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Traumatic brain injury (TBI) is a major public health problem with no effective clinical treatment. Use of
bioactive scaffold materials has been shown to be a promising strategy for tissue regeneration and repair in a
number of injury models. Of these scaffold materials, urinary bladder matrix (UBM) derived from porcine
bladder tissue, has demonstrated desirable properties for supporting and promoting the growth of neural cells
in vitro, suggesting its potential as a scaffold for brain tissue repair in the treatment of TBI. Herein we evaluate
the biocompatibility of UBM within brain tissue and the effects of UBM delivery upon functional outcome
following TBI. A hydrogel form of UBM was injected into healthy rat brains for 1, 3, and 21 days to examine the
tissue response to UBM. Multiple measures of tissue injury, including reactive astrocytosis, microglial activation,
and neuron degeneration showed that UBM had no deleterious effects on normal brain. Following TBI, the
brains were evaluated histologically and behaviorally between sham-operated controls and UBM- and vehicle-
treated groups. Application of UBM reduced lesion volume and attenuated trauma-induced myelin disruption.
Importantly, UBM treatment resulted in significant neurobehavioral recovery following TBI as demonstrated by
improvements in vestibulomotor function; however, no differences in cognitive recovery were observed between
the UBM- and vehicle-treated groups. The present study demonstrated that UBM is not only biocompatible
within the brain tissue, but also can exert protective effects upon injured brain.

Introduction planted cells have been very limited.® To address this issue,

bioengineered scaffold materials have recently been investi-

RAUMATIC BRAIN INJURY (TBI) is a leading cause of death

and disability in children and young adults, and it is also
a signature injury in the 21th century war veteran.! The
health care costs associated with the treatment and man-
agement of TBI are immense, amounting to ~$60 billion/
year.” Despite its vast incidence, no viable therapeutic op-
tions exist for treatment of TBI.

TBI is thought to induce progressive neurodegeneration
characterized by cell loss in specific brain regions.> Although
endogenous neural stem cells exist,* the lack of appropriate
cues limits their ability for repair and regeneration. Trans-
plantation of neural stem/progenitor cells showed some
promise in promoting neuroprotection and regeneration.’
However, the survival and functional integration of trans-

gated as a delivery vehicle that can provide controllable
external cues, such as cell adhesion signals, soluble trophic
factors, and topological, mechanical, or electrical stimuli. A
variety of biomaterials have been investigated for implan-
tation into the brain for drug delivery or as a mechanical
guiding substrate for wound healing and tissue ingrowth,
including degradable polymers and biologically derived
materials.”® Among these, the use of biologically active
scaffold materials offers the possibility of increasing exoge-
nous neuronal progenitor cell survival, differentiation, and
functional integration into the host brain circuitry.” Several
naturally occurring extracellular matrix (ECM) proteins, such
as fibronectin and laminin, have been seeded and trans-
planted with neural stem cells and results have shown
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improved cell survival and functional outcomes, thus dem-
onstrating the beneficial effects of scaffolds.”

The ECM of mammalian tissues is a complex mixture of
biomolecules that provide three-dimensional physical sup-
port and biological signals for cell adhesion, proliferation,
and migration. Direct delivery of the ECM has been inves-
tigated in preclinical studies and clinical applications in
several tissue types, such as esophageal reconstruction, der-
mal replacement, and vascular conduit (graft) as well as
mucosal regeneration with inspiring success.'" Urinary
bladder matrix (UBM), among many kinds of ECMs, is de-
rived from porcine urinary bladder. UBM contains not only
the structural molecules present in the ECM such as collagen
(mostly type I, but also type III, IV, VI, and VII),*? fibro-
nectin, laminin, and glycosaminoglycan, but also various
growth factors, including vascular endothelial growth factor
(VEGEF), fibroblast growth factor (FGF), epithelial growth
factor (EGF), transforming growth factor-p (TGF-p), keroti-
nocyte growth factor (KGF), hepatocyte growth factor
(HGF), platelet-derived growth factor (PDGF), and bone
morphogenetic proteins (BMP)."*'® Neurons grow well and
extend long neurites on the surface of UBM, while Schwann
cells migrate toward the degradation products of UBM in a
concentration-dependent manner in vitro."” The preparation
and rheology of the UBM hydrogel have also been studied.
Due to the tunable mechanical property of the UBM hydro-
gel, UBM is suitable for application as an injectable material
for soft tissue reconstruction.'®

These findings suggest that UBM alone is a candidate
material for cell therapy in the brain. However, the use and
evaluation of UBM material in brain tissue has not yet been
reported. Therefore, the primary goal of this study was to
assess the brain tissue response to injection of UBM. Ad-
ditionally, the degradation products of UBM scaffolds pro-
mote migration and proliferation of multipotential progenitor
cells to sites of tissue injury as well as inhibit both chemotaxis
and proliferation of differentiated endothelial cells. These ac-
tivities may play an important role in the in vivo recruitment
of endogenous neural stem cells to the site of healing, thereby
promoting tissue healing.'® Further, the various growth fac-
tors found within ECM scaffold materials, such as VEGF and
TGF-B, are known to provide neuroprotective or anti-inflam-
matory effects in the brain.”**! Based on this knowledge, we
hypothesized that UBM may be capable of inducing biological
responses favorable to tissue repair after TBI.

Materials and Methods
Preparation of UBM solution

UBM powder was obtained as previously described.'®
Briefly, porcine urinary bladders were harvested from 6-
months-old pigs weighing ~108-118 kg (Thoma Meat Mar-
ket) immediately following euthanasia. First, the excess
connective tissue and residual urine were removed. The tu-
nica serosa, tunica muscularis externa, the tunica submucosa,
and majority of the tunica muscularis mucosa were then
mechanically removed. The luminal surface was soaked with
a 1.0N saline solution to dissociate the urothelial cells of the
tunica. The resulting biomaterial, which was composed of the
basement membrane of the urothelial cells plus the subjacent
lamina propria, was referred to as UBM. UBM sheets were
placed in a solution containing 0.1% (v/v) peracetic acid
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(Sigma), 4% (v/v) ethanol (Sigma), and 95.9% (v/v) sterile
water for 2h. To remove peracetic acid residue, two 15-min
phosphate-buffered saline (PBS; pH=7.4) washes were intro-
duced, followed by two 15-min washes with sterile water. The
decellularized UBM sheets were then lyophilized using an
FTS Systems Bulk Freeze Dryer Model 8-54. Enzymatic deg-
radation products were generated as previously described.'®
Briefly, lyophilized scaffold materials were powdered using a
Wiley mill and filtered through a 40 mesh screen. The pow-
dered material was solubilized at a concentration of 10mg/
mL in a solution containing 1.0 mg/mL pepsin in 0.01 N HCI
at a constant stir rate for 48h. The ECM digest solution was
then frozen at —20°C until use in subsequent experiments.
Enzymatic digestion was stopped by raising the pH of the
solution to 7.4 using NaOH and diluting the solution to the
desired concentration with PBS before further testing. In the
present study, the material was diluted to a final concentra-
tion of a 5mg/mL solution at 4°C. All solutions were kept at
4°C before and after being mixed together by vortex to pre-
vent gelling. The mixed solution was centrifuged at 1000 rpm
for 2min to eliminate bubbles before injection.

Animals and surgical procedures

All studies carefully conformed to the guidelines outlined
in the Guide for the Care and Use of Laboratory Animals
from the NIH Department of Health and Human Services
and were approved by the University of Pittsburgh Medical
Center Institutional Animal Care and Use Committee. Male
Sprague-Dawley rats (Harlan Laboratories) weighing 250—
300 grams on the day of surgery were used. Rats were
group-housed (two per cage) in standard steel/wire mesh
cages at room temperature (22°C+2°C) under standard 12-
h light/12-h dark cycles with free access to food and water.
These rats were used for two purposes: uninjured rats to
evaluate tissue reactions to UBM and controlled cortical
impact (CCI) injured rats in the TBI model. Three animals
per time point (1d, 3d, 21d) were sufficient to evaluate the
morphologic central nervous ystem (CNS) tissue response
to the presence of the UBM hydrogel. For the TBI experi-
ment, 6 rats in the sham group and 10 rats in the vehicle
(PBS) group were sufficient since they were very consistent
in resulting behavior and the same as our previous studies.
Twelve rats received UBM treatment after CCI injury to
determine the effect of UBM following TBI.

Injection of UBM solution into uninjured brain

All rats were anesthetized initially with 4% isoflurane with
a 221 N>O/0O, mixture in a vented anesthesia chamber. Fol-
lowing endotracheal intubation, rats were ventilated me-
chanically with a 1%-1.5% isoflurane mixture. Animals were
mounted in a stereotaxic frame on the injury device in a
prone position secured by ear and incisor bars. The head was
held in a horizontal plane with respect to the interaural line.
A midline incision was made, the soft tissues reflected, and a
7-mm-diameter craniotomy was made between lambda and
bregma and centered 5 mm lateral of the central suture. Core
body temperature was monitored continuously by a rectal
thermistor probe and maintained at 37°C+0.5°C with a
heating pad. A 5 pL. UBM solution was injected using a 10-uL
Hampton syringe into the dorso-plus ventrolateral or later-
odorsal thalamic nucleus area beneath CA3 of hippocampus
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in the right cerebral hemisphere, and 5puL of PBS (vehicle)
was injected to the contralateral side by a syringe at 0.5 uL/
min controlled by a Micro 4 Microsyringe Pump Controller
(World Precision Instruments). The injection lasted for
10 min and was held for 30 min to allow the solution to gel
before needle withdrawal. The host tissue response to the
UBM hydrogel and the cytotoxicity of the UBM hydrogel to
the brain was then examined after 1, 3, and 21 days with an
n=3 for each group. After 1, 3, and 21 days, rats were sac-
rificed and brain tissue was prepared for immunolabeling
and FluoroJade B staining as described below.

Experimental injury model: CCI

The CCI injury device? consisted of a small (1.975cm)
bore, double-acting, stroke-constrained, pneumatic cylinder
with a 5.0-cm stroke. The cylinder was rigidly mounted in a
vertical position on a crossbar, which could be precisely
adjusted in the vertical axis. The lower rod end had an im-
pactor tip (6 mm diameter) attached (i.e., the part of the shaft
that comes into contact with the exposed dura mater). The
upper rod end was attached to the transducer core of a linear
velocity displacement transducer (LVDT). The velocity of the
impactor shaft was controlled by gas pressure. The impact
velocity was measured directly by the LVDT (Shaevitz
Model 500 HR; Macro Sensors), which produced an analog
signal that was recorded by a PC-based data acquisition
system (Axoscope; Axon Instruments, Inc.) for analysis of
time/displacement parameters of the impactor.

All rats were anesthetized and subjected to the same
preparation as uninjured rats. The same brain area on the
right hemisphere was exposed as described above. The ani-
mals received a cortical impact through the right craniotomy
at a velocity of 4m/s. The injury device was set to produce a
tissue deformation of 2.6 mm. Sham rats were subjected to
identical surgical procedures, but did not receive a cortical
impact. The sham rats were used as control for nonspecific
methodological effects (such as those due to anesthesia and
surgery). The core body temperature was monitored con-
tinuously by a rectal thermistor probe and maintained at
37°C+0.5°C with a heating pad. After injury, rats were
housed in separate cages from uninjured animals.

Injection of UBM solution into injured brain

One day following CCI injury, all rats were anesthetized
and placed in a stereotaxic platform. The surgical site was
reopened. The injury site was exposed and a 5pL solution
(PBS or UBM) was injected into the CAS3 field of ipsilateral
hippocampus following the same injection procedure as
2.3.1. Experimental groups consisted of sham-operated con-
trols (n=6) and UBM- (n=10) and vehicle- (n=12) treated
rats following TBIL. After 21 days, rats were sacrificed and
brain tissue was prepared for further tissue analysis as de-
scribed below. Alternatively, the rats also underwent be-
havioral testing following TBI as outlined below.

Tissue preparation

Twenty-one days postinjury, animals were sacrificed.
Tissue preparation procedures were as previously re-
ported.” Briefly, animals were deeply anesthetized with
pentobarbital (Nembutal, 80-100mg/kg; Abbott Labora-
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tories) and were transcardially perfused with 100mL 0.1M
PBS with 50 U/mL heparin (pH 7.4), followed by 500 mL 4%
paraformaldehyde with 15% saturated picric acid in a 0.1M
phosphate buffer (pH 7.4). After perfusion, the brain was
removed and placed into the same fixative for 30 min, and
then immersed in 4% paraformaldehyde in a 0.1 M phos-
phate buffer (pH 7.4) at 4°C overnight. The brain was
transferred to 15% sucrose in a 0.1 M phosphate buffer (pH
7.4) at 4°C for 24h, and then to 30% sucrose in a 0.1M
phosphate buffer pH 7.4 at 4°C until the brain was sunk. The
cryoprotected rat brain was frozen and used for microtome
sectioning. Coronal sections were cut in 35-pm thickness in a
microtome (HM550 sliding microtome) and collected in 24-
well culture plates contained with a stocking solution, which
enables the long-term preservation of these sections.

Immunofluorescence of GFAP and Iba-1 staining

Immunofluorescence for GFAP and Iba-1 were conducted
in 24-well culture plates by the free floating technique Sec-
tions were pretreated with 3% H,0O, in methanol for 10 min
at room temperature, and blocked with 10% normal goat
serum (NGS) and 0.1% Triton X-100 in 0.1 M PBS. Sections
were incubated with the rabbit anti-GFAP (1:500; Dako),
rabbit anti-Iba-1 (1:500; Wako), and mouse anti-nestin
(1:1000; BD Biosciences) antibodies with 5% NGS and 0.1%
Triton X-100 in 0.1 M PBS at 4°C for 16-24 h. Then, sections
were incubated with the Alexa 488 (1:500) goat anti-rabbit or
goat anti-mouse secondary antibody with 5% donkey serum
for 2h at 4°C. Sections were rinsed several times in 0.1 M
Tris-buffered saline (TBS), mounted on subbed slides, and
dry at room temperature. After drying, slides were rinsed
with DD-H,O and coverslipped with an antifade mounting
medium (fluoromount-G; Southern Biotech).

FluoroJdade B staining

The sections were mounted on 2% gelatin-coated slides,
and then air-dried on a slide warmer at 50°C for at least half
an hour. The slides were first immersed in a solution con-
taining 1% sodium hydroxide in 80% alcohol (20mL of 5%
NaOH added to 80 mL absolute alcohol) for 5 min. This was
followed by 2min in 70% alcohol and 2min in distilled
water. The slides were then transferred to a solution of 0.06%
potassium permanganate for 10min, preferably on a shaker
table to insure consistent background suppression between
sections. The slides were then rinsed in distilled water for
2 min. The staining solution was prepared from a 0.01% stock
solution for Fluoro-Jade B (Millipore) that was made by
adding 10 mg of the dye powder to 100mL of distilled water.
To make up 100 mL of the staining solution, 4 mL of the stock
solution was added to 96 mL of 0.1% acetic acid vehicle. This
results in a final dye concentration of 0.0004%. The stock so-
lution, when stored in the refrigerator was stable for months,
whereas the staining solution was typically prepared within
10 min of use and was not reused. After 20 min in the staining
solution, the slides were rinsed for 1min in each of three
distilled water washes. Excess water was removed by briefly
(about 15s) draining the slides vertically on a paper towel.
The slides were then placed on a slide warmer, set at ~50°C,
until they were fully dry, (e.g., 5-10 min). The dry slides were
cleared by immersion in xylene for at least a minute before
coverslipping with Cytoseal XYL (Thermo Fisher).
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Hematoxylin and eosin staining
and lesion volume measurement

Hematoxylin and eosin (H&E) staining was done to reveal
histological or pathological morphology changes. The float-
ing serial coronal sections of TBI rats were selected and
spread onto colorfrost/plus slides (Fisher Scientific). After
drying under the hood, they were stained with H&E. For
lesion volume measurement, six brain sections from each rat
were traced by a microcomputer imaging device (Imaging
Research), as previously described.* The lesion area on each
section (A;) was calculated (i.e., the intact area of the ipsi-
lateral hemisphere is subtracted from the area of the con-
tralateral hemisphere®) and the lesion volume was obtained
by multiplying lesion areas with the distance of the sections.
Then, the volumes were added together to get a final volume
across certain distance from anterior to posterior, shown in
formula (1). The lesion volume was finally presented as a
volume percentage of the lesion compared with the contra-
lateral hemisphere, shown in formula (2).

n
Vi = Z A;xd, (VL is the lesion volume across certain
i=1
distance; A, is the lesion area on each section; n represent the
number of slides) (1)

Lesion Volume%:% x100%, (V¢ is the corresponding
volume in contralateral hemisphere) (2)

Immunolabeling for myelin basic protein
and immunofluorescence staining

Immunolabeling for the myelin basic protein (MBP) was
conducted in 24-well culture plates by the free-floating tech-
nique. Sections were preblocked with 10% NGS and 0.1% Triton
X-100 in 0.1 M PBS. Sections were incubated with the mouse
anti-MBP (1:500; Millipore) antibody with 5% NGS and 0.1%
Triton X-100 in 0.1 M PBS at 4°C for 16-24 h. Affinity-purified
goat anti-mouse IgG conjugated with peroxidase (1:50; Jackson
ImmunoResearch Laboratories) were incubated as secondary
antibodies with 5% normal serum and 0.1% Triton X-100 in
0.1 M PBS at 4°C for 2 h on a shaker. Tissue sections were rinsed
between all steps with 0.1% Triton X-100 in 0.1 M PBS three
times for at least 5 min each time. The peroxidase reaction was
developed by a DAB Substrate Kit (Vector) until a dark brown
reaction product was evident. Sections were rinsed several
times in 0.1 M TBS, mounted on subbed slides, dehydrated in
alcohols, defatted in xylenes, and coverslipped with Cytoseal
XYL (Thermo Fisher) for light microscopic analysis.

Brain sections were first blocked with 10% NGS in the 0.1 M
PBS solution for 1h, and then incubated with the mouse
monoclonal antibody recognizing the nonphosphorylated neu-
rofilament H (SMI32, 1:250; Covance) and the rabbit antibody
recognizing the MBP-1 antibody (1:250; Millipore) in a 5% NGS/
PBS solution at 37°C each, and then at 4°C overnight for 1h. The
next day, sections were washed with PBS for three times and
incubated in a mixture of the anti-mouse secondary antibody-
conjugated with DyLight™ 594 (Jackson ImmunoResearch La-
boratories) and the anti-rabbit secondary antibody conjugated
with DyLight™ 488 (Jackson ImmunoResearch Laboratories) at
37°C for 1h. Subsequently, the sections were placed on glass
slides and coversliped with the VECTASHIELD mounting me-
dium containing DAPI (Vector Laboratories, Inc.) before confo-
cal fluorescence microscopy (FV1000; Olympus).
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Behavioral testing

Vestibular motor function (days 1-5). Gross vestibulo-
motor function was assessed on a beam-balance task that
consisted of placing the animal on a suspended, narrow
wooden beam (1.5 cm wide) and a buffer recording the du-
ration it remained on the beam for a maximum of 60s.
Training before injury consisted of three trials, during which,
baseline measurements were taken. Since the rats will
gradually recover their motor function after 5 days in this
model, behavior only during the first 5 days were assessed.

More complex vestibulomotor functions and coordination
were assessed using a modified beam-walking task. Briefly,
this task consisted of training rats to escape a bright light and
high-decibel white noise (Model #15800C; Lafayette Instru-
ments, Inc.) by traversing a narrow wooden beam
(2.5x100cm) and entering a darkened goal box at the op-
posite end. Noxious stimuli were terminated when the rat
entered the goal box. Four pegs (3.0mm diameter, 4.0cm
high) were placed in an alternating sequence along the beam
to increase the difficulty of the task. The performance was
assessed by the latency to traverse the beam. If the rat tra-
versed the beam and entered the box, a score of 5 was re-
corded. If the rat fell, the score correlating to the point of peg
from which the rat fell was recorded. Data for each session
consisted of the mean of three trials. All rats were pretrained
before injury.

Cognitive function

A Morris water maze task variant was used to compare
acquisition rates between groups. The maze consisted of a
plastic pool (180 cm in diameter and 60 cm in depth) filled
with water to a depth of 28 cm with a clear Plexiglas stand
(10cm in diameter and 26 cm high, i.e., 2cm below the wa-
ter’s surface) used as the hidden goal platform. The pool was
located in a 2.5 2.5-m room with numerous extramaze cues
(e.g., posters) that remained constant throughout the exper-
iment. Water maze testing began on day 14 postinjury to
avoid possible confounds with the motor deficits observed in
the first few days after injury. The rats were given four trials
per day for 5 consecutive days to assess the performance. For
each daily block of four trials, the subjects were placed in the
pool facing the wall. Trials were initiated from each of the
four possible start locations (north, east, south, or west) in a
randomized manner. The goal platform was positioned
45 cm from the outside wall and was placed in the northeast,
southeast, southwest, or northwest quadrant of the maze.
The location of the platform was held constant for each an-
imal. A maximum of 120 s was allowed to each rat to find the
hidden platform. If the rat failed to find the platform within
the allowed time, it was placed on the platform by the ex-
perimenter, where it remained for 30 s before being placed in
a heated incubator between trials (a 4-min intertrial interval).

Statistical analysis

Data are expressed as the meanz*standard error of the
mean. Comparisons of lesion areas and neurobehavioral tests
were performed with analysis of variance and Fisher’s post hoc
tests. Trend analysis was performed for behavior results by
regression analysis to extract the trend of behavior along with
time. A significance level of p<0.05 was used for all tests.
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Results
Brain tissue is compatible with UBM

We first attempted to determine if there was an endoge-
nous inflammatory or neurotoxic effect of the UBM hydrogel
on a normal rat brain. Staining for Iba-1, a microglial-specific
protein upregulated following microglial activation, revealed
activated microglia along the needle track and injection site
at 1 and 3 days. Because there were activated microglia in
both injection sides, it is deduced to be a typical acute in-
flammatory response in response to the injection injury. At
day 21, microglia activation had subsided. At all time points,
the number and spatial distribution of activated microglia
did not show an obvious difference between the vehicle
(PBS) and treatment (UBM) groups (Fig. 1a, b).

To determine if implantation of the UBM hydrogel resulted
in reactive astrocytosis, we next measured GFAP immunore-
activity in PBS- and UBM-treated brains. In both groups, there
is a large zone of enhanced GFAP staining at the injection site
initially. The intensity decreased at day 3 and by day 21, the
fluorescence is only seen on the surface of the brain. No
marked astrogliosis was found in either the PBS- or UBM-
injected areas. Such response is consistent with what is known
as an acute needle insult. The lack of an astrocytic scar at the
injection site of the UBM suggests rapid degradation and
good biocompatibility of the material (Fig. 1c, d).

Iba-1

Vehicle UBM

GFAP
Vehicle UBM

d21

1mm

o
w
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Finally, we used FluoroJade B staining to detect degen-
erating neurons following UBM treatment. Our results did
not show any difference between the treatment and the
vehicle groups at any time point (Fig. 1e). A similar number
of degenerating neurons were observed at the injection sites
on both sides at day 1, likely due to injection-induced in-
jury. However, no FluoroJade B-positive cells were found at
later time points. Overall, our data demonstrate that UBM
injected in the brain does not cause an overt inflammatory
reaction via microglial activation, astrocytosis, or neurode-
generation.

Lesion volume is diminished following UBM treatment

The primary hypothesis of the present work was that the
UBM hydrogel would provide a scaffold for cell survival,
migration, or proliferation to more effectively repair the
injured area following TBI. We therefore examined if in-
jection of UBM hydrogel had an effect on TBI-induced le-
sion volume. As expected, the lesion volume was minimal
in sham-treated rats (5.38% +4.43%). TBI, however, caused
a large tissue deficit (41.32%+4.59%) that was markedly
reduced in UBM-treated rats (24.34% +3.59%) (Fig. 2). The
examination of neuronal counts in the hippocampal CA3
field, however, revealed no significant decrease in CA3
neuronal death in UBM hydrogel-injected rats compared to

FluoroJade B
Vehicle

FIG. 1. Urinary bladder matrix (UBM) injection does not activate microglia, does not cause astrocytosis or neurodegen-
eration. (a, b) There was no discernable increase in expression of the microglia, or astrocyte activation indicator Iba-1 or
GFAP, as measured by immunofluorescent staining between UBM- and vehicle-treated cerebral hemispheres. The repre-
sentative images shown here are the tissue regions from the needle track to the injection site. The white arrow indicates the
needle track and the tip of the arrow is the injection site. Note the increased number of activated microglia along the needle
track at day 3, which subsided by day 21 in both UBM- and vehicle-treated hemispheres. Histological sections are repre-
sentative of the findings from both hemispheres with an 7=3 rats per time period. (¢, d) Immunofluorescent staining for
GFAP presented little difference between UBM- and phosphate-buffered saline (PBS)-injected brain tissue after 1, 3, and 21
days. n=_3 rats per time period at 1, 3, and 21 days following injection. (b, d) High magnification of the images at day 3 shows
the morphology of activated microglia and astrocytes near the injection site of both groups. (e) Staining UBM- and vehicle-
injected brain sections with the neurodegeneration marker FluoroJade-B indicates that UBM treatment does not result in more
degenerative neurons than control (PBS injection). There was a slight presence of degenerative neurons around the tip of
injection on day 1 after injection, but this was equal between UBM- and vehicle-treated hemispheres. Histological sections are
representative of the findings from both hemispheres with an 7 =3 rats per time period. Scale bar: 1 mm in (a, ¢); 40 um in (b,
d); 100 pm in (e). Color images available online at www.liebertpub.com/tea
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FIG. 2. UBM treatment decreases the traumatic brain injury (TBI)-induced lesion area. (A) Representative hematoxylin and
eosin-stained coronal sections near the injury epicenter from sham-operated, vehicle-, and UBM-treated rats 21 days following
TBI. These sections are examples from three different treated animals at the anterior to posterior (AP) coordinates with respect to
bregma (top to bottom). (B) The percentage of lesion volume compared to contralateral volume was significantly decreased in
UBM- compared to vehicle-treated rats. Of note, UBM-treated rats had a significantly increased lesion volume compared to
sham-operated controls. (C) Examination of the distribution of lesion showed that the tissue was mainly spared at around AP —
2.6 to —4.0 mm in the UBM-treated group. Bars represent mean +standard error (SE) with an n=6, 10, and 12, for sham-, UBM-,
and vehicle-treated groups, respectively. Scale bars: 5 mm. *p <0.05. Color images available online at www liebertpub.com/tea

vehicle-treated controls (data not shown). Overall, the re-
duction in lesion volume is an important finding as it con-
firmed our initial hypothesis that the UBM hydrogel can
provide a significant scaffold to protect or repair injured
brain.

UBM decreases white matter injury

In addition to the UBM hydrogel having an overall mass-
restoring effect on the injured brain, we examined the effect
of UBM injection on white matter injury, another contribut-
ing factor of TBl-induced brain injury. MBP is widely ex-
pressed on axons, and therefore, loss or rearrangement of
MBP is a measure of white matter injury.*® Distribution and
arrangement of MBP within samples from each group was
revealed by immunolabeling studies. The brown, long tract
or round islands showed the arrangement of MBP. The ex-
tent of the disorganization of MBP differed among the three
experimental groups. Rats who received TBI and PBS
showed a severely disrupted arrangement of MBP in the
striatum, indicating extensive injury to white matter (Fig.
3A). Rats treated with UBM also showed derangement of
MBP compared to sham control; however, the extent of de-
rangement was less compared to vehicle-treated rats. The

disarrangement also happened in corpus callosum. Rats
treated with the UBM hydrogel showed less derangement
than rats treated with vehicle.

White matter injury can also be assessed by the staining of
SMI32 and MBP in the striatum around the CCI lesion, as
indicated in Figure 3C. In the striatum (Fig. 3B), a sharp
increase in SMI32 in rats treated with vehicle was observed,
compared to sham. Concomitantly, a decrease in MBP
staining was observed in rats treated with vehicle. A de-
crease in SMI32 in rats treated with the UBM hydrogel was
observed compared to that in rats treated with vehicle. And
an increase in MBP staining was observed, indicating re-
duced white matter injury.

SMI32 and MBP staining intensities from a minimum of 6
images of the striatum were averaged, thus, the SMI32/MBP
ratio was determined. The relative SMI32/MBP ratio was
substantially higher in rats treated with vehicle than sham,
indicating increased white matter injury. A significantly
lower SMI32/MBP ratio was observed in rats treated with
the UBM hydrogel than with vehicle, suggesting that the
UBM hydrogel can attenuate CCI-induced white matter in-
jury (Fig. 3D). Thus, in addition to having a decreased lesion
volume, rats that received UBM injection also had decreased
white matter damage following TBI.
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FIG. 3. UBM treatment attenuates white matter injury in rats following TBI. (A) Staining for the myelin basic protein (MBP)
following TBI as an indication of white matter damage revealed that TBI results in a high degree of disorganization of myelin in
the rat striatum compared to sham. UBM injection following TBI attenuated the disruption of myelin organization. The black
circle with an arrow in each image indicates the implantation position, in the striatum right beneath the CA3 area. The white
matter tract underneath the implantation site was observed and shown in the magnified image. (B) Inmunofluorescent staining
of SMI32 and BMP showed that an increase in SMI32 and a decrease in MBP in rats following TBI compared with sham, but a
decrease in SMI32 and an increase in MBP staining was observed in rats treated with UBM compared with treated with vehicle,
indicating that UBM injection reduced white matter injury. Arrows indicate the increased SMI132 immunofluorescence in the
bundles in the TBI striatum. (C) The location of regions of interest (ROI) in the striatum around lesion are indicated as red squares,
where the SM132/MBP ratio was calculated 21 days following TBI. (D) The SMI32/MBP ratio indicates the extent of white matter
injury. The relative SMI32/MBP ratio was decreased in rats treated with UBM compared to vehicle treatment. Images are
representative of staining for MBP and SMI32 in sham- (1n=6), vehicle- (n=12), and UBM-treated (1 =10) groups at 21 days after
TBI. Data are presented as mean +SE, *p <0.05 versus vehicle or UBM. Color images available online at www.liebertpub.com/tea

Improved vestibulomotor performance
with UBM treatment

An important parameter for determining if an intervention
has a potential for therapeutic efficacy is to examine neuro-
behavioral recovery. Our results in the previous section
showed decreased disorganization of MBP in the striatum
upon UBM injection, which is a neuroanatomical area asso-
ciated with motor function. Therefore, we used a test of
vestibulomotor performance to determine if UBM treatment
provided an improved functional outcome following TBI.
TBI resulted in decreased vestibulomotor function as dem-
onstrated by a decreased duration on the balance beam, an
increased latency to traverse the beam, and a decreased

composite score of vestibulomotor performance (Fig. 4).
Treatment with UBM significantly improved the perfor-
mance on the beam balancing test on all the aforementioned
metrics compared to vehicle-treated rats after TBI. Of note, at
5 days post-TBI, the balance time of UBM-treated rats was
indistinguishable from sham-operated controls (Fig. 4A).
Last, we evaluated the cognitive performance using the
Morris water maze test to determine if UBM treatment could
improve the cognitive outcome after TBI. This test measures
spatial learning and memory, functions that are impaired
following TBL* The latency to locate the submerged plat-
form from day 14 to 18 for the sham group was significantly
shorter than those of both the vehicle-treated and UBM-
treated groups. The UBM treatment did not improve the
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Implantation of the UBM scaffold reduced motor deficits in the controlled cortical impact (CCI) model of TBI.

Injection of the UBM scaffold (5 uL) was performed at 24 h after CCI, and motor functions were evaluated 1-5 days after CCIL.
The graphs illustrate the quantitative analysis of the beam balance performance (A), beam walking performance (B), and
beam balance score (C) among the 3 groups of rats. Data are mean*SD, *p<0.05 between TBI+vehicle and TBI+UBM
groups. Color images available online at www. liebertpub.com/tea

cognitive performance relative to vehicle treatment following
TBI as there was no significant difference in latency to reach
the platform between the groups (Fig. 5). Taken together,
these experiments demonstrate that the benefits of UBM
hydrogel treatment on neurobehavioral recovery are rele-
gated to specific functions.

Discussion

The present study examined the effects of biologic scaffold
hydrogel injection into the brain. Results showed that the
ECM derived from the urinary bladder (UBM) has elicited no
adverse inflammatory response within rat brain tissue, less-
ens tissue damage following experimentally induced TBI,
and promotes motor functional recovery. However, no im-
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FIG. 5. Spatial learning function of rats received UBM im-
plantation following TBI was not improved by studies from the
Morris water maze. Spatial learning function was evaluated
14-18 days after CCIL. The graphs illustrate the quantitative
analysis of latency to locate the platform. There is no significant
difference among the three groups of rats. Data are mean+SD.
Color images available online at www.liebertpub.com/tea

provement in the cognitive performance of UBM-injected TBI
rats was observed.

The ECM has been extensively investigated in biomedical
applications and many types of ECM-based scaffold mate-
rials have already been approved for clinical use."! The
most extensively studied ECM is small intestinal submu-
cosa (SIS) prepared from porcine sources. SIS has been used
in more than four million patients to date for reconstruction
of various types of tissues, including the body wall, rotator
cuff, urinary bladder, urethra, ureter, and esophagus. De-
spite being derived from porcine sources, there is strong
evidence that adverse immune response events do not oc-
cur®® and in fact, a shift to a regulatory and constructive M2
macrophage phenotype has been repeatedly shown.**
Schwartz has suggested that a prominent M2 phenotype
presence after brain injury is critical for constructive re-
modeling outcomes.?' ™ It is plausible that these properties
may be generalized to other types of ECM materials,
including ECM materials recently identified from CNS
tissue.'>**

In the present study, evaluation of tissue compatibility
was based on detection of two markers in the whole brain
coronal section: GFAP and Iba-1, which are increasingly
expressed in reactive astrocytes and activated microglia, re-
spectively. Generally, when a foreign body is introduced into
the brain, Iba-1-positive microglia cells can be observed
within the site of implantation of the foreign body within a
very short time frame following placement; then, the GFAP-
positive reactive astrocytes are recruited to the foreign body,
eventually encapsulate it with a glial scar if the foreign body
is not degradable or degrades very slowly.” In the present
study, the injected UBM material did not elicit an adverse
immune reaction in rat brains as evidenced by the degree to
which, microglia and astrocyte activation were found to be
similar to PBS injection. No glial scarring was found at the
site of injection suggesting a fast degradation rate of the
UBM and further suggesting that UBM modulates the host
tissue response to prevent glial scarring.

Tissue compatibility of UBM was also evaluated by
Fluorojade B staining to detect degenerated or dead neurons
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around the injection site. Fluorojade B is a high-affinity
fluorescent marker for the localization of neuronal degener-
ation.*® Few dead neurons were observed near or within the
injection site in the UBM group or PBS group. Previous
studies have shown that ECM materials do not exhibit any
toxic effects upon various tissues, such as artery, skin, uri-
nary tract, tendon, and ligament."® This study provides the
first direct evidence that a hydrogel preparation composed of
UBM-ECM does not have cytotoxic effects upon neurons in
the brain. Together with the mild inflammatory response and
lack of scarring, the UBM hydrogel demonstrated excellent
biocompatibility within the brain tissue.

It has been shown that ECM scaffolds contain growth
factors, which are released during scaffold degradation.
Among them, FGF-2 is capable of promoting neurogenesis
and reducing cell degeneration in the granule cell layer of
the hippocampus,® while TGF-B has been shown to mod-
ulate inflammatory reactions in the injured brain.*® Other
growth factors could also contribute to the neuroprotection
effects, including VEGF, EGF, FGF, TGF-p, HGF, among
others, which are beneficial for phenomena such as angio-
genesis, mitogenesis, and the resolution of inflammation.'?
While the specific amounts or activity of growth factors
present in the ECM, which was used in this study, were not
investigated or determined, materials were produced in a
manner identical to previous studies demonstrating main-
tenance of such factors. Small molecules and bioactive
peptides derived from degradation products of the ECM
have also been shown to exert chemotaxic and mitogenic
effects on endogenous progenitor or stem cell popula-
tions.'*?*° While not examined in the present study, these
cells may have been recruited to the site or promoted to
proliferate by UBM, and they may then provide a potential
trophic mechanism for the observed repair of the circuit of
neurons for motor function. The reduced lesion volume,
lessened white matter injury, as well as the improved ves-
tibulomotor function recovery by UBM in our study may be
the result of one or more of the above mechanisms. How-
ever, additional studies will be required to determine the
exact mechanisms by which ECM scaffold materials are
capable of promoting functional recovery following injec-
tion into injured brain tissues.

In the present study, UBM hydrogel injection did not
prevent the cell loss in CA3. Interestingly, UBM treatment
also failed to improve cognitive function. Since cognitive
deficits after TBI are thought to be a result of neuronal loss in
CA3 of hippocampus, this may explain the lack of im-
provement on cognitive functions. However, it remains in-
determinate if this is a causal phenomenon. Further, the ideal
postinjury time of injection has not yet been determined, and
may affect outcomes in future studies.

Most recently, the matrix from CNS has also been isolated
from the porcine brain, spinal cord, and optic nerve.'”> An
in vitro study proved that the matrix from CNS compared
with UBM promoted PC12 cell migration, not the rate of
differentiation. These isolated CNS forms of the ECM have
comparable amount of VEGF and bFGF to UBM-ECM. The
matrix from the optic nerve contains NGF, which indicates
that the matrix from CNS may provide more tissue-specific
cues to aid functional recovery after CNS injury. However,
the matrix from CNS was not investigated in the present
study and should be examined in future studies.'”
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Conclusion

The present study demonstrated that UBM is very well-
tolerated by the brain tissue and has positive effects upon the
injured brain tissue and motor function recovery following
experimentally induced TBI in rats. Importantly, the reduced
tissue injury and some functional recovery were attained
without the administration of exogenously derived stem
cells. These findings suggest that the UBM hydrogel may be
of therapeutic benefit for TBL. On the other hand, the cell loss
and cognitive deficit were not prevented by UBM treatment
alone, indicating that exogenous cell transplantation may
still be necessary. Along this line, UBM may be an ideal
scaffold material for stem cell transplantation in future
studies aiming at full functional recovery after TBL
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