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Abstract

Traumatic brain injury (TBI) is a leading cause of cell death and disability among young adults

and lacks a successful therapeutic strategy. The multiphasic injuries of TBI severely limit the

success of conventional pharmacological approaches. Recent successes with transplantation of

stem cells in bioactive scaffolds in other injury paradigms provide new hope for the treatment of

TBI. In this study, we transplanted neural stem cells (0.5×105 cells/μl) cultured in a bioactive

scaffold derived from porcine urinary bladder matrix (UBM; 4 injection sites, 2.5μl each) into the

rat brain following controlled cortical impact (CCI, velocity, 4.0 m/sec; duration, 0.5 sec; depth,

3.2mm). We evaluated the effectiveness of this strategy to combat the loss of motor, memory and

cognitive faculties. Before transplantation, compatibility experiments showed that UBM was able

to support extended proliferation and differentiation of neural stem cells. Together with its

reported anti-inflammatory properties and rapid degradation characteristics in vivo, UBM emerged

to be an ideal scaffold. The transplants reduced neuron/tissue loss and white matter injury, and

also significantly ameliorated motor, memory, and cognitive impairments. Furthermore, exposure

to UBM alone was sufficient to decrease the loss of sensorimotor skills from TBI (examined 3–28
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days post-CCI). However, only UBMs that contained proliferating neural stem cells helped

attenuate memory and cognitive impairments (examined 26–28 days post-CCI). In summary, these

results demonstrate the therapeutic efficacy of stem cells in bioactive scaffolds against TBI and

show promise for translation into future clinical use.
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Introduction

Traumatic brain injury (TBI) is defined as an acute intracranial injury caused by external

physical force. TBI is a leading cause of death and disability in the United States [1].

Although the mechanisms underlying TBI are under intense investigation, there is still no

cure. The prognosis for recovery from TBI is dependent on the location, severity, and

mechanism of the injury. Primary neurodegeneration caused by the acute initial impact

inevitably triggers waves of secondary injury from inflammation [2–5] and initiates

progressive neuronal demise in multiple regions of the brain [6–8]. These damaging

sequelae can lead to behavioral deficits [8–11] and even psychosis [12–14]. The behavioral

deficits from TBI involve dysfunction in sensorimotor abilities, memory, and cognition.

Apart from pharmacological approaches [15–19], recent advances in stem cell

transplantation in non-TBI paradigms [20–24] have provided another novel approach

towards the treatment of TBI. Coupled with the use of bioactive scaffolds to support

extended survival and differentiation, stem cell transplantations have been successful in

eliciting recovery from many injuries [25–27]. The functions of bioactive scaffolds are no

longer limited to rendering physical support for stem cells. Some scaffolds can mitigate

inflammatory responses when used in vivo [28] while providing a favorable environment for

extended survival and differentiation of stem cells. In addition, stem cells at the injured sites

continuously secrete neuroprotective protein factors [29–34] that promote the survival of

surrounding cells. Scaffold-stem cell transplantation is therefore not only expected to

prevent neuronal/tissue loss, but also to provide differentiated cells that integrate into and

repair the damaged neural network.

In this study, we evaluated the therapeutic potential of urinary bladder matrix (UBM) loaded

with neural stem cells (NSCs). These transplants were introduced into the rat brain

following controlled cortical impact (CCI). We measured short and long term behavioral

deficits induced by TBI. Transplantation of stem cells in the UBM scaffold significantly

attenuated both motor and cognitive behavioral deficits. UBM alone was sufficient to confer

short term protection of motor function. However, UBM with NSCs were required to elicit

long term protection against memory and cognitive deficits. In sum, scaffold-stem cell

transplantation is able to reduce neuron/tissue loss and attenuate behavioral deficits and

white matter injury. Therefore, this approach holds promise for combating the primary and

secondary changes elicited by TBI.
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Material and Methods

Material

All the materials used in these experiments were obtained from Sigma-Aldrich (St. Louis,

MI) unless stated otherwise.

Methods

Isolation and culture of neural stem cells—NSCs were isolated from 2 month old

male C57BL/6j mice according to previously published methods [35]. Briefly, each

isoflurane-anesthetized rat was decapitated and the brain was removed and placed in an ice-

cold HBSS solution (Life Technologies, Grand Island, NY). The subventricular zone (SVZ)

was carefully dissected and transferred into 0.25% trypsin. After incubation at room

temperature for 30 min at 37°C, cells were harvested and pelleted by centrifugation and then

re-suspended in proliferation medium (Stemcell Tech, Vancouver, Canada). Cell number

was estimated by haemocytometer and 1×105 cells / well were plated into 24-well plates.

After 24 hours, a complete medium changed was performed. Henceforth, medium was

exchanged every 3 days. Typically, neurospheres appeared after 7 days and remained

suspended. Neurospheres were collected by centrifugation (200×g, 5 min) for subsequent

plating. Large neurospheres (>100μm) were dissociated into single cells about once every 10

days to facilitate their proliferation.

Animal model of traumatic brain injury—All animal experiments were approved by

the Institutional Animal Care and Use Committee of Beijing Capital Medical University and

performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals.

Efforts were made to minimize suffering and the number of animals used.

All animals were randomly assigned into experimental groups through the use of a lottery

drawing. Three month old adult male Sprague-Dawley rats (280–320g) were housed under a

12-hour light/dark cycle in a temperature- and humidity-controlled animal facility. Rats

were subjected to unilateral CCI as described previously with slight modifications [36].

General anesthesia was induced in a chamber with 4% isoflurane in oxygen. Animals were

then fixed on a stereotaxic frame. Isoflurane was maintained at 1.5–2.5% during surgery. A

right parietal craniotomy (3.0 mm lateral to the middle suture, diameter 5.4 mm) was made

with a drill under aseptic conditions. CCI was produced using a pneumatically-driven

cortical impact device (TBI 0310, Precision Systems and Instrumentation, Fairfax Station,

VA) with a 5 mm diameter flat-tipped impactor that compressed the exposed dura mater and

underlying brain to a depth of 3.2 mm for 0.5 s at 4.0 m/s velocity. Core body temperature

was maintained at 36.5–37.5°C throughout the experiment. Sham controls were anesthetized

and only subjected to right parietal craniotomy.

Preparation of UBM solution—UBM powder was obtained as previously described

[37]. Briefly, porcine urinary bladders were harvested from 6-months-old pigs weighing

around 108–118 kg (Thomas Meat Market, Saxonburg, PA) immediately following

euthanasia. First, the excess connective tissue and residual urine were removed. The tunica

serosa, tunica muscularis externa, tunica submucosa, and the majority of the tunica
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muscularis mucosa were mechanically removed. The luminal surface was first soaked with

1.0 N saline 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 urinary bladder matrix (UBM). UBM sheets were placed in a

solution containing 0.1% (v/v) peracetic acid, 4% (v/v) ethanol, and 95.9% (v/v) sterile

water for 2 hours. To remove the peracetic acid residue, two 15-min washes with phosphate

buffered saline (PBS, pH = 7.4) were performed, followed by another two 15-min washes

with sterile water. The decellularized UBM sheets were then lyophilized using the Model 8–

54 Bulk Freeze Dryer (FTS Systems, Inc., Stoneridge, N.Y.)). Enzymatic degradation

products were generated as previously described [16]. Briefly, lyophilized scaffold materials

were powdered using a Wiley mill through a 40 mesh screen. The powdered material was

solubilized at a concentration of 10 mg/ml in a solution containing 1.0 mg/ml pepsin in 0.01

N HCl with a constant stir rate for 48h. The extracellular matrix 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 prior to further testing. In the present study, the material was diluted

to a final concentration of a 5 mg/ml solution at 4°C. All solutions were kept at 4°C before

and after being mixed together by vortex to prevent gelling. The mixed solution was

centrifuged at 1000 rpm for 2 min to eliminate bubbles before injection.

Injection of UBM and UBM with NSCs into injured brain—At 24 hours following

CCI injury, rats were anesthetized and placed in a stereotaxic frame. Core body temperature

was monitored continuously by a rectal thermistor probe and maintained at 37 ± 0.5° C with

a heating pad. The surgical site was reopened, and the burr hole was re-exposed. Through

the burr hole, we infused four 2.5μl deposits of cell suspension in Dulbecco's PBS (Life

technologies, Grand Island, NY) at a density of 0.5 × 105 NSCs per μL, or Dulbecco's PBS

alone, UBM alone, or UBM containing NSCs (0.5 × 105 cells per μL) along the anterior-

posterior axis of the cortex or the dorsal hippocampus just above the pyramidal neuron

layers of CA3. Experimental groups thus consisted of vehicle (n = 10), NSCs alone (n = 10),

UBM alone (n = 10), and UBM with NSCs (n = 10) following CCI or sham-operated

controls (n = 6). The following coordinates were used: (1) anteroposterior (A-P), −0.5mm;

mediolateral (M-L), +3.0mm; dorsoventral (D-V), −2.5mm; (2) A-P, −1.5mm; M-L,

+3.0mm; D-V, −2.5mm; (3) A-P, −2.5mm; M-L, +3.0mm; D-V, −2.0mm; (4) A-P, −3.5mm;

M-L, +2.0mm; D-V, −3.0mm. The injections were performed using a 10μl Hamilton syringe

controlled by a Micro 4 Micro-syringe Pump Controller (World Precision Instruments,

Sarasota, FL). Each injection lasted for 5 minutes and was followed by 15 minutes of rest

before needle withdrawal. After 28 days of neurobehavioral testing, rats were sacrificed by

perfusion and brains were prepared for tissue analyses as described below.

Foot fault tests—Sensorimotor function of affected rat limbs after CCI was evaluated by

the forelimb and hindlimb foot fault tests as described [38]. These tests were performed by

two investigators who were blinded to experimental group. Animals were placed on an

elevated horizontal ladder with a regular arrangement of rungs at 2 cm intervals. Before

surgery, the rats were trained for 3 consecutive days to obtain the baseline score of the foot

fault test. The forelimb and hindlimb foot fault test was performed at day 3, 5, 7, 14, and 28
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after CCI. Rats were trained and tested three times daily. Analysis was performed on

videotapes, and quantitative evaluation was made using a 7-category scale [38]. Scores were

determined as the average of three trials.

Morris water maze test—The Morris water maze test was performed to detect spatial

learning and memory impairments daily from day 23–27 post-CCI [39] by two investigators

who were blinded to experimental group. The water maze was a black circular pool

positioned in the middle of a room with various distal visual stimuli as spatial cues. The tank

was filled with 20–22 °C water to a depth 0.3 m. On the first 4 consecutive days (day 23–26

after CCI), the rats were tested for the acquisition of the reference memory task. A stable

circular platform was submerged 2 cm below the water surface. Each rat was placed in the

pool at different starting positions for five consequent trials every day with a 10 second

interval. Animals were given 60 seconds to locate the hidden platform. If the hidden

platform was not found within the given time, the rats were manually guided to it and

remained on the platform for 10 seconds. The escape latency of every trial was recorded and

the average of five trials per day was used for analysis. At day 27 post-CCI, a probe test was

performed with the escape platform removed. Rats were released into the pool from the

point most distal to the target quadrant in which the platform was previously located. The

time spent by the rat in the target quadrant searching for the platform was recorded for

analysis.

Cresyl violet staining and lesion volume measurement—Cresyl violet staining

was performed to calculate lesion volumes. Brains were sliced at 30 μm on a sliding

microtome. The free-floating serial coronal sections were mounted onto color frost/plus

slides (Fisher Scientific, Pittsburgh, PA). After air-drying, sections were stained with cresyl

violet. For lesion volume measurements, six brain sections from each rat were traced by a

microcomputer imaging device (MCID; Imaging Research, St. Catharine's, Ontario,

Canada). The lesion area on each section (ΣAi) was calculated (i.e., the intact area of the

ipsilateral hemisphere is subtracted from the area of the contralateral hemisphere) by an

investigator blinded to the study groups, and the lesion volume was obtained by multiplying

lesion areas with the distance between the sections. These volumes were summed to get a

final volume for the rostrocaudal extent of the lesion.

Stereological Cell Counting of CA3 Neurons

After Nissl staining at 28 days after CCI, viable CA3 neurons were quantified

stereologically by an investigator blinded to the experimental groups as previously described

[40]. Image of the CA3 subfield was captured with a color CCD to camera, with 50×50-μm

grid squares over the region of interest, and with 100 to 150 cells that were counted in a

given structure for the optical dissector method to estimate the total number. A dissector was

defined as the number of neurons within the 25×25×25-μm box. On average, 9 dissectors per

section yielded the desired number of counted neurons throughout the dorsal hippocampal

CA3, and the number of dissectors was maintained at a constant ratio from section to

section. The rostro-caudal length of the CA3 was 1 mm (from bregma −0.94 mm to bregma

−1.94 mm), which was obtained by multiplying section thickness by the number of sections

(25 sections). Every fifth section was quantified. The total number of neurons was calculated
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using the optical dissector, equal to the quotient of the total number of neurons counted and

the product of the fractions for sampling section frequency (SSF) or fraction of sections

counted, the area section frequency (ASF) or sampling area/area between the dissectors, and

the thickness section frequency (TSF) or the dissector depth/section thickness, for n0Σ

neurons counted×1/SSF×1/ASF×1/TSF). For our study, SSF01/4 sections, ASF025×25 μM/

50×50 μM, and TSF025 μM/40 μM.

Immunofluorescence staining—For immunofluorescent staining, sections through the

brain regions of interest were first blocked with 10% goat serum/PBS solution for 1 hour

and then incubated with mouse anti-SMI32 antibody (non-phosphorylated neurofilament H

monoclonal, 1:250, Covance, Princeton, NJ, USA) and rabbit anti-myelin basic protein 1

(MBP-1) antibody (1:250, Millipore, Billerica, MA, USA) for 1 hour at 37°C each and then

at 4°C overnight. On the following day, following three washes in PBS, sections were

incubated in a mixture of anti-mouse secondary antibody conjugated with DyLight™ 594

(Jackson ImmunoResearch Laboratories) and anti-rabbit secondary antibody conjugated

with DyLight™ 488 (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1

hour at 37°C. Subsequently, the sections were placed on glass slides and coversliped with

VECTASHIELD mounting medium containing DAPI (Vector Laboratories Inc.,

Burlingame, CA) prior to confocal fluorescence microscopy (FV1000, Olympus, Japan).

Statistical analyses—All values are presented as mean ± standard error. Data with two

groups were analyzed with the Student's t-test (non-directional), and data with repeated

groups were analyzed with one-way ANOVA and the Bonferroni/Dunn tests for post hoc

comparisons. The Pearson product linear regression analysis was used to correlate the

number of CA3 neurons with spatial memory and to correlate the SMI32/MBP

immunofluorescence ratio with spatial memory. Differences were considered statistically

significant at p<0.05.

Results

The success of NSC transplantation can be enhanced in the presence of an environment that

is favorable for their extended survival and subsequent integration into the neural network.

Previous studies have shown a significant attenuation in TBI induced neuronal loss by fetal

neural tissue grafts [41]. These findings also reflect the importance of matrix support of cells

and cell-cell interactions in vivo. In the present study, we assessed the efficacy of porcine

UBM to support NSC viability and differentiation in vitro and in vivo. We also evaluated the

therapeutic potential of NSC/UBM transplantation against a rat model of TBI.

NSCs in culture undergo differentiation to various lineages

NSCs were isolated from the SVZ of male 2 month old mice. After dissociation from the

collagen matrix, NSCs were seeded in culture plates. After 10 days, the surviving NSCs

have a high propensity to form spheres. Neural spheres reaching 100–200μm were further

dissociated mechanically to smaller spheres so that each cell could contact proliferation

medium prior to plating on culture plates. The purity of the NSC culture was ascertained via
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immunostaining for nestin (Figure 1A). Typically, only NSC cultures of 90% or greater

purity were used in subsequent experiments.

Next, the pluripotency of the NSC cultures was ascertained. The proliferation medium used

for NSC cultures was switched to differentiation medium. After 7 days, the NSC spheres

had flattened and attached onto the substratum. Neurite extensions for a subset of cells were

observed. The lineages of the cell populations derived from NSC were determined by

immunostaining for phenotypic markers of neurons (β-Tubulin III, Figure 1B, panel A green

signal), astrocytes (GFAP, Figure 1B, panel A red signal), and oligodendrocytes (O4, Figure

1B, panel B green signal). All three markers were present and indicated the differentiation of

NSC to neuronal, astrocytic, and oligodendrocytic lineages. In sum, the NSCs isolated and

purified from the SVZ retained their pluripotency and were suitable for grafting.

UBM stabilizes NSCs in the undifferentiated state better than matrigel

Thus far, collagen and matrigel (derived from tumor cells) matrices have been shown to

support extended growth of stem cells [42–47]. However, the lack of bioactive factors for

the former and the tumor inducing potential for the latter have limited their therapeutic use.

Recently, a new extracellular matrix derived from porcine urinary bladder was successfully

used in tissue engineering [48–50]. In this study, we evaluated UBM as a viable matrix to

support NSC proliferation for an extended duration, using matrigel for comparison. As

expected, UBM was able to support the proliferation of NSCs at high rates (>80% viability,

7 days) with an average doubling time of 47.2 hours (Figure 1C, panel C). After 2 weeks,

NSCs in UBM remained undifferentiated whereas NSCs in matrigel underwent spontaneous

and progressive differentiation after 24 hours (Figure 1C, panel A and B), indicating that

UBM provided a more stable environment for NSCs to remain undifferentiated.

When UBM containing NSCs was exposed to differentiation medium for 7 days, the

pluripotent stem cells underwent differentiation to neuronal, astrocytic, and oligodendrocytic

lineages as visualized by immunostaining for their respective markers (Figure 1C, panel D–

F). To compare UBM with matrigel, we harvested NSCs grown in UBM or matrigel after 2

weeks in differentiation medium to ascertain the levels of lineage markers by Western blot

analysis. For both cultures, the levels of Tuj1 and GFAP were comparable (Figure 1C, panel

G) suggesting equivalent support from UBM and matrigel for NSC proliferation and

differentiation.

UBM facilitates NSC survival and proliferation in vivo after TBI

After ascertaining that NSCs were able to proliferate and differentiate in UBM, we

examined the ability of UBM to support NSC proliferation in vivo, especially after injury

from CCI. Male rats were subjected to CCI and 24 hours later, the hippocampus was infused

with BrdU-labeled NSCs, NSC-loaded UBM, UBM without NSC, or PBS. Three days post-

injection, the survivability and proliferation of NSCs at the injection sites were examined by

immunostaining for nestin and BrdU, respectively (Figure 2A). Rats injected with BrdU-

labeled NSCs without UBM showed weak BrdU signal around the injection sites (Figure

2A, panel A). However, injections with BrdU-labeled NSCs with UBM showed a significant

number of BrdU labeled NSCs still present around the injection sites (Figure 2A, panel B).
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Staining with nestin showed that, in the absence of UBM, there were few NSCs around the

injection sites and little penetrance into brain parenchyma (Figure 2A, panel C). In contrast,

NSCs in UBM showed a significantly higher number of NSCs around the injection sites and

a wider distribution (Figure 2A, panel D).

At 7 days post-injection, the proliferation and differentiation of NSCs in the injured cortex

were also examined by immunostaining for nestin and the neuronal phenotypic marker

MAP-2. Rats injected with NSCs without UBM showed very few NSCs (red) and a

significant loss of neurites as reflected by the decrease in MAP-2 signal (green) 7 days post-

injection at or around the injury (Figure 2B, panel A–C). On the other hand, rats injected

with NSC in UBM showed a strong nestin signal, suggesting a healthy population of NSCs

in the injured cortex. In addition, robust MAP-2 staining revealed the presence of abundant

neurites in this group (Figure 2B, panel D–F). The inset frames of Figure 2B, panels D–F are

magnified for detailed examination of the potential differentiation of exogenous NSC in the

injured cortex (Figure 2B, panel G–I). In these images, the presence of overlapping signal

(red and green) and neuritic extensions suggest that these cells were undergoing

differentiation. In sum, the results indicate that UBM is able to support extended survival of

NSC and permits their differentiation.

NSC-UBM attenuates tissue loss and mitigates motor function impairments

In view of the attenuation of neurite loss (reflected by MAP-2 staining) around the injection

sites from NSC transplantation in the presence of UBM, we investigated the impact of NSCs

and UBM on CCI-induced behavioral impairments. For this, NSC-loaded UBM, UBM

alone, NSCs in PBS, or PBS alone were stereotaxically injected along the rostrocaudal axis

of the cortex or the dorsal hippocampus just above the pyramidal neuron layers of CA3 at 24

hours after CCI. An additional group of sham animals were not subjected to CCI. To assess

changes in motor function, rats from each group were randomly selected to perform

forelimb and hindlimb foot-fault tests before CCI and at 3-, 5-, 7-, 14, 21-, and 28 days post-

CCI. Performances on these tests are presented in Figure 3A–D. As expected, there was a

sharp decrease in scores for the forelimb and hindlimb performance 3 days post-CCI,

followed by a gradual increase in performance scores as the animals recovered sensorimotor

function. This pattern was evident in the rats receiving CCI + vehicle. Introducing NSCs

alone did not significantly alter the forelimb and hindlimb performance scores relative to the

group receiving CCI + vehicle (Figure 3A and B). On the other hand, rats receiving UBM

alone or UBM seeded with NSCs experienced less of a drop in forelimb and hindlimb

performance scores 3 days post-CCI. This significant improvement in performance was

maintained for the duration of both tests. Surprisingly, there was no significant difference in

performance scores for rats receiving UBM alone and UBM seeded with NSCs for the

hindlimb test (Figure 3D). As for the forelimb test, rats receiving UBM seeded with NSCs

performed better than those receiving UBM alone at 14 days post-CCI.

To compare tissue loss, serial coronal brain sections harvested at 28 days post-CCI were

stained with cresyl violet. The lesion size was largest in rats receiving CCI + vehicle and

CCI + NSC and significantly smaller lesion sizes were observed in rats receiving either

UBM alone or UBM loaded with NSCs (Figure 3E). There was no significant difference in
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tissue loss between rats receiving CCI + UBM alone and CCI + UBM-NSC (Figure 3F). In

sum, these results suggested that UBM alone is sufficient to confer short term protection

against motor function impairments and tissue loss.

NSC-UBM enhances viable neurons in CA3 and decreases memory and cognitive deficits

Next, we measured the impact of UBM and NSCs on CCI-induced memory and cognitive

deficits by using the Morris water maze test. Randomly chosen rats from the same treatment

groups as above were subjected to the water maze test daily from 23- to 26-days post-CCI.

Rats receiving CCI + vehicle had the highest latency time before identifying the platform

(Figure 4A) and spent the shortest amount of time in the same quadrant as the submerged

platform (Figure 4B) indicating that these rats experienced the greatest memory and

cognitive deficit due to CCI. Unlike the improvement in motor function, rats receiving CCI

+ UBM alone did not perform significantly better than those receiving CCI + vehicle in the

Morris water maze. However, rats receiving CCI + UBM-NSC performed significantly

better than those receiving CCI + vehicle or CCI + UBM alone. In sum, these results

indicate that only rats receiving CCI + UBM-NSC exhibited a decrease in memory and

cognitive impairments. In other words, long term protection is only possible with the use of

UBM seeded with NSCs.

The number of viable neurons in the CA3 region of the hippocampus of the ipsilateral

hemisphere was counted to determine neuroprotection. Rats receiving CCI + UBM-NSC had

a significantly higher percentage of viable neurons in this region than those receiving CCI +

UBM alone, CCI + NSC and CCI + vehicle (Figure 4C). In addition, there was a direct

correlation between the percentage of viable neurons and the amount of time spent in the

same quadrant as the target platform (Figure 4D) suggesting that the preservation of viable

neurons in the CA3 region of the hippocampus may have contributed to the improvement in

memory and cognitive ability.

Treatment with UBM-NSC decreases white matter injury

Similar to ischemic injury, CCI also induces white matter injury, which may contribute to

the loss in memory and cognitive ability. White matter injury can be assessed by staining for

SMI32 and MBP in the cortex and striatum around the CCI lesion, as indicated in Figure 5C.

In the striatum (Figure 5A) and cortex (Figure 5B), there was a sharp increase in SMI32 in

rats receiving CCI + vehicle compared to sham. Concomitantly, a decrease in MBP staining

was observed in both regions in rats receiving CCI + vehicle. In contrast, rats receiving CCI

+ UBM-NSC showed significantly weaker staining for SM132 and more robust staining for

MBP in both regions compared to the CCI + vehicle group.

SMI32 and MBP staining intensities were averaged from a minimum of 6 images of the

striatum and cortex, thereby enabling the determination of the SMI32/MBP ratio. In the

striatum, the relative SMI32/MBP ratio was substantially higher in rats receiving CCI +

vehicle than sham, indicating increased white matter injury. A significantly lower

SMI32/MBP ratio was observed in rats receiving CCI + UBM alone than those receiving

CCI + vehicle, suggesting that UBM alone can attenuate CCI-induced white matter injury.

The presence of NSCs in UBM reduced the SMI32/MBP ratio even further, suggesting that
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the inclusion of NSCs can significantly ameliorate white matter injury (Figure 5D). A

similar trend in the SMI32/MBP ratio across treatment groups was observed in the cortex.

However, the difference between UBM with NSC and UBM alone was not statistically

significant (Figure 5E).

Finally, the SMI32/MBP ratio was found to be inversely proportional to time spent in the

same quadrant as the target platform in the Morris water maze test (Figure 5F) suggesting

that a decrease in white matter injury is associated with improved memory and cognition.

Thus, the impact of UBM alone and UBM with NSCs on white matter injury may improve

memory and cognition.

Discussion

The complex primary and secondary pathologies of TBI have made a cure for this disabling

disease elusive. The prognosis for a patient with severe TBI can therefore be grim. The

primary and secondary waves of injury after TBI lead to short and long term behavioral

impairments due to neurodegeneration and white matter injury. In this study, we evaluated

the efficacy of transplantation of NSCs coupled to a three-dimensional bioactive matrix

scaffold made from urinary bladder. We measured whether this transplantation strategy

attenuated injury induced by TBI. NSC and UBM transplantation elicited significant short

and long-term protection against behavioral deficits, neurodegeneration, and white matter

injury. Hence, transplantation of cells in a bioactive matrix provides a promising novel

therapeutic strategy for TBI as well as other neurological disorders.

In this study, the decision to use UBM as the bioactive scaffold to support NSC

proliferation, differentiation and migration was based on previous studies in our and other

laboratories [48, 49, 51]. UBM and its derivatives have been used successfully as

extracellular matrix in external tissue construction [48–50] and to support repair [25–27].

First, our UBM characterization studies revealed an excellent biocompatibility with the

brain since it did not elicit inflammatory responses greater than vehicle over the course of 3–

4 weeks (data not shown). This property was originally demonstrated when UBM was used

in conjunction with polypropylene mesh in pelvic surgery [28]. In addition, we have found

that implantation of UBM did not elicit reactive astrocytosis either (data not shown). The

lack of an astrocytic scar at the injection site suggests the rapid degradation of UBM.

Furthermore, UBM supports the proliferation and differentiation of mesenchymal

osteoprogenitors [51] and NSCs (Figure 1, 2). We conclude that UBM provides a suitable

microenvironment for enhanced cell viability.

Post-injury introduction of UBM alone and UBM seeded with NSCs elicited significant and

comparable short-term protection against tissue loss and motor deficits (Figure 3). It may

seem surprising that NSCs did not further mitigate motor impairments. This outcome may

suggest that the extent of the short term injury is only sensitive to the UBM-influenced

microenvironment at and around the lesion. Degeneration and inflammation at the lesion site

are likely to be self- and mutually propelling [52–54]. Primary degeneration may elicit

inflammation, which can trigger chronic neurodegeneration and the onset of clinical

symptoms. The anti-inflammatory properties of UBM may provide a more protective
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microenvironment and mitigate secondary neurodegeneration [28]. Typically, the

cumulative neuronal loss in the first 3 days post injury dictates the onset of motor deficits. It

seems unlikely that NSCs would complete their differentiation and integrate themselves into

the existing neural network within this short timeframe. This may account for the lack of

significant difference in short term protection between UBM alone and UBM with NSC.

On the other hand, only UBM containing NSCs elicited significant long term protection

against impairments in memory and cognition. In other words, comparable long term

behavioral deficits were observed in rats injected with UBM alone or vehicle. This result

suggests that UBM alone did not provide a sufficiently favorable microenvironment to elicit

long term protection. This failure may be due to the rapid degradation (14 days) of UBM in

vivo [28]. Upon UBM degradation, the favorable microenvironment may be lost in the CA3

region of the hippocampus (Figure 4C). However, when NSCs are injected with UBM and

differentiate, this could replace lost neurons for the long haul [55]. In addition, NSCs are

known to elicit a bystander effect [56], where they secrete neuroprotective molecules that

favor cell survival [29–34] and tissue repair [57], perhaps even after UBM is degraded. One

might also infer from this result that hippocampal demise is a late event triggered by

inflammation, and that UBM cannot prevent late neurodegenerative events.

In contrast to the hippocampal viability data, the attenuation of white matter injury by UBM

alone and UBM with NSCs may result from a combination of anti-inflammatory effects of

UBM and protective effects of NSCs. The protection of white matter injury in both groups

suggests that this type of injury may occur at both early and late stages after TBI.

In summary, the combined use of UBM and NSCs is a viable strategy to confer both short

and long term protection against neuronal and tissue loss as well as motor and cognitive

deficits. Notably, this strategy is protective even if the intervention follows the neurological

injury, making it more relevant to the clinical situation. Thus, NSCs in a bioactive UBM

scaffold hold promise as a novel therapeutic strategy for TBI and other neurological

disorders.

Conclusion

The present study demonstrates that the combination of UBM-NSCs is a viable strategy to

protect against neuronal loss and to reduce lesion volume, white matter injury, and motor

and cognitive dysfunction even when administered after TBI. Specifically, UBM alone can

confer short term protection against motor impairments. However, the presence of NSCs in

this matrix is mandatory for long term protection of memory and cognition. Thus, stem cells

housed within a 3-dimensional matrix are an excellent strategy to achieve functional

recovery after TBI.
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UBM Urinary Bladder Matrix

TBI Traumatic Brain Injury
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Figure 1. The bioactive scaffold UBM effectively supports the proliferation and differentiation of
neural stem cells (NSCs)
(A) NSCs grown in culture. Representative images showing the cells after passage 6. NSCs

were positive for nestin, an intermediate filament commonly found in neural precursors

(panel A, green). Nuclei were stained with DAPI (panel B, blue); (B) Differentiated stem

cells grown in culture. Representative confocal immunofluorescent images showing triple

labeled differentiated NSCs after 7 days in differentiation medium (panel A); the fluorescent

signal corresponds to nuclei (blue), GFAP (red), and β-tubulin-III (green). Representative

confocal immunofluorescent images showing double labeled differentiated NSCs under the

same treatment conditions (panel B); the fluorescent signal corresponds to nuclei (blue) and

oligodendrocytic O4 (green). Scale bar: 100μm; (C) NSCs cultured in UBM (panel A) or

matrigel (panel B) undergoing proliferation on day 9. UBM is better at maintaining NSCs in

their naïve or undifferentiated state than matrigel.; the proliferation profile of NSCs shows a

doubling time of 47.2 hours (panel C); differentiated NSCs after 7 days in differentiation

medium are positive for Tuj1 (panel D), GFAP (panel E), and O4 (panel F); the

differentiation of NSCs in UBM (U) and matrigel (M) was quantitatively measured by

Western blot analyses (panel F) showing comparable expression of Tuj1 and GFAP. This

finding suggests both neuronal and astrocytic differentiation in both matrices; r-tubulin was

used as the loading control.
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Figure 2. Characterization of NSC viability in rat cortex subjected to CCI
(A) NSCs in UBM survive 3 days after transplantation into rat brain in vivo. Representative

confocal images of positive staining for BrdU (red) and nestin (green) show the distribution

of injected exogenous NSCs and all NSCs. Low survivability of stem cells and limited

penetration into brain parenchyma when only NSCs were injected (panel A and C); extended

survival and parenchymal penetration of stem cells when NSCs were injected with UBM

(panel B and D); (B) NSC survival and differentiation with or without UBM at 7 days post-

CCI in rat brain. Representative confocal images of positive staining for nestin (red), MAP-2

(green) and merged signals indicate survival of NSCs (red) and neurites (green) when

injected as NSC only (panels A–C) or NSCs in UBM (panels D–F). Magnified images

corresponding to inset rectangles in panels D–F are illustrated in panels G–I. Arrows in G–I

point to neurites growing from stem cells and indicate their in vivo differentiation.

Wang et al. Page 17

CNS Neurol Disord Drug Targets. Author manuscript; available in PMC 2014 June 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3. Transplantation of NSCs in UBM scaffold reduces motor deficits and tissue loss in rats
subjected to CCI
Injections of vehicle, NSC only, UBM scaffold, or NSC in UBM scaffold (2.5μl, four

injections along the rostrocaudal axis into the cortex or the dorsal hippocampus just above

the pyramidal neuron layers of CA3) were performed 24 hours post-CCI. Motor function

was evaluated via forelimb and hindlimb foot-fault tests pre-CCI and at 3, 5,7,14 21 and 28

days post-CCI. Injections of NSCs without a scaffold were unable to attenuate CCI-induced

loss of motor function based on the scores from forelimb (A) and hindlimb (B) foot-fault

tests; Injections with UBM scaffold alone and NSCs in UBM scaffold both decreased loss of

motor function based on forelimb (C) and hindlimb (D) foot-fault tests; n=10/group. Data

are presented as mean ± standard error, *p<0.05; **p<0.01 versus sham; #p<0.05 versus

CCI + UBM only. Injections of UBM scaffold or NSCs in UBM scaffold reduced tissue loss

from CCI compared to vehicle, as visualized by cresyl violet staining (E). Tissue loss was

quantified and summed across serial cresyl violet-stained brain sections (F). UBM alone or

with NSCs significantly reduced tissue loss compared to vehicle; n=10/group. Data are

presented as mean ± standard error, *p<0.05; **p<0.01 versus CCI + vehicle.
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Figure 4. Transplantation of NSCs in UBM scaffold reduces memory and cognitive impairments
and increases viable neurons in CA3 region of the hippocampus of rats subjected to CCI
Injections of vehicle, NSCs only, UBM scaffold or NSCs in UBM scaffold (2μ, five

injections along the rostrocaudal axis into the cortex or the dorsal hippocampus just above

the pyramidal neuron layers of CA3) were performed 24 hours post-CCI, and memory and

cognitive function were evaluated daily by the Morris water maze test from 23–26 days

post-CCI. Only injections with NSCs in UBM scaffold were able to ameliorate memory and

cognitive deficits based on the decrease in latency to reach the target platform (A) and

increase in time spent in the same quadrant as the submerged target platform (B); n=10/

group. Data are presented as mean ± standard error, *p<0.05; **p<0.01 versus sham;

#p<0.05 versus vehicle; (C) The number of viable neurons in the CA3 region of the

hippocampus of rats from each group were counted and expressed as a fraction of sham

controls. The results indicate that rats receiving NSCs in UBM have a significantly higher

number of viable neurons than other treatment groups; n=10/group. Data are presented as

mean ± standard error, *p<0.05 versus vehicle, NSC only, UBM alone respectively; (D) The

time spent in the target quadrant is plotted against the number of viable neurons in the CA3

region to reveal the direct correlation between CA3 viability and memory and cognitive

ability.
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Figure 5. Transplantation of UBM alone or with NSCs attenuates white matter injury in rats
subjected to CCI
Representative confocal images of the striatum (A) and cortex (B) stained for SMI32 (non-

phosphorylated neurofilament protein, marker for white matter injury, red) and MBP

(myelin basic protein, marker for mature oligodendrocytes, green) 28 days post-CCI in rats

receiving vehicle (panels d–f) or NSCs in UBM scaffold (panels g–i) and in sham animals

(panels a–c); (C) The location of regions of interest (ROI) around the CCI lesion are

indicated as red squares, where the SM132/MBP ratio was calculated 28 days post-CCI. The

SMI32/MBP ratio reflects the extent of white matter injury in the striatum (D) and cortex

(E) of rats receiving vehicle, UBM only and NSCs in UBM. White matter injury was

mitigated in rats receiving UBM alone and NSCs in UBM in both regions. The greater

protective effect of NSCs in UBM reveals the additive nature of the protection against white

matter injury; n=10/group. Data are presented as mean ± standard error, *p<0.05; **p<0.01

versus vehicle or UBM alone; (F) Time spent in the target quadrant was plotted against the

SMI32/MBP ratio to reveal the correlation between the extent of white matter injury and

memory and cognition.
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