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Traumaticbraininjury(TBI)survivorsexhibitmotorandcognitivesymptomsfromtheprimaryinjurythatcanbecomeaggravatedovertimebecauseof
secondary cell death. In the present in vivo study, we examined the beneficial effects of human adipose-derived stem cells (hADSCs) in a controlled
cortical impact model of mild TBI using young (6 months) and aged (20 months) F344 rats. Animals were transplanted intravenously with 4 � 106

hADSCs (Tx), conditioned media (CM), or vehicle (unconditioned media) at 3 h after TBI. Significant amelioration of motor and cognitive functions
was revealed in young, but not aged, Tx and CM groups. Fluorescent imaging in vivo and ex vivo revealed 1,1� dioactadecyl-3-3-3�,3�-
tetramethylindotricarbocyanine iodide-labeled hADSCs in peripheral organs and brain after TBI. Spatiotemporal deposition of hADSCs differed be-
tween young and aged rats, most notably reduced migration to the aged spleen. Significant reduction in cortical damage and hippocampal cell loss was
observedinbothTxandCMgroupsinyoungrats,whereaslessneuroprotectionwasdetectedintheagedratsandmainlyintheTxgroupbutnottheCM
group. CM harvested from hADSCs with silencing of either NEAT1 (nuclear enriched abundant transcript 1) or MALAT1 (metastasis associated lung
adenocarcinoma transcript 1), long noncoding RNAs (lncRNAs) known to play a role in gene expression, lost the efficacy in our model. Altogether,
hADSCsarepromisingtherapeuticcellsforTBI,andlncRNAsinthesecretomeisanimportantmechanismofcelltherapy.Furthermore,hADSCsshowed
reduced efficacy in aged rats, which may in part result from decreased homing of the cells to the spleen.
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Introduction
In the United States, an estimated 2 million Americans both
young and aged suffer equally from traumatic brain injury (TBI),

which accounts for 30% of all injury-related deaths (Faul et al.,
2010). However, aging is considered an independent risk factor
for negative health outcomes after TBI. In fact, the incidence of
TBI-related morbidities and mortally is higher in our aging pop-
ulation and exponentially increases with age (Hawkins et al.,
2013).

Recently, stem cell transplantation has been shown to be an
effective regenerative therapy for functional and physiological
improvement in animal models of brain disorders such as stroke,
Parkinson’s disease, Alzheimer’s disease, and TBI (Lindvall et al.,
1990; Clarkson, 2001; Isacson et al., 2001; Bjorklund et al., 2002;
Mahmood et al., 2003; Yang et al., 2003; Fraser et al., 2006; Bjug-
stad et al., 2008; Muraoka et al., 2008; Harting et al., 2009; Liu et
al., 2009). An attractive cell therapy for regenerative medicine
and wound healing is the use of mesenchymal stem cells (MSCs)
derived from adipose tissue and their secretome. Human adipose-
derived stem cells (hADSCs) have the potential to proliferate,
differentiate into different cell lineages, secrete an extensive se-
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cretome containing growth factors, cytokines, chemokines, mi-
croRNAs, and long noncoding RNA (lncRNA), and have
therapeutic potential in TBI (Lendeckel et al., 2004; Xue et al.,
2010). Of the many lncRNAs that are secreted, two are important
for cellular differentiation, nuclear enriched abundant transcript
1 (NEAT1) and metastasis associated lung adenocarcinoma tran-
script 1 (MALAT1), because of their ability to assist in the alter-
native splicing of numerous pre-mRNA (Wapinski and Chang,
2011; Derrien et al., 2012; Zhang et al., 2012). Stem cells, which
are in a proliferative, nondifferentiating state, secrete numerous
lncRNA, including NEAT1 and MALAT1. Stem cells, which are
not differentiating, are apparently shedding the factors that
would assist in differentiation until appropriate cues are in place.
However, the secretion of lncRNA does not exclude lncRNA up-
take by adjacent cells, which could influence survival and regen-
eration of these cells by undisclosed modalities, including mRNA
splicing, migration, and regulation of gene expression (Kim et al.,
2007; Ikegame et al., 2011; Sun et al., 2012). The majority of cell
transplantation studies are performed in young animals; in fact,
we now understand that not only is endogenous neurogenesis
affected in aging (Conboy et al., 2005; Carlson and Conboy,
2007), a few reports suggest that the transplanted stem cells do
not survive as well in the aged host (Conboy et al., 2005; Carlson
and Conboy, 2007). However, less well studied is the mechanism
of action of stem cells and if there may be alterations in migration
of cells to various peripheral organs. In the present study, we
evaluated the effects of intravenous administration of hADSCs
on motor and cognitive function and their homing pattern dur-
ing acute and subacute periods in young and aged TBI rats with
particular emphasis on the spleen, which has been implicated as a
major source of systemic inflammation (Vendrame et al., 2006)
and is known to be necessary for the neuroprotective action of
MSCs after TBI pathology (Walker et al., 2009, 2010). To eluci-
date hADSC mechanism of action, we examined conditioned
media (CM) from hADSCs grown with antisense RNA to silence
two lncRNAs known to play roles in cell survival, inflammation,
and gene expression.

Materials and Methods
Subjects. Experimental procedures were approved by the University of
South Florida Institutional Animal Care and Use Committee (IACUC).
All animals were housed under normal conditions (20°C, 50% relative
humidity, and a 12 h light/dark cycle). All studies were performed by
personnel blinded to the treatment condition.

Fluorescent labeling of cultured hADSC grafts and CM preparation.
hADSCs were obtained from ZenBio (catalog #ASC-S). According to the
protocol of the manufacturer, cells (6.7 � 10 5 cells/T75 flask) were sus-
pended in 10 ml of supplemented growth medium (PM-1; ZenBio) and
grown in noncoated T-75 flasks at 37°C in humidified atmosphere con-
taining 5% carbon dioxide. hADSCs were grown until they were 90%
confluent and then subcultured. Cells were routinely assessed by flow
cytometry for stem cell markers and were verified as CD31 �, CD34 �,
CD45 �, CD106 �, CD117 � and CD44 90% �, CD73 89% �, CD105
80% �, CD90 97% �. Thus, three major markers that are routinely used
to define MSCs, CD105, CD73, and CD90, are present and endothelial or
hematopoietic markers are absent. This profile remained stable for 10
passages; all cells used in this study for transplantation or generation of
CM were between two and nine passages. Cells were also routinely as-
sessed for multipotency using methods as published previously. Differ-
entiation into osteoblasts was performed by culturing cells in osteoblast
differentiation medium (DM; ZenBio) for 4 weeks with changes every
5 d. Positive staining for Alizarin Red (1% Alizarin Red; CM-0058; Life-
line Technology) was used to verify osteoblast differentiation. Cells were
fixed in PBS–10% Formalin for 20 min, washed once with PBS, stained
with 1% Alizaren Red S for 5 min, washed again three times, and visual-

ized in a light microscope. Differentiation to adipocytes was performed
using DM2 adipocyte DM (ZenBio) for 12 d with medium changes every
5 d. Oil Red was used to identify adipocytes. Cells were fixed in PBS–10%
Formalin for 1 h, washed in isopropanol, and dried. Oil Red O working
solution was added for 10 min and then washed four times with PBS.
Cells were imaged using a light microscope. hADSCs were able to
differentiate into both osteoblasts and adipocytes. For graft preparation,
hADSCs were harvested, and the cell density was adjusted as 4 � 10 6 cells
in 500 �l of PBS. Then cells were incubated with XenoLight 1,1�-
dioctadecyl-3,3,3�,3�-tetramethylindotricbocyanine iodide (DiR) (cata-
log #125964; Caliper Life Sciences) for 30 min to evaluate migration of
the transplanted hADSCs. After the labeling, cells were rinsed using PBS
and centrifuged twice. Thereafter, the pellet of labeled cells was sus-
pended in 500 �l of PBS just before the transplantation. In each passag-
ing, CM was collected from hADSC culture, filtered using 0.45 mm pore-
sized filter to avoid cells contamination, and cryopreserved for additional
experiments. For the present study, we used the CM from cells at passages
2 to 4.

Preparation of hADSC-derived CM with knockdown of NEAT1 and
MALAT1. The cultured hADSCs at 80% confluence were treated with
antisense RNA (NEAT1 and MALAT1 or scramble control obtained
from ISIS Pharmaceuticals) that was incorporated into the cells for 48 h,
and CM was collected for 24 h and stored at �80°C until needed. CM was
verified to be deficient of either NEAT1 or MALAT1 in the appropriate
conditions, and no change in either was observed with the scrambled
antisense RNA control.

Measurement of human vascular endothelial growth factor, stem cell
factor, and tissue inhibitor of metalloproteinase 3 concentration. Cell super-
natant was measured by Human VEGF Quantikine ELISA Kit (DVE00;
R&D Systems), Human SCF Quantikine ELISA Kit (DCK00; R&D Sys-
tems), and Human TIMP-3 DuoSet (DY973; R&D Systems), according
to the instructions of the manufacturer. Absorbance from each sample
was measured using a Synergy HT plate reader (Bio-Tex) at 450 nm.

Surgical procedures. A total of 82 Fisher 344 male rats, young (6
months, n � 48) and aged (20 months; n � 34), were subjected to either
TBI using the controlled cortical impact (CCI) injury model (Pittsburgh
Precision Instruments) or sham control (no TBI). The total number of
rats in each group was as follows: n � 9 for young TBI– hADSC; n � 8 for
young TBI–CM; n � 6 for young TBI–CM knockdown (kd) NEAT1; n �
6 for young TBI–CM kdMALAT1; n � 4 for young TBI–CM kdscramble;
n � 7 for young TBI–vehicle; n � 8 for young sham control; n � 11 for
aged TBI– hADSC; n � 8 for aged TBI–CM; n � 8 for aged TBI–vehicle;
and n � 7 for aged sham control. Deep anesthesia was achieved using
1–2% isoflurane, and it was maintained using a gas mask. All animals
were fixed in a stereotaxic frame (David Kopf Instruments). After expos-
ing the skull, coordinates of �0.2 mm anterior and �0.2 mm lateral to
the midline (Paxinos and Watson, 2007) were used and impacted the
brain at the frontoparietal cortex with a velocity of 6.0 m/s, reaching a
depth of 0.5 mm (mild TBI) below the dura matter layer and remaining
in the brain for 150 ms. The impactor rod was angled 15° vertically to
maintain a perpendicular position in reference to the tangential plane of
the brain curvature at the impact surface. A linear variable displacement
transducer (Macrosensors) that was connected to the impactor mea-
sured the velocity and duration to verify consistency. Sham control in-
jury surgeries (i.e., uninjured animals) consisted of animals exposed to
anesthesia, scalp incision, craniectomy, and suturing. An electric drill
was used to performed the craniectomy of �4 mm radius centered from
bregma �0.2 anterior and �0.2 mm lateral right (Paxinos and Watson,
2007). A computer-operated thermal blanket pad and a rectal thermom-
eter allowed maintenance of body temperature within normal limits. All
animals were closely monitored postoperatively with weight and health
surveillance recording as per IACUC guidelines. Rats were kept hydrated
at all times, and the analgesic ketoprofen was administered after TBI
surgery and as needed thereafter. Before and after TBI, rats were fed
regular rodent diet. A schematic diagram of the experimental design is
shown (Fig. 1).

Intravenous administration of hADSCs, CM, and vehicle. Three hours
after TBI surgery, rats were anesthetized with 1–2% isoflurane in nitrous
oxide/oxygen (69%/30%) using a face mask. Vehicle (unconditioned
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media; 500 �l of sterile media PM-1 that was
not incubated with cells), CM (500 �l of CM,
CM kdNEAT1, CM kdMALAT1, CM kd-
scramble), or hADSC grafts (4 � 10 6 viable
cells in 500 �l of sterile saline) were adminis-
tered via the jugular vein.

XenoLight DiR for in vivo and ex vivo biodis-
tribution imaging procedures. Young and aged
rats were subjected to TBI using the CCI injury
model (Pittsburgh Precision Instruments).
DiR-labeled 4 � 10 6 hADSCs (Tx group) were
then transplanted into the jugular vein at 3 h
after TBI. To visualize DiR fluorescence emit-
ted from the engrafted hADSCs in vivo, ani-
mals were shaved to avoid light scattering and
anesthetized in a chamber with 3.0% isoflu-
rane. Once the rats were completely anesthe-
tized, the animals were transferred from the
chamber to the IVIS Spectrum 200 Imaging
System (Xenogen), and the isoflurane level was
set at 1–2% until complete image acquisition.
The biodistribution of DiR-labeled hADSC
grafts was monitored at 1, 4, 12, 24, 48, and 72 h
after transplant. Rats were imaged ventrally at
all time points. A second set of images were
obtained for the head region using a higher
magnification. Identical illumination parame-
ters [exposure time � Auto; lamp voltage �
high; f/stop � 2; field of view � B (for head)
and C (for whole body); binning � 8; emission
filter � 800 nm; and excitation filter � 745
nm] were selected for each acquisition. All cap-
tured images were analyzed with Living Image
software 4.0 (Xenogen). To analyze the change
in DiR fluorescence intensity, identical regions
of interest (ROIs) were placed on the abdomen
and head area for animals. The same ROI was
also placed on the control animal as the back-
ground reference. Background efficiency was
subtracted from each of the individual animal’s
efficiency and presented as an average radiant
efficiency (photons per second per square cen-
timeter per steridian divided by microwatts per
square centimeter).

Behavioral testing. Each rat was subjected
to a series of behavioral tests to reveal motor,
neurological, and cognitive performance of
animals, before and after TBI and after trans-
plantation. The tests included the elevated
body swing test (EBST), forelimb akinesia, and
paw-grasp test before and after TBI at days 0, 1,
3, and 7. The radial arm water maze (RAWM)
test was performed on day 7 after TBI surgery.

EBST test. EBST is a measure of asymmetri-
cal motor behavior that does not require ani-
mal training or drug injection (Borlongan and
Sanberg, 1995). The rats were held, in the ver-
tical axis, �1 inch from the base of its tail and
then elevated to an inch above the surface on
which it has been resting. The frequency and
direction of the swing behavior were recorded
for 20 tail elevations. A swing was counted
when the head of the rat moved �10° from the
vertical axis to either side. The total number of
swings made to the biased side was added per
group and divided by the n, giving us the aver-
age number of swings per treatment group.

Forelimb akinesia test. Before and after TBI
surgery, young and aged rats from sham con-

Figure 1. Experimental design. Experiment #1, Motor behavioral testing, EBST, forelimb akinesia, and paw-grasp test were per-
formed in young and aged rats before TBI. Young and aged rats were subjected to mild TBI and received transplants of hADSCs, CM, or
vehicle 3 h after TBI. After motor and cognitive behavioral evaluations, at days 1, 3, and 7, all rats were killed for immunohistochemical
evaluations. Experiment #2, Young and aged rats received transplants of DiR fluorescent labeled hADSCs, CM, or vehicle at 3 h after TBI. IVIS
fluorescent imaging was done at 1, 4, 12, 24, and 72 h and day 11 after transplantation. Experiment #3, hADSCs were pretreated with
antisenseforNEAT1orMALAT1orscramble.CMfromthesecellswascollectedandinfused3hafterTBI.Motorandcognitivebehavioraltests
were performed as in Experiment 1. After 11 d after CM infusion, all rats were killed for histological evaluations.
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trol, TBI–vehicle, TBI– hADSC, or TBI–CM were evaluated for forelimb
akinesia (Borlongan et al., 1998). Ipsilateral and contralateral forepaw
strength and motility were scored by two experimentally blinded evalu-
ators using the following forelimb akinesia scale. On a scale of 1 to 3, 1 is
normal, 2 is impaired, and 3 is severely impaired. Scores were tallied for
each individual animal, and then mean scores for treatment groups were
used for analyses.

Paw-grasp test. Before and after TBI surgery, grip strength of young
and aged rats from sham control, TBI–vehicle, TBI– hADSC, or TBI–CM
were evaluated. An abnormal grip is indicative of impaired neuromus-
cular function. In this test, rats were held by their bodies against a pole
(Ibrahim et al., 2009). Both ipsilateral and contralateral paw grip strength
were scored by two experimentally masked evaluators using the follow-
ing grip strength scale. In a scale of 1 to 3, 1 is normal, 2 is impaired, and
3 is severely impaired. Scores were tallied for each individual animal, and
then mean scores for treatment groups were used for analyses.

RAWM test. The RAWM test allows the investigator to analyze basic
parameters, such as place or spatial learning. The acquisition of learning
is when the animal must learn how to use distal cues to navigate through
the arms to find the hidden platform. Also, it has been shown that
RAWM spatial learning is not dependent on locomotor ability, because
this does not affect swimming speed (Vorhees and Williams, 2006). Each
error shows the ability to search and learn to use distal cues to find
the platform. To reveal the cognitive effects of hADSC grafts on spatial
navigation and memory of young and aged TBI rats, RAWM, a
hippocampal-dependent task, was tested. RAWM started on day 7 after
TBI surgery and intravenous transplantation of hADSC grafts and CM.
Six-arm RAWM was placed in a water tank of �150 cm diameter, and a
40-cm-height, 10-cm-diameter platform was used. The platform was
submerged 1 cm below the surface of water. The temperature of the water
was kept at 27°C. Rats were placed on the start arm at the beginning of
every trial, and the platform was located on the goal arm. Every animal
had an assigned platform/arm location throughout acquisition of learn-
ing, yet the starting zone was randomly changed per trial. A space-
training protocol was followed. Rats were given two blocks of four trials,
with each block separated by 30 min rest period per day, for a total of
eight trials a day for 3 d of acquisition of learning. Trials were only 60 s
long. Once animals found their goal arm/platform, they were allowed to
remain on the platform for 30 s between trials. If rats were unable to find
their goal arm/platform within 60 s, rats were guided to their goal arm
and allowed to rest on the platform for 30 s. On day 4, a probe trial was
given 1 h before reversal training started, placing the rat 180° from the
goal arm. Rats were given four trials to train for the new position (reversal
training). RAMW performance analysis was done by averaging the trials
per block, using four trials per block and then a total of two blocks per day
(errors are given every time rats are not entering the goal arm). Reversal
training was analyzed by counting the total of errors in each trial.

Brain and organ harvesting, fixation, and sectioning. Under deep anes-
thesia, rats were killed on day 11 after TBI for immunohistochemical
investigations. Briefly, animals were perfused through the ascending
aorta with 200 ml of cold PBS, followed by 200 ml of 4% paraformalde-
hyde in phosphate buffer (PB). Brains, spleen, lungs, and liver were re-
moved and postfixed in the same fixative for 24 h, followed by 30%
sucrose in PB until completely sunk. Six series of coronal sections were
cut at a thickness of 30 �m with a cryostat and stored at �20°C.

Measurement of impact and peri-impact area: Nissl staining analysis.
Serial sections corresponding to the same group of animals were stained
with Nissl for impact- and peri-impact calculations. Six coronal sections
between the anterior edge and posterior edge of the impacted area were
collected and processed for Nissl staining from each brain perfused at day
11 after TBI. Sections were cut at a thickness of 30 �m by a cryostat. Every
sixth coronal tissue section, beginning at anteroposterior (AP) �2.28
mm and ending at AP 0 mm posterior from bregma (Paxinos and Wat-
son, 2007), was randomly selected for measurement of impact- and peri-
impact area. Brain sections were examined using a light microscope
(Olympus) and Keyence microscope. The impact area of brain damage
was measured in each slice and quantified by a computer-assisted image
analysis system (NIH Image) and calculated by the following formula:
[(area of the damaged region in each section) � 0.030] (cubic millime-

ters). The peri-impact area of brain damage was counted by a computer-
assisted image analysis system (NIH Image). Impact and peri-impact
area was then expressed as a percentage of the ipsilateral hemisphere
compared with the contralateral hemisphere.

Measurement of hippocampal cell loss: hematoxylin and eosin staining
analysis. Hematoxylin and eosin (H&E) staining was performed to con-
firm the core impact injury of our TBI model. As shown in our previous
studies (Hayashi et al., 2009; Yu et al., 2009; Glover et al., 2012; Acosta et
al., 2013), we demonstrated primary damage to the frontoparietal cortex.
H&E staining was also analyzed in the hippocampal area. Starting at
coordinates AP �1.7 mm and ending AP �3.9 mm from bregma (Paxi-
nos and Watson, 2007), coronal brain sections (30 �m) covering the
whole dorsal hippocampus. A total number of six sections per rat were
used. Cells presenting with nuclear and cytoplasmic staining (H&E) were
manually counted in the CA3 neurons. CA3 cell counting spanned the
whole CA3 area, starting from the end of hilar neurons to the beginning
of curvature of the CA2 region in both the ipsilateral and contralateral
sides. Sections were examined with Nikon Eclipse 600 microscope at
20�. All data are represented as mean 	 SEM values, with statistical
significance set at p 
 0.05.

Measurement of cell survival: human nuclei staining analysis. Every sixth
30-�m-thick coronal tissue section of brain and spleen, spanning the
area of injury in the case of the brain and the entire red pulp in the case of
spleen were randomly selected for quantitative analysis. Free-floating
sections were washed three times for 5 min in PBS. For human nuclei
(HuNu) staining, samples were blocked for 60 min at room temperature
with 5% normal goat serum (Invitrogen) in PBS containing 0.1% Tween
20 (PBST; Sigma). Sections were then incubated overnight at 4°C with
mouse monoclonal anti-HuNu (1:50; MAB1281; Millipore) with 5%
normal goat serum. The sections were washed five times for 10 min in
PBST and then soaked in 5% normal goat serum in PBST containing
corresponding secondary antibodies, goat anti-mouse IgG Alexa Fluor
488 (green; 1:500; Invitrogen), for 90 min. Finally, sections were washed
five times for 10 min in PBST and three times for 5 min in PBS, then
processed for Hoechst 33258 (bisBenzimideH 33258 trihydrochloride;
Sigma) for 30 min, washed in PBS, and coverslipped with Fluoromount
(Sigma). Brain and spleen sections were examined using a confocal
microscope (Olympus). Control studies included exclusion of primary
antibody substituted with 5% normal goat serum in PBS. No immuno-
reactivity was observed in these controls.

Flow cytometry. Immunophenotypical analysis of cultured cells was
performed using FITC-, phycoerythrin-, or adenomatous polyposis coli-
conjugated monoclonal antibodies against CD31, CD34, CD44, CD45,
CD73, CD90, CD105, CD106, and CD117 and appropriate isotype con-
trols. Cells were detached using TryLE Select (Invitrogen), washed, and
resuspended at a concentration of 10 6 cells/ml. Cells were incubated at
4°C for 10 min in PBS with 10% FBS. Cells were centrifuged for 5 min at
1200 rpm. The cell pellet was resuspended in the binding buffer (PBS/2%
FBS/ 0.01% sodium azide), followed by incubation with optimized con-
centrations of specific mAbs at 4°C for 30 min, then washed with the
binding buffer, resuspended in 0.5 ml of the same buffer, and analyzed
within 1 h using the BD Accuri C6 flow cytometer (BD Biosciences).

Statistical analyses. The data were evaluated statistically using either
two-way ANOVA or repeated-measures ANOVA and subsequent post
hoc Scheffé’s or Bonferroni’s test for behavior. Statistical significance was
preset at p 
 0.05.

Results
To test the hypothesis that administration of hADSC grafts can
rescue motor impairments associated with TBI in young and aged
rats, a battery of motor behavioral tests, EBST, forelimb akinesia,
and paw-grasp tests were conducted.

hADSC grafts and CM improve TBI-associated motor
asymmetry in young, but not aged, TBI rats
EBST revealed that young and old rats subjected to TBI–vehicle
exhibited significant asymmetry in motor activity at days 1, 3, and
7 compared with sham control rats (two-way ANOVA, F(3,12) �
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24.66, p 
 0.001; Fig. 2). Significant recovery of motor symmetry
was detected in the young rats treated with either hADSCs or CM
compared with young rats subjected to TBI–vehicle and sham
controls (p 
 0.05; Fig. 2A). The effect of cell therapy and CM to
improve motor asymmetry in young rats exposed to TBI was
observed as early as 1 d after treatment and continued through-
out the testing period (p 
 0.05; Fig. 2A). Unlike the recovery
observed in young rats, aged animals did not display any treat-
ment effect with either hADSC grafts or CM relative to aged rats
treated with vehicle and aged sham controls (p � 0.05; Fig. 2D).

hADSC grafts and CM ameliorate TBI-
associated forelimb akinesia in young,
but not aged, TBI rats
The forelimb akinesia test demonstrated
TBI-associated impairment in forelimb
strength in young and aged rats treated
with vehicle at all time points compared
with sham control rats (two-way ANOVA,
F(3,12) � 12.06, p 
 0.001; Fig. 2B,E).
hADSC grafts and CM significantly im-
proved forelimb movement and function
in young rats exposed to TBI within the
first 24 h, which continued throughout
testing period relative to young rats ex-
posed to TBI treated with vehicle and
sham controls (p 
 0.05; Fig. 2B). Aged
animals subjected to TBI did not display
any amelioration of the forelimb akinesia
after treatment with either hADSCs or
CM relative to aged TBI–vehicle and sham
control (p � 0.05; Fig. 2E). All data are
represented as mean 	 SEM values.

hADSC grafts and CM attenuate TBI-
associated paw-grasp impairment in
young, but not aged, TBI rats
Assessment of paw-grasp function dem-
onstrated TBI-associated impairments in
paw grasp in both young and aged rats
subjected to TBI treated with vehicle at all
time points compared with sham control
rats (two-way ANOVA, F(3,12) � 31.80,
p 
 0.001; Fig. 2C,F). At 24 h after the
onset of TBI, young rats treated with ei-
ther hADSC grafts or CM scored signi-
ficantly better on the paw-grasp test
compared with young rats exposed to TBI
treated with vehicle and sham controls
(p 
 0.05; Fig. 2C). There was no signifi-
cant treatment effect in the paw-grasp as-
sessment of aged rats subjected to TBI
treated with hADSCs or CM relative to
aged TBI–vehicle and sham controls (p �
0.05; Fig. 2F). All data are represented as
mean 	 SEM values.

hADSC grafts and CM ameliorate TBI-
associated cognitive impairments found
in RAWM in young animals but showed
reduced effects in aged animals
Young and aged sham controls, sub-
jected to TBI treated with vehicle (un-
conditioned media), hADSC grafts, or

CM, were tested for spatial memory using the six-arm spaced
training RAWM task to evaluate their cognitive function. In
this behavioral paradigm, the rats were trained for four trials a
day for 3 consecutive days to find the hidden escape platform.
During the acquisition of learning, there were no differences
in performance demonstrating that all groups of rats, young
and aged, were able to learn the location of the hidden plat-
form ( p � 0.05; Fig. 3 A, C). Of note, there were no disparities
of motor function and swimming capabilities, indicating that

Figure 2. Motor assessment. Results indicate that transplantation of hADSCs or infusion of CM rescued the TBI-
associated motor deficits in young rats only. Asterisks denote significant difference in motor impairments in young rats
transplanted with hADSCs or infused with CM relative to TBI–vehicle group and sham controls in EBST (A), forelimb akinesia
(B), and paw-grasp test (C). Two-way ANOVA revealed significant treatment effects as follows: EBST, F(3,12) � 24.66, p 

0.0001; Bonferroni’s test, ***p 
 0.001; forelimb akinesia, F(3,12) � 16.55, p 
 0.0001; Bonferroni’s test; *p 
 0.05;
paw-grasp test, F(3,12) � 31.80, p 
 0.0001; Bonferroni’s test, **p 
 0.01. D–F show that there is no significant
treatment effects on the motor behavior in aged rats (Bonferroni’s test, p � 0.05). G shows a significant correlation
between peri-infarct area and EBST motor performance. Data shown are for the young and aged analyzed separately, but
the significance remains when the groups are combined (R 2 for young � 0.93; aged � 0.81; combined � 0.83; Pearson’s
r for young � �0.97; aged � �0.91; combined � �0.91).
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they were equally able to escape from the water by finding the
platform during the allotted 60 s learning trials. hADSC grafts
or CM significantly ameliorated the TBI-associated cognitive
impairment in young rats relative to young rats treated with
vehicle and sham controls (one-way ANOVA, F(3,28) � 22.98,
p 
 0.001; Fig. 3B). There were significant treatment effects on
cognitive function in aged rats treated with hADSCs but not with
CM relative to aged rats treated with vehicle and sham controls
(p � 0.05; Fig. 3D). All data are represented as mean 	 SEM
values.

Age-dependent biodistribution and homing of systemically
administrated hADSCs in vivo
hADSCs were labeled in vitro with XenoLight and administered
through the jugular vein of young and aged rats 3 h after TBI, and
their biodistribution was tracked at 1, 4, 12, 24, 48, and 72 h (Fig.
4A–C). Of note, to show that the signal that we detected from the
transplanted group was specific for the DiR signal, young and
aged sham control rats were subjected to the IVIS imager, and, as
expected, there was no fluorescent signal detected. Within the
first hour after transplantation, the spleen and liver area of young

Figure 3. Cognitive assessment. Results indicate that cognitive deficits associated with TBI were ameliorated after transplantation of hADSCs in both young and aged rats in reversal training
relative to vehicle and sham control. One-way ANOVA revealed significant treatment effects in the young (F(3,28) � 3.95, p 
 0.0185; Bonferroni’s test, p 
 0.05) and aged (F(3,28) � 3.149, p 

0.01; Bonferroni’s test, *p 
 0.05) rats. CM treatment decrease the cognitive-associated TBI impairments only in young rats relative to vehicle and sham controls ( p 
 0.05). A and C shows escape
errors (mean 	 SEM) of young and aged rats, respectively, to find the hidden platform in the RAWM for days 1–3 (4 blocks per day; a block is 2 trials) and for reversal testing on day 4 (trials 1– 4).
B and D show trial 4 from the reversal training for young and aged rats, respectively.
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rats exposed to TBI and transplanted with
hADSC-labeled cells expressed a higher
fluorescent signal relative to the spleen
and liver area of aged rats transplanted
with hADSC-labeled cells (one-way
ANOVA, F(3,9) � 6.7, p 
 0.001; Fig. 4B).
By 24 h after transplantation, there were
no significant differences in fluorescent
signaling at the spleen and liver area of
either young or aged rats (p � 0.05; Fig.
4B). The head region analyses revealed
that only aged rats exposed to TBI showed
a significantly higher signal within the
first 24 h compared with young rats sub-
jected to TBI. There was no fluorescent
signal detected in the head region of sham
controls (ANOVA, F(3,9) � 5.61, p 
 0.05;
Fig. 4C). The signal of the labeled hADSCs
to the brain of young rats exposed to TBI
reached a plateau at 12 h after transplan-
tation compared with aged rats and sham
controls.

Age-dependent biodistribution and
homing of systemically administrated
hADSCs ex vivo
At day 11 after transplantation of hADSC,
rats were killed, and brain, lungs, liver,
and spleen were collected, imaged using
the IVIS near-infrared spectrum imager,
and processed for immunofluorescence
(IF; Fig. 4D,E). Near-infrared IF showed
that the biodistribution of hADSCs to or-
gans displayed significant aged-related
differences (two-way ANOVA, F(3,9) �
14.15, p 
 0.001; Fig. 4E). For the near-
infrared IVIS imaging, the spleen and
lungs of young rats exposed to TBI
showed higher fluorescent signals com-
pared with the spleen and lungs of aged
rats exposed to TBI or sham controls (p 

0.05; Fig. 4E). Moreover, the florescence
signal detected in the liver of aged rats ex-
posed to TBI was higher relative to young
rats subjected to TBI or sham controls
(p 
 0.05; Fig. 4E). There was no age-
related difference in fluorescence signals
detected in the brains. To confirm that the
fluorescence signal was related to surviv-
ing cells in the animals, we examined im-
munohistochemistry for HuNu. Less than
1% of the total cells injected were ob-
served at this time after transplantation.
Confocal photomicrographs of hADSC
expression using IF demonstrated posi-
tive expression in brain and spleen from
young and aged rats (Fig. 5). HuNu and
Hoechst were used to detect the positive
hADSCs in the brain and spleen. In the
young rats, hADSCs appeared to survive
in the brain, although as mentioned, 
1%
of cells survive to this time after transplan-
tation. Expression of HuNu-positive cells

Figure 4. Biodistribution of DiR-labeled hADSCs after TBI. In vivo near-infrared IVIS imaging revealed that the biodistri-
bution and homing of hADSCs is age dependant. A and B show that hADSCs migrated robustly to the spleen and the liver
area of young rats exposed to TBI relative to sham controls and to the spleen and liver area of aged rats exposed to TBI and
transplanted with hADSCs (one-way ANOVA, F(3,9) � 6.7, p 
 0.001; Bonferroni’s test, ***p 
 0.001). C shows that the
migration signal is significantly higher in aged rats only within the first 48 h compared with young and sham control
(one-way ANOVA, F(3,9) � 5.61, p 
 0.05; Bonferroni’s test, *p 
 0.05). The migration signal of the labeled hADSCs to the
brain of young rats exposed to TBI was low and reached a plateau at 12 h after transplantation compared with aged rats and
sham controls. D shows ex vivo near-infrared IVIS imaging of the brain, spleen, lungs, and liver 11 d after TBI. E, Ex vivo
fluorescent analysis revealed that spleen and lungs of young rats exposed to TBI expressed higher migration of hADSCs
compared with the spleen and lungs of rats exposed to TBI or sham controls; two-way ANOVA, F(3,9) � 14.15, p 
 0.001;
Bonferroni’s test, *p 
 0.05). Radiant Efficiency, photons per second per square centimeter per steridian divided by

microwatts per square centimeter � p/s/cm 2/sr

�W/cm 2 �.
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were found in the ipsilateral cortex within the area as demon-
strated by the Z-stack reconstruction of HuNu and Hoechst co-
localization. However, in the aged rat, there was a weak HuNu-
positive expression that can be associated with poor cell survival.
Weak HuNu was found in the ipsilateral cortex within the area of
injury. Analysis of the Z-stack reconstruction of the hADSC
(HuNu) expression in the spleen of young and aged rats demon-
strated a higher migration and survival of hADSCs as depicted by
their robust HuNu/Hoechst expression in the young rats relative
to aged rats. To further verify that the fluorescent signal observed
in the spleen and other organs reflected hADSCs, we examined
the spleens of three young rats after injury using flow cytometry.
Although only a very small percentage of the cells in the spleen
were DiR positive, 60% of the DiR-positive cells were CD105
positive, and none of the non-DiR cells were CD105 positive
(data not shown). As discussed in Materials and Methods, the
hADSCs used in this study are 80% CD105 positive at the time of
injection; thus, a small percentage of DiR cells have either differ-
entiated or DiR has migrated to other cells.

hADSC transplantation reduces impact and peri-impact area
of young rats exposed to TBI
Nissl staining revealed that the administered hADSC graft treat-
ment significantly reduced the impact and peri-impact area of
TBI injury (one-way ANOVA, impact area, F(3,28) � 10.54, p 

0.001; peri-impact, F(3,28) � 22.98, p 
 0.001; Fig. 6). Quantita-
tive analyses revealed that there is a significant reduction of the
damaged impacted area of the cortex of young rats treated with
either hADSCs or CM relative to young rats treated with vehicle
unconditioned media and sham control (p 
 0.05; Fig. 6B). Of
note, there were no significant differences between young rats
treated with hADSCs and CM (p � 0.05; Fig. 6B). Moreover,
Nissl analyses revealed a higher percentage of intact peri-impact

area on the cortex of young rats exposed to TBI treated with
hADSCs and CM relative to young rats treated with vehicle and
sham controls (p 
 0.05; Fig. 6C).

hADSC transplantation partially ameliorates the cortical
damage of aged rats subjected to TBI
Nissl staining revealed that treatment of hADSCs or CM was not
able to reduce the damage of the impacted area of the cortex in
aged rats compared with aged rats treated with vehicle media and
sham controls (p � 0.05; Fig. 6E). However, Nissl staining
showed that hADSC treatment partially decreased the damage of
the cortex in the peri-impact area (ANOVA, F(3,28) � 30.60, p 

0.001; Fig. 6F). Quantitative analyses revealed that the percentage
of intact peri-impact area of aged rats treated with hADSCs does
not differ from aged sham control, and it is significantly greater
relative to aged CM and aged vehicle-treated rats (p 
 0.0001;
Fig. 6F).

hADSC grafts and CM decrease hippocampal cell loss in
young rats exposed to TBI but not in the aged rats
The total number of surviving neurons in the hippocampal CA3
region of young and aged rats exposed to TBI was quantified by
H&E staining (Fig. 7). Treatment with hADSCs or CM signifi-
cantly increases neuronal cells survival in the CA3 region of the
hippocampus (one-way ANOVA, F(3,28) � 7.8, p 
 0.001; Fig. 7).
There was a significant decrease on the percentage of neuronal
cell loss in the young rats exposed to TBI and treated with either
hADSCs or CM compared with young vehicle unconditioned
media and sham controls (p 
 0.05; Fig. 7A). Quantitative anal-
yses failed to reveal a significant reduction in CA3 neuronal cell
loss in aged rats that received hADSCs or CM treatment grafts
(p � 0.05; Fig. 7B).

Knockdown of NEAT1 and MALAT1 blocks the CM-mediated
motor behavioral improvements in young rats exposed to TBI
To decipher the therapeutic mechanism underlying the observed
therapeutic benefits of hADSCs, an additional cohort of young
rats was used to test two specific lncRNAs found to be secreted by
hADSCs into media. Because knockdown of transcription factors
can also alter other biomolecules secreted by the hADSCs into the
CM, we also examined three potential bioactive molecules ob-
served in CM. When CM was compared with unconditioned
media, we identified 13 proteins that were increased in CM com-
pared with unconditioned media (Table 1); of these, we chose
to examine three proteins that have been suggested to have
effects on stem cell survival: stem cell factor (SCF), vascular
endothelial growth factor (VEGF), and tissue inhibitor of
metalloproteinases-3 (TIMP3). As observed in Table 2, knock-
down treatment of hADSCs with antisense to NEAT1 or
MALAT1 reduces the amount of NEAT1 or MALAT1 in the CM.
In addition, there is also a significant reduction in VEGF and SCF
measured in the CM (VEGF, one-way ANOVA, F(3,19) � 482, p 

0.001; post hoc tests revealed that CM was different from either
kdNEAT1 or kdMALAT1 at p 
 0.001; SCF, F(3,19) � 336.4, p 

0.001; post hoc tests revealed the difference between CM and kd-
NEAT1 or kdMALAT1 at p 
 0.001). When we examined TIMP3
in the CM, there was an increase in the CM from the cells treated
with antisense to NEAT1 or MALAT1 compared with CM (one-
way ANOVA, F(3,17) � 59.51, p 
 0.0001; post hoc tests, p 
 0.001
comparing CM with kdNEAT1 or kdMALAT1).

We observed that either CM kdNEAT1 or CM kdMALAT1
reduced the therapeutic effects seem previously with the treat-
ment of CM when compared with sham control (two-way

Figure 5. Confocal imaging of hADSC-positive expression in the brain and spleen of young
and aged rats. Brain confocal images of positive HuNu (green) and Hoechst (blue) and expres-
sion of hADSCs (green) within the area of injury in the cortex of young (A–C) and aged (D–F )
rats 11 d after transplantation. C and F show a confocal image of a Z-stack reconstruction of
HuNu-positive cells colocalizing with Hoechst in young and aged rats, respectively. Spleen
confocal images of HuNu- and Hoechst-positive expression of hADSCs in the spleen of young
(G–I ) and aged (J–L) rats 11 d after transplantation. I and L show confocal Z-stack reconstruc-
tion of hADSCs colocalizing with Hoechst in young and aged rats, respectively. I shows a robust
migration of hADSCs in the spleen of young relative to the HuNu expression in the spleen of aged
rats. Scale bars, 50 �m.
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ANOVA, EBST, F(3,26) � 61.34, p 
 0.001; forelimb akinesia,
F(3,26) � 58.92, p 
 0.001; paw grasp, F(3,26) � 36.92, p 
 0.001;
Fig. 8). EBST demonstrated significant asymmetry in motor ac-
tivity at days 1, 3, and 7 after TBI (p 
 0.01) in rats treated with
either kdNEAT1 or kdMALAT1 relative to CM, CM kdscramble,
and sham control (Fig. 8A). Moreover, blocking either NEAT1 or
MALAT1 lowered the efficacy of the CM to improve motor func-
tional performance on forelimb akinesia and the paw-grasp test
(p 
 0.05; Fig. 8B,C). These observations suggest that lncRNAs,
NEAT1, and MALAT1 play a key role in sustaining long-term
neuroprotection and behavioral improvement.

Knockdown of NEAT1 and MALAT1 blocks the hADSC- and
CM-mediated amelioration of cognitive impairments in
young TBI rats
Young sham controls subjected to TBI treated systemically with
CM kdNEAT1, CM kdMALAT1, CM kdscramble, or CM were
tested for spatial memory using the six-arm spaced training
RAWM task (Fig. 9). As described previously in this study, the
rats were trained for four trials a day for 3 consecutive days to find
the hidden escape platform. During the acquisition of learning,
there were no differences in performance, demonstrating that all
groups of rats, young and aged, were able to learn the location of
the hidden platform (p � 0.05; Fig. 9A). Of note, there were no
disparities of motor function and swimming capabilities, indicat-
ing that they equally escaped from the water by finding the plat-
form during the allotted 60 s learning trials. Administration of
CM kdNEAT1 or CM kdMALAT1 significantly abrogated the
therapeutic benefits seen previously because hADSCs or CM
treatment ameliorated the TBI-related memory impairments in
the spatial navigation task (one-way ANOVA, F(3,26) � 4.129, p 

0.01; Fig. 9B). All data are represented as mean 	 SEM values.
There was no amelioration of cognitive function in young rats

treated with CM kdNEAT1 and CM kdMALAT1 relative to CM,
CM kdscramble, and sham control (p 
 0.05).

Knockdown of NEAT1 and MALAT1 blocks the hADSC- and
CM-mediated reduction in hippocampal cell loss in young
rats exposed to TBI
After systemic administration of kd lncRNAs and appropriate
controls, the total number of surviving neurons in the hippocam-
pal CA3 region of young rats was quantified by H&E staining
(Fig. 10). Administration of CM kdNEAT1 and CM kdMALAT1
significantly blocked the therapeutic effects relative to CM, CM
kdscramble, and sham control (one-way ANOVA, F(5,31) �
23.24, p 
 0.001; Fig. 10). There was no therapeutic effect to
reduce the TBI-associated neuronal cell loss in young rats treated
with CM kdNEAT1 and CM kdMALAT1 compared with CM,
CM kdscramble, and sham control (p � 0.05; Fig. 10).

Discussion
This study reports the therapeutic potential of hADSC or CM
from hADSC in young and aged rats after TBI, characterized by
attenuation of TBI-induced motor, cognitive, and histological
deficits, possibly via endogenous repair mechanisms promoted
by lncRNA. We demonstrate that hADSC transplantation or CM
attenuated the TBI-associated motor and cognitive impairments
in young rats but had decreased efficacy in the aged rats.

hADSCs and CM afford neuroprotective effects
In the present in vivo study, behavioral and histological amelio-
rations were achieved by hADSC transplantation and CM treat-
ment. The decreased cortical damage and CA3 neuronal loss may
directly relate to the motor and cognitive improvement seen in
young rats after hADSC treatment. In contrast, hADSC treat-
ment in aged rats only partially rescued the cortical damage, and

Figure 6. hADSC transplantation reduces impact and peri-impact area of young rats exposed to TBI. Nissl staining revealed that hADSC treatment significantly reduced the cortical damage at the
impact and peri-impact area associated with TBI injury in young rats. A, Photomicrographs of brain coronal sections of sham-, vehicle-, CM-, or hADSC-treated young rats. B, There is a 50 and 80%
reduction of impacted area after treatment with CM and hADSCs, respectively. C, Graphs show that the intact peri-impact area increased 40 and 75% after treatment of CM and hADSCs, respectively
(one-way ANOVA, impact area, F(3,28) � 10.54, p 
 0.001; peri-impact, F(3,28) � 22.98, p 
 0.001; A–C). Impact and peri-impact analysis of aged rats revealed that treatment of hADSCs partially
rescued the TBI-associated cortical damage only in the peri-impact area compared with vehicle and sham controls (D–F ). D, Photomicrographs of brain coronal sections of sham-, vehicle-, CM-, or
hADSC-treated aged rats. E, Graph shows no significant differences among different treatment in the impact area of aged rats. F, Graph shows that only hADSC treatment increased intact peri-impact
area after TBI (ANOVA, peri-impact area, F(3,28) � 30.60, p 
 0.0001). Scale bars, 1 mm. *, Significantly different from sham control; &, significantly different from TBI–CM; #, significantly different
from TBI– hADSC; ns, not significant using Bonferroni’s test.
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it has no significant neuroprotective effect in the CA3 region of
the hippocampus. Consequently, as seen in Results, there was no
improvement of the motor deficits and only partial amelioration
on the cognitive function in the aged rats. Previously, hADSCs
have been shown to enhance synaptic plasticity with subsequent
reconstruction of the cortical neuronal network (Mizuno et al.,
2012). Certainly, the underlying mechanisms might include
functional enhancement of the surviving neurons by either cell-

to-cell interaction or the bystander effect of the CM from the
stem cells, which contain a variety of secreted factors, such as
chemokines, cytokines, trophic factor, and lncRNA that serve as
signaling molecules and anti-inflammatory mediators and might
intervene in epigenetic mechanisms for neuroprotection and
synaptic plasticity (Egashira et al., 2012; Ribeiro et al., 2012).

Biodistribution of hADSCs
It is now well established that, when cell therapy is administered
peripherally as was done in this investigation, the cells migrate to
many organs. Migration of cells to the spleen has been implicated
as part of the neuroprotective action, as has been shown after
both stroke and TBI; the spleen shrinks in the first few days, but
this is prevented with stem cell therapy (Vendrame et al., 2006;
Walker et al., 2010). Walker et al. (2010) have shown that, after
TBI, multipotent adult progenitor cells migrate to the spleen and
prevent the shrinkage normally observed after injury. Early stud-
ies from our group demonstrated that intravenous cell therapy
has important influences on the monocytes and macrophages in
the spleen as an important neuroprotective action in stroke (Ven-
drame et al., 2006). Additional studies demonstrated that re-
moval of the spleen immediately after TBI (Li et al., 2011) or
before stroke (Ajmo et al., 2008) significantly reduced proinflam-
matory cytokines and improved cognitive function. For this rea-
son, we examined the migration of hADSCs after treatment.

Figure 7. hADSC treatment reduces hippocampal cell loss in young TBI rats. Results show that hADSC or CM treatments are neuroprotective in the hippocampus of young rats exposed to TBI and
not in aged rats. A shows that there is a significant reduction of the percentage of CA3 neuronal cell loss after treatment with CM or hADSCs compared with vehicle-treated young TBI rats or sham
controls (one-way ANOVA, F(3,28) � 7.8, p 
 0.001). B, Quantitative analyses failed to reveal a significant reduction on the percentage of CA3 neuronal cell loss of aged TBI rats after treatment with
hADSC grafts relative to aged vehicle and aged sham control rats ( p � 0.05). C–J, Photomicrographs of H&E staining of ipsilateral dorsal hippocampus, specifically the CA3 region of the
hippocampus, in sham, TBI–vehicle, TBI–CM, and TBI– hADSC. Arrows denote neuronal cell loss within the CA3 region. K illustrates the correlation between the number of errors made on trial 4 of
the reversal trial (taken from Fig. 3) with the loss of CA3 neuronal cells. There is a significant correlations between memory and CA3 neuronal loss when examined within age groups and between
age groups (R 2 for young � 0.82; aged � 0.37; combined � 0.60; Pearson’s r for young � 0.91; aged � 0.61; combined 0.78). Scale bars, 50 �m. *, Significantly different from sham control; &,
significantly different from TBI–CM; #, significantly different from TBI– hADSC; ns, not significant, using Bonferroni’s test.

Table 1. Major proteins secreted into conditioned media

Factor Units UCM CM Fold change CM/UCM

Adiponectin ng/ml 
0.29 0.58 �2
B2M �g/ml 0.0011 0.011 10
Compliment C3 ng/ml 0.2 2.4 12
IL-6 pg/ml 
0.78 400 �100
IL-8 pg/ml 1.2 12 10
MMP-3 ng/ml 
0.046 0.14 �3
MCP-1 pg/ml 
9.1 191 �20
PAI-1 ng/ml 
0.031 259 �100
SCF pg/ml 
12 13 �1
TIMP-1 ng/ml 0.05 45 900
TNFR2 ng/ml 0.006 0.013 2.2
VCAM-1 ng/ml 
0.025 0.067 �2
VEGF pg/ml 15 247 16.5

MCP-1, Monocyte chemoattractant protein; MMP-3, matrix metalloproteinase-3; PAI-1, plasminogen activator
inhibitor-1; TNFR2, TNF receptor-2; UCM, unconditioned medium; VCAM-1, vascular cell adhesion molecule 1.
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In recent years, several techniques have been applied to track
stem cell migration and survival in vivo, including MRI and op-
tical imaging (Solanto, 1984; Ushiki et al., 2010; Darkazalli and
Levenson, 2012). By using DiR dye, we can easily trace cells in
vivo, even through the skull because of its low level of autofluo-
rescence combined with a high wavelength (Michalet et al., 2005;

Boddington et al., 2008; Jang et al., 2011; Sugiyama et al., 2011).
By using in vivo optical imaging, the present study clearly dem-
onstrates that a small percentage of hADSCs survive and are ob-
served in the injured brain as early as 12 h after injury. The
majority of DiR-labeled cells were detected in the spleen/liver
region within 1 h after transplantation. A similar pattern of in
vivo biodistribution was reported (Detante et al., 2009) after mid-
dle cerebral artery occlusion using 99mTc-hMSC cells into the
saphenous vein. An important observation of this study was that
the biodistribution of cells differed in the aged rats after TBI with
a higher signal in the aging head, whereas there was a lower signal
in the spleen/liver region of aged rats in the subacute stage after
TBI and confirmed lower signal in the spleen of aged rats with the
ex vivo imaging. The signal observed in the brain was significantly
higher at 24 h. One explanation for this is that there is a larger
disruption of the blood– brain barrier in the aged versus young
rats (Lee et al., 2012). Despite increased signal at early time points
to the aging brain within the subacute stage, these cells failed to
fully rescue TBI-mediated motor and cognitive impairment.
There are several potential reasons for the reduced efficacy of the
cell therapy in the aged rats. First, as noted, there were fewer
HuNu-positive cells observed in the brains of the aged rats, and
those HuNu cells that are still present appeared to be dying. This
was not observed in the young brain. Thus, one part of the ob-
served difference in efficacy of cell therapy could be related to cell
survival in the aged brain and/or spleen. Second, it is possible that
the damage is more severe in the aged brain and thus less respon-
sive to therapy. Third, the reduced migration to the spleen may be
a critical aspect of the reduced efficacy of the hADSCs in the aged
rats. As discussed above, this is thought to be one important
aspect of the mechanism of action of cell therapy after brain
injury (Walker et al., 2010). The exact reason why hADSCs might
show decreased migration to the spleen in the aged rats is not
currently established. One explanation could be the aged-related
decrease in the chemokine profile in aged rats. hADSCs constitu-
tively express chemokine receptors CCR7, CXCR5, and CXCR6
for their corresponding homeostatic chemokines CCL19,
CCL21, and CCL20, respectively, which play an important role in
cell migration and homing (Baek et al., 2011). Recent studies
showed a significantly lower amount of the chemokines CCL19,
CCL21, and CCL20 in aged mouse spleen compared with young
mice (McDonald et al., 2011; Lefebvre et al., 2012). Thus, addi-
tional studies need to examine whether approaches aimed at in-
creasing these chemokines in the aged spleen could modulate the
efficacy of stem cell therapy in the aged. Other approaches could
be directed at mechanisms to increase cell survival in the aged
animals, because a possible caveat for fewer cells observed in the
aged spleen at 11 d after injection is that fewer cells are surviving
in the aged spleen, as we suggested may be happening in the aged
brain.

Mechanism of CM efficacy after TBI
One mechanism suggested to play a role in the therapeutic action
of hADSCs is that they secrete many important factors. An anal-
ysis of the CM used in the experiments described here shows an

Table 2. Effect of knockdown of NEAT1 or MALAT1 on conditioned media

Media condition NEAT1 (% control) MALAT1 (% control) VEGF (% control) SCF (% control) TIMP3 (% control)

Control CM 100 	 3 100 	 5 100 	 8 100 	 8 100 	 7
Antisense NEAT1 15.3 	 5 # 71.5 	 5 27.6 	 15 # 28.4 	 3 # 400 	 26 #

Antisense MALAT1 87.4 	 4 5.5 	 4 # 42.8 	 24 # 63.1 	 8 # 290 	 32 #

#p 
 0.01 versus control CM.

Figure 8. Knockdowns of NEAT1 and MALAT1 block the CM-mediated motor behavioral
improvements in young rats exposed to TBI. Results indicate that treatment of CM kdNEAT1 or CM
kdMALAT1 reduced the therapeutic effects seen previously with the treatment of CM when compared
with sham control (two-way ANOVA, EBST, F(3,26) � 61.34, p 
 0.0001; Bonferroni’s test, **p 

0.01, ***p 
 0.001; forelimb akinesia, F(3,26) � 58.92, p 
 0.001; Bonferroni’s test, ***p 
 0.001;
pawgrasp,F(3,26)�36.92,p
0.0001;Bonferroni’stest,***p
0.001).A,EBSTrevealedsignificant
asymmetry in days 1, 3, and 7 after TBI in rats treated with either kdNEAT1 or kdMALAT1 relative to
CM, CM kdscramble, and sham control. B and C also demonstrate a decrease in forelimb akinesia and
paw grasp improvements in days 1, 3, and 7 by blocking either NEAT1 or MALAT1.
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increase in NEAT and MALAT and a number of important pro-
teins, such as VEGF and TIMP. It has been shown that hADSC
CM enhances neuronal and glial viability and is neuroprotective
in stroke (Cho et al., 2012; Egashira et al., 2012). It has been
shown that hADSCs produce massive secretion of anti-
inflammatory cytokines IL-10 and IL-4 in experimental TBI
(Galindo et al., 2011; Egashira et al., 2012; Ribeiro et al., 2012)
and decrease production of proinflammatory cytokines, such as
TNF-� and IFN-� (Blaber et al., 2012), when cocultured with
immune cells, effector T cells, natural killer NK cells, and den-
dritic cells (Singer and Caplan, 2011). Because CM showed sim-
ilar therapeutic potential in young animals, next we examined
lncRNAs, which have been postulated previously as regulators of
epigenetic mechanisms. hADSC-secreted exosomes carry a com-

plex cargo load of lncRNA (Katsuda et al., 2013), which has been
shown previously to improve cardiac function by reducing oxi-
dative stress and inducing the phosphatidylinositol 3-kinase/Akt
signaling pathway (Arslan et al., 2013). There are no published
reports on the involvement of lncRNAs in rescuing neurons after
brain injury, although over the past decade, there is emerging
evidence that lncRNA serves as a key regulator in cell prolifera-
tion and survival in mammalian cells (Spadaro and Bredy, 2012;
Mercer and Mattick, 2013). When expression of NEAT1 or
MALAT1 in CM is knocked down with their corresponding an-
tisense RNA, CM loses its efficacy to provide neuroprotection
and behavioral improvements. It has been shown that NEAT1
and MALAT1 are essential components of nuclear speckles and
chromatin (Bond and Fox, 2009; Clemson et al., 2009; Sasaki et
al., 2009; Naganuma and Hirose, 2013), which control stress re-
sponses and cellular differentiation (Nakagawa and Hirose,
2012). In addition, MALAT1 significantly influences synapse for-
mation in neuronal culture by controlling the expression of a
subset of genes significantly involved in nuclear and synapse
function, such as neuroligin 1 and synaptic cell adhesion mole-
cule 1 (Bernard et al., 2010). We postulated that, after TBI, reser-
voir paraspeckles are released into the cytoplasm (Fox and
Lamond, 2010), and NEAT1 and MALAT1 play a major role in
distributing the pre-mRNA splicing factors to nuclear speckles
and thus maintain the regulatory network of brain plasticity. In
addition to the reduction in NEAT1 or MALAT1, we also exam-
ined three biomolecules with potential importance for brain re-
pair. Treatment of hADSCs with antisense to either NEAT1 or
MALAT1 partially reduced the presence of both VEGF and SCF
and increased the expression of TIMP3, which is an inhibitor of
VEGF (Qi et al., 2003; Yao et al., 2012). All three of these proteins
have been shown to have biological activity in repair after brain
injury and thus may also be involved in the protective effect of
CM observed in this study. Future studies can address the relative
importance of NEAT or MALAT individually.

In conclusion, our results suggest that hADSC cell transplan-
tation and CM from hADSCs have the potential to boost endog-

Figure 9. Knockdown of NEAT1 and MALAT1 blocks the hADSC- and CM-mediated amelioration of cognitive impairments in young TBI rats. Results demonstrated that administration of CM
kdNEAT1 or CM kdMALAT1 significantly abrogated the therapeutic benefits seen previously as hADSCs or CM treatment ameliorated the TBI-related memory impairments in the spatial navigation
task (one-way ANOVA, F(3,26) � 4.129, p 
 0.01). There was no amelioration of cognitive function in young rats treated with CM kdNEAT1 and CM kdMALAT1 relative to CM, CM kdscramble, and
sham control ( p � 0.05). A shows escape errors (mean 	 SEM) to find the hidden platform in the RAWM for days 1–3 (4 blocks per day; a block is 2 trials) and for reversal testing on day 4 (trials 1– 4)
for young rats. B shows trial 4 from the reversal training. *, Significantly different from sham control; &, significantly different from TBI–CM; ns, not significant using Bonferroni’s test.

Figure 10. Knockdown of NEAT1 and MALAT1 blocks the hADSC- and CM-mediated reduc-
tion in hippocampal cell loss in young rats exposed to TBI. Administration of CM kdNEAT1 and
CM kdMALAT1 significantly blocked the therapeutic effects relative to CM, CM kdscramble, and
sham control (one-way ANOVA, F(5,31) � 23.24, p 
 0.001). Graph shows the percentage loss
of CA3 hippocampal neurons. There is no therapeutic effects to reduce the TBI-associated neu-
ronal cell loss in young rats treated with CM kdNEAT1 or CM kdMALAT1 compared with vehicle,
CM, CM kdscramble, or sham control ( p � 0.05). *, Significantly different from sham control; &,
significantly different from TBI–CM; #, significantly different from TBI–CM kdscramble using
Bonferroni’s test.
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enous repair mechanisms as observed in the ability to improve
motor and cognitive behaviors, as well as prevention of cortical
and hippocampal damage. We demonstrate two major findings.
First, lncRNA found in exosomes secreted by hADSCs plays a
major role in the efficacy of the CM and, by extrapolation, plays a
role in the actions of the transplanted hADSCs. Second, in aged
rats, there is a decreased efficacy of the hADSCs and CM, and we
propose that this is related to the reduced migration of hADSCs
and/or reduced survival of hADSCs in the aged and potentially
reduced migration of exosomes carrying lncRNA to the spleen.
These findings directly advance our basic scientific knowledge
about a potent mechanism of brain repair in TBI and provide
pivotal guidance into the translational applications of cell therapy
to TBI patients.
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