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Abstract

Vascular permeability and hemodynamic alteration in response to the transplantation of human
bone marrow stromal cells (hMSCs) after traumatic brain injury (TBI) were longitudinally
investigated in non directly injured and normal-appearing cerebral tissue using magnetic resonance
imaging (MRI). Male Wistar rats (300-350¢g, n=30) subjected to controlled cortical impact TBI
were intravenously injected with 1 ml of saline (at 6-hours or 1-week post-injury, n=5/group) or
with hMSCs in suspension (~3x108 hMSCs, at 6-hours or 1-week post-injury, n=10/group). MRI
measurements of T2-weighted imaging, cerebral blood flow (CBF) and blood-to-brain transfer
constant (Ki) of gadolinium-diethylenetriamine pentaacetic acid (Gd-DTPA), and neurological
behavioral estimates were performed on all animals at multiple time points up to 3-months post-
injury. Our long-term imaging data show that blood-brain barrier (BBB) breakdown and
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hemodynamic disruption after TBI, as revealed by Ki and CBF, respectively, affect both
hemispheres of the brain in a diffuse manner. Our data reveal a sensitive vascular permeability and
hemodynamic reaction in response to the time-dependent transplantation of hMSCs. A more rapid
reduction of Ki following cell treatment is associated with a higher level of CBF in the injured
brain, and acute (6h) cell administration leads to enhanced therapeutic effects on both the recovery
of vascular integrity and stabilization of cerebral perfusion compared to delayed (1w) cell
engraftment. Our results indicate that cell-enhanced BBB reconstitution plays an important role in
underlying the restoration of CBF in the injured brain, which in turn, contributes to the
improvement of functional outcome.

Traumatic brain injury; Bone marrow stromal cells; Intervention; Vascular permeability; Cerebral
blood flow; MRI

1. Introduction

Traumatic brain injury (TBI) is a serious public health problem worldwide and a major
cause of mortality and morbidity in the young population (Rutland-Brown et al., 2006;
Thurman et al., 1999). TBI not only produces primary insult, but also triggers a cascade of
secondary pathologic events on the cellular and molecular levels, continuing to damage the
brain. Despite extensive efforts over the past decades, no treatment is currently available that
can effectively prevent or reverse the damage caused by secondary pathologies following
TBI. Nevertheless, our understanding of the complex pathobiology of TBI has improved
substantially. A number of factors that are involved in secondary brain injury have been
identified, and increased cerebrovascular permeability and disturbed cerebrovascular
perfusion by TBI are believed among the crucial ones (Chodobski et al., 2011; DeWitt and
Prough, 2003; Shlosberg et al., 2010).

Experimental and clinical studies have shown that early blood-brain barrier (BBB)
breakdown (Su et al., 2015; Tomkins et al., 2008; Yang et al., 2013) and hypoperfusion
(Honda et al., 2016; Kaloostian et al., 2012; Kelly et al., 1997; Li et al., 2012; Stein et al.,
2011; Ziegler et al., 2016) after TBI are associated with poor neurological outcome,
indicating the detrimental role of BBB dysfunction and circulatory derangement in the
pathophysiology of TBI. These vascular and hemodynamic abnormalities, which could last
years following the trauma (Korn et al., 2005; Newsome et al., 2012; Tomkins et al., 2008),
are not exclusively restricted within the ipsilateral hemisphere, but are heterogeneously
present in both hemispheres of the injured brain (Beaumont et al., 2000; Dietrich et al.,
1998; Hayward et al., 2011; Hendrich et al., 1999; Kim et al., 2010; Park et al., 2009; Pasco
etal., 2007; Su et al., 2015), suggesting a dynamic pathophysiological evolvement in both
time and space. Moreover, once these post-injury events are initiated, interaction between
them may influence the ongoing brain damage (DeWitt and Prough, 2003; Fischer et al.,
2002). The perturbed cerebral tissue perfusion may exacerbate the extent and duration of
BBB opening by causing hypoxia of the cerebral tissue, while compromised vascular
integrity contributes to cerebral edema and increased intracranial pressure, leading to
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decreased blood flow in the injured brain (Dash et al., 2016; DeWitt and Prough, 2003;
Fischer et al., 2002; Wei et al., 2012). The progression of these interplaying events after TBI
in a broad area of brain, such as the entire cerebral tissue exclusive of the contusional lesion,
may represent the brain response to the traumatic impact and provide insight into
mechanisms of secondary brain injury. To the best of our knowledge, except for specific
regional cerebral tissue analysis (Hayward et al., 2011; Kaloostian et al., 2012; Li et al.,
2014; Long et al., 2015; Villapol et al., 2014; Wei et al., 2012), there have been no
investigation of chronic global cerebral vascular response to TBI.

As the functional and pathological consequences of TBI, traumatic vascular injury and
impaired hemodynamic homeostasis are attractive targets for therapeutic intervention
(Chodobski et al., 2011; Kenney et al., 2016; Shlosberg et al., 2010; Thal and Neuhaus,
2014). Substantial data demonstrate that cell transplantation following TBI facilitates BBB
reconstitution (Borlongan et al., 2004; Menge et al., 2012; Pati et al., 2011) and recovery of
cerebral perfusion (Chen et al., 2013; Li et al., 2006; Li et al., 2011), which accompany
therapeutic benefit on tissue repair (Li et al., 2011; Li et al., 2012). Dynamic changes in a
widespread area of cerebral tissue may reflect the brain remodeling in response to the cell
intervention. To date, however, most research has primarily focused on either BBB leakage
(Su et al., 2015; Tomkins et al., 2008; Wei et al., 2012; Yang et al., 2013) or perfusion
deficits (Chen et al., 2013; Honda et al., 2016; Kaloostian et al., 2012; Kelly et al., 1997).
There are few studies (Li et al., 2016; Lin et al., 2012) documenting the dynamic
relationship between the degree of BBB damage and perfusion status post-injury, especially
within a long period of time post-TBI and in a broad area of cerebral tissue. Knowledge of
these interactions may facilitate a better understanding of their roles in mediating cerebral
injurious and restorative processes. Importantly, how the cell administration, a promising
therapy known to attenuate secondary brain injury (Opydo-Chanek, 2007; Rolfe and Sun,
2015; Xiong et al., 2010) and enhance neurological performance (Jiang et al., 2011; Li et al.,
2011; Tang et al., 2013), affects the evolution of BBB damage and tissue perfusion remains
unclear. There is also a need to better elucidate the underlying mechanisms involved in cell-
induced functional improvement after TBI. Treating TBI in the rat with human bone marrow
stromal cells (hMSCs), we demonstrate that acute (e.g., 6 hours post-TBI) intravenous cell
intervention exerts a potent therapeutic benefit in reducing cerebral atrophy, enhancing
structural remodeling and improving neurological performance compared to delayed (e.g., 1
week post-TBI) intravenous cell administration (Li et al., 2011; Li et al., 2012; Li et al.,
2017). However, whether this time-dependent therapeutic effect also modifies vascular and
hemodynamic impairments is unknown. To address the above issues, the current study was
conducted in a broad region of normal-appearing cerebral tissue identified on magnetic
resonance imaging (MRI) to investigate a long-term and a global response of both vascular
permeability and hemodynamic alteration in traumatic injured brain to the transplantation of
hMSCs at 6 hours or 1 week post-TBI.

All animals with saline injection (6h or 1w) post-TBI were considered as a saline-treated
group, since no tendency towards statistical differences in MRI measurements and functional
outcomes between the 6h—saline-treated and 1w-saline-treated group were found. Regarding
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the dynamic changes of Ki and CBF after TBI, comparison between the ipsilateral and
contralateral side of the injured brain was performed (Fig. 3 and Fig. 4). Investigation then
focused on global response of the brain to the traumatic injury and intervention post-injury
based on the evolution of Ki and CBF in the ROI (Fig. 1D) encompassing both hemispheres
of normal-appearing cerebral brain tissue (Fig. 5). In the figures that present the temporal
profiles of Ki and CBF after TBI either in separate hemispheres (Fig. 3 and Fig. 4) or in both
hemispheres (Fig. 5), mean values of Ki and CBF obtained from pre-injured cerebral tissue
for each group are illustrated as dotted lines.

2.1. Changes of Ki in two hemispheres of the brain after TBI

Dynamic changes of Ki in two sides of normal-appearing brain tissue with and without cell
administration after TBI are shown in Fig. 3. A statistical difference in Ki between two sides
of the brain was detected within 1-week after TBI for all three groups (Fig. 3A-3C), with
significantly higher Ki values being present in the ipsilateral side than in the contralateral
side of the injured brain. After 1-week post-TBI, similar temporal profiles of Ki were
present in both cerebral hemispheres for each group without statistical difference, even
though each group with (Fig. 3A-3B) or without (Fig. 3C) cell intervention exhibited its
own temporal pattern of Ki.

2.2. Changes of CBF in two hemispheres of the brain after TBI

As shown in Fig. 4, the situation of CBF varying in the two cerebral hemispheres of normal-
appearing brain tissue along with time after TBI resembled that of Ki. A statistical
difference in CBF between two sides of the brain was only found at 1-day after TBI for all
groups (Fig. 4A-4C), with significantly higher CBF values being detected in the ipsilateral
side than in the contralateral side of the injured brain. Thereafter, there was no statistical
difference in CBF between two sides of the brain for each group, even though distinctive
features were observed in the temporal profile of CBF for the saline and cell treatment
groups.

2.3. Therapeutic effects of cell engraftment on Ki and CBF in the injured brain

The temporal profiles of Ki (Fig. 5A) and CBF (Fig. 5B) post-TBI obtained from ROI (Fig.
1) encompassing both sides of normal-appearing brain tissue are shown in Fig. 5,
representing the global response of the brain to the traumatic injury and cell intervention
post-injury.

A general three-stage temporal profile pattern of Ki post-TBI for all groups is presented in
Fig. 5A, with TBI-induced elevated Ki persisting for about 3-weeks (stage 1), followed by a
rapid decrease in Ki between 3-weeks and 2-months (stage 2) and a reduced variation in Ki
after 2-months (stage 3). Along with time after TBI, significant Ki reduction was detected
for each treatment group between the first (3-weeks) and last (2-months) time point in stage
2, while no such alteration in Ki was found for each group in stage 1 and 3. Compared to the
saline-treated group, cell administration expedited Ki reduction in stage 2 and led to lower
Ki values in stage 3.
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The corresponding temporal profiles of CBF for all groups are shown in Fig. 5B. These data
also reveal a fundamental three-stage development of CBF along with time after TBI,
characterized by a pronounced change in stage 2 and a relatively slight fluctuation in stage 1
and 3 for each treatment group. However, significant CBF reduction between the first (3-
weeks) and last (2-months) time point in stage 2 was only detected in the saline-treated and
1w-—cell-treated group, not in the 6h—cell-treated group. By effectively retarding the decrease
of CBF in stage 2, acute (6h) cell intervention after TBI retains the higher CBF values in
stage 3 than do saline and delayed cell administration.

There is no statistical difference in both Ki and CBF among the experimental groups within
stages 1 and 2 until the beginning of stage 3. Acute cell treatment following TBI results in
significantly reduced Ki (at 2-months and 3-months, cell-6h vs. control, p < 0.05) and
elevated CBF (at 2-months, cell-6h vs. control, p < 0.05) values in stage 3 compared to
saline treatment.

2.4. Lesion volume and functional outcome

There was no difference in lesion volume among the treatment groups (cell or saline
intervention) during the observation period (Fig. 6A). An improved functional performance,
as measured by water maze test, was detected in the cell-treated groups compared to the
saline-treated group (Fig. 6B). The cell-treated animals spent significantly longer time in the
correct quadrant than the saline-treated animals and this enhanced status remains throughout
the observation period. However, no group difference between acute and delayed cell
administration was found.

3. Discussion

In a broad region of normal-appearing cerebral tissue, vascular permeability and
hemodynamic alteration in response to the transplantation of hMSCs after TBI were
longitudinally investigated up to 3-months post-injury. Our long-term imaging data show
that BBB breakdown and hemodynamic disruption after TBI, as revealed by Ki and CBF,
respectively, affect both hemispheres of the brain in a diffuse manner. Treatment with
hMSCs after TBI expedites the reduction of Ki which is associated with the increased level
of CBF in the injured brain. Compared to delayed (1w) cell transplantation, acute (6h) cell
administration results in a more rapid recovery of vascular integrity and a stronger
restoration of cerebral perfusion, indicating a strategy-dependent (e.g., the timing of cell
transplantation) therapeutic effect and a positive hemodynamic response to BBB
reconstitution.

BBB is the regulated interface between the peripheral blood circulation and the central
nervous system, and plays a vital role in creating a highly stable biochemical environment in
the brain for the normal functioning of neuronal cells (Beaumont et al., 2000; Chodobski et
al., 2011; Shlosberg et al., 2010). Brain imaging data from both animal models and patients
with TBI confirms the high incidence of BBB damage after TBI (Korn et al., 2005; Su et al.,
2015; Tomkins et al., 2008). By potentially allowing the circulating immune cells and blood-
borne substances into the brain, BBB disruption may add to the initial insult in the setting of
brain injury, leading to augmented inflammatory response, edema formation and further
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neuronal damage (Shlosberg et al., 2010). Adequate cerebral perfusion is essential for
healthy brain function. Cerebral blood flow is tightly regulated to meet the brain's metabolic
demands. This hemodynamic homeostasis, however, is often compromised post-TBI,
resulting in hypoperfusion and ischemic tissue damage (Prabhakar et al., 2014). To
understand how these vascular and hemodynamic alterations post-TBI are involved in and
possibly mediate cerebral injurious processes, extensive studies have been performed with a
great attention paid to regional analysis (Hayward et al., 2011; Kaloostian et al., 2012; Li et
al., 2014; Long et al., 2015; Villapol et al., 2014; Wei et al., 2012). Nevertheless, growing
evidence indicates that BBB breakdown and hypoperfusion, the important secondary
pathophysiologic consequences of TBI present chronically in the injured brain (Korn et al.,
2005; Newsome et al., 2012; Tomkins et al., 2008), are not regional events, even though the
primary initiating injury may be a focal impact. These post-injury abnormalities occur and
affect the brain heterogeneously and globally (Beaumont et al., 2000; Dietrich et al., 1998;
Hayward et al., 2011; Hendrich et al., 1999; Kim et al., 2010; Park et al., 2009; Pasco et al.,
2007; Su et al., 2015). It has also been reported that intravenously delivered hMSCs after
TBI lead to a widespread spatial modification of hemodynamic and structural impairments
in the traumatized brain, despite the high concentration of the grafted cells around the
contusional lesion compared to other areas in the brain (Li et al., 2011; Li et al., 2012;
Mahmood et al., 2003). Based on these findings, we therefore conducted our long-term
investigation in a broad region of normal-appearing cerebral tissue identified on MRI, where
impact-induced damage (Pasco et al., 2007; Sidaros et al., 2009; Su et al., 2015; Wang et al.,
2008) and post-injury remodeling by either spontaneous or treatment-derived action (Li et
al., 2011; Lietal., 2012; Li et al., 2017) are taking place with time after TBI.

Local injury in the brain is associated with distal diaschisis, occurring in non directly injured
brain regions remote from but neuroanatomically connected to the site of initial insult
(Carrera and Tononi, 2014). The physiological changes in diaschisis, present not only in the
ipsilateral but also in the contralateral brain hemisphere, include compromised BBB
integrity (Garbuzova-Davis et al., 2013; Garbuzova-Davis et al., 2014) plus corresponding
edema (Izumi et al., 2002), hypoperfusion and hypometabolism (Carrera and Tononi, 2014).
By improving blood flow and metabolism in both hemispheres of ischemia-injured brain,
cell therapy has been shown to facilitate the normalization of diaschisis-associated
physiological changes, particularly at the level of cerebral vasculature (Taguchi et al., 2015).
Our data confirm the observations (Beaumont et al., 2000; Dietrich et al., 1998; Hayward et
al., 2011; Hendrich et al., 1999; Kim et al., 2010; Park et al., 2015; Pasco et al., 2007; Su et
al., 2015) that an unilateral focal impact leads to BBB opening and hemodynamic alteration,
as detected by Ki and CBF, which spread into the remote brain areas both ipsilateral and
contralateral to the primary injury (Carrera and Tononi, 2014; Taguchi et al., 2015). Within
an initial short period (less than 1-week) post-injury, a difference in the degree of traumatic
injury influence on Ki and CBF between the two hemispheres was found regardless of
intervention (cell or saline) and cell treatment strategy (6h or 1-week), with significantly
more severe effects present in the ipsilateral-side than in the contralateral-side of the brain
(Fig. 3 and Fig. 4). These data demonstrate that our severe CCI-TBI model induces a large
difference in acute pathologic response between two hemispheres. The observed
hyperperfusion in the ipsilateral hemisphere and hypoperfusion in the contralateral
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hemisphere may represent a compensatory physiologic mechanism after unilateral trauma
and the possible involvement of neovascularization evoked by the injury (Park et al., 2009).
After 1-week, however, similar injury status in the two hemispheres characterized by Ki and
CBF was observed, suggesting that focal trauma eventually results in pathological
alterations throughout the brain, and that cell transplantation influences both hemispheres of
the injured brain. These findings are consistent with the previous observation that TBI
affects the brain diffusely, and cell engraftment exerts modulatory effects over a
considerable spatial extent (Aertker et al., 2015; Dori et al., 2016; Li et al., 2011; Li et al.,
2012; Taguchi et al., 2015). Our data also reveal that compared to un-injured brain (dotted
lines in Fig. 3 and Fig. 4), increased Ki and decreased CBF in both brain hemispheres persist
to 3-months in the injured brain (Fig. 3C, Fig. 4C), while cell intervention, especially acute
cell administration (Fig. 3A and Fig. 4A), ameliorates these injury-induced vascular and
hemodynamic abnormalities with time after TBI. These physiological alterations in response
to the treatments (saline or cell) support the idea of chronic diaschisis (Garbuzova-Davis et
al., 2014) and the therapeutic action of cell therapy on cerebral vasculature (Taguchi et al.,
2015).

Data from ROI (Fig. 1D) encompassing both hemispheres show that temporal profiles of Ki
and CBF for all groups with or without cell intervention exhibit a general three-stage
evolution pattern (Fig. 5), with TBI-induced initial disturbance of Ki and CBF lasting for
about 3-weeks (stage 1), followed by a dramatic change in Ki and CBF between 3-weeks
and 2-months (stage 2), and a reduced variation of these parameters after 2-months (stage 3).
It is worth noting that the dynamic temporal evolution of Ki nicely corresponds with that of
CBF stage by stage (compare Fig. 5A with 5B), such as fluctuating in stage 1, reduced in
stage 2, and tending towards stability in stage 3, representing a close relationship between
vascular injury and hemodynamic disruption post-TBI. Considering the profiles presented
by control group, the feature of staged evolution of Ki and CBF is consistent with previous
findings. As revealed by the vast majority of investigations, BBB breakdown and
hemodynamic disruption rapidly occur and persist in the early phase after TBI, with
heterogeneously disturbed Ki and CBF detected in the injured brain both temporally and
spatially (Engel et al., 2008; Li et al., 2016; Lin et al., 2012; Long et al., 2015; Su et al.,
2015). Although gradually reversal of these pathologic changes are regionally observed in
the follow-up period of time (such as 1-month post-TBI) (Villapol et al., 2014; Wei et al.,
2012), compromised BBB integrity (Korn et al., 2005; Tomkins et al., 2008) as well as
widespread hypoperfusion beyond the contusional lesion (including hippocampus, thalamus
and perilesional regions) (Hayward et al., 2010; Liu et al., 2013) chronically persist. The
profiles also illustrate that for each treatment group, the pronounced change of both Ki and
CBF takes place in stage 2, largely determining the subsequent levels of these measures in
stage 3. By expediting the reduction of Ki and retarding the diminution of CBF,
transplantation of hMSCs post-TBI alters the Ki and CBF profiles in opposite directions in
stage 2, leading to lower Ki and higher CBF values in stage 3 compared to saline
administration. Most importantly, we detected a sensitive hemodynamic reaction to the
status of vascular permeability in response to the transplantation of hMSCs. As shown in
Fig. 5, acute cell engraftment results in a large decrease of Ki, starting from stage 2 and
continuing to stage 3, which is associated with a notable rescue of CBF, while these
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therapeutic effects induced by delayed cell intervention on both Ki and CBF are less potent.
Moreover, our data present evidence that a more rapid recovery of vascular integrity, as a
result of cell engraftment, occurs in parallel with a stronger restoration of cerebral perfusion
and a better neurological performance (compare Fig. 5A-5B with Fig. 6B), supporting the
concept that BBB integrity is critical for maintaining brain homeostasis and function
(Beaumont et al., 2000; Chodobski et al., 2011; Shlosberg et al., 2010). These results
suggest that enhanced BBB integrity induced with cell administration contributes to
stabilization of cerebral perfusion, and hence neural recovery.

The underlying mechanisms accounting for protective action of MSCs on BBB are
multifactorial, including modulation of astrocytic endfeet and VEGF-A signaling (Park et
al., 2015), suppression of inflammatory cytokines (Tang et al., 2014) and reduction of
astrocyte apoptosis (Tang et al., 2014). Our longitudinal data (Fig. 5) demonstrate that the
therapeutic effect of acute cell intervention on amelioration of vascular deficit associated
with TBI is greater than that of delayed cell administration, indicating the importance of
timing of transplantation in cell therapy. Previous reports suggest that the grafted MSCs in
the injured brain serve as /in vivo local source of cytokines and trophic factors that activate
endogenous restorative and regenerative processes (Chopp and Li, 2006; Parr et al., 2007),
while recent investigations indicate that MSCs could also exert a systemic effect through the
secretion of soluble factors that act in a global manner (Chen et al., 2015; Lee et al., 2009;
Menge et al., 2012; Pati et al., 2011). In support of this premise, potent therapeutic benefits
of MSCs on cerebral tissue repair have been observed without significant engraftment in the
brain (Li et al., 2011; Li et al., 2012; Li et al., 2017; Mahmood et al., 2003). Since these
soluble factors are systemically released by activated MSCs once intravenously infused,
their influence may rely on the time when the intervention starts, instead of when the cells
migrate into the brain. Therefore, the enhanced effect of hMSCs on BBB reconstitution
observed in the current study resulting from acute cell intervention compared to delayed cell
administration may be at least explained in part by an earlier initiated global action of
soluble factors released from hMSCs in attenuating the inflammatory response (Chen et al.,
2015; Haus et al., 2016; Menge et al., 2012) which may inhibit compromise of the BBB
(Menge et al., 2012).

In agreement with the previous findings (Haus et al., 2016; Li et al., 2011; Li et al., 2012; Li
et al., 2017), our long-term measurements demonstrate the significant improvement of
neurological performance after transplantation of hMSCs (Fig. 6B) without lesion reduction
(Fig. 6A), suggesting that improved functional recovery is attributed to cell-enhanced brain
remodeling (Haus et al., 2016; Li et al., 2011; Li et al., 2012; Li et al., 2017), including
neurovascular restoration, in the normal-appearing tissue region. No difference in mMMWM
performance between acute and delayed cell intervention may possibly be attributed to the
similar effect of cell-enhanced hippocampal neuronal survival provided by the two treatment
strategies (Xiong et al., 2009).

In summary, we demonstrate a three-stage temporal profile of both Ki and CBF post-TBI in
normal-appearing cerebral region. Stage by stage, these related indices also exhibit a
corresponding response to the traumatic injury and cell intervention, indicative of a close
relationship between vascular damage and perfusion disturbance after TBI. Our data reveal a
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sensitive hemodynamic reaction to the status of vascular permeability in response to the
transplantation of hMSCs, and a strategy-dependent treatment result. A more rapid reduction
of Ki following cell treatment is associated with a higher level of CBF in the injured brain,
and acute cell administration leads to more effective therapeutic effects on both the recovery
of vascular integrity and stabilization of cerebral perfusion compared to delayed cell
engraftment. The findings of the current study indicate that cell-enhanced BBB
reconstitution plays an important role underlying the CBF restoration in the injured brain,
which in turn, contributes to the improvement of functional outcome.

4. Experimental procedures

All experimental procedures were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals and approved by the Institutional Animal Care and Use
Committee (IACUC#1316) of Henry Ford Health System.

4.1. Animal model and experimental groups

The controlled cortical impact (CCI) TBI animal model has been previously described (Li et
al., 2011; Li et al., 2012). Briefly, male Wistar rats (300 to 3509, n = 30) were anesthetized
with chloral hydrate (350 mg/kg, i.p.) and their rectal temperature was maintained at 37°C
with a feedback-regulated water-heating pad. The head of each animal was mounted in a
stereotactic frame and two 10-mm-diameter craniotomies, one in each hemisphere, were
performed adjacent to the central suture, midway between the lambda and the bregma, with
special attention being paid to leave the dura mater over the cortex intact. The left
craniotomy confined the location of experimental impact, while the right one allowed for the
lateral movement of cortical tissue. Using a CCI device, a unilateral brain injury was
induced by delivering a single impact at a velocity of 4 m/sec reaching a depth of 2.5 mm
below the dura mater layer to the left cortex with a pneumatic piston containing a 6-mm-
diameter tip. The injury induced by this CCI model affects the primary motor and
somatosensory cortex, and the underlying hippocampus. Following the operation, the bone
flap was replaced and sealed with bone wax, and the skin was sutured. For analgesia,
Buprenex (0.05 mg/kg, s.q.) was administered to each animal after brain injury.

The hMSCs were purchased from Theradigm (Baltimore, MD). The cells were suspended in
phosphate-buffered saline (PBS) prior to injection into rats, which was performed at 6 hours
or 1 week post-TBI. Rats subjected to brain injury were randomized to one of four treatment
groups, 6h—cell-treated (n = 10), 1w—cell-treated (n = 10), 6h—saline-treated (n = 5) and 1w-
saline-treated (n = 5) groups. Anesthesia was reinstituted before the transplantation and a
bolus of the cell suspension (~ 3x10% hMSCs in 1 ml PBS) was slowly infused over a 5-
minute period into the tail vein of each rat in the cell-treated groups using a Hamilton
syringe. The needle was left in place for 1 minute 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 groups underwent the identical procedures as those in the cell-treated groups.
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4.2. MR imaging and data processing

MR imaging was performed using ClinScan 7T system (Siemens, Erlanger, Germany). The
animal was securely fixed on a MR-compatible holder equipped with an adjustable nose
cone for administration of anesthetic gases and stereotaxic ear bars to immobilize the head.
For reproducible positioning of the animal in the magnet, a fast gradient echo imaging
sequence was used at the beginning of each MRI session. During image acquisition,
anesthesia was maintained by a gas mixture of 1.0% — 1.5% isoflurane in medical air (1.0L/
min), and rectal temperature was kept at 37+1.0°C using a feedback-controlled water bath
(YSI Inc, Yellow Springs, OH) underneath the animal. T2-weighted imaging (T2WI),
cerebral blood flow (CBF) and blood-to-brain transfer constant (Ki) of gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA) were repeatedly acquired for all animals at
multiple time points up to 3 months following TBI (1 day pre-TBI, 1 day post-TBI, weekly
afterwards for 3 weeks, then 5 weeks, 2 months and 3 months). All rats were killed after the
final /n vivo MRI scans.

T2WI was acquired using a multi-slice (13 slices, 1 mm thick), multi-echo (6 echoes)
sequence with echo times (TE) of 15, 30, 45, 60, 75 and 90 ms, and a repetition time (TR) of
4.5 s. Images were produced with a 32 x 32 mm? field of view (FOV) and a 128 x 64 image
matrix. T2 maps were calculated on a voxel-wise basis by linear least-squares fit of the
logarithm of the signal intensity versus TE (Eigentool image analysis software, Henry Ford
Health System, MI, USA),

To measure the Ki, the dynamic contrast-enhanced MRI (DCE-MRI) was performed with a
dual gradient echo (DGE) sequence (Ewing and Bagher-Ebadian, 2013; Yu et al., 2010). The
total scan time was approximately 5 minutes by repeating the DGE sequence 150 times (TE
of 1.5 ms and 8 ms, TR of 33 ms, 3 slices, 2 mm thick, 32 x 32 mm FOV, 128 x 64 image
matrix). After a baseline scan of 15 seconds (~ 10 sets of serial images), a bolus of Gd-
DTPA (0.2 mmol/kg) was manually delivered within 5 seconds via tail vein while the rest of
the scan was continuously going on. To produce pre-contrast T1 map, a variable flip angle
spoiled gradient-echo approach was employed with TE of 4 ms, TR of 30 ms, 8 slices, 2 mm
thick and flip-angles of 2°, 5°, 10°, 15°, 20° and 25°. Under the assumption that a change in
1/T1 (ARI(t)) is linearly proportional to a change in both plasma (Cpa(t)) and tissue (Ctis(t))
concentrations of contrast agent and the assumption that the constant of proportionality is
the same for tissue and blood, AR1(t)s measured in tissue (AR1tis(t)) and sagittal sinus
(AR1pa(t)) were used as estimates of Ctis(t) and Cpa(t), respectively. Using Patlak plots
(Ewing et al., 2003), linear least-squares estimates of slope (Ki) were determined for each
pixel and maps of Ki were constructed.

Cerebral blood flow (CBF) was estimated using a pulsed arterial spin labeling (PASL)
technique, known as quantitative imaging of perfusion using a single subtraction, second
version (QUIPSS I1) with thin slice TI1 periodic saturation (Q2TIPS) and applying the
proximal inversion with a control for off resonance effects (PICORE) labeling scheme (Luh
etal., 1999; Wong et al., 1997; Wong et al., 1998). Single-shot of echo-planar readout was
used for each 2 mm slice (total 5 slices) perpendicular to the magnetic field direction. PASL
imaging parameters were: 32 x 32 mm?2 FOV, 128 x 128 image matrix, TR of 3000 ms, TE
of 18 ms, inversion time of 1000 ms. Bipolar crusher gradients were applied with a cutoff
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speed of 60 cm/s. The 80 mm labeling slab was positioned with a 6.1 mm gap caudal to the
imaging slab.

A representative slice of T2, Ki and CBF maps is shown in Fig. 1, where TBI-induced
disturbance was apparent around the impact site on each map (Fig. 1A-1C). With a
sensitivity to the abnormalities and a capacity to reveal the anatomical information of the
brain, T2 map was selected for delineating the region of interest (ROI). As shown in Fig. 1A,
ventricles and TBI-affected cerebral cortex were present as hyperintense regions on T2 map.
To create the ROI encompassing the normal-appearing cerebral tissue without contamination
of these regions (Fig. 1D, red track), a threshold value (mean+2s.d. measured from the
cerebral tissue) (Li et al., 2011; Li et al., 2012) provided by pre-injured brain scan was used.
To examine the effect of unilateral injury on different sides of the brain, the ROl was divided
to two parts (Fig. 1D, green line), impact side and contralateral side (Fig. 1D, indicated by
green arrows). Longitudinal evaluation of Ki and CBF was performed within the ROl as well
as within the two parts of the ROI (Eigentool image analysis software, Henry Ford Health
System, MI, USA). With the series of T2, Ki and CBF maps, Fig. 2 shows a dynamic
comparison of representative animals with (Fig. 2A) and without (Fig. 2B) cell intervention
post-injury and a typical lesion in the injured brain (Fig. 2C).

4.3. Modified Morris water maze test (nMWM)

To evaluate the long-term functional outcome of spatial learning acquisition and memory
retention, the mMWM (Mahmood et al., 2007; Mahmood et al., 2011) was used. The testing
system consisted of a circular tank (180cm in diameter and 45¢cm high) filled with 30°C
water and a hidden-platform (15cm in diameter and 35cm 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, USA) was employed and the
pool was subdivided into four equal quadrants formed by imaging lines.

The rats were tested on 5 consecutive days at the last week of study period (from day 85 to
89 after TBI). Each trial was initiated by placing the animal randomly at one of four start
locations (North, South, East and West) and allowing 90s 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 equidistant from the center and edge of the pool,
against the wall, near the center of the pool, and at the edges of the NE quadrant). After
locating the platform, the animal was allowed to remain on the platform for 15s before being
returned to its cage. If the animal failed to find the platform within 90s, the experiment was
terminated and a maximum score of 90s was assigned. The percentage of time traveled
within the NE (correct) quadrant was calculated relative to the total amount of time spent
swimming before reaching the platform. The advantage of this modified version of the water
maze is that with the platform being relocated randomly within the target quadrant, each trial
effectively acts as a probe trial.
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4.4. Statistical analysis

Analysis of covariance (ANCOVA) was employed to compare the group difference in MRI
measurements (Ki, CBF and lesion volume) and functional assessments (MMWM) with the
independent factor of treatment and dependent factor of time. 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. Results are presented as
mean + standard error (SE). Statistical significance was inferred for p < 0.05.
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Highlights
. Traumatic brain injury results in a diffuse BBB damage and hemodynamic
disruption.
. Temporal profiles of Ki and CBF post-TBI in a broad region have been
revealed.

. Treatment with hMSCs after TBI expedites the reduction of Ki in the injured

. Treatment with hMSCs after TBI retards the diminution of CBF in the injured

. Earlier cell intervention leads to stronger therapeutic effects on both Ki and

brain.

brain.

CBF.
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Contralateral side Impact side

Fig. 1. A representative slice of cell-treated animal showing T2 (A), Ki (B), CBF (C) maps and
ROI (D)

TBI-induced disturbance is apparent around the impact site on each of specific maps (A-C).
Based on T2 map, the ROI (D, red track) encompassing the normal-appearing brain tissue is
created and is divided to two parts (D, green line), impact side and contralateral side (D,

indicated by green arrows).
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Fig. 2. Dynamic comparison of representative animals with (A) and without (B) cell intervention
and a typical lesion in the injured brain (C)
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Fig. 3. Changes of Ki in two sides of normal-appearing brain tissue with (A-B) and without (C)
cell administration after TBI

A statistical difference in Ki between two sides of the brain is detected at 1-day after TBI for
all treatment groups, with a significantly higher Ki value being present in the ipsilateral side
than in the contralateral side of the injured brain. After 1-week post-TBI, similar temporal
profiles of Ki, however, are found in two sides of the brain without statistical difference for
each group, even though each group exhibits a distinct temporal pattern of Ki. The dotted
line represents the Ki value in the normal rat brain.
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Fig. 4. Changes of CBF in two sides of normal-appearing brain tissue with (A-B) and without
(C) cell administration after TBI
A statistical difference in CBF between two sides of the brain is found at 1-day after TBI for

all treatment groups, with a significantly increased CBF value being detected in the
ipsilateral side than in the contralateral side of the injured brain. After 1-week post-TBI,
there is no statistical difference in CBF between two sides of the brain for each group, even
though the distinctive features are observed in the temporal profile of CBF for particular
treatment group. The dotted line represents the CBF value in the normal rat brain.
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Fig. 5. Changes of Ki (A) and CBF (B) in ROl encompassing both sides of normal-appearing

brain tissue

A three-stage evolution pattern of Ki and CBF along with time after TBI was revealed. Both
Ki and CBF decrease in stage 2, while these measures fluctuate in stage 1 and tend towards
stability in stage 3 for each treatment group. Cell engraftment expedites the reduction of Ki
and retards the diminution of CBF in stage 2, resulting in lower Ki and higher CBF values in
stage 3 compared to saline administration. The dotted lines represent the Ki and CBF values
in the normal rat brain.
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Fig. 6. Lesion volume (A) and water maze result (B)

observation period (A). Significantly improved neurological performance was detected in

There was no difference in lesion volume among the treatment groups during the
the cell-treated groups compared to the saline-treated group (B).
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