mechanisms. Assessment 72 hr postde-
livery revealed that donor «cell caspase activation
depended significantly on the coculture environment
(injured vs. control; P < 0.01) or the delivery method
(vehicle vs. MC vs. MC-LN; P < 0.01) or interactions
of these variables (P < 0.05), indicating that effects of
delivery platform depended on the coculture environ-
ment (Fig. 6). When NSCs were delivered with media
vehicle only, there was a significant increase in the per-
centage of donor cells with colocalized GFP and acti-
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Fig. 5. Donor cell differentiation profiles following vehicle delivery.
Donor cells were immunolabeled for specific phenotypic markers 72 hr
following delivery to mechanically injured, TGF-1 treated, or control
3-D cocultures. GFP™ cells were found that coexpressed (A) nestin,
(B) GFAP, (C) NG2, and (D) Tuj-1. Scale bar = 10 pm. E: Donor
cells most prominently differentiated along an astrocytic lineage; how-
ever, expression profiles of NSCs delivered to the different coculture
groups did not significantly differ. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com. |

vated caspases in mechanically injured versus in control
3-D cocultures (P < 0.05). As expected, the mean per-
centage of GFP™ cells with actlvated caspases was similar
to the mean percentage of GFP™ cells that were also
TUNEL", supporting our previous findings and also
indicating ‘these cells are dying by apoptosis (Fig. 6). In
control cocultures, the presence of MC or MC-LN did
not significantly alter the GEP*/ caspase " colocalization
from levels attained from vehicle delivery. Alternatively,
in injured cocultures, the presence of MC or MC-LN
resulted in a mgnlﬁcant decrease in the amount of
GFP ™ /caspase™ colocalized (P < 0.05 and P < 0.001,
respectively) compared to in the vehicle. These results
suggest that both MC and MC-LN may reduce the
effects of the injured environment on caspase activation.

G 50 -
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Caspase*/GFP* (%)

Injured

Fig. 6. Donor cell survival when delivered with a MC-LN tissue engi-
neered construct. GFP* NSCs were codelivered with media (vehicle),
MC, or MC-LN to 3-D cocultures after exposure to control conditions
or to mechanical injury, and caspase activity (red) was assessed 74 hr
postdelivery. Representative confocal reconstructions of GEP* donor
cells in (A, D) vehicle, (B, E) MC, or (C, F) MC-LN in 3-D cocul-
tures following exposure to control conditions (A—C) or mechanical
injury (D-F). G: When NSCs were delivered with vehicle to the
injured cocultures, the percentage of cells with colocalized GFP and
activated caspases significantly increased beyond control levels (P <
0.05). However, delivery in MC-LN and MC mitigated this effect.
NSCs codelivered in MC-LN to injured cocultures reduced activated
caspases to levels near donor cells in control cocultures. [Color figure
can be viewed in the online issue, which is available at www.
interscience.wiley.com.|

In addition, the percentage of donor cells extending
processes was quantified, revealing that more than 50%
of the donor cells delivered in MC-LN and 40% of do-
nor cells delivered in MC were extending processes (Fig.
6). Conversely, fewer than 25% of donor cells delivered
with vehicle extended processes (MC-LN vs. vehicle; P
< 0.05), suggesting that delivery in an MC-LN scaffold
augmented donor cell integration. Thus, codelivery of
NSCs with MC-LN scaftolds resulted in increased donor
cell process outgrowth while reducing caspase activation
of donor cells when delivered to injured cocultures.

DISCUSSION

We utilized a controlled 3-D in vitro injury model
exhibiting cell death and markers of reactive astrogliosis to
examine NSC survival following transplantation into this
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surrogate injury environment. This study revealed that ele-
ments related to mechanical injury, but not strictly astro-
gliosis, negatively influence NSC survival at acute times
following delivery. After characterizing the mechanically
injured environment and establishing the baseline survival
of NSCs, this in vitro model was utilized to evaluate the
ability of a hydrogel MC-LN scaffold to chaperone NSCs
into this injured/reactive environment. By codelivering
the NSCs with a MC or MC-LN scaffold to mechanically
injured cocultures, donor cell caspase activity was reduced,
demonstrating the potential efficacy of tissue-engineered
strategies to mitigate detrimental factors associated with
mechanical injury.

Neural models have been developed designed to
evaluate interfaces between various cell culture popula-
tions. For example, simple planar cultures with NSCs
delivered above a confluent astrocyte monolayer (Fai-
jerson et al., 2006) or cells placed above tissue slices
(Tom et al.,, 2004). There are fundamental differences
between these test environments and 3-D interfaces as
both cell—cell and cell-matrix interactions (e.g., receptor
profiles and distribution) differ markedly (Cukierman
et al., 2001, 2002; Schmeichel and Bissell, 2003; Yamada
et al., 2003). Also, the local microenvironment may dif-
fer, as secreted and/or soluble factors may be diluted in
the culture medium, whereas in 3-D they may be main-
tained locally or become matrix bound. Thus, the in
vitro model presented in this article is a simplified yet
versatile system to evaluate 3-D interactions between
NSCs and an injured/reactive environment, which are
crucial for the success of neurotransplantation.

NSC transplantation has been shown to mediate
some neurological recovery in animal models of TBI
(Riess et al., 2002; Lu et al., 2003; Shear et al., 2004),
yet the efficacy has been plagued by poor donor cell sur-
vival (Kanelos and McDeavitt, 1998; Riess et al., 2002;
Picard-Riera et al., 2004; Bakshi et al., 2005; Boockvar
et al.,, 2005; Shindo et al., 2006). Our results support
this hypothesis, as we found a nearly six-fold increase in
donor cell death in injured cultures compared to in con-
trols. Cell death of engrafted stem cells may possibly
occur through apoptotic mechanisms. For example, cas-
pase-mediated apoptosis in neural stem cells has been
implicated in transplantation in the enteric nervous sys-
tem (Micci et al,, 2005) and in traumatic brain injury
(Bakshi et al., 2005). The in vitro model presented in
this article represents aspects of the in vivo setting and
therefore can be used to optimize transplant conditions
to overcome poor survival in a controlled manner. We
hypothesized that a tissue-engineered construct contain-
ing a MC-LN scaffold would enhance NSC survival af-
ter delivery to a surrogate injured/reactive environment
by providing both physical support and a bioactive sub-
strate that promotes survival through adhesion to LN
(Leone et al., 2005; Stabenfeldt et al., 2006). LN has
been shown to be antiapoptotic in neurons after ische-
mic (Gu et al.,, 2005) and excitotoxic (Gary and Matt-
son, 2001; Gary et al., 2003) insults to the brain. A sig-
nificant reduction in caspase activity was observed when
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NSCs were codelivered with MC-LN or MC compared
to vehicle. These results demonstrate that the delivery
microenvironment affects donor cell survival and that
both structural and receptor-mediated interactions may
be beneficial.

TGEF-B1 treatment did not affect donor cell sur-
vival, suggesting that variables related to the neural
response to mechanical injury, but not astrogliosis alone,
lead to donor cell death. The detrimental effects of a
postinjury environment may be caused by a variety of
factors, such as local cell death and the release of neuro-
toxic chemicals (e.g., tumor necrosis factor-a and inter-
leukins; McIntosh et al., 1999; Weber, 2004). Con-
versely, neurotrophic factors may increase following
brain injury and support donor cell survival (Ray et al.,
2002). Future studies utilizing this in vitro test bed may
be suitable for isolating and systematically testing the
effects of these parameters, leading to therapies aimed at
altering host responses to promote transplant survival.

The differentiation profile of NSCs was assessed
following delivery using a range of neural cell markers
chosen based on in vitro and in vivo differentiation pat-
terns (Riess et al., 2002; Shear et al., 2004; Tate et al.,
2004; Shindo et al., 2006). Although different coculture
microenvironments (e.g., host cell reactivity, cytokines,
growth factors, matrix constituents) may influence NSC
differentiation (Irvin et al., 2003; Mondal et al., 2004),
no differences in the phenotypic profile of transplanted
cells were observed between injured/reactive cocultures
and controls. Most transplanted cells progressed along an
astrocytic lineage (GFAP ), in agreement with previous
in vitro studies, in which NSCs primarily expressed
GFAP following plating on LN-, fibronectin-, or colla-
gen IV—coated surfaces (Tate et al., 2004). Also, a mod-
est percentage of NSCs delivered to the cocultures pro-
gressed toward a neuronal phenotype (Tuj-1"), and this
neuronal yield was relatively high compared to that
reported in other works (Santa-Olalla and Covarrubias,
1995; Tate et al., 2004). However, when NSCs were
delivered on top of scratch-injured astrocytes, astrocytic
differentiation was enhanced (Faijerson et al., 2006). De-
tectable phenotypic changes may take longer than 72 hr
to manifest, or intrinsic differentiation patterns may out-
weigh the microenvironmental factors in this model. In
addition, the baseline cellular constituents (e.g., neuro-
n:astrocyte ratio) and matrix composition of the culture
may influence the differentiation profile of donor cells
and may be experimentally modified using this experi-
mental platform.

In conclusion, this study has demonstrated the util-
ity of a well-controlled 3-D in vitro model of neural
injury to investigate prospective factors that influence
NSC function, particularly survival. Future work will
investigate additional injury-related factors that may
influence NSCs, and such knowledge will aid in the
optimization of tissue-engineered scaffolds to improve
NSC survival, integration, and control of differentiation.
Furthermore, the complexity of this model may be
incrementally increased by adding other variables present
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in vivo (e.g., microglia) in order to elucidate their influ-
ence on NSC survival and integration. As a conse-
quence, this research may improve cell transplantation
strategies and provide a mechanistic basis for the devel-
opment of clinically effective treatments for TBI as well
as other neurological disorders.
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