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Abstract
We treated traumatic brain injury (TBI) with human bone marrow stromal cells (hMSCs) and
evaluated the effect of treatment on white matter reorganization using MRI. We subjected male
Wistar rats (n = 17) to controlled cortical impact and either withheld treatment (controls; n = 9) or
inserted collagen scaffolds containing hMSCs (n = 8). Six weeks later, the rats were sacrificed and
MRI revealed selective migration of grafted neural progenitor cells towards the white matter
reorganized boundary of the TBI-induced lesion. Histology confirmed that the white matter had
been reorganized, associated with increased fractional anisotropy (FA; p <0.01) in the recovery
regions relative to the injured core region in both treated and control groups. Treatment with
hMSCs increased FA in the recovery regions, lowered T2 in the core region, decreased lesion
volume and improved functional recovery relative to untreated controls. Immunoreactive staining
showed axonal projections emanating from neurons and extruding from the corpus callosum into
the ipsilateral cortex at the boundary of the lesion. Fiber tracking (FT) maps derived from
diffusion tensor imaging confirmed the immunohistological data and provided information on
axonal rewiring. The apparent kurtosis coefficient (AKC) detected additional axonal remodeling
regions with crossing axons, confirmed by immunohistological staining, compared with FA. Our
data demonstrate that AKC, FA, FTand T2 can be used to evaluate treatment-induced white matter
recovery, which may facilitate restorative therapy in patients with TBI.
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INTRODUCTION
Traumatic brain injury (TBI) is a significant factor in human morbidity. As many as 50 000
Americans die from TBI each year, and an equal number become disabled (1). Treatment
has primarily focused on acute therapeutic intervention to reduce cellular damage and brain
edema (2); however, currently available techniques cannot repair biostructural damage to the
neurons. New strategies designed to enhance functional recovery after TBI and stroke using
pharmacological and cell-based neurorestorative techniques have shown promising results in
animals, promoting functional recovery and brain remodeling (3,4). The administration of
bone marrow stromal cells (MSCs) after TBI in rats improved significantly motor, sensory,
modified neurological severity score (mNSS), and learning and memory tests compared with
nontreated rats within days to weeks after treatment (3,4).

Therapeutic benefit may depend on the migration and localization of grafted cells within the
target tissue (5). Our current understanding of the migration of transplanted cells within the
brain has been derived mainly from regional measurements of cell grafts using histological
and immunohistological methods (6); however, these techniques do not allow the dynamic
assessment of graft migration, and only one measurement can be performed per animal. MRI
offers excellent anatomical resolution and specificity, as labeled contrast agents can target
specific cells directly (7–9). Several researchers have reported the visualization of
magnetically labeled cells in the brain after transplantation (7–9). However, dynamic MRI
evaluation of cell migration and distribution has seldom been applied to TBI. In the current
study, we used MRI to investigate dynamic changes in labeled cells and white matter
reorganization after TBI.

Although a few groups have demonstrated that MRI can detect noninvasively the migration
of labeled cells in the brain, we know of no systematic and dynamic study of the effects of
cell therapy on brain tissue, such as neuronal remodeling and functional recovery. The
functional outcome of TBI cannot be explained by focal pathology alone (10), and diffuse
axonal injury (DAI) and reorganization are primary contributors to neurocognitive deficits
and recovery, respectively (11–13). The ability to define precisely the extent of axonal
injury and recovery immediately after the brain is injured remains a major diagnostic
challenge, because these injuries are seldom visible on computed tomography or
conventional T1- and T2-weighted MRI (14,15). Over the past few years, diffusion tensor
MRI (DTI) has been found to have potential benefit in the assessment of DAI after brain
injury (11,12) and has often been applied successfully (11–13), suggesting that this method
could improve our understanding of brain injury and improve the diagnosis in these patients.
DTI has reportedly revealed reduced fractional anisotropy (FA) in major white matter tracts
in the central areas of the brain (11,12). The treatment of brain injury with MSCs after
stroke promotes axonal remodeling and increases oligodendrocyte formation (remyeli-
nation) (16,17). Thus, FA may also be helpful for the assessment of white matter remodeling
after TBI. However, when white matter fiber tracts lie across each other, conventional DTI
is unable to resolve multiple overlapping fibers and merely shows an overall lowering in FA,
because of the assumption of Gaussian diffusion inherent to the tensor model (18–20).
Recently, it has been shown that, in brain regions containing fiber crossing, the MR
diffusion signal has a significant multimodal structure, in clear disagreement with the
conventional tensor model (19,21–23). Solving the orientation distribution function (ODF),
which is used to describe the directionality of multimodal diffusion in regions with complex
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fiber architecture (22,24), can detect crossing fibers more accurately (21–23); this involves a
complex set of q-space DTI (q-DTI) analysis, including diffusion spectrum imaging (DSI)
(21), q-ball (22) and persistent angular structure MRI (PASMRI) (23). In addition,
diffusional kurtosis has been introduced as a quantitative measure of the degree to which the
diffusion displacement probability distribution deviates from a Gaussian form, and MRI
diffusional kurtosis imaging (DKI) has been described to measure this quantity (25,26).
Indeed, DKI has been shown recently to provide the information necessary to solve the ODF
(27), whereas the apparent kurtosis coefficient (AKC) can provide additional information on
neural tissue microarchitecture (28). In the current study, we investigated the effects of MSC
treatment on the migration and distribution of MSCs and neuronal remodeling using MRI.
Our data demonstrated that MRI is capable of noninvasively monitoring cell migration and
distribution, as well as brain tissue remodeling, which has the potential to enhance
functional recovery.

MATERIALS AND METHODS
All experimental procedures were approved by the Institutional Animal Care and Use
Committee and the Institutional Review Board of Henry Ford Hospital.

Cell labeling, and collagen scaffold and human MSC (hMSC) preparation
The hMSCs were provided by Theradigm (Baltimore, MD, USA). Ferumoxide suspension
(Feridex IV; Berlex Laboratories, Wayne, NJ, USA), at a concentration of 50 μg/mL was
placed in a mixing flask containing serum-free RPM1 1640 medium (Biosource, Camarillo,
CA, USA), N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES) (25 mM),
minimum essential medium (MEM), nonessential amino acids, sodium pyruvate and L-
glutamine, and protamine sulfate (American Pharmaceuticals Partner, Schaumburg, IL,
USA), at a concentration of 5 μg/mL was added. The ferumoxide and protamine sulfate
were mixed for 5–10 min, intermittently shaking the flask by hand. Then, an equal volume
of a solution containing ferumoxide–protamine sulfate complexes was added to the cell
culture, which was incubated overnight. The labeled hMSCs were suspended in phosphate-
buffered saline prior to injection.

Ultrafoam scaffolds made of collagen type I (Davol, RI, USA) were soaked overnight in
culture medium consisting of Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum, 100 U/mL penicillin, 100 μg/mL streptomycin, 0.1 mM nonessential amino
acids and 1 ng/mL basic fibroblast growth factor (Life Technologies, Rockville, MD, USA),
and then aseptically transferred to a sterile 50-mL centrifuge tube, allowing the scaffold to
settle at the bottom of the tube. Following trypsinization, hMSCs were transferred gently
into 200 μL of culture medium, and then another 100 μL was applied twice to opposite sides
of the scaffold. The scaffold and cell solution were incubated for 30 min in a humidified
incubator to facilitate primary cell seeding, after which the centrifuge tubes were placed in a
humidified incubator, together with 3 mL of culture medium, and incubated overnight until
scaffold implantation.

Animal model and experiment
Wistar rats (n = 17), weighing 270–300 g, were injured via controlled cortical impact
(29,30) and either left untreated (n = 9) or injected with the collagen scaffold plus 3 × 106

hMSCs (31) (n = 8). The scaffolds with a three-dimensional lattice can better support cells
as a temporary extracellular matrix after transplantation, but do not have a significant effect
on the functional outcome when compared with saline injection (31,32). The scaffold was
transplanted into the core of the lesion 7 days after TBI. During surgery and hMSC
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injection, animals were anesthetized with 3.5% halothane and maintained with 1.0–2.0%
halothane in N2O : O2 (2 : 1).

MRI measurements
MRI measurements were obtained using a 7-T, 20-cm-bore superconducting magnet
(Magnex Scientific, Abingdon, Oxford-shire, UK) interfaced with a Bruker console
(Billerica, MA, USA). The 12-cm-bore actively shielded gradient coil set is capable of
producing magnetic field gradients up to 20 G/cm. A saddle radiofrequency coil was used as
the transmitter and a surface coil as the receiver. Stereotaxic ear bars were used to minimize
movement during the imaging procedure. Anesthesia was maintained during MRI using a
mixture of N2O (69%), O2 (30%) and halothane (0.75–1%). The rectal temperature was kept
at 37 ± 0.5 °C using a feedback-controlled water bath. A tri-pilot scan of the imaging
sequence was used to ensure reproducible positioning of the animal in the magnet for each
session. MRI measurements, FA, T2 and three-dimensional MRI were performed before, 2
days and 1, 2, 3, 4 and 5–6 weeks after TBI. Ex vivo DTI was performed on two treated
animals 1 day after death, or 6 weeks after TBI.

Measurement of DTI—DTI was measured using the Stejskal–Tanner sequence with two b
values (10 and 1200 s/mm2) in each of six diffusion sensitizing directions, 13 slices, 1-mm
slice thickness, 32-mm field of view, 128 × 64 matrix, TR = 1.5 s and TE = 40 ms. Each
scan took 3.2 min, and the entire sequence took about 19.2 min.

Measurement of T2—T2 was measured using standard two-dimensional Fourier
transform multislice multi-echo MRI. Four sets of images (13 slices per set) were obtained
using TEs of 20, 40, 60 and 80 ms and TR of 3 s. Images were produced using a 32-mm
field of view, 1-mm slice thickness and 128 × 64 image matrix. The entire sequence took
about 3.2 min.

High-resolution three-dimensional measurements—Three-dimensional gradient-
echo images were obtained with TR = 40 ms, TE = 10 ms, flip angle of 30° and 32 × 32 ×
16 mm3 field of view. The 256 × 192 × 64 voxel matrix was interpolated to 256 × 256 × 64
voxels (0.125 × 0.125 × 0.25 mm3) for analysis.

Ex vivo q-DTI measurement—q-Ball-based DTI was performed using a pulsed gradient
spin-echo sequence with the following parameters: field of view, 32 mm; four signal
average, 128 × 128 imaging matrix; 1-mm slice thickness with 16 slices; TR = 1.5 s; TE =38
ms; δ = 12 ms; Δ = 20 ms; 128 diffusion attenuated directions with b = 1500 s/mm2 for each
slice (23); total acquisition time, ~27 h.

Ex vivo DKI measurement—DKI data were acquired using a pulsed gradient spin-echo
sequence with the following parameters: field of view, 32 mm; four signal average, 128 ×
128 imaging matrix; 1-mm slice thickness with 16 slices; TR = 1.5 s; TE = 50 ms; δ = 18
ms; Δ = 25 ms; 29 diffusion attenuated weighted images with b = 2500, 2000, 1500, 1000
and 500 s/mm2 for each slice (25,26); total acquisition time, ~31 h.

Histological analysis
Tissue preparation and Prussian blue staining—The brain was rapidly removed
after final MRI (6 weeks after TBI) and perfused with heparinized saline. To detect
superparamagnetic labeled hMSCs in the brain, sections were stained for iron using Prussian
blue. Coronal sections were incubated for 30 min with 2% potassium ferrocyanide (Perl’s
reagent) in 6% HCl, washed and counterstained with nuclear fast red (9).
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Immunohistochemistry—To detect any changes in cerebral white matter,
immunohistochemistry was performed on paraffin-embedded coronal sections (6 μm). The
axonal fiber tracts were examined using a combination of Nissl and silver stains
(Bielshowsky staining) (33). Bielshowsky staining was used to show the axons and Luxol
fast blue (34) staining for myelin. For Bielshowsky staining, we placed slides in 20% silver
nitrate in the dark, added ammonium hydroxide until the tissues turned brown with a gold
background, and then added sodium thiosulfate. Finally, the slides were stained in Luxol fast
blue, washed in 95% alcohol and placed in lithium carbonate. Nuclei are colorless, myelin is
blue and axons are black.

Functional outcome
The mNSS (35) was determined by observers blind to the treatments at 1 day and 1, 2, 3, 4,
5 and 6 weeks after TBI, and a modified Morris water maze test (36) was performed at 38,
39, 40, 41 and 42 days after TBI.

Data analysis
The FA and fiber tracking (FT) data were analyzed using DTI studio software (37). We
analyzed q-DTI using Camino (23,38) and estimated AKC from the DKI data using
diffusional kurtosis estimator software provided by Drs Jensen and Helpern. T2 was
calculated on a pixel-by-pixel basis (13). The injured lesion was identified in the T2 maps at
different time points after TBI using the threshold T2 value of the mean + 2 standard
deviations from the T2 value measured in the ipsilateral hemisphere on T2 maps obtained
pre-TBI. The injured core was identified from the injured lesion 6 weeks after TBI. Lesions
seen on the T2 maps were always smaller 6 weeks after TBI compared with 2 days;
therefore, the second region of interest (ROI), the recovery area, was identified by
subtracting the injured core observed 6 weeks after TBI from the lesion seen on the T2 maps
2 days after TBI.

Statistics
Observations are presented as the mean ± standard error. To study the regional effect on
MRI measurements (injured core versus recovery ROIs), double repeated measure analysis
of variance (ANOVA) was employed, including the dependent factors of region and time of
assessment within a given subject and the independent factor of treatment. To test the effect
of treatment on MRI parameters, ANOVA was conducted with the dependent factor of time
and the independent factor of treatment. A two-sample t-test was performed to test the effect
of treatment on MRI measurements.

RESULTS
MRI tracking of labeled cells after TBI

The migration and distribution of hMSCs after TBI in a representative treated rat brain are
shown in Fig. 1. No obvious signal hypointensities were detected before hMSC
transplantation of MSCs (2 days); however, the same rat exhibited signal hypointensity
(representing labeled cells) around the boundary of the TBI core (arrowheads) 9 days after
TBI (2 days after implantation). A similar signal hypointensity was observed 1 week after
implantation, together with increased hypointense areas in the injured core. By 3–6 weeks
after TBI, the core lesion had gradually decreased and the areas of signal hypointensity
representing labeled cells merged together, with the labeled cells moving towards the center
of the brain along the corpus callosum (arrowheads). The areas of signal hypointensity seen
on MRI were not detected in the contralateral hemisphere at any time after transplantation (9
days to 6 weeks). Sections obtained from the same rat 6 weeks after TBI (C–E, D and E
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from the boxed areas in C) showed clusters of Prussian blue-stained cells around the
boundary of the lesion and corpus callosum (D and E, arrowheads), consistent with the
findings on MRI.

In order to confirm that the blue cells were indeed hMSCs and not iron particles that had
undergone phagocytosis by microglia or macrophages, we performed double staining with
an antibody against human mitochondria and Prussian blue. hMSCs were identified by
antibodies against human mitochondria (red cells in Fig. 2A, C; arrows) and iron particles
were labeled by Prussian blue (dark black cells in Fig. 2B; arrows). These Prussian blue-
labeled hMSCs localized to the boundary region had single nuclei indicated by 4′,6-
diamidino-2-phenylindole (A and C, blue) and did not exhibit microglia/macrophage
morphology.

Quantitative characterization of white matter reorganization based on MRI parameters
Damaged areas were measured on the T2 maps in both treated and control groups. The
damaged areas in the treated group decreased significantly (p <0.05) by 3–6 weeks when
compared with those in the control group.

FA and T2 were measured in the injured core and recovery area based on relative changes
from normal values in the core and recovery ROIs. Figure 3 shows temporal profiles of the
relative FA (Fig. 3A) and T2 (Fig. 3B) from the core and recovery ROIs of treated and
control groups before and after TBI. There was no difference between T2 and FA 2 days
after TBI. The mean relative values of the core FA remained low (<1) within 6 weeks after
TBI in both control and treated groups; however, the mean relative values of FA in the
recovery ROIs gradually increased (p <0.01 at 1–6 weeks) over a 6-week period in both
groups (Fig. 3A). The treated group revealed large increases in FA in the recovery region
soon after treatment compared with the control group, and differences were detected at 6
weeks after TBI (p <0.05). There were no significant differences in core FA between treated
and control groups.

T2 exhibited a different temporal profile from FA (Fig. 3B). The mean relative T2 values in
both treated and control groups remained low or decreased in the recovery ROI, compared
with the continuous increase in relative T2 values in the core ROI, from 1 to 6 weeks after
TBI. Differences between core and recovery ROIs in both treated and control groups were
statistically significant (p = 0.044 at 2 weeks in the treated group and p <0.001 at other time
points 2–6 weeks in both the treated and control groups.). Core T2 values were elevated
significantly in controls compared with the treated group (p <0.01 at 2 and 3 weeks and p
<0.05 at 4 and 6 weeks after TBI); however, there were no significant differences in the
relative T2 values in the recovery ROIs between treated and control groups.

The functional mNSS behavioral test was performed on both hMSC-treated and control rats
at 1, 7, 14, 21, 28, 35 and 42 days after TBI. No significant difference was detected at 1 day
(baseline) (Fig. 4A); however, there was a significant therapeutic effect on functional
recovery at 3 (p =0.021), 4 (p = 0.017), 5 (p =0.015) and 6 weeks (p <0.001) after TBI. The
functional Morris water maze test revealed a significant therapeutic effect on functional
recovery 39–42 days after TBI (p <0.001) (Fig. 4B).

Visualization of white matter reorganization after MSC treatment
Figure 5 shows in vivo trace apparent diffusion coefficient (ADC) and FA maps from 2 days
to 6 weeks after TBI in the same treated animal as shown in Fig. 1 (Fig. 5A), and
corresponding ex vivo FA, radial (λ⊥) and axial (λ||) diffusivity, AKC, FT, Gaussian and q-
ball fiber orientation direction (FD) maps (Fig. 5B), and Bielshowsky and Luxol fast blue
images (Fig. 5C–G) from the fixed animal brain 6 weeks after TBI. White matter
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reorganization after MSC treatment, confirmed by an increase in axons (C–G, black) and
myelination (C–G, blue), coincided with increases in FA (Fig. 5B, FA; Fig. 5D, red
arrowheads) in the extended region of the corpus callosum surrounding the lesion. The white
matter reorganized regions corresponded well with the labeled cells shown in Fig. 1 and
were separated by the lesion (Fig. 5B, arrowheads). The FA maps thus raised the question of
how the separated areas of white matter were able to re-establish connectivity. The FT map
derived from DTI (Fig. 5B, FT) revealed connections between the white matter reorganized
regions separated by the TBI lesion (Fig. 5B, colored lines and arrowheads). These
connections corresponded visually with the white matter reorganized region on the ex vivo
coronal FA map (Fig. 5B, ex vivo coronal FA, arrow/arrowheads). The AKC map revealed
increased AKC not only at the boundary of the lesion, as shown on the FA map, but also at
the base of the lesion (yellow arrow), where fiber crossings of axons were confirmed by the
q-ball fiber orientation map (Fig. 5B, yellow arrows) and the Bielshowsky and Luxol fast
blue images (Fig. 5D, yellow arrowheads; Fig. 5F, arrowheads). The fiber orientation map
derived from Gaussian DTI (Fig. 5B, Gaussian FD) did not provide any information about
fiber crossings. The diffusivity maps gave complementary information; the white matter
tracks exhibited decreased radial diffusivity (Fig. 5B, λ⊥, arrowheads) and increased axial
diffusivity (Fig. 5B, λ2, arrowheads).

DISCUSSION
Using MRI, we investigated white matter reorganization after TBI with and without hMSC
treatment, which was found to increase functional recovery and white matter reorganization,
as reflected by increased FA. White matter reorganization was located primarily in the
extended area of the corpus callosum and co-localized with labeled cells. The damaged
corpus callosum re-established axonal connectivity along the boundary of the lesion, which
can be monitored by DTI-based FT. Although FA showed promise, it could not detect early
white matter reorganization with prominent crossing axons. Conversely, AKC was able to
detect early axon reorganization. These novel results demonstrate that MRI can be used to
dynamically investigate white matter reorganization.

We found that white matter became reorganized after TBI, especially in the extended area of
the corpus callosum. TBI induces molecular and cellular changes at the boundary of the
injury and in remote regions of the brain, including proliferation and differentiation of
neural stem and progenitor cells, migration of neuroblasts to the boundary of the lesion and
unmasking of previously inhibited connections (16,39–41). Axonal sprouting in the healthy
brain is inhibited, a process controlled by myelin-associated proteins, extracellular matrix
proteins and growth cone inhibitors. Injury induces axonal sprouting (16,40,42–44), new
synaptic connections and myelination in both injured and neighboring regions (45). MSC
treatment of ischemic damage increases significantly both progenitor and mature
oligodendrocytes in the ipsilateral hemisphere (16). Oligodendrocytes generate myelin and
contribute to the integrity of white matter tracts in the brain. The stimulation and
amplification of these cells may lead to the restructuring of axons and myelin. White matter
architecture at the boundary of the injury is altered by MSC treatment, and axonal density in
the peri-infarct area is increased significantly in treated animals (13,16).

Although DTI has been applied to post-TBI injury (11,12), previous investigations have
focused primarily on the detection of white matter damage rather than the effects of white
matter reorganization on recovery. The current study demonstrates the ability of MRI to
detect not only white matter damage, but also reorganization after MSC treatment. FA was
able to monitor well-organized white matter recovery, and similar results have been
described for the detection of white matter recovery after cell-based treatment of stroke (13).
However, our data demonstrate that FA is unable to detect white matter reorganization when
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the white matter fiber bundles cross. The inability of conventional DTI metrics to resolve
multiple fiber directions derives from the assumption of Gaussian diffusion inherent to the
diffusion tensor model (18–20). Conversely, DKI quantifies non-Gaussian water diffusion in
tissue. AKC derived from DKI provides a quantitative means of assessing tissue
microstructure, such as cellular compartments and membranes, and is more sensitive to
axonal density than orientation. We determined that AKC is superior to FA in the detection
of white matter reorganization with prominent crossing axons; moreover, it is sensitive to
early stages of white matter reorganization (more crossing fibers) and increases significantly
compared with the relatively low FA. However, both AKC and FA show a similar pattern if
the white matter bundle is well organized in a single direction. A combination of AKC and
FA may provide information about the stage of white matter reorganization in the injured
brain: increased AKC in the absence of elevated FA would represent an early stage of
recovery, as typified by random crossing fibers, whereas increased FA would identify more
mature linear fibers.

Our data reveal that white matter reorganization is located primarily in the extended region
of the corpus callosum and appears to promote cortical reorganization after TBI. The corpus
callosum is the largest white matter structure in the mammalian brain and acts as a bridge
connecting the two hemispheres. There is substantial evidence that injury-related lesions
induce prolonged projections between hemispheres, as well as extending into the cortex
(46,47). Our data show a marked increase in FA in the white matter extending from the
corpus callosum to the boundary of the lesion, suggesting that hMSC treatment facilitates
white matter changes involving the corpus callosum. In addition, DTI FT data show that the
overall direction of axons at the boundary of the lesion is oriented differently from and
rotates relative to the contralateral site in the normal brain, so that DTI can detect re-
established connectivity around the lesion.

The anatomical basis for the increase in white matter changes and re-established
connectivity is unknown; however, several factors may be involved. First, the white matter
recovery region may undergo axonal sprouting, thereby forming new connections with other
neurons in order to promote functional recovery, as observed in the extended region of the
corpus callosum. Second, astrocytes may play an important role in changes in axonal
orientation. The direction of axons may depend on the orientation of the reactive astrocytic
fibers (48). Communication between neurons and glia is essential for axonal conduction,
synaptic transmission and information processing, and is required for normal functioning of
the nervous system during childhood and adolescence and throughout adult life (49).
Astrocytes regulate the environment around neurons, including ion fluxes,
neurotransmitters, cell adhesion molecules, specialized signaling molecules and a wide
range of neuronal growth factors (49). By releasing neurotransmitters and other extracellular
signaling molecules, astrocytes can affect neuronal excitability and synaptic transmission,
and coordinate activity across networks of neurons (49). The secretion of neurotrophins
from hMSCs (50) may promote a permissive local astrocytic biochemical microenvironment
that supports axonal regeneration at the boundary of the lesion. Third, oligodendrocytes may
play an important role in white matter reorganization. Cell-based treatment of ischemic
damage increases significantly both progenitor and mature oligodendrocytes, as well as
synaptic proteins, in the ipsilateral hemisphere of the ischemic brain (16,51).
Oligodendrocytes generate myelin and contribute to the integrity of white matter tracks in
the brain. The stimulation and amplification of these cells could lead to the restructuring of
axons and myelin. White matter architecture at the ischemic boundary is altered by cell-
based treatment, and axonal density in the peri-infarct area is reportedly increased
significantly in treated animals (13,16,52). Fourth, a scar may form a wall around the lesion,
preventing axons from entering the injured region and forcing them to re-establish new
connections along the boundary. Indeed, our FT data showed that reorganized axons
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changed orientation along the boundary of the lesion, and this was confirmed by
immunohistological staining. Previous investigations have also shown that MSC treatment
makes the scar wall thinner and reduces the number of microglia and macrophages within
the wall (16). Although the relationship between axonal remodeling and the scar wall
remains unclear, our data clearly demonstrate that DTI with FT algorithms can monitor
noninvasively changes in orientation of white matter.

In our study, the labeled hMSC distribution corresponded to the region of white matter
reorganization. One concern was that the detection of labeled hMSCs using Prussian blue
staining could be confounded by the phagocytosis of iron particles by labeled microglia and
macrophages; nevertheless, double staining with an antibody against human mitochondria
and Prussian blue confirmed that most of the labeled cells detected were, indeed, hMSCs.
Although we do not know how hMSCs affect white matter reorganization, functional
recovery may be related to the activation of endogenous restorative mechanisms in the brain
(53), rather than the replacement of dead neurons as originally proposed (54). MSCs are
localized to the boundary of the lesion (3,4) and probably undergo complex cell–cell
interactions, possibly similar to those that occur during embryonic development (55). MSCs
survive in the injured brain and act as small molecular ‘factories’ that continue to secrete an
array of trophic growth factors, including basic fibroblast growth factor, nerve growth
factor, epidermal growth factor, transforming growth factor-β, vascular endothelial growth
factor, insulin-like growth factor and brain-derived neurotrophic factor (3,4,56). More
importantly, MSCs can stimulate neurotrophins and growth factors, including basic
fibroblast growth factor, vascular endothelial growth factor and brain-derived neurotrophic
factor, within parenchymal cells in response to injury (3,4,57). MSC-induced changes in
trophic growth factors may affect the migration of neuroblasts, synaptogenesis and axonal
reorganization, and thus promote functional recovery (3,4,57). In the current study, the most
probable site of white matter recovery was the corpus callosum, where the labeled MSCs
became aggregated and could have promoted white matter reorganization by the
amplification of endogenous processes (16,17).

Our T2 measurements provided complementary information that aided in the detection of
white matter recovery. T2 values remained lower in the recovery region than in the injured
core. Elevated T2 after TBI correlated with the severity of tissue damage and the
development of edema (58–60). The relatively lower values of T2 in the reorganized white
matter may reflect enhanced recovery, whereas the decrease in T2 in the core may reflect the
effect of MSC treatment on edema. Measurements of the lesion volume on T2 maps also
showed a decrease as a result of treatment. Several studies have shown that effective
treatment improves functional recovery without reducing lesion volume (51,61,62);
however, our results are consistent with others showing reduced lesion volume and
functional recovery after treatment (16,63). Although T2 maps cannot identify reorganized
white matter, they provide additional information that complements the FA and AKC data,
and can help to characterize the status of tissue injury with and without white matter
recovery.

CONCLUSIONS
Our data indicate that MRI can be used to identify white matter damage and recovery after
TBI. FA, T2 and AKC can evaluate white matter recovery following MSC treatment, which
is evident in the extended region of the corpus callosum and co-localized with the labeled
cells. Changes in AKC and FA in the reorganized white matter may provide information
about the stage of white matter reorganization. Of these methods, AKC, FA and FT appear
to be most useful for the identification of white matter recovery status, rewiring and
location, and T2 provides complementary information that can help to characterize tissue
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injury related to edema. Our data suggest that AKC, FA and FT are important
methodologies for potential application to the restorative therapy of patients with TBI.
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Abbreviations used

ADC apparent diffusion coefficient

AKC apparent kurtosis coefficient

ANOVA analysis of variance

DAI diffuse axonal injury

DKI diffusional kurtosis imaging

DSI diffusion spectrum imaging

DTI diffusion tensor MRI

FA fractional anisotropy

FD fiber orientation direction

FT fiber tracking

HEPES N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid

hMSC human bone marrow stromal cell

MEM minimum essential medium

mNSS modified neurological severity score

MSC bone marrow stromal cell

ODF orientation distribution function

PASMRI persistent angular structure MRI

q-DTI q-space DTI

ROI region of interest

TBI traumatic brain injury

λ⊥ λ||, radial and axial diffusivity
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Figure 1.
Labeled cell migration and distribution after bone marrow stromal cell (MSC) treatment of
traumatic brain injury (TBI). (A, B) Three-dimensional MRI (A) and T2 (B) maps from 2
days (5 days before labeled MSC injection) to 6 weeks after TBI. (C–E) Prussian blue-
stained sections (D and E from the boxes in C) obtained from the same rat 6 weeks after
TBI, showing clusters of blue cells around the boundary of the lesion and the corpus
callosum (D, E, blue cells, red arrowheads), as demonstrated by three-dimensional MRI (A,
6 weeks, red arrowheads).
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Figure 2.
Identification of labeled human bone marrow stromal cells (hMSCs). Immunofluorescent
staining shows human mitochondrial cells (A, red, arrows) positive for Prussian blue (PB)
(B, arrows). (C) Merging of (A) and (B). Nuclei were stained with 4′,6-diamidino-2-
phenylindole (dapi) (blue). Bar, 20 μm.
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Figure 3.
(A, B) Quantitative characterization of MRI parameters in traumatic brain injury (TBI)-
damaged tissue with and without human bone marrow stromal cell (hMSC) treatment. The
graphs show the evolution of changes in fractional anisotropy (FA) and T2 with and without
scaffold + hMSC treatment of TBI. Significant differences were detected in FA (p <0.05 at 6
weeks in the recovery region) and T2 (p < 0.01 at 2 and 3 weeks and p <0.05 at 4 and 6
weeks in the core region) between treated and nontreated groups. *p <0.05 and **p <0.01
comparing treated and nontreated groups.
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Figure 4.
Functional recovery after bone marrow stromal cell (MSC) treatment of traumatic brain
injury (TBI). The graphs show the functional improvement as detected with the modified
neurological severity score (mNSS, A) and modified Morris water maze test (B). *p <0.05
and **p <0.01 comparing treated and nontreated groups.
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Figure 5.
MRI detection of white matter remodeling after bone marrow stromal cell (MSC) treatment
of traumatic brain injury (TBI). Evolution of in vivo trace apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) maps (A), corresponding ex vivo FA, radial (λ⊥) and
axial (λ||) diffusivity, apparent kurtosis coefficient (AKC), fiber tracking, Gaussian and q-
ball fiber orientation maps (B), and Bielshowsky and Luxol fast blue immunoreactive
staining images (C–G) measured in the fixed animal brain. (D–G) High-magnification
images from the areas shown in the box in (C) as indicated in the top right-hand corners of
(D)–(G).
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