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Abstract

Cell therapy promotes brain remodeling and improves functional recovery after various central nervous system
disorders, including traumatic brain injury (TBI). We tested the hypothesis that treatment of TBI with intrave-
nous administration of human marrow stromal cells (hMSCs) provides therapeutic benefit in modifying he-
modynamic and structural abnormalities, which are detectable by in vivo MRIL. hMSCs were labeled with
superparamagnetic iron oxide (SPIO) nanoparticles. Male Wistar rats (300-350 g, 7 =18) subjected to controlled
cortical impact TBI were intravenously injected with 1mL of saline (n=9) or hMSCs in suspension (1=9,
approximately 3x10° SPIO-labeled hMSCs) 5 days post-TBI. In vivo MRI measurements consisting of cerebral
blood flow (CBF), T2-weighted imaging, and 3D gradient echo imaging were performed for all animals 2 days
post-TBI and weekly for 6 weeks. Functional outcome was evaluated with modified neurological severity score
and Morris water maze test. Cell engraftment was detected in vivo by 3D MRI and confirmed by double staining.
Ventricle and lesion volumetric alterations were measured using T2 maps, and hemodynamic abnormality was
tracked by MRI CBF measurements. Our data demonstrate that treatment with hMSCs following TBI diminishes
hemodynamic abnormalities by early restoration and preservation of CBF in the brain regions adjacent to and
remote from the impact site, and reduces generalized cerebral atrophy, all of which may contribute to the

observed improvement of functional outcome.
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Introduction

S A PREVALENT CAUSE of neurological morbidity and

mortality, traumatic brain injury (TBI) produces primary
focal insult and triggers a cascade of complex cellular, mo-
lecular, and metabolic events (Stoica and Faden, 2010; Xu
et al.,, 2010; Ziebell and Morgranti-Kossmann, 2010) in the
central nervous system (CNS) that lead to diffuse brain
damage. Extensive axonal degeneration (Bigler, 1987; Ding
et al., 2008; Mamere et al., 2009) and generalized cerebral at-
rophy (MacKenzie et al., 2002; Sidaros et al., 2009; Trivedi
et al., 2007) associated with poor functional outcomes are the
common sequelae. TBI-induced hypoperfusion, which could
occur beyond the site of primary injury (Bonne et al., 2003;
Hofman et al., 2001; Pasco et al., 2007), aggravates this trau-
ma-triggered brain damage. To date, however, the manage-
ment of patients with TBI has generally concentrated on the
prevention or amelioration of such devastating secondary

pathological processes since there is no effective clinical
treatment (Parr et al., 2007).

Cell transplantation offers an encouraging therapeutic
strategy for reversing neurological deficits after CNS injury.
Grafted cells play an important role in the repair of injured
tissue and also support healing processes after various CNS
disorders, such as stroke, intracerebral hemorrhage, spinal
cord injury, Parkinson’s disease, multiple sclerosis, brain tu-
mor, and TBI (Chopp and Li, 2006; Opydo-Chanek, 2007).
Among the types of cells that are employed for treatment
purpose, marrow stromal cells (MSCs) are promising due to
their potential advantages over others, which include autol-
ogous donor, rapid expansion ex vivo, and immune privilege
(Chopp and Li, 2006; Parr et al., 2007).

Previous laboratory studies on the treatment of TBI with
MSCs either from animals or humans showed therapeutic
efficacy, as evidenced by significantly improved functional
recovery (Lu et al, 2001, Mahmood et al.,, 2001, 2003).
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Although mechanisms responsible for the observed thera-
peutic potential of MSCs remain to be explored, it is suggested
that the beneficial effects are owed to the ability of MSCs to
secrete an array of cytokines and trophic factors that activate
endogenous restorative and regenerative processes, e.g., an-
giogenesis, synaptogenesis, gliogenesis, and neurogenesis
(Chopp and Li, 2006; Mahmood et al., 2004a, 2004b). Treat-
ment of TBI with transplantation of MSCs may also moderate
post-TBI hypoperfusion that results from impaired vascula-
ture or disturbed hemodynamics (Hofman et al., 2001) and
may reduce cerebral atrophy that occurs concomitantly with
progressive neuronal loss (Immonen et al., 2009a; Smith et al.,
1997) and diffuse axonal injury (Bigler, 1987; Ding et al., 2008;
Mamere et al., 2009; Sidaros et al., 2009). To our knowledge,
however, little is known about the dynamic effect of grafted
MSCs on post-TBI hemodynamic and atrophic progression.
Magnetic resonance imaging (MRI) is a powerful means for
visualizing lesion and for longitudinally and non-invasively
monitoring structural and physiological alterations in the
living brain (Cunningham et al., 2005; Immonen et al., 2009b,
2010; Kochanek et al., 2002). The present study was designed
to test the hypothesis that engraftment of human marrow
stromal cells (hMSCs) into the brain subjected to TBI provides
therapeutic benefit in modifying cerebral hemodynamic and
structural abnormalities, which are detectable by in vivo MRIL

Methods

All experiments and procedures involving the use of ani-
mals were approved and conducted in accordance with the
institutional guidelines for care and use of laboratory animals.

hMSCs and cell labeling

The hMSCs were provided by Theradigm (Baltimore, MD).
The cells were labeled in vitro with superparamagnetic iron
oxide (SPIO) nanoparticles, according to a previously re-
ported method (Li et al., 2010). Briefly, ferumoxide suspension
(Feridex IV, Berlex Laboratories, Wayne, NJ) and protamine
sulfate (American Pharmaceuticals, Schaumburg, IL) were
used to generate ferumoxide-protamine sulfate (Fe-Pro)
complexes. Serum-free medium (Biosource, Camarillo, CA),
ferumoxide suspension, and protamine sulfate (1 mg/mL in
distilled water) at a ratio of 1 mL:100 ug:5 ug were mixed in a
flask for 5 to 10 min with intermittent shaking by hand. The
cells were incubated in this solution containing Fe-Pro com-
plexes for 2 h. Then, complete medium was added to obtain a
final concentration of 50 ug/mL for ferumoxide and 2.5 ug/
mL for protamine sulfate, respectively. The cell suspension
was incubated overnight at 37°C in a 5% CO, humidified
atmosphere to allow the nanoparticles to infuse into the cells
and thereby label them. Prior to injection into rats, the labeled
cells were suspended in phosphate-buffered saline (PBS).

SPIO-labeled hMSCs were checked for viability via Trypan
blue exclusion. The tests demonstrated that more than 95% of
the cells remained viable after labeling with SPIO.

Animal model and cell transplantation procedures

All surgical procedures were conducted under aseptic
conditions. Male Wistar rats (300-350g, n=18) were intra-
peritoneally anesthetized with chloral hydrate (350 mg/kg
body weight), and rectal temperature was maintained at 37°C
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with a feedback-regulated water heating pad. The head of
each animal was mounted in a stereotactic frame and two 10-
mm-diameter craniotomies were performed adjacent to the
central suture, midway between the lambda and the bregma,
leaving the dura mater over the cortex intact. The left crani-
otomy confined the location of experimental impact while the
right one allowed the lateral movement of cortical tissue.
Using a controlled cortical impact (CCI) device, brain injury
was induced by delivering a single impact at a rate of 4m/sec
and 2.5 mm of compression to the left cortex with a pneumatic
piston containing a 6-mm-diameter tip. All animals that un-
derwent TBI survived. For analgesia, Buprenex (0.05mg/kg,
s.q.) was administered to each animal after brain injury.

Cell transplantation was conducted 5 days after TBIL. The 5-
day time point for cell transplantation after TBI has been
shown previously to provide significant functional improve-
ment (Li et al., 2010; Lu et al., 2007; Xiong et al., 2009), and this
timing is after the intense inflammatory response of the
trauma-injured brain (Assaf et al., 1997; Soares et al., 1992).
Rats subjected to TBI were randomized to one of two treat-
ment groups—cell and saline treated. Anesthesia was re-
instituted before the transplantation and a bolus of the cell
suspension (approximately 3x10° SPIO-labeled hMSCs in
1 mL PBS) was slowly infused over a 5-min period into the tail
vein of each rat in the cell-treated group (n=9) using a Ha-
milton syringe. The needle was left in place for 1 min before
withdrawal to minimize cell leakage and the injection site was
compressed for a short time to reduce bleeding. Replacing the
cell suspension with the same amount of saline, each animal in
the saline-treated group (n=9) underwent the identical pro-
cedure as those in the cell-treated group. No immunosup-
pressants were used in this study.

In vivo MR imaging

MR imaging was performed using a 7T, 20 cm-bore su-
perconducting magnet (Magnex Scientific, Abingdon, United
Kingdom) interfaced to a Bruker console (Bruker, Boston,
MA). The animal was securely fixed on a non-magnetic holder
equipped with a nose cone for administration of anesthetic
gases and stereotaxic ear bars to minimize movement of the
head. A tri-pilot scan of imaging sequence was used for re-
producible positioning of the animal in the magnet at each
MRI session. During the imaging procedure, anesthesia was
maintained with 1.0% halothane in 69% N,O and 30% O,, and
rectal temperature was kept at 37°C +1.0°C using a feedback-
controlled water bath underneath the animal. T2-weighted
imaging (T2WI), cerebral blood flow (CBF), and high-resolution
three-dimensional (3D) gradient echo imaging were measured
for all animals 2 days post-TBI, and then the identical mea-
surements were repeated once a week for 6 weeks. All rats were
euthanized after final in vivo MRI scans.

T2WIwas acquired using standard two-dimensional multi-
slice (13 slices, 1 mm thick), multi-echo (6 echoes) sequence.
Six sets of images (13 slices per set) were obtained using echo
times (TE) of 15, 30, 45, 60, 75, and 90 msec and a repetition
time (TR) of 8 sec. Images were obtained using a 32 x 32 mm?”
field of view (FOV) and a 128 x 64 image matrix.

The continuous arterial spin-labeling technique was used to
quantify CBF in cerebral tissue. Adiabatic inversion of arterial
water protons was accomplished via an axial gradient of
0.3kHz/mm and a 1-sec continuous radio frequency power
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wave of approximately 0.3 kHz at a frequency offset of 6 kHz.
This was followed by a spin echo imaging sequence with TR/
TE=1,000/20 msec. The labeled slice was 2 cm distal from the
imaging slice which was 1 mm thick. In order to eliminate
gradient asymmetry in the axial direction, an image average
was applied by switching around the gradient polarities. FOV
was 32 x32mm? and the image matrix was 64 x 64.

3D gradient echo images were acquired with TR of 40 msec,
TE of 10msec, flip angle of 15°, and a 32 x32x24 mm® FOV.
The 256x192x 64 image matrix was interpolated to 256 x
256 x 64 for analysis.

MRI data processing

Ventricle and TBI-induced focal lesions present as marked
hyperintensities on T2 maps (Figs. 1 and 2). Over time,
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following TBI, these two distinct regions with elevated T2
values could become contiguous with (Fig. 2B) or without
(Figs. 1A and 2A E) blurry edges, particularly at the later stage
of TBI. Under such circumstances, it was impossible to dis-
tinguish between them using only the T2 map (Fig. 1A).
However, the structural information revealed by 3D image,
such as corpus callosum (Fig. 1B, red arrowheads), provided a
borderline that divided the hyperintense area detected on T2
map (Fig. 1C, red track) into focal lesion and expanded ven-
tricle (Fig. 1D). 3D images were first co-registered with T2
maps. Region of interest (ROI) encompassing both lesion and
ipsilateral ventricle on T2 map was then copied onto the
corresponding 3D image where the borderline (Fig. 1D, blue
line) was manually added within the ROI. The demarcation
was performed on each T2 slice with connected cortical lesion
and expanded ventricle.

Lesion Volume (mm3)

0 T T
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—— Cell-treated
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Time (days after TBI)

FIG. 1. A representative saline-treated animal with a controlled cortical impact lesion and expanded lateral ventricle after
TBI detected by T2 map (A) and corresponding 3D image (B). When using mean+2SD threshold, a hyperintense area
encompassing both lesion and ipsilateral ventricle were identified on the T2 map (C, red track). It was impossible to
distinguish between them using only the T2 map. However, the anatomical information revealed by the 3D image (B), such as
corpus callosum (B, red arrowheads), provided a borderline (D, blue line) that divided the hyperintense area identified on T2
map into two regions, upper cortical lesion and lower expanded ventricle (D). No significant group difference in T2 lesion

volume was found over a 6-week observation period (E).
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Comparison of lateral ventricle (6 weeks post-TBI) presented by four consecutive T2 slices (A-D, cell-treated animal;

E-H, saline-treated animal) and quantitative results (I]). Saline-treated animals had a significantly larger ventricle in the
ipsilateral (I, 3-6 weeks, p<0.02) and contralateral sides (J, 2-6 weeks, p<0.003) of the brain after TBI than cell-treated
animals. Ipsilateral ventricle was more affected by TBI than the contralateral ventricle for both treatment groups (compare I
with J). Treatment with cell transplantation significantly reduced both the magnitude (p<0.03) and rate (p<0.04) of ven-

tricular expansion after TBI.

Generated T2 maps (13 equally spaced coronal slices)
covered the entire rat brain. The lesion area on each slice of T2
map was specified by those pixels with a T2 value higher than
the mean plus twice the standard deviation (mean+2SD)
provided by the normal tissue on the contralateral (non-
injured) side (Li et al., 2005). Lesion volume was then calcu-
lated on the basis of lesion areas on individual slices and slice
thickness.

As shown in Figure 2, the volume of the lateral ventricle
was measured on T2 maps at a fixed structural location pre-
sented by four contiguous coronal slices for all animals (ap-
proximately at the level of bregma —2.8 to bregma 1.2). The
same criterion described above was used to identify the
ventricular area on each slice. Similarly, the volume was ob-
tained by adding all the areas measured on individual slices
and multiplying the total by the slice thickness. Data are
presented as ventricle volumes in the ipsilateral and contra-
lateral sides of the brain.

To quantify TBI-induced hypoperfusion, a threshold for
CBF (30mL/100 g/min) derived from experimental ischemia

(Shen et al., 2004) was used to detect the location and extent of
tissue regions with perfusion abnormality. Areas with CBF
lower than this threshold were identified on the CBF map
(ventricles were excluded) and presented as percentage of the
examined slice.

Measurements were performed for each animal in both cell-
and saline-treated groups and the data were averaged at the
same time points for each group.

Modified neurological severity score

The modified neurological severity score (mNSS) (Xiong
et al., 2009) grades the composite neurological function of an
animal on motor, sensory, reflex, and balance tests. The
maximum points for each category of tests are 6, 2, 4, and 6,
respectively. One point is awarded for the inability of an an-
imal to perform the tasks correctly or for the lack of a tested
reflex (normal score, 0; maximal deficit score, 18). Therefore,
the higher score indicates the more severe neurological dys-
function (13-18, severe injury; 7-12, moderate injury; 1-6,
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mild injury). mNSS was assessed for each animal pre-TBI and
post-TBI on days 1, 4, and weekly thereafter by an examiner
blinded to the treatment groups and the corresponding MRI
results.

Modified Morris water maze test

To evaluate the long-term functional outcome of spatial
learning acquisition and memory retention, the modified
Morris water maze (Mahmood et al., 2007) was used. The
testing system consisted of a circular tank (140 cm in diameter
and 45 cm high) filled with 30°C water and a hidden platform
(15 cm in diameter and 35 cm high) set inside the tank 1.5cm
below the surface of the water. The pool was located in a large
test room decorated with visual clues (for example, pictures,
lamps, and so forth) that remained constant during the study
and enabled the rats to orientate themselves spatially. For
descriptive data collection, an automated tracking system
(HVS Image, San Diego, CA) was employed and the pool was
subdivided into four equal quadrants formed by imaging
lines.

The rats were tested on 5 consecutive days (1 trial per day)
at the later stage of TBI (from day 31 to 35 after TBI). Each trial
was initiated by placing the animal randomly at one of four
start locations (north, south, east, and west) and allowing
90 sec to find the hidden platform. The platform was put in a
randomly changing position within the northeast (NE)
quadrant throughout the test period (e.g., sometimes equi-
distant from the center and edge of the pool, against the wall,
near the center of the pool, and at the edges of the NE quad-
rant). After locating the platform, the animal was allowed to
remain on the platform for 15 sec before being returned to its
cage. If the animal failed to find the platform within 90 sec, the
experiment was terminated and a maximum score of 90 sec
was assigned. The percentage of time traveled within the NE
(correct) quadrant was calculated relative to the total amount
of time swimming before reaching the platform.

Tissue preparation and histology

Immediately after the final in vivo MRI measurements at 6
weeks after TBI, rats were deeply anesthetized with ketamine
(44 mg/kg, i.p.) and xylazine (13 mg/kg, i.p.) and transcar-
dially perfused with heparinized saline, followed by 4%
paraformaldehyde. The brains were removed shortly after
death, placed in 4% paraformaldehyde in PBS at 4°C for 2
days, and then cut into seven standard coronal blocks 2 mm
thick on a rodent brain matrix. Coronal sections 6 um thick
were sliced from each block embedded in paraffin and stained
for histological evaluation.

To detect labeled hMSCs in the host brain, tissue sections
were stained for iron using Prussian blue reaction (Li et al.,
2010). The coronal tissue sections were deparaffinized, rinsed
in de-ionized water, and incubated for 30 min with 2% po-
tassium ferrocyanide (Perls’ reagent) in 6% HCI, then washed
well with distilled water, and counterstained with nuclear fast
red.

To confirm that the PB-positive cells were the grafted hu-
man cells (hMSCs), we performed double staining with anti-
bodies specifically against human mitochondria (E5204,
Spring Bioscience, CA) and Prussian blue. The tissue sections
were then photomicrographed to show the co-localization of
double-positive cells.
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Statistical analysis

A mixed model, analysis of variance and covariance, was
employed to compare the group difference in MRI measure-
ments (hypoperfusion area, lesion, and ventricle volumes)
and functional assessments (MNSS and water maze test).
Analysis began with testing the treatment group and time
interaction, followed by testing the group difference at each
time point and the time effect for each treatment group if the
interaction or the overall group/time effect was detected at
the 0.05 level. A subgroup analysis would be considered if the
interaction or main effect of group/time was not at the 0.05
level. Pearson correlations were calculated at each time point
among MRI measurements and between MRI measurements
and functional assessments adjusted for treatment groups. A p
value of < 0.05 was used to denote statistical significance.

Results
Volumetric change of TBI lesion on T2 map

TBI caused transient edema over a wide range extending
from the primary impact site. The permanent focal lesion was
localized to the cortical region, and in some cases in the un-
derlying hippocampal region, and was identified as a hy-
perintensity on the T2 map (Fig. 1A). The temporal profiles of
lesion volume depicted on T2 map were similar for the two
treatment groups (Fig. 1E), with a large edematous tissue
volume appearing acutely, then rapidly decreasing to a focal
lesion within 1 week and gradually extending from 1 to 6
weeks. No significant group differences in T2 lesion volume
were found over a 6-week observation period.

Ventricular expansion following TBI

Structural alteration characterized by ventricular enlarge-
ment after TBI was detected in both cell- and saline-treated
animals (Fig. 2). As visualized by T2 maps, this structural
abnormality was particularly marked in the hemisphere
ipsilateral to the primary injury. However, ventricular ex-
pansion in both sides of the brain was less evident in the cell-
treated animal compared with the saline-treated animal
(compare Fig. 2A-D with Fig. 2E-H in the ventricle area).
Statistical analysis showed that a significant time effect of
ventricular enlargement in the ipsilateral (Fig. 2I) and con-
tralateral sides (Fig. 2J) of the brain was found in the saline-
treated group (p<0.001) but not in the cell-treated group
(p>0.17). At 2 days after TBI, no statistical difference in
ventricle volume (ipsilateral and contralateral sides) between
the groups was detected (Fig. 2I-J; p>0.85). There was a
progressive increase in ventricle volume starting 1 week after
TBI for both treatment groups, and the ventricular dilation in
the saline-treated group continued steadily for several weeks
thereafter at a longitudinal rate greater than that observed
in the cell-treated group (ipsilateral side, 3.30+0.65 vs.
1.27+0.62mm>/week; contralateral side, 1.33+0.28 vs.
0.54+0.24mm>/week; p<0.04). As a result, saline-treated
animals had a significantly larger ventricle in the ipsilateral
(Fig. 2I; 3-6 weeks, p <0.02) and contralateral sides (Fig. 2], 2—-
6 weeks, p <0.003) of the brain after TBI than cell-treated an-
imals. As shown in Figure 2I, ], ipsilateral ventricle was more
affected by TBI than the contralateral ventricle for both
treatment groups. Treatment with cell transplantation sig-
nificantly reduced the magnitude (p <0.03) and rate (p <0.04)
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of ventricular expansion after TBI (group and time effect,
p <0.05). This overall cell effect (p <0.05) was detected in both
the ipsilateral (Fig. 2I) and contralateral ventricles (Fig. 2J).

Hypoperfusion after TBI

In Figure 3, a comparison of CBF maps between the two
treatment groups is illustrated by representative animals. In
the lesion site, a larger affected area with lower CBF was
present in the saline-treated animal than in the cell-treated
animal after TBI (compare Fig. 3A-C with Fig. 3D-F). Our
consecutive observations over a 6-week period showed that
TBI-induced hypoperfusion occurred at the site of direct me-
chanical injury and also in the remote regions. While the area
with lower CBF extended beyond the location of primary
impact site (Fig. 3D-F), treatment with cell transplantation
restored and preserved CBF in the brain regions adjacent to
and remote from the lesion (Fig. 3A—C) at a later stage of TBI.
In agreement with this observation, statistical results showed
that a significant time effect of hypoperfusion area was de-
tected in the cell-treated group only (p <0.001; in the saline-
treated group, p>0.30). Consistently, temporal profiles of
areas with lower CBF also distinguished the saline- from the
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cell-treated groups (Fig. 3G). At acute and subacute times, no
statistical difference in the area with lower CBF between two
groups was found. The hypoperfused area gradually de-
creased afterwards in the cell-treated group with significant
reduction achieved at 3 weeks as compared with 2 days post-
TBI (p<0.03) and persisting thereafter, while the area of hy-
poperfusion did not change significantly in the saline-treated
group during the same period. Consequently, a significantly
larger area with abnormal CBF value (lower than 30mL/
100 g/min) was detected in the saline-treated group than in
the cell-treated group at the later stage of TBI (Fig. 3G; 3-6
weeks, p <0.03).

Grafted cells and hemorrhage in the injured brain

Prussian blue staining demonstrated that the iron-positive
cells primarily localized adjacent to the lesion site and in-
cluded the cortex, striatum, and corpus callosum (CC) re-
gions, which matched the hypointense areas on 3D image
(Fig. 4B-F). Double staining confirmed that these PB-positive
cells (Fig. 4G, dark cells, left arrows) identified in the lesion
boundary region were the grafted hMSCs (Fig. 4G, red cells,
right arrows). The areas with reduced signal intensity sur-
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FIG. 3.

IMlustrative comparison of CBF maps shown in representative animals (A-C, cell-treated animal; D-F, saline-treated

animal) and quantitative results (G). While the area with lower CBF extended beyond the location of the primary impact site
(D-F), treatment with cell transplantation restored and preserved CBF in the brain regions adjacent to and remote from the
lesion (A-C) at a later stage of TBIL. A significantly larger area with lower CBF value (lower than 30 mL/100 g/min) was
detected in the saline-treated group than in the cell-treated group at a later stage of TBI (G, 3-6 weeks, p <0.03).
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FIG. 4. Grafted cells and intracranial hemorrhage shown in representative animals (A-G, J-O, cell-treated animals; H,I, saline-
treated animal). Areas with signal reduction on 3D image at or near the impact site (A, yellow arrowheads), which appeared prior
to the cell engraftment (2 days post-TBI), were caused by hemorrhage. With time, traumatic lesion was present in the cortical
region and finally became cystic as confirmed by histological slice (C, PB staining). D-F give higher magnification of local view (D)
and micrographs (E,F) obtained from yellow, green, and blue boxes illustrated in C, respectively. After cell administration,
hypointensity in the CC region (B, red arrowheads, 2 weeks post-TBI) and lesion boundary zone (B, larger hypointense area in
cortex compared to A) appeared on 3D image (B), which matched the location of PB-positive cells identified on the corresponding
tissue slice (D, green and blue arrowheads). Double staining (G, left, bright field image; right, merged image) showed that these
PB-positive cells (dark in G, left arrows) were the grafted hMSCs (red in G, right arrows) with single nuclei indicated by DAPI
(green in G, right arrows). Compared with the cell-treated animal (A,B), hypointensity on 3D images (intracerebral hemorrhage)
for the saline-treated animal (H,I, 2 days and 2 weeks post-TBI, respectively) was detected in the impact site (HI, yellow
arrowheads), but no dampening signals developed in the CC region at the later time point (compare I with B in the CC region).
Scale bar =100 ym for E,F; 20 um for G. Although both hemorrhage and labeled cells caused hypointensity on 3D image (J-L), MR
signal evolution patterns of them on T2WI (M-O) were different, which distinguished the site with intracerebral hemorrhage from
the region with SPIO-labeled cells. At 1 week post-injury, hypointensity in hemorrhagic cortical region on T2WI indicated
deoxyhemoglobin (M). After 4 weeks (N), deoxyhemoglobin converted to methemoglobin (hyperintensity within the hemor-
rhagic area) with iron storage products deposited at the periphery (rim of hypointensity). As methemoglobin was metabolized, a
cystic lesion formed (O, hyperintensity in cortex). However, this distinctive evolution pattern in hemorrhagic area on T2ZWI was
absent in the region with SPIO-labeled cells (such as M—O in the CC region).
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rounding the lesion site on 3D image, indicating the presence
of grafted SPIO-labeled hMSCs, appeared within 1 week after
cell transplantation and were persistently observed in the
same location in vivo up to 6 weeks after TBL

Prior to the cell engraftment, pronounced hypointense
signals on 3D image at or near the impact site (Fig. 4A, yellow
arrowheads) were also observed soon after TBI in both
treatment groups. The areas with marked signal dampening
appeared between the injured cortex and the underlying
hippocampus or around the tissue region subjected to the
primary impact. This type of signal loss resulted from a local
hemorrhage induced by impact compression and contusion
(Immonen et al., 2009a). Of 18 injured animals, intracerebral
hemorrhage with various extent occurred in16 brains (89%,
n=_8 per group).

Although both hemorrhage and labeled cells caused hy-
pointensity on 3D image (Fig. 4]-L), the biochemical state of
hemoglobin detected by T2WI (Morris, 2002) (Fig. 4M-O; TR/
TE=8000/60) distinguished the site with intracerebral hem-
orrhage from the region with SPIO-labeled cells. At 1 week
post-injury, hypointensity in the hemorrhagic cortical region
was observed on T2WI (Fig. 4M), indicative of deox-
yhemoglobin. After 4 weeks, deoxyhemoglobin further con-
verted to methemoglobin with iron storage products
deposited at the periphery (Morris, 2002). This was presented
on T2WI (Fig. 4N) as hyperintensity (methemoglobin) within
the hemorrhagic area surrounded by a thin irregular rim of
marked hypointensity (hemosiderin, ferritin). As methemo-
globin was resorbed or metabolized, a collapsed cleft fol-
lowed by a cystic lesion formed (Fig. 40, hyperintensity in
cortex). However, this distinctive evolution pattern in hem-
orrhagic area on T2WI was absent in the region with SPIO-
labeled cells, such as the CC area, which exhibited persistent
signal intensity on both 3D image (Fig. 4K,L) and T2WI (Fig.
4N,0) within the observation period.

Outcome of neurological function after cell treatment

An improved functional performance, as measured by
mNSS and water maze test, was detected in the cell-treated
group compared to the saline-treated group (Fig. 5A,B). Sig-
nificantly higher mNSS numbers were awarded to the saline-
treated animals than to the cell-treated animals (Fig. 5A; 3-5
weeks, p<0.03). The cell-treated animals spent significantly
longer time in the correct quadrant than the saline-treated
animals (Fig. 5B; 33-35 days, p<0.05).

Correlative analysis

There were no correlations among lesion volume, hypo-
perfusion area, and ventricle size. A mild-to-moderate asso-
ciation between hypoperfusion area and mNSS was detected
(R=0.24~0.63, p<0.05), with a larger hypoperfusion area
relating to higher mNSS or worse performance.

Discussion

Treatment of TBI with transplantation of hMSCs was non-
invasively and longitudinally investigated using MRI. To re-
veal the dynamic effects of grafted hMSCs on the injured
brain, the progressive evolution of focal lesion, as well as
hemodynamic and morphological alteration following TBI,
was tracked in vivo up to 6 weeks post-TBI. We demonstrated
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FIG. 5. Functional outcome after TBI. Significantly higher
mNSS numbers were awarded to the saline-treated animals
than to the cell-treated animals (A, 3-5 weeks, p<0.03). The
cell-treated animals spent significantly longer time in the
correct quadrant than the saline-treated animals (B, 33-35
days, p<0.05).

that intravenously transplanted hMSCs benefited the trauma-
injured brain by restoring CBF and reducing cerebral tissue
loss, which paralleled the improvement of neurological
functional performance over the same period.

In the present study, we confirmed that 3D MRI can sen-
sitively and dynamically detect the migration and distribu-
tion of SPIO-labeled cells in the host-injured brain. Combining
3D image with T2WI, the labeled cell cluster was distin-
guished from intracerebral hemorrhage mainly by its distinct
MR signal evolution patterns. While the labeled cells pro-
duced persistent signal intensity on both 3D image and T2WI
within the observation period, the hemorrhagic area showed
hypointensity, hypointensity within hyperintensity, and hy-
perintensity surrounded by peripheral hypointensity on
T2WI, depending on the biochemical state of hemoglobin
along the time course of hemorrhage (Morris, 2002).

To quantify the perfusion abnormality, a viability threshold
for CBF (30mL/100 g/min) derived from experimental stroke
was used (Shen et al., 2004). The location and extent of tissue
regions with CBF lower than this threshold then represented a
hypoperfusion status of the brain. It should be pointed out
that the selected threshold, which is much lower than the
normal level of CBF in the rat brain (~140mL/100g/min)
(Shen et al., 2004), can be used to identify the regions with
disturbed hemodynamics, but may not necessarily relate to
consequent ischemic injury in the traumatized brain due to
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distinct differences in pathologies between stroke and trauma
(Cunningham et al,, 2005). Our longitudinal observation
confirmed the previous experimental and clinical reports that
TBI-induced hypoperfusion occurred at the lesion site and
also in distant non-lesion regions (Bonne et al., 2003; Hofman
et al., 2001; Pasco et al., 2007). Compared to a cystic lesion
with a remarkable and permanent CBF disturbance, the
transient reduction in CBF in these regions after TBI could
ultimately diminish at a later chronic stage, such as found 1
year post-injury for rat (Kochanek et al., 2002), due to vascular
remodeling of the brain. However, hypoperfusion leads to
ischemia, hypoxia, and metabolic disturbances in the brain, all
of which increase the susceptibility to neuronal injury (Hos-
smann, 1993). The extent and duration of this situation affect
the tissue fate (Cunningham et al., 2005). The sooner the
normal blood supply is restored, the more likely the reduction
of ischemic injury. Rapid recovery of blood supply is partic-
ularly important for the vulnerable perilesional tissue that is
at the highest risk of secondary ischemic neuronal injury
(Immonen et al., 2009b, 2010). Our measurements showed
that treatment with hMSCs after TBI significantly reduced the
hypoperfusion area both in the remote regions and in the
tissue regions adjacent to the lesion (Fig. 3). In accordance
with the view that perfusion compromise is linked to func-
tional deficits (Bonne et al., 2003; Immonem et al., 2010), we
found that the reduction of hypoperfusion area was associ-
ated with the augmentation of functional recovery as evalu-
ated by mNSS (compare Fig. 3G with Fig. 5A). Nevertheless,
the correlation between hypoperfusion area and mNSS was
not strong. A plausible reason for this result may be attributed
to the mNSS itself, which is a composite of many neurological
tests that are likely not directly related to a single physiolog-
ical parameter, such as CBF. The dynamic measurements also
showed that a significantly reduced hypoperfusion area was
detected in the cell-treated group at 3 weeks as compared with
2 days post-TBI and persisted thereafter, while no signs were
observed that indicated the amelioration of hypoperfusion in
the saline-treated group up to 6 weeks post-injury (Fig. 3G),
although the eventual diminution of perfusion disturbance in
the remote regions is expected (Kochanek et al., 2002). These
results indicated that the grafted hMSCs expedited restora-
tion of CBF. Our data suggested a restorative effect of delayed
cell transplantation on vascular remodeling in the trauma-
injured brain, supporting a previous finding (Xiong et al.,
2009). MSCs have been demonstrated to increase angiogene-
sis (Xiong et al., 2009) and the level of neurotrophic growth
factors (Mahmood et al., 2004a) in the traumatized brain and
to facilitate the reconstitution of the blood-brain barrier after a
focal injury (Borlongan et al., 2004). Hence, angiogenesis
evoked by hMSC engraftment and elevated trophic factors
that rescue the impaired vasculature (Borlongan et al., 2004)
may play a crucial role in the attenuation of TBI-induced
hypoperfusion in both the extent and duration observed in the
cell-treated animals.

Ventricular expansion, a structural equel of TBI, reflects
global atrophy of the brain (Bigler et al., 1987; Ng et al., 2008).
To track in vivo the evolution of this morphological abnor-
mality after TBI and compare the temporal profiles between
two groups, the lateral ventricles visualized by T2 map were
measured in the same structural location at each scan time
point for all animals (Fig. 2). Both 3D images and T2 maps
were used to accurately delineate the expanded ventricles
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without contamination of cortical lesion (Fig. 1). As expected,
our CCI model produced severe TBI with high incidence of
intracranial hemorrhage and pronounced cerebral atrophy as
evidenced by notable dilated ventricles (Fig. 2). Our quanti-
tative results showed that treatment with hMSCs led to sig-
nificantly less enlargement of ventricle size in both the
ipsilateral and contralateral sides of the injured brain (Fig.
2L]J). The cell transplantation not only significantly reduced
the magnitude, but also the longitudinal rate of ventricular
dilation after TBI (Fig. 2LJ). Thus, cerebral tissue was pre-
served at a relatively early stage as a result of cell therapy. We
also noted that the reduced structural abnormality, as evi-
denced by diminished ventricular expansion, was accompa-
nied by improved functional status (compare Fig. 2I,] with
Fig. 5A). Volumetric studies demonstrate that regional and
global cerebral atrophy is related to unfavorable functional
outcomes (Bigler et al., 1997; Blatter et al., 1997; Sidaros et al.,
2009), whereas more tissue preservation is associated with
better recovery (Wilde et al., 2005). Mechanisms that may
account for cerebral tissue shrinkage after TBI include pro-
gressive neuronal loss (Immonen et al., 2009a; Smith et al.,
1997) and diffuse axonal injury (Bigler, 1987; Ding et al., 2008;
Mamere et al., 2009; Sidaros et al., 2009). As found in the
present study, MSCs diminish hemodynamic abnormalities
(Fig. 3G) by early restoration of blood flow perfusion to de-
liver oxygen and glucose, which may rescue neurons at risk
from energy deprivation (Immonem et al., 2010). The ability of
MSCs to facilitate vascular remodeling (Borlongan et al.,
2004), to enhance neurogenesis (Mahmood et al., 2004b), to
protect neurons (Wilkins et al., 2009) and to support axonal
regeneration (Ankeny et al.,, 2004), which in turn moderate
neuropathological change and white matter degeneration,
may contribute to tissue preservation (Fig. 2I,J) and conse-
quent recovery of functional outcome (Fig. 5A) after TBL

Correlative analysis showed that the extent of TBI-induced
hypoperfusion and ventricular expansion appeared inde-
pendent of the focal lesion volume, indicating the nature of
generalized effect of secondary events after TBI. While cell
transplantation did not affect the lesion volume (Fig. 1E), the
intervention significantly reduced hypoperfusion area (Fig.
3G) and retarded ventricular dilation (Fig. 2L]). It was of in-
terest to note that these beneficial effects were detected not
only in the hemisphere ipsilateral to the impact lesion, but also
concurrently in the hemisphere contralateral to the injury site
where the grafted cells were seldom found in the host brain
(Lu et al., 2001; Mahmood et al., 2001, 2003).

Consistent with the histological findings (Lu et al., 2001;
Mahmood et al., 2001, 2003), our dynamic observations
demonstrate that systemically administrated hMSCs migrate
into the brain within 1 week after engraftment and preferen-
tially accumulate and surround the injured tissue area (Fig. 4).
Although only a small percentage of the injected cells entered
the parenchyma of the brain (Lu et al., 2001; Mahmood et al.,
2001, 2004a), with the majority of them locating in the re-
stricted regions regulated by the injury (Li et al., 2010), the
action of these small amounts of cells led to a relatively
widespread modification of hemodynamic and structural
abnormalities in the traumatized brain (Figs. 2 and 3). The
current findings support the concept that the numbers of
transplanted hMSCs appear highly insufficient to replace
damaged tissues, but provide an in vivo source of cytokines
and trophic factors under the influence of the injured tissue
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that activate endogenous restorative and regenerative pro-
cesses (Chopp and Li, 2006; Opydo-Chanek, 2007; Parr et al.,
2007), resulting in enhanced post-injury brain remodeling.
Our in vivo measurements illustrate that these cell-induced
repairing and healing processes could influence the brain re-
gions distant from the location where the grafted cells pre-
dominantly gathered. Cell transplantation, therefore, has the
potential to offer an effective therapy targeted for attenuation
of secondary injury after TBI that diffusely affects brain.

In summary, treatment with hMSCs following TBI di-
minishes hemodynamic abnormalities by early restoration
and preservation of CBF in the brain regions adjacent to and
remote from the impact site, and reduces generalized cerebral
atrophy, all of which may contribute to the observed im-
provement of functional outcome.
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