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Abstract

Traumatic brain injury (TBI) is a progressive and complex pathological condition that results in multiple adverse con-
sequences, including impaired learning and memory. Transplantation of mesenchymal stem cells (MSCs) has produced
limited benefits in experimental TBI models. Fibroblast growth factor 21 (FGF21) is a novel metabolic regulator that has
neuroprotective effects, promotes remyelination, enhances angiogenesis, and elongates astrocytic processes. In this study,
MSCs were genetically engineered to overexpress FGF21 in order to improve their efficacy in TBI. MSCs overexpressing
FGF21 (MSC-FGF21) were transplanted to mouse brain by intracerebroventricular injection 24 h after TBI was induced
by controlled cortical impact (CCI). Hippocampus-dependent spatial learning and memory, assessed by the Morris water
maze test, was markedly decreased 3—4 weeks after TBI, a deficit that was robustly recovered by treatment with MSC-
FGF21, but not MSC-mCherry control. Hippocampus-independent learning and memory, assessed by the novel object
recognition test, was also impaired; these effects were blocked by treatment with both MSC-FGF21 and MSC-mCherry
control. FGF21 protein levels in the ipsilateral hippocampus were drastically reduced 4 weeks post-TBI, a loss that was
restored by treatment with MSC-FGF21, but not MSC-mCherry. MSC-FGF21 treatment also partially restored TBI-
induced deficits in neurogenesis and maturation of immature hippocampal neurons, whereas MSC-mCherry was less
effective. Finally, MSC-FGF21 treatment also normalized TBI-induced impairments in dendritic arborization of hippo-
campal neurons. Taken together, the results indicate that MSC-FGF21 treatment significantly improved TBI-induced
spatial memory deficits, impaired hippocampal neurogenesis, and abnormal dendritic morphology. Future clinical in-
vestigations using MSC-FGF21 to improve post-TBI outcomes are warranted.

Keywords: fibroblast growth factor 21; mesenchymal stem cells; neurogenesis; spatial learning and memory; traumatic
brain injury

Introduction

RAUMATIC BRAIN INJURY (TBI) is the most common form of
brain trauma and estimated to result in death or hospital ad-
mission for more than 10 million people annually worldwide.'*
TBI can be divided into mild, moderate, and severe TBI. Even mild
TBI causes an array of symptoms that may persist for up to 3 years
post-injury, including headache, anxiety, depression, and irrita-

bility.® Cognitive and memory impairments are also frequently
associated with TBL* Deficits in learning and memory have
been reported in several cognitive domains, including executive
function, attention, working memory, episodic memory, verbal
learning, and processing speed.>® In both animal models and
human studies, cognitive impairment after TBI correlated with
neural atrophy and progressive cell death in the hippocampus and
frontal cortex.”®
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Although the pathophysiology of TBI has been extensively
studied, no effective therapies presently exist, and clinical inter-
vention relies largely on pathological stabilization immediately
after injury and subsequent long-term rehabilitative care. Thus, an
urgent need exists to explore novel treatment options to improve
both immediate and long-term outcomes in TBI. In this context,
stem cell therapy has emerged as a potential therapeutic strategy for
treating central nervous system diseases, including brain trauma.
Because mesenchymal stem cells (MSCs) secrete trophic factors
that activate endogenous neurorestorative processes within the in-
jured brain, their transplantation has been investigated in experi-
mental TBI studies.”™!! In particular, harnessing the secretome of
MSCs may be a potentially effective strategy because chemokines,
cytokines, growth factors, gene products, and immunomodulatory
peptides act as signaling molecules to induce functional recovery
by promoting neurogenesis, angiogenesis, and synaptogenesis.'>'?
In the context of TBI, MSC-mediated cell survival, neurogenesis,
angiogenesis, and synaptogenesis in the hippocampus, the most
vulnerable structure affected by TBI, may promote functional re-
covery of the hippocampus-associated learning and memory im-
pairments that are frequent hallmarks of brain trauma.'

MSC transplantation is a promising therapeutic strategy given
the accessibility, ease of handling, and isolation of these cells.
Nevertheless, the severe and complex nature of the injured brain
tissue microenvironment in TBI which may, in turn, affect MSC
survival has cast doubt on whether this method will be truly use-
ful for treating TBL'> However, some studies found that pre-
conditioning stem cells with pharmacological agents or hypoxia
before transplantation significantly improved their therapeutic
profile against brain- and cardiac-tissue injuries.'*"'®~'® Moreover,
pre-conditioning stem cells was found to improve survival of the
transplanted cells and augment the benefits of cell transplantation.
For instance, cotreatment of MSCs with the mood stabilizers,
lithium and valproate, both of which are known to have neuropro-
tective properties, improved their therapeutic efficacy and mark-
edly altered gene expression after transplantation into experimental
ischemic stroke rats and transgenic Huntington’s disease mice.'*°
Specifically, priming MSCs with lithium improved their migra-
tion and homing abilities by inducing matrix metalloproteinase (a
matrix metallopeptidase) and C-X-C chemokine receptor type 4
(a chemokine receptor), respectively, in vitro.>! In ischemic rats,
post-insult MSC injection enhanced angiogenesis in the ischemic
brain and improved behavioral performance.'”” In N171-82Q
Huntington’s disease mice, pre-conditioning MSCs with lithium
and valproate induced robust changes in the expression of genes
involved in trophic effects and also enhanced the survival of MSCs
in the brain after intranasal delivery, producing more significant
improvements in motor performance than MSCs not subjected to
pre-conditioning.>”

One of the most prominent trophic proteins induced by lithium
and valproate cotreatment in neurons and MSCs is fibroblast
growth factor-21 (FGF21).2%22 FGF21, which facilitates the me-
tabolism of glucose and lipids, has traditionally been thought to be
produced only in peripheral tissues.”> However, recent studies
found that FGF21 can be made in brain neurons and that it exhibits
robust neuroprotective properties against glutamate excitotoxicity
in primary brain neurons through v-akt murine thymoma viral
oncogene homolog 1 (Akt-1)-dependent mechanisms.>> FGF21
also promoted the elongation of neurite-like processes in primary
astrocytes as well as in an astrocytic cell line.>* FGF21 was also
found to be dramatically downregulated in the cortex and striatum
after cerebral ischemia; pharmacological manipulation of its levels

partially restored function by reducing the size of brain infarction
and improved functional outcomes.>

In light of the promising neuroprotective and neurotrophic fea-
tures of FGF21, the present study genetically engineered MSCs to
overexpress FGF21 and then assessed the beneficial effects of in-
tracerebroventricular (ICV) injection of MSCs overexpressing
FGF21 (MSC-FGF21) in a mouse model of TBI. The effects of
MSC-FGF21 on hippocampus-dependent and -independent spatial
learning and memory, hippocampal neurogenesis, and dendritic
morphology were assessed and compared to sham-operated control
mice, vehicle-treated TBI mice, and TBI mice treated with MSC-
mCherry control.

Methods
Cell culture

Cryopreserved Gibco® MSCs isolated from the bone marrow of
C57BL/6 mice were purchased from Invitrogen Life Technologies
(Carlsbad, CA). MSCs were isolated at <8 weeks of gestation
through mechanical and enzymatic digestion and cultured as pre-
viously reported.?® Cells had been stained positive for the cell-
surface protein markers, CD29, CD34, CD44, and stem cells
antigen-1 (>70%), and negative for CD117 (<5%) in flow cytom-
etry assays performed by the manufacturer.

Lentiviral transduction of mesenchymal stem cells

MSCs were transduced with lentivirus particles consisting of a
bicistronic control vector with an mCherry reporter gene (control)
or with the open reading frame of Mus musculus FGF21 containing
mCherry reporter gene (GenCopoeia, Rockville, MD) under the
control of the human elongation factor 1-o promoter. Briefly, MSCs
were seeded at a density of 5000 cells/well in a 12-well plate. On
the following day, MSCs were transduced with the lentiviral
transduction particles at a multiplicity of infection of 30; media
were replenished with standard MSC growth media 20 h later. The
mCherry control and FGF21-mCherry MSCs underwent three
rounds of fluorescence-activated cell sorting to isolate a highly
enriched population of MSCs expressing mCherry reporter gene.

Experimental animals

Wild-type C57B/L male mice (total number =56) were obtained
from the National Laboratory Animal Centre in Taipei, Taiwan.
Animals were housed in cages under a standard 12-h light/dark
cycle with food and water available ad libitum, and their body
weights were measured biweekly. All procedures were approved by
the Institutional Animal Care and Use Committee and with the
approval of the Ethics Committee for animal use in Taipei Medical
University (Taipei, Taiwan).

Controlled cortical impact—induced traumatic
brain injury

TBI was induced in 8- to 9-week-old male mice using a con-
trolled cortical impact (CCI) device. The unilateral, moderate CCI
injury was induced as described previously.?® Briefly, mice were
anesthetized by an intraperitoneal injection of zolazepam
(50 mg/kg) and rompun (20 mg/kg) and positioned in a stereotaxic
frame (Stoelting, Wood Dale, IL) before TBI. Under sterile con-
ditions, the skin was retracted, and a 4-mm craniotomy was per-
formed on the right cerebral hemisphere (2.0 mm posterior to the
bregma and 2.0 mm lateral to the sagittal suture). To expose the
intact dura, the skullcap was carefully removed. To induce a mild-
to-moderate TBI, an impacting tip with a diameter of 3 mm driven
by pneumatic piston was used to impact the exposed cortical sur-
face at a velocity of Sm/s, a depth of 1 mm, and a dwell time of
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250 ms. After the CCI injury, the scalp was sutured and the mouse
was placed on a heating pad to maintain a body temperature of 36—
37°C throughout the recovery phase. Sham (non-injured) mice
underwent craniotomy, but not CCI injury (14 mice).

Transplantation of mesenchymal stem cells

Twenty-four hours after TBI induction, MSCs were collected
from the culture flasks and resuspended in phosphate-buffered sa-
line (PBS; pH 7.4). Cell viability and number were examined by
the Trypan Blue exclusion assay, and cell concentration was then
adjusted to 1.5x10* cells/5 uL. of PBS. Anesthetized mice were
positioned on a stereotaxic frame, and a hole was drilled on the
contralateral side of the injury hemisphere at coordinates of 0 mm
caudal to bregma and 1 mm lateral to the midline. Using an auto-
matic syringe pump system (Singa, Taoyuan, Taiwan) and a
Hamilton syringe (27 gauges), 5 uL of cell suspension was ICV-
infused at a depth of 3 mm beneath the dura mater. The cell sus-
pension was infused over 5 min at a rate of 1 uL/min, and the needle
was left in place for another 5 min. TBI animals were infused with
either vehicle (in this case, PBS; n=14), mCherry control MSCs
(n=14), or FGF21-MSCs (n=14). The scalp was then sutured.
Animals were kept at 37°C during the recovery phase and closely
monitored. No animals died after transplantation.

Behavioral assessments

Morris water maze test. To evaluate spatial learning and
memory impairments in mice, the Morris water maze (MWM) test
was performed at 7, 14, 21, and 28 days after TBI. The experimental
procedure is outlined in Figure 1A. The experimental procedure
was similar to those described previously, with some modifica-
tions.”’° The apparatus included a circular pool (150 cm in di-
ameter and 60 cm in depth) filled with water (30 cm in depth) and
a Plexiglas platform (10 cm in diameter), which was surrounded by
visual cues visible to the mice. The pool was subdivided into four
equal quadrants, and the platform was placed 1cm beneath the
surface of the water located in one of the four quadrants. Animals
were trained for 4 consecutive days with five trials daily before the
CCl injury, with an intertrial interval of 10 min. During the training
trials, animals were gently placed into the tank in one of the four
quadrants and facing the target quadrant; they were allowed 2 min
to locate the hidden platform. The location of the platform was kept
constant in the acquisition trials. If an animal failed to find the
platform within 120 sec, it was gently guided toward it. Once on the
platform, the animal was allowed to remain there for 15 sec.

After each trial, animals were towel dried and returned to their
cages. We exclude only the mice that failed to swim in five attempts
with a 15-min intrainterval in the first day of training to reduce the
pre-injury performing bias that could confound with the testing
results as previously reported.’' After TBI induction, animals were
tested on days 7, 14, 21, and 28 (sham, n=6; TBI + PBS, n="7; TBI
+ MSC-mCherry, n=8; TBI + MSC-FGF21, n=8). The time that
animals spent reaching the underwater platform within 2 min was
defined as the escape latency, which was used as an indicator of
spatial memory retention. All animals were monitored and tracked
by computerized video tracking system software (FG34PATH;
HaSoTec, Rostock, Germany). Escape latencies for five trials with
a 15-min intertrial interval were recorded.

Novel object recognition test. The novel object recognition
(NOR) test, which evaluates the tendency of rodents to discriminate
between new and familiar objects, was conducted to assess the
extent of impaired memory in mice at day 14 after TBI (sham, n=28;
TBI+ PBS, n=8; TBI+ MSC-mCherry, n=8; TBI + MSC-FGF21,
n=38). Two days before the test, animals were individually habit-
vated for 10 min every day in an open field box (60 x 60 cm) made
of dark Plexiglas. On the day of the experiment, animals were
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habituated in the box for 10 min and then transferred to their home
cage. After 2 min, animals were placed back into the same box for
10min after two objects of the same material and shape, that were
placed in a symmetrical position, had been added. After 1h (acqui-
sition phase), one of the objects was replaced with a novel object and
each mouse’s exploratory behavior was analyzed for 10 min. Ex-
ploration was defined as reaching the object, sniffing it from a distance
of <2cm, and/or touching it with the nose. After each session, the
objects were cleaned with 75% ethanol to prevent odor recognition.

Data were analyzed and expressed as the time spent at each
object and as a discrimination index (DI), which is the amount of
time spent exploring the novel object compared with the familiar
one. Specifically, the DI was defined as (time spent at the novel
object — time spent at the familiar object) / (time spent at the novel
object + time spent at the familiar object) x 100.

Western blot analysis

After the final behavioral assessments on day 28, animals were
anesthetized with a mixture of zolazepam/rompun and then de-
capitated (n=6 for each group). Brains were then carefully re-
moved, and the ipsilateral hippocampi were dissected and collected
in vials and rapidly frozen in liquid nitrogen. Samples were then
homogenized in modified radioimmunoprecipitation assay lysis
buffer containing protease inhibitor (Thermo Fisher Scientific,
Rockford, IL). Lysates were chilled on ice and then centrifuged at
130,000g for Smin at 4°C. Supernatants were collected and the
protein concentrations were determined using a Bio-Rad protein
assay kit (Bio-Rad Laboratories, Irvine, CA).

Protein samples from tissue lysates were denatured at 95°C for
5 min after a proper dilution with 5 X sodium dodecyl sulfate buffer.
Protein samples (30 ug) were resolved using electrophoresis in a
10% polyacrylamide gel and then transferred onto polyvinylidene
difluoride membranes. After the transfer, membranes were blocked
in 3% bovine serum albumin/1% Tween 20 in Tris-buffered saline
for 1h at room temperature and then incubated overnight with the
specific primary antibodies (anti-f-actin, 1:2,000; Abeomics, San
Diego, CA; and anti-FGF21, 1:1,000; Aviscera Bioscience, Santa
Clara, CA) at 4°C. After washing with Tris-buffered saline/Tween
solution, membranes were incubated with appropriate horseradish
peroxidase—conjugated anti-rabbit immunoglobulin G antibody
(1:5,000) for 1h at room temperature. Blots were developed and
enhanced with a chemiluminescence plus detection kit (Amersham
Life Sciences, Piscataway, NJ). Protein bands were then detected by
enhanced chemiluminescence western blot detection reagents (Mil-
lipore, Billerica, MA). All western blot images were acquired using
the ChemiDoc Touch System; signal intensity of the bands was
quantified by Image Lab (Bio-Rad Laboratories) and normalized to
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) band signals.

Tissue collection and processing

Animals anesthetized with a mixture of zolazepam/rompun un-
derwent transcardiac perfusion with PBS followed by chilled 4%
paraformaldehyde in PBS (n=6 for each group). Brains were then
carefully removed from the skull and post-fixed for 1 day at 4°C
overnight. After post-fixation, brains were dehydrated in 20%, and
then 30%, sucrose for cryoprotection. Brains were embedded in
optimal cutting temperature compound (Sakura Finetek, Torrance,
CA) and frozen on a dry ice/ethanol bath for cryosectioning. Cor-
onal sections were cut at a thickness of 14 microns using a sliding
microtome (CM3050S; Leica, Tokyo, Japan) and stored at —20°C.

Immunohistochemistry and immunofluorescence

After a series of PBS washes, sections were incubated in 0.2%
Triton X-100 in PBS for 15 min followed by blocking with 3%
normal goat serum and 3% bovine serum albumin for 1 h. Sections
were then incubated overnight at 4°C with diluted primary
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FIG. 1. MSC-FGF21 treatment suppressed learning and memory deficits in mice with traumatic brain injury (TBI) induced by
controlled cortical impact (CCI). Twenty-four hours after TBI, mice were treated with MSC-mCherry control or MSC-FGF21 by
intracerebroventricular (ICV) infusion. Learning and memory performance was assessed by the Morris Water Maze (MWM) test (A) at
the indicated time points (B and C) and by the novel object recognition (NOR) test on day 14 (E). The characteristic path traced by each
group in the MWM test to find the hidden platform (the red dot represents the starting point, and the green dot represents the end point)
at day 28 post-injury is shown in (D). Data are presented as meantSEM (n=6-8 per group). *p <0.05; **p<0.01; ***p<0.001
between indicated groups using one-way ANOVA. ANOVA, analysis of variance; FGF21, fibroblast growth factor 21; MSC, mes-
enchymal stem cell; PBS, phosphate-buffered saline; SEM, standard error of the mean.
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antibodies in blocking buffer that included rabbit anti-neuronal
nuclei (ABN78, 1:250; EMD Millipore, Burlington, MA), guinea
pig anti-doublecortin (DCX; AB2253, 1:200; EMD Millipore), and
rabbit anti-mCherry (GTX128508, 1:100; GeneTex, Irvine, CA).
After primary antibody incubation, sections were incubated with
the appropriate Alexa Fluor 488—, 555—, or 647—conjugated secondary
antibodies (1:1,000; Invitrogen, Carlsbad, CA) for 1h, then washed
with cold PBS and cover-slipped with Fluoroshield mounting me-
dium containing 4’,6-diamidino-2-phenylindole (DAPI; GeneTex).
Microscope analyses were performed using a wide-field Olympus
microscope (BX43) equipped with bright field and fluorescence mi-
croscopy. Digital image documentation was performed with a DP80
camera (Olympus, Tokyo, Japan). Quantification of immuno-positive
cells was accomplished using the Particle Analysis command in Im-
ageJ (National Institutes of Health [NIH], Bethesda, MD).

To analyze dendritic morphology of immature neurons in vivo,
projection images were traced using the plug-in, ‘‘Simple Neurite
Tracer and Sholl analysis” from Fiji (ImageJ; NIH). Dentate
granule cells with dendritic trees were analyzed for total dendritic
length. Dendritic complexity was measured using Sholl analysis
plugged into NIH ImageJ by counting the number of dendrites that
crossed a series of concentric circles from the cell soma. For each
group (n=6), six neurons per animal were drawn from randomly
selected sections and analyzed for neuronal morphology.

Statistical analysis

Experimental results are expressed as mean + standard error of
the mean (SEM) and were analyzed using analysis of variance
(ANOVA; one-way or two-way; GraphPad Prism; GraphPad
Software Inc., San Diego, CA), as appropriate. Post-hoc analyses
were performed using Bonferroni tests. Statistical significance was
defined as p<0.05.

Results

Mesenchymal stem cell/fibroblast growth factor

21 transplantation attenuated traumatic brain
injury—induced spatial learning and memory deficits
assessed by the Morris water maze test

The MWM was used to assess the treatment effects of MSC-
FGF21 or MSC-mCherry ICV infusion on hippocampus-dependent
spatial learning and memory. The experimental procedure is outlined
in Figure 1A. Compared to sham-treated control animals, it took
vehicle (PBS)-treated TBI mice longer to find the hidden platform on
days 21 and 28 post-injury (p <0.005; Fig. 1B-D). However, in TBI
mice treated with MSC-FGF21, escape latencies were reduced to the
levels observed for sham-operated control mice on days 21 and 28
post-TBI. This reduction was also statistically significant between
the MSC-FGF21- and MSC-mCherry—treated TBI groups (p <0.05;
Fig. 1B-D). Interestingly, MSC-mCherry treatment did not reduce
escape latencies, which remained elevated in this group compared to
the sham-operated group (p <0.01 on days 21 and 28). In addition,
the reduction in escape latencies observed in the MSC-FGF21 group
was time dependent, given that escape latencies remained signifi-
cantly higher in the MSC-FGF21 group compared to the sham group
on day 7 post-TBI (p <0.01; Supplementary Fig. S1A), but began to
decrease on day 14 (Supplementary Fig. S1B).

Mesenchymal stem cell treatment ameliorated learning
and memory dysfunction in the novel object
recognition test

On day 14 post-injury, animals were assessed by the NOR task
(Fig. 1E). Compared to sham-operated animals, vehicle-treated
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mice exhibited drastic memory impairments, as indicated by total
DI blockade (p <0.05); these results are consistent with previous
studies indicating that malfunctions in the perirhinal cortex and
hippocampus can affect memory and reduce the ability to dis-
criminate novel from familiar objects in the NOR test.*>** In
contrast, treatment with either MSC-mCherry or MSC-FGF21 ro-
bustly improved NOR performance compared to vehicle-treated
mice (p<0.05).

Localization and survival of mesenchymal stem cells
transplant in the injured brain hemisphere

Presence of transplanted MSCs in the injured brain hemi-
sphere was determined by mCherry immunoreactivity at 28 days
post-injury (n=3). Expression of mCherry by transplanted MSC-
mCherry (Fig. 2A) and MSC-FGF21 (Fig. 2B) was used as a
cellular label to localize the presence of transplanted cells. Trans-
planted MSCs were localized in the ipsilateral hemisphere pri-
marily in the injured cortex and hippocampus. Both treated group
showed a pronounced mCherry immunoreactivity. Thus, these re-
sults suggest that the transplanted MSCs survive at least until
27 days post-transplantation.

Hippocampal fibroblast growth factor 21 protein levels
were decreased by traumatic brain injury and restored
by treatment with mesenchymal stem cell/fibroblast
growth factor 21

FGF21 protein levels in lysates of the ipsilateral hippocampus
were evaluated in all animal groups in order to assess whether
FGF21 expression levels changed as a result of TBI and/or treat-
ment with MSC-mCherry or MSC-FGF21. Western blot results
demonstrated that FGF21, which appeared as a protein band around
30kDa, was decreased by approximately 50% in the ipsilateral
hippocampal lysates on day 28 post-TBI (Fig. 3A,B) in vehicle-
treated animals. Treatment with MSC-FGF21 completely restored
the loss of hippocampal FGF21, whereas treatment with MSC-
mCherry had no effect, suggesting that MSC-FGF21 treatment may
release FGF21 in the ipsilateral hippocampus, thus contributing to
the beneficial effects of MSC-FGF21 in TBI mice.

Mesenchymal stem cell/fibroblast growth factor 21
treatment enhanced the neurogenesis and maturation
of newborn neurons in the ipsilateral hippocampus

at the chronic stage after traumatic brain injury

To identify the effects of TBI insult at the chronic stage, 28 days
after TBI, on generating newborn neurons in the ipsilateral hip-
pocampus, brain sections were labeled with immature neuron
marker DCX. The density of the DCX-positive cells in the granule
cell layer of the ipsilateral hippocampal dentate gyrus (DG) was
counted and analyzed.

In vehicle-treated mice, the density of DCX-labeled cells in the
DG was decreased by more than 70% on day 28 post-TBI compared
to the sham-operated animals, indicating impaired neurogenesis at
the chronic stage after TBI (p <0.005; Fig. 4A,B). This impairment
in neurogenesis was robustly suppressed in MSC-FGF21-treated
mice (p<0.05), for whom values approached those observed in
sham-operated control mice. There was a trend toward increased
DCX density in the DG of MSC-mCherry—treated TBI mice, but
this increase did not reach statistical significance.

Potential differences in maturation of the newly generated im-
mature neurons were also examined on day 28 after TBI. The DCX-
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FIG. 2. Presence of mCherry-labeled MSCs in the ipsilateral brain
hemisphere. (A) Schematic illustration of the location of the detected
mCherry-labeled MSCs in the ipsilateral brain hemisphere. Re-
presentative images of mCherry immunereactivity in coronal sections
of ipsilateral hemisphere of injured brains at 28 days post-injury
showing the presence and selectivity of MSC-mCherry (B) and MSC-
FGF21 (C) after MSCs were injected into the contralateral lateral
ventricle. MSC-mCherry and MSC-FGF21 cells were stably over-
expressing the mCherry protein and used as cellular label to localize
the transplanted MSCs. MSC-mCherry and MSC-FGF21 were located
mainly in the ipsilateral cortex and hippocampus (dashed boxes). Scale
bar, 100 um, unless stated otherwise. FGF21, fibroblast growth factor
21; MSCs, mesenchymal stem cells; TBI, traumatic brain injury.

labeled neurons in the hippocampal DG exhibited three types of
morphological features: cells with no processes; cells with short,
unbranched processes; and cells with long and/or branched pro-
cesses (Fig. 4C). Sham-operated mice predominantly expressed the
cell type with long, branched processes, whereas the vehicle-
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FIG. 3. Treatment with MSC-FGF21 restored FGF21 protein
levels in the ipsilateral hippocampus. On day 28 post-injury, ip-
silateral hippocampal tissues were removed and lysates were
prepared, followed by western blot analysis to determine FGF21
protein levels. (A) Representative western blot results from four
groups of animals using GAPDH as the loading control. (B) Quan-
tified FGF21 western blot results from hippocampal tissue lysate
(n=6 per group). Data are presented as mean+SEM. *p <0.05;
*#*p<0.01; ***p<0.001 between indicated groups using one-
way ANOVA. ANOVA, analysis of variance; FGF21, fibroblast
growth factor 21; GAPDH, glyceraldehyde 3-phosphate dehy-
drogenase; MSC, mesenchymal stem cell; PBS, phosphate-
buffered saline; SEM, standard error of the mean; TBI, traumatic
brain injury.

treated group expressed all three cell types in approximately equal
proportions (Fig. 4D). Notably, TBI mice treated with MSC-FGF21
showed greater percentages of the cell type with long, branched
processes (50.5%) than cell types with no processes (24%) or with
short, unbranched processes (25.5%). Percentages of cell types
expressing long processes were highest in MSC-FGF21-treated
TBI mice (55.5%), followed by MSC-mCherry TBI mice (41%),
and then finally by vehicle-treated TBI mice (34%), whose values
were significantly lower than that of sham control animals (59%).

Mesenchymal stem cell/fibroblast growth factor
21 treatment rescued the dendritic morphology
defects of immature newborn neurons

in the ipsilateral hippocampus

Because TBI induced by CCI has been reported to increase the
heterogeneity of dendritic branch morphology in cells born after
injury,?” we sought to categorize DCX-labeled immature neurons
in the ipsilateral DG on day 28 into three classes: ‘“‘typical” Y-
shaped neurons with one apical primary dendrite; Y-shaped neu-
rons with one short apical primary dendrite; and V-shaped neurons
with more than one primary dendrite (Fig. 5A). Compared with the
sham control group, CCI-induced TBI reduced the percentage of Y-
shaped neurons with one apical primary dendrite from 59% to 34%,
but increased the percentage of V-shaped neurons with more than
one primary dendrite from 11% to 33% in the ipsilateral



20 SHAHROR ET AL.

A ; B
Doublecortin (DCX) Immunoreactivity
L in the Ipsilateral Hippocampus
ﬁ *
— 1001 . B

é\%" T

gg 801
2 =8
a5 © N
- +8 g 407 g

>LI)< e 201
: 22 | om
g 0 4 % c’ol 0)
£ & L @ s
2 & Q';\xQ \"é o‘(\ '\"¢ o
= L &L &
- & <
.
&
2
8 D *
= —— Sham
K 4 === TBI+PBS
= == TBHMSC-mCherry

=== TBHMSC- FGF21

Percentage of DCX* cells

Long/branched processes

No processes Short/branched processes

Long/branched  Short/branched No processes
processes processes

FIG. 4. Treatment with MSC-FGF21 increased the density and maturation of immature neurons in the dentate gyrus (DG) of the
ipsilateral hippocampus in traumatic brain injury (TBI) model mice. On day 28 post-TBI, immunohistochemical staining with dou-
blecortin (DCX) and DAPI was performed in the DG of the ipsilateral hippocampus. (A) Representative results of immunostaining of
DCX (red), DAPI (blue), and their overlaid images in the granule cell layer of the DG of the ipsilateral hippocampus from four groups of
mice. The horizontal bar represents 50 um. (B) Quantified results of the density of DCX-labeled immature neurons in the DG from four
groups of mice (n=6-8 animals per group). (C) Typical morphology of three types of DCX-labeled immature neurons in the DG
showing the expression of long and branched processes, short and unbranched processes, or no processes. The horizontal bar represents
10 um. (D) Quantified results showing the percentages of DCX-positive immature neurons with no processes, short unbranched
processes, or long branched processes from the ipsilateral DG granule cell layer of the four groups of animals. Quantified results shown
are mean* SEM (n=6). *p<0.05; **p<0.01; ***p <0.001 between the indicated groups using one-way ANOVA. ANOVA, analysis of
variance; DAPI, 4’,6-diamidino-2-phenylindole; FGF21, fibroblast growth factor 21; MSC, mesenchymal stem cell; PBS, phosphate-
buffered saline; SEM, standard error of the mean.

hippocampal DG (Fig. 5B). MSC-FGF21 treatment largely blocked Because neuronal insults can cause dendritic morphology de-
these two TBI-induced parameters, with changes of 43% in Y- fects in adult newborn neurons,*®>° we further analyzed the
shaped neurons with one apical primary dendrite and 13% V-  arborization of immature neurons in the DG of the ipsilateral hip-
shaped neurons with more than one primary dendrite. MSC- pocampus on day 28 after TBI (Fig. SC-E). Dendritic arborization
mCherry treatment produced similar, but less potent, effects (40%  of DCX-labeled immature neurons in vehicle-treated TBI mice
were Y-shaped neurons with one apical primary dendrite and 25%  was significantly impaired compared to sham-operated animals,
were V-shaped neurons with more than one primary dendrite) than ~ with decreased total dendritic length (p<0.01), fewer branches
MSC-FGF21. (p<0.01), and shorter distances between the first proximal branch



b

\

-y

[ Y-shape with one apical JJjj Y-shape with one short

Y-shape with one apical Y-shape with one V- shape with more
primary dendrite short apical primary than one primary
dendrite dendrite
Sham TBI+PBS TBI+MSC-mCherry TBI+MSC-FGF21

-#

primary dendrite

apical primary dendrite

D
800  d— |
(1] e L I
= gsoo- T
s 3 T
& .= 400
=2
u -
-6 @ 200
-
S 23 e Y
S g & &
o
& \J‘Q X 3 \‘.“*Q"\'r\
&
_.é 401 o
& Eand T
5% \ T
o —
8 S 201
€S
& 5 10
(]
0 ¢' 9 o“ o’
g & 2
lb
& K ;o &

21

Number of branchs

[[] V- shape with more than
one primary dendrite

8- e r ]
4 | T
4
2-
0 ' 2 < [}
& 3
& R & S &
- & & &
N «Q‘g}" Lo

FIG. 5. MSC-FGF21 treatment blocked dendritic morphology defects in immature newborn hippocampal neurons. On day 28 after
TBI, doublecortin (DCX)-labeled immature hippocampal neurons were examined for dendritic morphology. (A) Representative den-
dritic morphology of immature hippocampal neurons, which were divided into three classes according to their dendritic phenotypes.
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and cell soma (p <0.05). Compared to the vehicle-treated TBI and
sham control groups, MSC-FGF21 treatment almost completely
blocked the long-term effects of TBI on loss of total dendritic
length (p<0.01) and reduced the number of branches (p <0.05),
though it had no effect on distance of the first branch to the cell
soma. MSC-mCherry treatment significantly protected against the
decrease in total dendritic length compared to the vehicle-treated
group (p <0.05), but had no other significant effects.

Discussion

This pre-clinical study is the first to demonstrate that MSC-
FGF21 treatment leads to a number of long-lasting improvements
in TBI-induced spatial memory deficits, impaired hippocampal
neurogenesis, and abnormal dendritic morphology at the chronic
stage after TBI. First, treatment with MSCs overexpressing FGF21
was found to suppress TBI-induced learning and memory deficits.
Second, endogenous FGF21 levels were found to be significantly
decreased determined by western blotting in the ipsilateral hippo-
campus for weeks after TBI, and treatment with MSC-FGF21
rescued these decreases. Third, MSC-FGF21 treatment enhanced
hippocampal neurogenesis at the chronic stage after TBI injury.
Finally, FGF21 overexpression enhanced the ability of MSCs to
normalize the long-term TBI-induced defects in the dendritic
morphology of immature newborn neurons in the hippocampus.
Taken together, these findings shed new light on potential novel
therapies for TBI-induced memory impairments.

Memory deficits are particularly common in human TBI pa-
tients, either as a consequence of direct effects on memory en-
coding or through secondary effects on learning, concentration, and
attention.**™** Using a spatially challenging behavioral test, one
study found that immature DCX-expressing neurons were required
for the successful acquisition of spatial learning.** Consistent with
these reports, the present study found that impaired performance in
the MWM and NOR tests correlated with drastic reductions in
the generation of newborn immature DCX-expressing neurons
observed in the DG of TBI mice at the chronic stage after TBI.
Notably, MSC-FGF21 treatment effectively reduced spatial learn-
ing memory deficits, as indicated by shortened escape latencies in
the MWM test and increased time spent in novel object exploration
in the NOR test. Further, treatment with MSC-FGF21, but not
MSC-mCherry, control enhanced the generation of newborn im-
mature DCX-expressing neurons in the DG of TBI animals at the
chronic stage after TBI. Although our data do not provide com-
prehensive proof that the enhanced cognitive performance ob-
served after MSC-FGF21 treatment was the direct consequence of
enhanced neurogenesis, the robust improvement in the number of
immature neurons in the DG provides compelling evidence that
these events are related.

The vulnerability of immature DCX-expressing neurons in the
DG of the hippocampus to TBI impact at the acute stage has been
well established.** However, the long-term effects of TBI on the
hippocampal neurogenesis and generating new neurons are un-
derestimated at the chronic stage after TBI. Although the reason for
the observed decline in neurogenesis demonstrated by robust re-
duction of DCX-positive immature neurons at the chronic stage
after TBI is unclear, it could be related to the exhaustion and de-
pletion of neural stem and progenitor cells pool attributed to the
extensive proliferation of neural stem cells at the acute stage. The
depletion of neural stem cells attributed to accelerated proliferation
has been reported in an induced neural degeneration mouse model,
suggesting that the neuroregenerative capacity of neural stem cells
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is limited.*> Our results indicating long-term effects of TBI on
hippocampal neurogenesis and ability of generating immature
neurons at the chronic stage after TBI are demonstrated by the
significant reduction in the DCX-positive immature neurons in the
DG 28 days post-injury.

It should be noted that the learning and memory deficits detected
by the MWM test were rescued by treatment with MSC-FGF21, but
not MSC-mCherry, whereas the deficits detected by the NOR test
were alleviated by both MSC-FGF21 and MSC-mCherry. There
was no significant difference between the observed improvement in
MSC-FGF21 and MSC-mCherry. These results suggest that the
observed improvements in the NOR test by MSC-FGF21 treatment
was not attributed to FGF21 secretion, but rather attributed to
MSCs themselves. Our results are in agreement with previous re-
ports that have demonstrated significant enhancement in the NOR
test after transplantation of MSC in murine models of brain injury
models.***” One possible explanation for beneficial effects of MSC
treatment in the NOR test is attributed to the numerous trophic and
growth factors that were produced by MSCs to stimulate the host
cells and ameliorate inflammation post-injury.

MWM is a measure of hippocampus-dependent spatial memory,
whereas the NOR involves incidental encoding and does not typi-
cally require hippocampal involvement.* In this respect, the results
that were obtained from the two experiments are not contradictive.
Accumulating studies suggest that hippocampal or fornix lesions
do not affect object recognition, whereas lesions in the perirhinal
cortex severely disrupt object recognition.*3~>* Although these brain
regions may form a functional network for higher-order cognitive
functions (such as ordering objects or planning appropriate response
strategies), they have been found to function independently when
processing object familiarity or spatial information.*® Taken to-
gether, our data suggest that TBI-induced spatial and learning
memory deficits are improved by MSC-FGF21 treatment attributed
to enhanced hippocampal neurogenesis, and that MSC-FGF21 and
MSC-mCherry are equally effective in improving object recogni-
tion memory that involves hippocampus-independent mechanisms.

FGF21 is a metabolic regulator that plays a role in controlling
glucose homeostasis, insulin sensitivity, and ketogenesis.s“’55 It is
known for its peripheral actions and is produced mainly in the liver,
pancreas, and adipose tissue; however, FGF21 protein can also be
found in some brain regions, including the cortex, hippocampus, and
striatum,**>%7 and is involved in some prominent neurophysiolog-
ical functions such as neuroendocrine control of ovulation.”® A pre-
vious study found that FGF21 expression can be induced in the brain
and primary neurons, and that it exhibits robust neuroprotective
properties against glutamate excitotoxicity through mechanisms in-
volving Akt-1 activation and glycogen synthase kinase 3 inhibition.*?
FGF21 also induces elongation of neurite-like processes in primary
astrocytes and an astrocytic cell line.>* These properties suggest that
FGF21 may be a promising therapeutic tool for promoting neuronal
survival and enhancing neuron-glia interactions after TBI.

Transplanted MSCs were localized at the injured hemisphere
after 27 days post-transplantation (28 days post-injury), suggesting
that MSC-mCherry and MSC-FGF21 are able to migrate suc-
cessfully toward the injured hemisphere (primarily in cortex and
hippocampus) and survive for at least 27 days. Whereas previous
published reports have evaluated expression of neuronal, oligo-
dendrocyte, microglial, or astrocytic markers by MSCs after
transplantation to determine the cells’ fate, such an evaluation was
not the main aim of the current study.’**® FGF21 secretion by
transduced MSCs was the main therapeutic effect of MSC-FGF21
transplantation, by providing stable and sustained secretion of
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FGF21 into ipsilateral cortex and hippocampus. This is evidenced
by the significant increase of FGF21 levels in the ipsilateral hip-
pocampus and the enhanced hippocampal-dependent cognitive
functions in the animals that were treated with MSC-FGF21, com-
pared to MSC-mCherry—treated animals.

In this study, CCI insult drastically reduced FGF21 levels in the
ipsilateral hippocampus on day 28 after TBI, a decrease that cor-
related with impaired neurogenesis in the ipsilateral hippocampus
at the chronic stage after TBI. However, MSC-mCherry—treated
TBI mice exhibited less neurogenesis than MSC-FGF21 TBI mice.
This suggests that the improved neurogenesis observed in the ip-
silateral hippocampus in mice treated with MSC-FGF21 is most
likely attributable to increased FGF21 levels rather than activity of
the MSC secretome. It is possible that FGF21 improved the gen-
eration of newborn neurons and neurogenesis in hippocampus, thus
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restoring the drastic decline of neurogenesis and newborn imma-
ture neurons over an extended period.

TBI is known to impair multiple aspects of neurogenesis, in-
cluding neural stem cell proliferation, immature neuron survival,
dendrite development and arborization, and functional integration
into the hippocampal neuronal network.**®'~®* In particular, im-
paired dendrite development, arborization, and morphology of im-
mature neurons significantly affect functional synaptic integration
and disrupt the signaling transduction needed to produce action po-
tential in neurons, ultimately contributing to post-traumatic deficits
in learning and memory.®> In this study, we found that dendritic
length and complexity were dramatically reduced in immature hip-
pocampal neurons in vehicle-treated TBI mice, but that MSC-FGF21
treatment alleviated these impairments in dendritic morphology,
including in the number of branches and total dendritic length.
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FIG. 6. Schematic illustration of the effects of treatment with MSC-FGF21 or MSC-mCherry on traumatic brain injury (TBI)-induced
deficits in hippocampal FGF21 levels, neurogenesis, immature neuronal morphology, and spatial learning and memory. Graphical repre-
sentation of immature neurons 28 days post-injury in sham-operated controls and TBI mice treated with vehicle, MSC-mCherry, or
MSC-FGFE21. Hippocampus-dependent spatial learning and memory were severely impaired in vehicle-treated TBI mice compared to sham-
operated controls. This impairment was associated with decreased hippocampal FGF21 levels, deficits in neurogenesis and maturation of
immature neurons, as well as abnormal dendritic morphology in the hippocampal dentate gyrus. Although MSC-mCherry treatment
suppressed some aspects of the morphological deficits observed in immature neurons, decreases in the number of immature neurons and in
hippocampal FGF21 levels were still observed, as were impairments in spatial learning and memory. MSC-FGF21 treatment after TBI
reversed all injury-induced deficits in hippocampal FGF21, neurogenesis, neuronal morphology, and spatial learning and memory. CCI,
controlled cortical impact; FGF21, fibroblast growth factor 21; MSC, mesenchymal stem cell; PBS, phosphate-buffered saline.
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Interestingly, MSC-mCherry treatment suppressed dendritic length
impairments, but not the number of branches, resulting in less
morphologically complex immature hippocampal neurons. These
results indicate that MSC-FGF21 treatment generated immature
neurons at the chronic stage post-TBI that were morphologically
more similar to those observed in the sham-operated control group
versus those in either vehicle-treated or MSC-mCherry—treated mice.

Importantly, the improved neurogenesis and normalization of
dendritic morphology in response to MSC-FGF21 treatment could
affect the functional integration and plasticity of immature neurons
in the hippocampus, and contribute to recovery from memory
deficits after TBI. Figure 6 is a schematic illustration of the effects
of treatment with MSC-FGF21 or MSC-mCherry on TBI-induced
deficits in hippocampal FGF21 protein levels, neurogenesis, mor-
phology of immature neurons, and learning/memory.

From a treatment perspective, systemic administration of re-
combinant human FGF21 has been shown to reduce brain edema,
protect against blood-brain barrier disruptions, and improve sen-
sorimotor deficits in mice 24 h after TBI induction.”® Further, pe-
ripherally derived FGF21 was shown to improve remyelination by
interacting with the FGF21 coreceptor, -klotho, in a mouse model
of toxin-induced demyelination.®® FGF21 turns over rapidly, with a
half-life of only 1-2 h and can be readily cleared from the brain by
circulation.®’ In this study, injected MSCs were genetically en-
gineered to continuously overexpress FGF21, thus maintaining
high, steady levels of brain FGF21 for up to 28 days post-TBI. As a
result, we were able to demonstrate, for the first time, that MSC-
FGF21 treatment leads to long-lasting improvements in TBI-
induced spatial memory deficits, impaired hippocampal neuro-
genesis, and abnormal dendritic morphology.

It should be noted that previous studies found that few MSCs
differentiate into other cell types after transplantation to the brain
and, further, that the beneficial effects of MSCs in the injured brain
mainly are largely attributed to their trophic and neuroprotective
effects.!”® Given that MSCs can be derived from homologous
sources to minimize immune response and have low potential of
inducing tumorigenesis, these preliminary, pre-clinical findings
suggest that the current strategy could be applied to patients who
suffer from moderate and severe brain injuries. The present study
also demonstrated that MSC-FGF21 was significantly more effec-
tive than MSC-mCherry in TBI mice. Collectively, our results
suggest that future clinical investigations of MSC-FGF21 strategies
in human cases of TBI are warranted.
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