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Abstract
Acellular biologic scaffolds are commonly used to facilitate the constructive remodeling of three
of the four traditional tissue types: connective, epithelial, and muscle tissues. However, the
application of extracellular matrix (ECM) scaffolds to neural tissue has been limited, particularly
in the central nervous system (CNS) where intrinsic regenerative potential is low. The ability of
decellularized liver, lung, muscle, and other tissues to support tissue-specific cell phenotype and
function suggests that CNS-derived biologic scaffolds may help to overcome barriers to
mammalian CNS repair. A method was developed to create CNS ECM scaffolds from porcine
optic nerve, spinal cord, and brain, with decellularization verified against established criteria. CNS
ECM scaffolds retained neurosupportive proteins and growth factors and, when tested with the
PC12 cell line in vitro, were cytocompatible and stimulated proliferation, migration, and
differentiation. Urinary bladder ECM (a non-CNS ECM scaffold) was also cytocompatible and
stimulated PC12 proliferation but inhibited migration rather than acting as a chemoattractant over
the same concentration range while inducing greater rates of PC12 differentiation compared to
CNS ECM. These results suggest that CNS ECM may provide tissue-specific advantages in CNS
regenerative medicine applications and that ECM scaffolds in general may aid functional recovery
after CNS injury.
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1. Introduction
The extracellular matrix (ECM) represents the secreted product of the resident cells of each
tissue and organ and thus logically defines the ideal substrate or scaffold for maintenance of
tissue-specific cell phenotype. The ECM is a critical determinant of cell behavior and is
known to affect intracellular signaling pathways, cell differentiation events, and cell
proliferation among other important characteristics of tissue identity [1–8]. These events are
mediated through integrins and other cell surface receptors in response to ligands present
within the ECM of every tissue [9–11]. Subtle changes in ECM structure and mechanical
properties can affect cell transcriptional events and associated cell phenotype and function
[12,13].
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Biologic scaffolds composed of ECM have been commonly used for the therapeutic
reconstruction of many tissues including myocardium [14–16], kidney [17], lower urinary
tract [18,19], musculotendinous tissues [20–22], esophagus [23], and peripheral nerve [24],
among others. There is clinical precedent for the application of ECM scaffolds in
reconstruction of central nervous system (CNS) structures [25,26], but the development of
ECM scaffolds for CNS regenerative medicine strategies has received relatively scarce
attention [27–29]. It has been suggested that ECM harvested from specific tissues is the
preferred substrate for cells native to those respective tissues if maintenance of phenotypic
characteristics is important [3–8,30]. The methods by which ECM scaffolds are prepared
vary greatly and such methods can markedly affect the composition, architecture, and
material properties of the resulting construct [31–34] as well as the host response following
implantation [35–38]. Therefore, the methods of preparing ECM scaffolds intended for use
in the repair and reconstruction of complex vital tissues such as heart, liver, kidney, and the
CNS must be carefully considered as regenerative medicine strategies are developed for
these tissues and organs.

The objectives of the present study were to (1) develop a method for decellularization of a
variety of CNS tissues, (2) characterize the resulting CNS ECM scaffolds in terms of
composition and in vitro cytocompatibility, and (3) investigate potential tissue-specific
advantages of CNS ECM scaffolds compared to non-CNS ECM scaffolds by evaluating in
vitro modulation of PC12 cell line mitogenesis, chemotaxis, and differentiation.

2. Materials and methods
2.1. Preparation of CNS ECM

Porcine optic nerve, spinal cord, and brain tissues were obtained from animals (~120 kg) at a
local abattoir (Thoma’s Meat Market, Saxonburg, PA). Tissues were frozen (>16 h at −80
°C), thawed completely, and separated from all non-CNS tissue. Dura mater was removed,
and optic nerve and spinal cord tissues were longitudinally quartered and cut into lengths
(<3 cm). The decellularization process consisted of a series of agitated baths: water (type I
reagent water per ASTM D1193; 16 h at 4 °C; 60 rpm), 0.02% trypsin/0.05% EDTA (60
min at 37 °C) (Invitrogen Corp., Carlsbad, CA, USA), 3.0% Triton X-100 (60 min) (Sigma-
Aldrich Corp., St. Louis, MO, USA), 1.0 M sucrose (15 min) (Fisher Scientific, Pittsburgh,
PA, USA), water (15 min), 4.0% deoxycholate (60 min) (Sigma), 0.1% peracetic acid
(Rochester Midland Corp., Rochester, NY, USA) in 4.0% ethanol (120 min), PBS (15 min)
(Fisher), water (15 min), water (15 min), and PBS (15 min). Agitation speed was 200 rpm
for optic nerve and spinal cord tissues or 120 rpm for brain tissue with the exception of the
initial step at 60 rpm. Decellularized optic nerve (Fig. 1A), spinal cord (Fig. 1B), and brain
(Fig. 1C) were lyophilized and stored dry until use.

2.2. Characterization of CNS ECM constituents
2.2.1. Characterization of residual DNA in CNS ECM—Qualitative assessment of
residual DNA [31,39] was conducted by fixation of non-lyophilized ECM scaffolds in 10%
neutral buffered formalin, which was then embedded in paraffin, sectioned, and stained with
hematoxylin and eosin (H&E) or with 4′,6-diamidino-2-phenylindole (DAPI). Quantitative
analysis of DNA content and base pair length in the remaining CNS ECM was conducted by
digestion of comminuted ECM with 0.1 mg/ml proteinase K solution (48–144 h). Protein
was removed by repeated phenol/chloroform extraction and centrifugation (10,000g) until
no white precipitate (protein) was observed at the interface, and the aqueous phase extract
was mixed with 3 M sodium acetate and 100% ethanol. The solution was centrifuged to
pellet DNA, and the pellet was rinsed with 70% ethanol, centrifuged, and dried. Double-
stranded DNA was quantified using PicoGreen (Invitrogen) per kit instructions. Base pair
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length of residual DNA in CNS ECM scaffolds was determined by gel electrophoresis of
DNA extracts on 1.0% agarose gel with ethidium bromide (2 h at 60 V) followed by
imaging with ultraviolet transillumination. Decellularization was evaluated against
established criteria: (1) absence of visible nuclei in H&E and DAPI stained sections; (2) no
DNA fragments exceeding 200 bp in length; and (3) <50 ng dsDNA per mg lyophilized
ECM [31].

2.2.2. Protein content of CNS ECM—Unstained sections of native (non-decellularized)
optic nerve, spinal cord, and brain and their respective ECM were deparaffinized,
rehydrated, and stained for myelin via luxol fast blue [40] or immunostained for laminin via
citrate antigen retrieval, blocking with 2% normal goat serum, incubation with rabbit anti-
human laminin primary antibody (diluted 1:25; Sigma, L9393), H2O2, goat anti-rabbit IgG
peroxidase-conjugated secondary antibody (diluted 1:400; Sigma, A0545), and
diaminobenzidine (ImmPACT DAB substrate; Vector Laboratories Inc., Burlin-game, CA,
USA), followed by hematoxylin counterstaining and ethylene-xylene dehydration.

Growth factors were extracted from 30 to 50 mg comminuted ECM per ml buffer by one of
two methods. The first method used 50 mM Tris containing 2.0 M urea, 5.0 mg/ml heparin,
and protease inhibitors [41], and the second method used 20 mM Tris containing 1.0%
NP40, 10% glycerol, and protease inhibitors. Vascular endothelial growth factor (VEGF)
and basic fibroblast growth factor (bFGF) were assayed in urea-heparin extracts, while nerve
growth factor (NGF) was assayed in NP40-glycerol extracts. Growth factors were quantified
via Quantikine Human VEGF Immunoassay (R&D Systems Inc., Minneapolis, MN, USA),
Quantikine Human FGF basic Immunoassay (R&D Systems), and NGF Emax
ImmunoAssay System (Promega Corp., Madison, WI, USA) per manufacturer instructions.
Primary and secondary extracts were obtained and assayed separately, with results
summated. Growth factor analysis was indicative of concentration but not activity. Urinary
bladder ECM was prepared as described previously [42] and used as a reference material.

2.3. In vitro characterization of CNS ECM
The pheochromocytoma-derived PC12 cell line (CRL-1721; ATCC, Manassas, VA, USA), a
neoplastic rat cell line arising from neural crest tissue [43], was used as a model neural-like
cell to evaluate in vitro modulation of mitogenesis, chemotaxis, and differentiation by ECM
derived from decellularized CNS tissues. Urinary bladder ECM was again used as a
reference material (i.e. non-CNS tissue source) to determine whether CNS ECM scaffolds
offered any tissue-specific advantages. For in vitro cell assays, individual ECM samples
were comminuted into particles (<1.0 mm) and solubilized with 1.0 mg/ml pepsin in 0.01 N
HCl (Fisher). Protein concentrations were assayed in multiple dilutes of solubilized ECM
against a bovine serum albumin standard curve using bicinchoninic acid. Each pepsin-HCl
ECM solution was neutralized to pH 7.4 with 0.1 N NaOH (Fisher), isotonically balanced
with 10X PBS (Fisher), and diluted to desired concentrations with 1X PBS. Mitogenic and
chemotactic effects of ECM on PC12 cells were assayed for a range of concentrations (2.5,
10, 25, or 100 μg protein per ml), and PBS and/or neutralized pepsin lacking ECM served as
controls in all assays. All in vitro assays were conducted as three or more replicates in
triplicate or quadruplicate per condition.

Undifferentiated PC12 cells (P5-9) were passaged at 30–90% confluence on flasks coated
with poly-L-lysine (PLL) in complete culture medium containing RPMI 1640 supplemented
with 10% heat-inactivated horse serum (Sigma), 5.0% fetal bovine serum (FBS; Thermo
Fisher Scientific Inc., Waltham MA, USA), and 100 U/ml penicillin/100 μg/ml
streptomycin (pen/strep). To determine potential cytotoxic effects of ECM scaffolds, PC12
cells were plated on PLL-coated sterile glass coverslips at 70,000 cells per well in 12-well
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plates. ECM or PBS was added to the medium at 100 μg/ml 2 h after plating and cells were
cultured for an additional 24 h. Cyto-compatibility was determined using a Live/Dead
Viability Kit (Invitrogen) per manufacturer instructions using 4.0 μM calcein AM and 4.0
μM ethidium homodimer-1. Viability of PC12 cells was quantified in fluorescence images
using ImageJ (NIH) to split red and green channels, threshold, and count particles (cells),
with binning to differentiate between cell clusters of various counts. The same ImageJ
macro was used to analyze all images.

Mitogenic effects of CNS ECM scaffolds were determined by plating undifferentiated PC12
cells on PLL-coated 96-well plates at 4000 cells per well. After 12 h, ECM or PBS was
added to each well and cells were cultured for another 20 h, followed by culture for 4.0 h
with 5-bromo-2′-deoxyuridine (BrdU) and quantification of BrdU incorporation into PC12
DNA using a colorimetric BrdU cell proliferation ELISA (Roche Diagnostics Corp.,
Indianapolis, IN, USA) per manufacturer instructions.

Chemotactic effects of CNS ECM scaffolds were determined by trans-membrane migration
using blind-well chambers and polycarbonate filters with 8.0 μm pore size (AP48; Neuro
Probe Inc., Gaithersburg, MD, USA). Filters were coated in 30 μg/ml laminin (Sigma) for
30 min and allowed to dry completely. Undifferentiated PC12 cells were cultured to 70–
90% confluence, starved overnight in RPMI 1640 supplemented with 1.0% FBS (Thermo
Fisher) and pen/strep, trypsinized, and resuspended in unsupplemented 50:50 RPMI
1640:PBS. Each ECM was brought to concentration with PBS and diluted 50:50 with RPMI
1640, with 10% FBS in RPMI 1640 used to verify chemotaxis through each filter. Wells
were loaded with 40,000 cells per well, and after 6 h each filter was removed, the upper
(non-migratory) surface scraped, and the lower (migratory) surface fixed with methanol,
stained with DAPI, and imaged. Cells were quantified using ImageJ to threshold and count
cells, with binning to differentiate between cell clusters of various counts. The same ImageJ
macro was used to analyze all images.

Differentiation effects of CNS ECM scaffolds were determined by plating PC12 cells at low
density (1500 cells per well) in PLL-coated 48-well plates. After 6 h for attachment, cells
were starved for 16 h in 1.0% heat-inactivated horse serum with pen/strep. bFGF [44],
ECM, or PBS was added 50:50 to medium in each well to obtain desired final
concentrations, and cells were cultured for another 48 h followed by fixation with
paraformaldehyde, permeabilization with 0.1% Triton X-100, actin staining with
Fluorescein-conjugated phalloidin, and imaging with a Zeiss AxioObserver Z1 microscope.
The percentage of differentiated cells was determined by manually quantifying cells with at
least one neurite-like process longer than the soma diameter, with a minimum of 300 cells
counted per well [45,46].

2.4. Statistical analysis
Graphical representations of all data show mean ± standard deviation of at least three
replicates, each conducted in triplicate or quadruplicate. Experimental groups depicted
graphically as a pair were compared using a Student’s t-test. All other groupings were
compared using one-way analysis of variance (ANOVA) with Tukey–Kramer post hoc
analysis. Outliers greater than three standard deviations from the mean were excluded from
data sets.

3. Results
3.1. Efficacy of decellularization method

No residual nuclei were visible in H&E and DAPI images of ECM derived from optic nerve,
spinal cord, or brain (Fig. 2A–M). Maximum fragment size of residual DNA in CNS ECM

Crapo et al. Page 4

Biomaterials. Author manuscript; available in PMC 2013 May 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



scaffolds did not exceed 200 bp (Fig. 2N) [31]. Quantification of dsDNA using PicoGreen
showed that CNS ECM scaffolds retained <50 ng dsDNA per mg dry ECM (Fig. 2P–R).
Concentrations of dsDNA were 44.6 ± 7.9 ng/mg in optic nerve ECM, 37.9 ± 7.7 ng/mg in
spinal cord ECM, and 40.2 ± 3.8 ng/mg in brain ECM.

3.2. CNS ECM constituents
Histologic staining and immunohistochemistry showed that CNS ECM scaffolds each
retained laminin and myelin present in native tissues (Fig. 3A–C). Optic nerve ECM, spinal
cord ECM, and brain ECM also retained detectable concentrations of VEGF and bFGF,
which were present in their tissues of origin (Fig. 4A,B). Concentrations of VEGF and bFGF
in CNS ECM scaffolds were comparable to concentrations in a non-CNS ECM scaffold
derived from urinary bladder. In contrast, although all native CNS tissues contained NGF,
only optic nerve ECM retained a detectable concentration of NGF (Fig. 4C).

3.3. In vitro characterization of CNS ECM
Optic nerve ECM, spinal cord ECM and brain ECM were cyto-compatible in vitro, as was a
non-CNS ECM derived from urinary bladder (Fig. 5). Both CNS and non-CNS ECM
scaffolds increased undifferentiated PC12 cell mitogenesis up to 1.5-fold in vitro at the
concentrations tested (Fig. 6). CNS ECM scaffolds induced PC12 chemotaxis in vitro,
resulting in up to 1.5-fold migration compared to unstimulated cells (Fig. 7A–C). In
contrast, a non-CNS ECM scaffold attenuated migration to 0.5-fold control (Fig. 7D). Under
the conditions assayed, CNS ECM scaffolds induced PC12 differentiation at rates
approaching 20% while a non-CNS ECM scaffold induced differentiation at rates
approaching 30% at an equivalent protein concentration (Fig. 8). In summary, all PC12 cell
functions except viability were modulated by CNS and non-CNS ECM scaffolds, including
mitogenesis, chemotaxis, and differentiation.

4. Discussion
This study describes a versatile decellularization method which can be applied to three
different CNS tissues: optic nerve, spinal cord, and brain (Fig. 1). The full protocol from
tissue to ECM requires <24 h, a duration which compares favorably to previously reported
CNS tissue decellularization methods [27–29]. The resulting matrix is sufficiently acellular
(Fig. 2) to obviate adverse host immune responses [35–38] and contagion such as virus
transmission [47–49] while retaining bioactive molecules, including myelin and laminin
(Fig. 3). In vitro modulation of PC12 cell functions by CNS ECM (Figs. 6–8) and the
matrices’ retention of neurosupportive proteins as well as growth factors, including
neuroinductive bFGF and the neurotrophin NGF (Fig. 4B,C), suggest that the materials
might influence behavior of other neural and neural-like cells in vitro and in vivo.

Although the activity of growth factors, including neurotrophins, in CNS ECM scaffolds is
unknown, similar PC12 responses to all three types of CNS ECM in vitro (Figs. 5–8) and the
singular presence of NGF in optic nerve ECM (Fig. 4) suggests three non-exclusive
possibilities: the amounts of NGF and other neurotrophins and growth factors (such as
bFGF) with preserved bioactivity in each ECM are equivalent; spinal cord ECM and brain
ECM contain higher concentrations of neurotrophins other than NGF which counterbalance
greater NGF content in optic nerve ECM; or, most likely, each CNS ECM contains a unique
profile of potent neurotrophins and growth factors which, in combination, yield similar
effects. Indeed, subtle but forceful differences in constituent profiles might explain
variability in PC12 mitogenesis and chemotaxis at the highest tested concentration of optic
nerve ECM when compared to spinal cord or brain ECM (Figs. 6,7). Attenuation or even
reversal of cell responses to optic nerve ECM at increasing concentrations (Figs. 6A and 7A)
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correlate well with other studies that have shown inhibitory cellular responses to segments
of optic nerve compared to peripheral nerve in vitro [50] and in vivo [51].

Previous reports of ECM scaffolds derived from CNS tissues [27–29] have not explored
tissue-specific functionality of these materials in contrast to non-CNS ECM. The present
study clearly shows distinct cellular responses to CNS versus non-CNS ECM scaffolds,
including divergent chemotactic and differentiation effects (Figs. 7,8) but similar mitogenic
effects (Fig. 6). These results mimic the ability of other non-CNS ECM scaffolds to support
site-appropriate cell phenotype in several complex tissues [4–8] and suggest unique
capabilities for CNS ECM that may prove useful in regenerative medicine applications
within the CNS.

Mitogenic and chemotactic effects of ECM scaffolds observed in this study were non-linear
and generally conformed to an inverted-U curve commonly observed in neural cell
responses to stimuli (Figs. 6,7) [52–54]. Increasing differentiation rates correlated with
moderating mitogenic and chemotactic effects at higher ECM concentrations (Figs. 6–8),
suggesting a dose-dependent shift in cellular responses. The establishment of ECM
cytocompatibilities at 100 μg/ml (Fig. 5), the highest concentration used for any in vitro
assay, further reinforced the concept that higher ECM concentrations caused alterations in
cell behavior rather than apoptosis or functional impairment. Increased differentiation which
coordinated with increased mitogenesis and chemotaxis at the same ECM concentration may
indicate sub-populations of PC12 cells which respond differently to the ECM scaffolds or
may reflect the complexity of each ECM composition as it influenced behavior of
pluripotent cells [43]. In considering this phenomenon, it is important to note that the
differentiation assay used unique conditions, including starvation medium, greater duration,
and lower cell density. Overall, responses of PC12 cells to ECM scaffolds in vitro suggest
that these materials might be used in vivo to control neural cell plasticity without adversely
affecting viability.

Cell responses observed in this and other studies [2,3,42,55,56] suggest that ECM placed in
vivo has the potential [43] to attract endogenous progenitors such as neural stem cells to a
site of CNS damage, induce proliferation, and cause differentiation into functional, site-
appropriate cells to replace lost CNS tissue in cases of injury or neurodegenerative
pathologies. If CNS ECM proves to have advantages for in vivo constructive remodeling of
CNS tissues, then gel forms of the scaffolds which cross-link in situ would logically be
desirable for minimally invasive application in the CNS. Ultimately and perhaps ideally,
delivery of ECM (CNS or non-CNS) to a site of CNS injury in cases such as stroke or spinal
cord injury might be achieved by localized injection of an ECM gel [57] which would
jointly fill the lesion, recruit endogenous stem cells, including neural stem cells, and
enhance their regenerative responses [56]. Gel forms of ECM have been shown to induce
rapid cell infiltration and site-appropriate constructive remodeling in vivo [16,58]. ECM
scaffold remodeling in vivo is likely to be further aided by the presence of VEGF and bFGF
within the scaffolds (Fig. 4A,B), which suggests potential to promote neovascularization.
Development of a microvascular network would not only support new tissue formation via
transport but could also deliver ECM degradation products as a signal to surrounding cells
[42,56], thereby inducing constructive remodeling and functional CNS recovery.

5. Conclusion
A variety of acellular biologic scaffolds can be derived from CNS tissues such as optic
nerve, spinal cord, and brain by a combination of enzymatic and chemical processing (Figs.
1,2). These CNS ECM scaffolds meet or exceed established decellularization criteria [31],
are cytocompatible (Fig. 5), and retain neurosupportive proteins and growth factors present
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within the tissues of origin (Figs. 3,4) which are known to modify neural cell behaviors. The
resultant acellular biologic scaffolds are able to modulate behaviors of model neural-like cell
as demonstrated by increased proliferation, migration, and differentiation of the PC12 cell
line in vitro over a range of concentrations (Figs. 6–8). Contrasting PC12 cell migration and
differentiation responses to CNS versus non-CNS ECM suggest tissue-specific functionality
for biologic scaffolds in neural applications. Overall, results of the study suggest that CNS
and non-CNS ECM scaffolds may represent effective substrates for constructive neural
tissue remodeling in vivo and facilitate regenerative medicine approaches to CNS repair.
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Fig. 1.
Biologic scaffolds derived from porcine CNS tissues. (A) Native optic nerve tissue (left) and
optic nerve ECM (right). (B) Native spinal cord tissue (left) and spinal cord ECM (right).
(C) Native brain tissue (left) and brain ECM (right). All tissues and ECM are shown in their
lyophilized state. Ruler divisions are 1.0 mm.
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Fig. 2.
Characterization of residual DNA in CNS ECM scaffolds. After H&E staining, cell nuclei
were visible in (A) native optic nerve tissue but not in (B) optic nerve ECM. Cell nuclei
were also visible in (C) native spinal cord tissue but not in (D) spinal cord ECM and in (E)
native brain tissue but not in (F) brain ECM. DAPI showed similar results in (G) native optic
nerve compared to (H) optic nerve ECM, (J) native spinal cord compared to (K) spinal cord
ECM, and (L) native brain compared to (M) brain ECM. Magnification is 100×. (N) Gel
electrophoresis showed that residual DNA fragments did not exceed 200 bp in optic nerve
ECM, spinal cord ECM, or brain ECM. Arrows denote (left-right) 1500 bp, 1000 bp, 500 bp,
and 200 bp (red arrows). (P–R) DNA quantification showed lower concentrations of DNA in
CNS ECM compared to native tissues, with <50 ng DNA per mg ECM dry weight for
decellularized optic nerve, spinal cord, and brain (note y axis is log scale; n = 3 for all
groups; p < 0.005 for each native-ECM pair). Red lines denote established DNA criteria
against which decellularization was verified [31]. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3.
Protein content of CNS ECM scaffolds. Myelin was present in (A) native optic nerve tissue,
(B) optic nerve ECM, (C) native spinal cord tissue, (D) spinal cord ECM, (E) native brain
tissue, and (F) brain ECM as shown by luxol fast blue staining. Laminin was also present in
(G) native optic nerve, (H) optic nerve ECM, (J) native spinal cord, (K) spinal cord ECM,
(L) native brain, and (M) brain ECM as shown by immunohistochemistry with hematoxylin
counterstain. Magnification is 100×. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4.
Growth factor content of CNS ECM scaffolds. Optic nerve ECM, spinal cord ECM, brain
ECM, and urinary bladder ECM retained detectable concentrations of (A) VEGF and (B)
bFGF, which were also present in native tissues (n = 3–5). (C) Optic nerve ECM was the
only matrix that retained a detectable concentration of NGF (n = 3–4).
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Fig. 5.
Cytocompatibility of CNS ECM scaffolds. (A) Normal viability of undifferentiated PC12
cells was not different from viability of PC12 cells cultured with (B) optic nerve ECM, (C)
spinal cord ECM, (D) brain ECM, or (E) urinary bladder ECM as determined by Live/Dead
assay, including (F) quantification of live and dead cells in images. Cells were cultured in
each ECM at a concentration of 100 μg protein per ml medium. Magnification is 400×.
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Fig. 6.
Mitogenic effects of CNS ECM scaffolds. Undifferentiated PC12 cell proliferation was
modulated by (A) optic nerve ECM, (B) spinal cord ECM, (C) brain ECM, and (D) urinary
bladder ECM as determined by BrdU incorporation during PC12 cell mitosis. Changes in
mitogenesis ranged from increases of 53% (brain ECM, 25 μg protein per ml) to decreases
of 18% (optic nerve ECM, 100 μg protein per ml). * Indicates p < 0.05 by one-way
ANOVA with Tukey–Kramer post hoc analysis.
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Fig. 7.
Chemotactic effects of CNS ECM scaffolds. Undifferentiated PC12 cell migration was
modulated by (A) optic nerve ECM, (B) spinal cord ECM, (C) brain ECM, and (D) urinary
bladder ECM as determined by transmembrane PC12 cell migration. Changes in chemotaxis
ranged from increases of 53% (brain ECM, 100 μg protein per ml) to decreases of 50%
(urinary bladder ECM, 25 μg protein per ml). * Indicates p < 0.05 by one-way ANOVA
with Tukey–Kramer post hoc analysis.
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Fig. 8.
Differentiation effects of CNS ECM scaffolds. (A) PC12 neuronal differentiation induced by
CNS and non-CNS ECM as indicated by neurite extension. Differentiation was compared
using the following medium supplements: (B) PBS as a negative control, (C) optic nerve
ECM at 100 μg/ml, (D) spinal cord ECM at 100 μg/ml, (E) brain ECM at 100 μg/ml,
urinary bladder ECM at 100 μg/ml, or (G) bFGF at 0.20 μg/ml as a positive control. *
Urinary bladder ECM at 100 μg protein per ml induced greater differentiation than any other
condition including the positive control (bFGF, 0.20 μg/ml). ** Spinal cord ECM or brain
ECM at 100 μg/ml induced differentiation at rates comparable to the positive control which
were greater than all other conditions except urinary bladder ECM at 100 μg protein per ml.
*** Optic nerve ECM at 100 μg protein per ml or urinary bladder ECM at 10 μg protein per
ml induced differentiation at greater rates than the negative control (no ECM: 0 μg/ml). #
Differentiation rates increased with concentration for spinal cord ECM, brain ECM, and
urinary bladder ECM (10 μg protein per ml vs. 100 μg protein per ml). Significant
differences were determined between all groups shown by one-way ANOVA with Tukey–
Kramer post hoc analysis (p < 0.05).
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