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Clinicians have long noticed that some Traumatic Brain Injury (TBI) patients have worse

symptoms and take a longer time to recover than others, for reasons unexplained by

known factors. Identifying what makes some individuals more susceptible is critical to

understanding the underlying mechanisms through which TBI causes deleterious effects.

We have sought to determine the effect of a single nucleotide polymorphism (SNP) in

Brain-derived neurotrophic factor (BDNF) at amino acid 66 (rs6265) on recovery after TBI.

There is controversy from human studies as to whether the BDNF Val66Val or Val66Met

allele is the risk factor for worse outcomes after brain trauma. We therefore investigated

cellular and behavioral outcomes in genetically engineered mice following repeated mild

TBI (rmTBI) using a lateral fluid percussion (LFP) injury model. We found that relative

to injured Val66Val carriers, injured Val66Met carriers had a larger inflammation volume

and increased levels of neurodegeneration, apoptosis, p-tau, activated microglia, and

gliosis in the cortex and/or hippocampus at 1 and/or 21 days post-injury (DPI). We

therefore concluded that the Val66Met genetic polymorphism is a risk factor for poor

outcomes after rmTBI. In order to determine the mechanism for these differences, we

investigated levels of the apoptotic-inducing pro BDNF and survival-inducing mature

BDNF isoforms and found that Met carriers had less total BDNF in the cortex and a

higher pro/mature ratio of BDNF in the hippocampus. We then developed a personalized

approach to treating genetically susceptible individuals by overexpressing wildtype BDNF

in injured Val66Met mice using an AAV-BDNF virus. This intervention improved cellular,

motor, and cognitive behavior outcomes at 21 DPI and increased levels of mature BDNF

and phosphorylation of mature BDNF’s receptor trkB. This study lays the groundwork

for further investigation into the genetics that play a role in the extent of injury after

rmTBI and highlights how personalized therapeutics may be targeted for recovery in

susceptible individuals.
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INTRODUCTION

Traumatic Brain Injury (TBI) is a serious and potentially life-
threatening clinical problem. It occurs when there is a force to
the head, which results in a disruption of brain function. In
2013, there were 2.5 million TBIs in the United States, 50,000
of which led to death and 70,000 of which led to permanent
neurological damage (1). Based on the neurological symptoms
that occur after a TBI, the injury is classified either as mild,
moderate, or severe. Mild TBI is the most prevalent form of
TBI that occurs in the United States. In particular, athletes
and military personnel tend to suffer from mild and repeated
traumatic brain injuries (2, 3).While the majority of patients who
suffer from mild TBI tend to recover over time, it is estimated
that around 15% of patients have symptoms that last longer than
3 months and develop into chronic disabilities (4). This problem
is only exacerbated when a person is subjected to repeated mild
TBI (rmTBI). It is becoming more evident that some athletes
and military personnel who have suffered from mild repeated
brain injuries can end up developing neurodegenerative diseases
(5). TBI should be thought of as an ongoing disease process,
rather than a discrete event. The primary injury occurs as the
result of mechanical force to the brain. After the initial insult,
a secondary injury process occurs as a result of inflammation
and secondary mediators. While some patients who suffer from
TBI recover quickly and have no obvious long-term symptoms,
other patients undergo a prolonged secondary injury phase and
have a much harder time recovering (6, 7). One of the reasons
that not all individuals respond similarly to rmTBI may be due
to the genetic differences that exist in the population. However,
specific genes that may affect outcomes after rmTBI have not
been identified.

A critical neuronal gene that contains a single nucleotide
polymorphism (SNP) is brain–derived neurotrophic factor
(BDNF), a neurotrophin that plays a role in neuronal survival
and synaptic plasticity (8–10). BDNF has a SNP site, rs6265, at
the 66 amino acid position of the BDNF protein, and results in the
wildtype Val being replaced with a Met. The Val66Met genotype
has been reported to be associated with poor outcomes in a
number of disease states such as major depressive disorder (11),
anxiety (12), stroke (13), and Alzheimer’s disease (14). However,
clinical research in TBI patients is not consistent as to whether
the Met or the Val polymorphism confers worse outcomes (15–
21). The Val66Met polymorphism results in diminished BDNF
in dendrites and reduced amounts of BDNF protein released into
the synapse upon stimulation (22). (23). In healthy populations,
individuals with the Val66Met polymorphism have been found
to have impaired cognitive function (24). It seems to follow
logically that the Val66Met polymorphism has been shown to
result in worse neurocognitive performance after TBI (21), as
well as being a risk factor for TBI in combat forces (18–
20). However, some recent studies in humans have shown that
counterintuitively, after injury, the Val66Val carriers actually
exhibit worse recovery compared to the Val66Met carriers (15–
17, 25). Specifically, in long-term studies of combat veterans,
carriers of the Val66Met polymorphism recovered their executive

function back to baseline levels while the Val66Val carriers did
not (15, 17). On the other hand, different studies have found
no effect of the polymorphism influencing outcomes after injury
(26–28). Thus, the clinical research as to which BDNF allele is
the risk factor for outcomes after TBI is not all in agreement,
and could benefit from a bottom-up, controlled experimental
research study as has been done to examine other disease models
where genetic polymorphisms may play a role (29). This study
will play an important role in helping to ameliorate some of
the controversy that exists about the role of the Val66Met allele
after TBI.

The situation is complicated by the fact that the BDNF
protein has two important and varied forms, the pro form
and the mature form. Mature BDNF binds to its receptor trkB
and stimulates neurogenesis and cell survival. ProBDNF protein
binds to the p75 receptor and activates the apoptotic cascade
(30). We have previously shown that the pro form of BDNF
and its signaling pathways are preferentially upregulated after
TBI (31). While other groups have shown that the Val66Met
genetic polymorphism affects levels of total BDNF in dendrites
without altering the relative levels of pro and mature BDNF, the
effect that this polymorphism has on levels of pro and mature
BDNF after injury and the effect this has on injury outcomes
have not been elucidated (32, 33). BDNF also has a third form,
the truncated form, whose role is less clear but is thought to be
generally beneficial (34).

In this investigation, we studied the effect of the BDNF rs6265
genetic polymorphism on cellular, biochemical, and behavioral
changes after repeated mild lateral fluid percussion (LFP) brain
injury in mice. The LFP model of TBI is a longstanding
method used due its ability to mimic injuries seen in humans,
by involving both focal and diffuse components (31, 35–37).
Moreover, we focused on repeated mild TBI since it is a common
yet understudied form of TBI. Cellular changes were investigated
at 1 and 21 DPI, in order to ascertain a more complete picture
of the various biological processes that are activated at different
time points after injury.

We have shown that after rmTBI, Val66Met mice have
increased area of inflammation, cell death, neurodegeneration,
p-tau, astrogliosis, and activated microglia at 1 and/or 21
DPI in the cortex and hippocampus compared to Val66Val
injured mice. When investigating the relative levels of pro
and mature BDNF after injury in these mice, we found that
injured Met carriers have less total BDNF in the cortex at
21 DPI, and more pro-BDNF relative to mature BDNF in
the hippocampus at 1 DPI compared to injured Val carriers.
Finally, we show that when Val66Met carriers are treated with
an AAV virus vector to overexpress BDNF, we can rescue
the high levels of astrogliosis and activated microglia down to
the levels observed in Val66Val injured mice. Treatment with
AAV-BDNF also improves learning and memory in Val66Met
injured mice in the Morris Water Maze paradigm to the level
observed in Val66Val injured mice. To our knowledge, this is
the first report showing that there is genotypical susceptibility
to poor outcomes after TBI that can be rescued by altering
neurotrophic signaling.
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MATERIALS AND METHODS

Animals
Adult male and female mice aged 10–12 weeks were used in all
studies. BDNF mice were generously provided by Dr. Francis S.
Lee of Weil Cornell Medical College (38). The mice were created
utilizing a targeting vector with or without the point mutation
(G196A) which is regulated by the endogenous mouse BDNF
promoter. The colony was maintained by crossing BDNFVal/Met

mice which yield offspring at Mendelian rates. Mice were housed
in a 12 h light/dark cycle with food and water available ad libitum.
All procedures described were performed in accordance to the
NIH guidelines and were approved by the Rutgers University
Institutional Animal Care and Use Committee (IACUC). A
power analysis was used to determine the appropriate sample
size for experiments to reach 80% power; for histology the group
size n = 5–8, for biochemistry the group size n = 4–6, and for
behavioral tasks n = 8–10 were used to reliably detect changes
of the magnitude we are examining (α = 0.05) based on the
difference seen between experimental groups in our previous
publication (31).

Lateral Fluid Percussion Injury
Lateral fluid percussion injury uses a rapid fluid pulse to cause
injury to the brain by the displacement of neural tissue. This
process has previously been described in detail (35) but has
been modified to create repeated mild injury. Briefly, mice were
anesthetized using 4–5% isoflurane in 100% O2 and maintained
on 2% isoflurane throughout the procedure. They were placed in
a stereotaxic frame, and a trephine-guide 3mm plastic disc was
attached with Loctite glue (444 Tak Pak, Henkel Corporation,
Rocky Hill, CT) on the skull, halfway between lambda and
bregma, laterally on the right hemisphere. A trephine (3mm
outer diameter) was used to perform a craniectomy. A rigid
Luer-loc needle hub (3mm inside diameter) was secured onto
the skull over the opening that was made using cyanoacrylate
adhesive and dental acrylic (Henry Schein, Dublin, OH). After
a 60min recovery period, the animals were re-anesthetized and
connected to the fluid percussion injury device (Custom Design
and Fabrication, Virginia Commonwealth University) through
the Luer-loc hub. Once the animals regained normal breathing,
before sensitivity to stimulation, a ∼0.8 ATM pulse (15ms) was
generated through the LFP device to strike the intact dura of the
brain. Upon return of righting reflex (<4min for mild injury)
the hub was filled with saline and capped. Forty eight hours from
the initial injury, a second injury was given. This occurred again
at 96 h from the initial injury. This experimental timeline was
chosen based on previous studies which have sought to mimic
human repeated mild TBIs in a mouse model which controls
for the rodent life span (39–42). After the 3rd injury, the hub
and dental acrylic were removed and the scalp incision was
closed with 3M Vetbond (Fisher Scientific, Waltham, MA). The
animals were individually housed after the injury and returned
to normal housing conditions. In order to determine humane
endpoints, the mice were monitored twice daily. If signs of pain
were detected, the vivarium veterinary staff were contacted, and
appropriate analgesics were used immediately. Signs of pain and

distress included animals that were no longer able to move to
get food or water, or showed signs of pain (ex. hunched posture,
inappetence, lethargy, decreased body condition). In order to
prevent harm and suffering, we gave a surgical pre-emptive
analgesia, in the form of an injection of buprenorphrine (0.1
mg/kg SC). During the surgery, the mice were anesthetized with
isoflurane while they were in the stereotaxic apparatus. Adequate
anesthetic depth was checked for by a no response to toe pinch
before surgery commenced. During the surgery procedure, the
anesthetic bupivicaine (0.025%) was applied topically to the
skull. In addition, the respiratory rate was monitored throughout
the entire surgical procedure and the eyes were protected with
lubricant. If necessary, post-op pain medication of Carprofen
would be given at 5 mg/kg, SC, once a day and continued if signs
of pain were observed (not found to be necessary for any mice in
this study). With this repeated, mild level of injury, about 5–10%
of animals died after the 3rd injury in the chronic post-traumatic
period. In this study, we had a mortality rate of 8.8% with 26/295
deaths. The expectation of this mortality was approved by our
institutional IACUC. This is a normal and anticipated feature
of the LFP TBI model because it mimics human TBI. Mice that
underwent the surgical procedure but not the injury were used as
sham controls. Assignment of the mice to the LFP or sham group
was randomized.

MRI Imaging
Magnetic resonance imaging (MRI) was done on a cohort of mice
in order to assess the volume of inflammation as determined by
increased relative intensity (ROI). The scans were done utilizing a
fast spin echo sequence with a mouse brain coil. Scans were done
in the axial position at 1, 7, and 21 days after the final injury.
Inflammation was determined through an auto-thresholding to
analyze higher intensity areas relative to regular brain tissue. All
brains were reviewed with same intensity search and normalized
using the Image Scale Factor in the VivoQuant Analysis Software.
The region of interest was determined by analyzing areas of
increased intensity within specific coordinates in the damaged
location of the brain and analyzed blinded to condition. Scans
were done at the Rutgers University Molecular Imaging Center
with the center’s M2 Compact High-Performance MRI (1T).

Immunohistochemistry
To collect tissue for immunohistochemistry, a second cohort
of mice were perfused with 0.9% saline, followed by 4%
paraformaldehyde at 1 and 21 days after the final injury. After
perfusion, the brains were cryoprotected with 30% sucrose for at
least 3 days. Sectioning was done in 20µm thick slices, in a 1:10
series throughout the length of the hippocampus, incorporating
the area around the site of injury in the cortex. To measure
apoptotic cell death, sections were pretreated with 0.01M Citrate
buffer at 90◦C. Anti-cleaved caspase-3 (1:1,000, 9,661, Cell
Signaling, Danvers, ME) was then applied overnight, followed by
Alexa Fluor 594 goat anti-rabbit (1:1,000, Invitrogen, Waltham,
MA). To measure astrogliosis, Glial Fibrillary Acidic Protein
(GFAP) antibody was applied overnight (1:500, MAB3402,
Millipore, Billerica, MA), followed by Alexa Fluor goat anti-
mouse 488 (1:500, Invitrogen, Waltham, MA). To measure
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neuronal degeneration, sections were first treated with 1%
NaOH and 0.06% KMnO4, then 0.0005% Fluoro-Jade C (AG325,
Millipore, Burlington MA)/0.0001% DAPI (D9564, Sigma, St.
Louis, MO) was applied for 20min. To measure microglial
activation, IBA1 antibody was applied overnight (1:10,000, 019-
19741, Wako Labs, Richmond, VA), followed by Alexa Flour goat
anti-rabbit 488 (1:1,000, Invitrogen, Waltham, MA). To measure
levels of phosphorylated tau, AT8 antibody was applied overnight
(1:500, MN1020, Pierce Antibodies, Waltham, MA), followed by
Alexa Fluor goat anti-mouse 488 (1:1,000, Invitrogen, Waltham,
MA). All slides were incubated in 4’,6-diamidino-2-phenylindole
(DAPI) (1:1,000 DAPI in PBS, Sigma, St. Louis, MO). Slides were
mounted in Fluoromount-G (Southern Biotech, Birmingham,
AL), except for the Flouro-Jade C slides which were mounted
in DPX Mountant (44581, Sigma, St. Louis, MO). Visualization
of the fluorescent stains was done using a Leica microscope
(Model DMIRB, Leica Microsystems, Buffalo Grove, IL). Five
to eight animals per time point and treatment were analyzed.
Sectioning of tissue was done using a Cryostat (Leica) and
collected coronally in 1:10 series throughout the length of the
hippocampus. For each biological replicate, the collected sections
of brain were counted and the average number of cells per section
was calculated. Positive cells were counted in the hemisphere
ipsilateral to the injury. In the cortex, for each section, six
fields of 40X view (starting at the dorsal midline and moving
laterally for three fields of vision, and then the three fields
of vision just ventral to the first three) were counted. In the
hippocampus, the dentate gyrus as well as the CA1-CA3 were
used for quantification of cells. Analysis was performed blind to
experimental group and genotype.

Vestibular Rotarod Test
In order to study the vestibular motor abilities of the mice after
LFP, the rotarod test was conducted as part of a behavioral battery
on a third cohort of mice (Supplemental Figure 3). The rotarod
test utilized a 36-mm outer diameter, rotating rod whose velocity
increased from 4 to 40 rpm over a maximum 180 s interval.
Balance and motor function were measured using the latency to
fall. Each trial ended when the animal fell off the rotarod. Eight
to ten mice per genotype and condition were used. Acclimation
and baseline analysis were done 1 day prior to the first injury,
using three trials separated by a 1-h inter-trial rest phase. At 1,
7, and 21 days after the last injury, each mouse underwent three
trials separated by a 1-h inter-trial rest phase. The same mice
were used for each time point and analyzed blinded to condition.
The average latency to fall was compared between injured and
sham groups.

Balance Beam Test
In order to study fine motor function, the balance beam test was
conducted. The beam apparatus consists of a one meter long
flat beam with a width of 20mm, raised 30 cm above the table
surface. A black box was placed at one end of the beam as the
finish point. The mice were pretested on the beam apparatus for
4 days before the test day for training and baselinemeasurements.
On test day, the mice were observed crossing the beam while
the number of paw faults, falls, and relative time to cross were

recorded manually. Mice were tested at 7 and 21 DPI, and the
same mice were used for each time point. Eight to ten mice per
genotype and condition were used. Values were imputed into a
predetermined scale to evaluate outcomes with weighted values
for the different traits analyzed in order to account for the severity
of injury indicated by each. A score of 1 was standard for all mice,
the number of falls was added after being multiplied by 2, the
number of foot faults were added, and if the mouse crossed the
beam in under 5 s, a score of 1 was removed from the final score.
Analysis was done blinded to condition.

Morris Water Maze Test
In order to study spatial memory, the Morris water maze test
was done. Mice were acclimated to the paradigm and tested for
baseline response using a visible platform test 1 day prior to the
start of the injury paradigm. The animals were placed in a circular
pool (1m diameter) filled with opaque water containing non-
toxic white paint and a clear escape platform marked by a visible
rod. To assess learning, the mice were tested using a hidden
platform fixed in the northwest quadrant starting 1 day after the
last injury. Testing was conducted with four trials a day for 6
days in a row. On the seventh day, a probe test was completed
to test memory, where the hidden platform was removed and the
time spent exploring the northwest quadrant was recorded. Black
and white distal extra-maze cues were positioned on the walls of
the room and geometric shaped proximal extra-maze cues were
positioned above the walls of the maze. The mice were placed in
pseudo-randomly varied quadrants throughout testing, and the
time to locate the platformwas recorded. Trials were run until the
mouse found the platform or was placed there after themaximum
trial time of 60 s. At the conclusion of the trial, the mouse was
allowed to remain on the hidden platform for 15 s to consolidate
learning, followed by removal from the pool and placement
onto a heating pad for 10min. Eight to ten mice per group and
condition were used. Data was analyzed blinded to condition.
Data was recorded using a video-tracking system (EthoVision
XT; Noldus Information Technology, Leesburg, VA).

Western Blot Analysis
The cortex and hippocampus on the ipsilateral side to the
injury site were collected from mice at 1 and 21 dpi and flash
frozen. Four mice per group and condition were analyzed at
each timepoint. Tissue lysates were prepared using T-PER with
protease inhibitors and EDTA (Pierce, Rockford, IL). Samples
were homogenized for 30 s and then centrifuged for 10min.
The protein content of the supernatant was determined using
the bicinchoninic acid (BCA) Protein Assay Reagent Kit (Pierce,
Rockford, IL). Equal amounts of protein were loaded onto
Bis Tris Gels (Invitrogen, Grand Island, NY). The proteins
were transferred onto polyvinylidene difluoride (PVDF)-filter
Immobilon-P transfer membranes (Millipore, Billerica, MA).
Following blocking in 5% BSA + 5% normal donkey serum
overnight at 4◦C, the primary antibody was applied overnight at
4◦C. Forty microgram of protein was run on a 12% Bis Tris gel
and probed for pro and mature BDNF (1:500 BDNF Icosagen,
San Francisco, CA). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) antibody (1:1,000, Biodesign, Saco, ME) was used
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as a loading control. Forty microgram of protein was run on
a 4–12% Bis Tris gel and probed for p-trkB (1:1,000, EMD
Millipore, Burlington, Ma). trkB was used as a loading control
(1:1,000, Sigma-Aldrich, St. Louis, MO). Secondary anti-mouse
or anti-rabbit horseradish peroxidase (HRP)-conjugated IgG
antibodies were used (1:5,000, GE Healthcare, South Plainfield,
NJ). GAPDH protein was visualized by chemiluminescence
using the Enhanced Chemiluminescence (ECL) detection kit
(Perkin Elmer, Waltham, MA) and all others were visualized
using the SuperSignal West Femto Maximum Sensitivity
Substance (ThermoFisher Scientific, WalthamMA). Levels of the
immunopositive bands were quantified densitometrically using
Quantity One version 4.2.1 software on a GelDoc 2000 (Bio-
Rad, Hercules, CA). All data is normalized to the sample’s own
GAPDH and expressed as a fold change relative to the average of
the genotype matched sham controls.

BDNF Viral Infusion
An AAV9-CMV-GFP-2A-mouseBDNF construct expressing the
wildtype 66Val form of BDNF at a titer of 4.5 × 1013 viral
genomes/µL was purchased from Vector BioLabs (Malvern, PA)
and dose selection was done in conjunction with the company.
Mice were anesthetized using 4–5% isoflurane in 100% O2 and
maintained on 2% isoflurane throughout the procedure. They
were placed in a stereotaxic frame, and a 32G Hamilton Neuro
syringe was used to deliver a volume of 0.75 µL at a speed of
0.25 µL/min into both the ipsilateral cortex (AP −1.9mm, ML,
−1.5mm, DV −1.5mm) and hippocampus (AP −1.9mm, ML,
−1.5mm, DV −2.5mm) of animals 5min after the final LFP
injury. The needle was left in place after injection for 5min to
allow for completion infusion of the drug. The control group
received the same injection protocol with a control AAV-CMV-
GFP construct 4.5 × 1013 viral genomes/µL purchased from

Vector BioLabs. Analysis was done as is standard in the field,
assuming dose dependent GFP expression (43, 44).

Statistical Analysis
StatPlus software was used for all data analysis. Groups were
compared using Student’s two-tailed t-test or one-way ANOVA
followed by Fisher’s PLSD post-hoc analysis. p < 0.05 is
considered statistically significant. Statistical results are presented
in the figures and legends and the p-values are provided in
Supplemental Figure 4.

RESULTS

Val66Met Injured Mice Have a Larger
Volume of Inflammation Compared to
Val66Val Injured Mice at 21 DPI Following
rmTBI
Throughout this report, we have compared differences in assay
outcomes between the injured and sham groups, as well as
between the two injured genotypes Val66Met and Val66Val.
To investigate the role that genotype plays on the volume of
inflammation after our repeated mild LFP model, we used a
1T MRI to scan the brains of the mice at 1, 7, and 21 DPI.
Utilizing T2 fast spin echo sequence imaging scans, we found
that by 21 DPI, edema at the site of the craniectomy returned
to pre-injury levels in sham condition mice when the same mice
were imaged over multiple time points, while in the injured mice
there was still edema and swelling present. Some of this edema
extended through the hole in the skull left by the craniectomy
resulting in extra-axial hyperintensity as part of the injury area
(Supplemental Figure 1). Due to the persistence of edema, we
selected the 21 DPI time point to assess the effect of the
BDNF SNP on volume of inflammation. At 21 DPI, there was

FIGURE 1 | Val66Met injured mice have greater volume of inflammation than Val66Val injured mice. (A) Representative MRI images of mice subjected to LFP and

sham at 21 days after the final injury. (B) Quantification of volume of inflammation in different genotypes, 21 DPI as determined by assessment of hyperintensity ROI.

*p < 0.05, ***p < 0.001, ANOVA Fisher’s PLSD post-hoc test relative to indicated groups, n =7–8. Scale bar = 3mm.
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a significant difference between the volume of inflammation
in sham and injured mice as determined from measuring the
hyperintensity volume of T2 MRI scans. Particularly of interest,
we saw that Val66Met injured mice had a significantly larger
volume of inflammation compared to Val66Val injured mice
(Figure 1). These data suggest that there are differences in the
level of injury occurring between these two genotypes at 21 DPI
as seen through the increased edema. However, it is not known
which processes are affecting this difference.

Activated Iba1+ Cells Are Increased in
Val66Met Injured Mice Compared to
Val66Val Injured Mice, While Non-activated
Microglia Are Consistent Across All Groups
To study the underlying cellular changes that contribute to the
genetic difference in volume of inflammation, we conducted
immunohistochemical staining at both 1 and 21 DPI to assess
the immediate and longer lasting effects of rmTBI on various
cellular processes. As our LFP injury paradigm includes both
focal and distal components, we analyzed the ipsilateral cortex
to gain an appreciation of the focal components of injury as
well as its possible effects on sensorimotor function. We also
analyzed the ipsilateral hippocampus to investigate the slightly
distal effects of injury and to gain insights into the possible
effect on cognitive function. The repeatedmild LFPmousemodel
was chosen because it is able to accurately mimic the injuries

that are seen after human repeated mild TBI; there is an acute
injury at the point of contact, as well as diffuse injury in other
brain areas (45). As expected by this model, we see mild signs
of injury on the contralateral side of the brain demonstrated by
microglial staining (Supplemental Figure 5). Therefore, instead
of using the contralateral cortex and hippocampus as controls,
we chose to use mice that have undergone craniectomy surgery
but no injury (sham) and analyzed the ipsilateral hemisphere
of those mice. First, to examine the effect that repeated mild
TBI has on the neuroimmune system, we analyzed activated
microglia. Activated microglia are an important part of the
secondary injury process, have been shown to persist for years
after the initial injury, and contribute to long-term neurological
dysfunction (46). We used IBA1 as a marker for microglia and
we utilized morphology to distinguish activated microglia from
non-activated microglia. Non-activated microglia were identified
by their ramified appearance, while activated microglia were
in either the reactive bushy state or the phagocytic ameboid
shape (47). We found that at 1 DPI Val66Met injured mice had
significantly more activated microglia than their sham controls
in both the ipsilateral cortex and the hippocampus. Notably, we
found that at 1 DPI Val66Met injured mice had significantly
more activated microglia than the Val66Val injured mice in
the ipsilateral cortex or hippocampus (Figures 2B,D). These
data indicate that Val66Met injured mice have earlier microglial
activation than the Val66Val injured mice. By 21 DPI, the
Val66Met and Val66Val injured mice both had significantly more

FIGURE 2 | Repeated mild LFP injury causes an increase in ionized calcium binding adaptor molecule 1 (IBA1) positive cells in the brains of injured Val66Met mice

compared to injured Val66Val mice at 1 DPI. (A) Representative images of cortical sections at 1 DPI stained with IBA1. White arrows indicate resting microglia, white

arrowheads indicate activated microglia. Scale bars = 100µm. (B–E) Quantification of the average number of IBA1+ positive cells, broken down into activated and

resting categories by morphology, per cortex and hippocampus ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA Fisher’s PLSD post-hoc test relative to indicated

groups, n =5–8.
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activated microglia than their sham controls. Again, we observe
a significant difference in the levels of activated microglia in
the Val66Met injured mice compared to the Val66Val injured
mice at 21 DPI in both the ipsilateral cortex and hippocampus
(Figures 2C,E). These data suggest that Val66Met injured mice
respond to repeated mild injury by activating microglia earlier
than Val66Val injured mice, and this increased activation is
sustained through 21 DPI.

Levels of Activated Caspase-3+ Cells Are
Higher in Val66Met Injured Mice Compared
to Val66Val Injured Mice at 1 DPI, but Not
at 21 DPI
Since increased levels of neuronal cell death are common
following injury (31, 48), we used activated caspase-3 to assess
levels of apoptosis. We found that at 1 DPI, both Val66Met
and Val66Val injured mice have a significant increase in the
number of activated caspase-3 positive cells relative to their
sham controls indicating that apoptosis was at higher levels at
1 DPI. Importantly, Val66Met injured mice had a significantly
higher number of activated caspase-3 positive cells relative to
the Val66Val injured mice, in both the ipsilateral cortex and
hippocampus (Figures 3A–C) suggesting that Val66Met mice
have more cell death after rmTBI than Val66Val mice. However,
by 21 DPI levels of cell death had decreased so that there was
no detectable difference between the injured mice and their

sham controls (Figures 3D,E). This is similar to what we have
previously seen after singlemoderate injury by 21DPI (31). These
data suggest that while there are initial genotypic differences in
apoptotic cell death after injury with Val66Met exhibiting worse
outcomes than Val66Val that these differences are resolved by
21 DPI.

Levels of FluorojadeC+ Cells Are Increased
in Val66Met Injured Mice Compared to
Val66Val Injured Mice at 1 DPI and 21 DPI
Increased levels of neurodegeneration are common sequelae
following injury to the brain (31, 42). We used Fluorojade
C (FLJC), a marker for neurodegeneration (49), in order to
ascertain the level of neurodegeneration in the ipsilateral cortex
and hippocampus. We found that at 1 DPI, Val66Met injured
mice had significantly more FLJC positive cells in both the
ipsilateral cortex and hippocampus relative to their sham controls
(Figures 4B,C). At this timepoint, Val66Val injured mice did
not significantly differ from their sham controls in numbers of
FLJC positive cells in the ipsilateral cortex, although Val66Val
mice did differ from their sham controls in the hippocampus.
Importantly, the Val66Met injured mice had more FLJC positive
cells than the Val66Val injured mice in the ipsilateral cortex at
1 DPI, indicating that the Val66Met injured mice have more
neurodegeneration at this early timepoint. By 21 DPI, both
the Val66Met injured mice and the Val66Val injured mice had
significantly more FLJC positive cells than their sham controls in

FIGURE 3 | Repeated mild LFP injury causes an increase activated caspase-3 positive cells in brains of injured Val66Met mice compared to injured Val66Val mice at 1

DPI. (A) Representative images of cortical sections at 1 DPI stained with activated caspase-3 (indicated by arrows). Scale bars = 100µm. (B–E) Quantification of the

average number of activated caspase-3 positive cells per cortical or hippocampal section ± SEM. **p < 0.01, ***p < 0.001, ANOVA Fisher’s PLSD post-hoc test

relative to indicated groups, n = 5–8.
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FIGURE 4 | Repeated mild LFP injury causes an increase in Fluoro-Jade C (FLJC) positive cells in the brains of injured Val66Met mice compared to injured Val66Val

mice at 1 and 21 DPI. (A) Representative images of cortical sections at 1 DPI stained with FLJC (indicated by arrows). Scale bars = 100µm. (B–E) Quantification of

the average number of FLJC positive cells per cortex or hippocampus ± SEM. *p < 0.05, ***p < 0.001, ANOVA Fisher’s PLSD post-hoc test relative to indicated

groups, n = 5–8.

the ipsilateral cortex, and notably, the Val66Met injured mice had
significantly more FLJC positive cells than the Val66Val injured
mice at this time point as well (Figure 4D). In the hippocampus
at 21 DPI there was still a significant difference between the
injured Val66Metmice and their sham controls, but no detectable
difference between the Val66Val mice and their sham controls
(Figure 4E). There was also still no detectable difference between
the Val66Met and Val66Val injured mice at 21 DPI in the
hippocampus. These data suggest that the neurodegeneration
process begins as early as 1 DPI and that increased levels of
neurodegeneration in response to injury may be sustained until
at least 21 DPI in the Val66Met injured mice.

Number of Phosphorylated tau+ Cells Are
Increased in Val66Met Injured Mice
Compared to Val66Val Injured Mice at 1
and 21 DPI
It has previously been shown that phosphorylated tau can
contribute to long-term pathologies in the brain (50). After
injury, there are frequently higher levels of phosphorylated tau
at the site of injury as well as in distally affected brain areas
(51). We investigated the levels of phosphorylated tau at 1
and 21 DPI in both the ipsilateral cortex and hippocampus.
We found that there was a significant increase in levels of
phosphorylated tau in both Val66Met and Val66Val injured mice
compared to their sham controls in the ipsilateral cortex at both
1 and 21 DPI (Figures 5B,C). Of note, the Val66Met injured

mice had significantly more phosphorylated tau compared to
Val66Val injured mice, seen at 1 DPI and sustained through to
21 DPI. This suggests that Val66Met injured mice may have an
exacerbated phosphorylated tau reaction after injury that begins
at 1 DPI and is sustained until 21 DPI. In the hippocampus,
we found that the Val66Met injured mice had significantly more
phosphorylated tau than their sham controls at both 1 and
21 DPI, while the Val66Val injured mice did not differ from
their sham controls (Figures 5D,E). These data suggest that after
repeated mild injury, Val66Met mice are uniquely susceptible to
mechanisms that result in increased levels of phosphorylated tau
in the hippocampus.

The Number of GFAP+ Cells Are Increased
in the Ipsilateral Cortex in Val66Met Injured
Mice Compared to Val66Val Injured Mice
by 21 DPI, but Not at 1 DPI
It is well documented that after injury there is proliferation of
glia (31, 42) that can contribute to the formation of glial scarring,
inhibition the ability of neurons to regenerate, and prevention
of the injured brain from recovering normal morphology and
function (52). Using glial fibrillary acidic protein (GFAP), a
marker for activated astrocytes, we quantified the level of gliosis
after injury. We found that at 1 DPI, both Val66Met and Val66Val
injured mice had more astrogliosis than their sham controls in
the cortex and hippocampus (Figures 6B,C). Interestingly, we
found that the Val66Met injured mice had more astrogliosis than
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FIGURE 5 | Repeated mild LFP injury causes an increase in phosphorylated tau (p-tau) in the brains of injured Val66Met mice compared to injured Val66Val mice at 1

and 21 DPI. (A) Representative images of cortical sections at 1 DPI stained with activated AT8 (indicated by arrows). Scale bars = 100µm. (B–E) Quantification of the

average number of p-tau positive cells per cortex or hippocampus ± SEM. **p < 0.01, ***p < 0.001, ANOVA Fisher’s PLSD post-hoc test relative to indicated groups,

n = 5–8.

FIGURE 6 | Repeated mild LFP injury causes an increase in glial fibrillary acidic protein (GFAP) positive cells in the brains of injured Val66Met mice compared to injured

Val66Val mice at 1 DPI. (A) Representative images of cortical sections at 1 DPI stained with glial fibrillary acidic protein (indicated by arrows). Scale bars = 100µm.

(B–E) Quantification of the average number of GFAP positive cells per cortex or hippocampus ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA Fisher’s PLSD

post-hoc test relative to indicated groups, n = 5–8.
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Val66Val injured mice in the hippocampus at this 1 DPI, but not
in the cortex, suggesting that the differential genotypic effects on
astrocytes are more evident earlier in the time course in the more
distal hippocampal region. By 21 DPI, both the Val66Met and
Val66Val injured mice had significantly more astrogliosis than
their sham controls in the cortex, although by this timepoint
only the Val66Met injured mice remained detectably different
from their sham controls in the hippocampus (Figures 6D,E).
In analyzing genotypic differences, we found that the injured
Val66Metmice also had increased astrogliosis relative to Val66Val
injured mice in the ipsilateral cortex and hippocampus at 21 DPI.
These data suggest that activation of astrocytes after injury is
variable based on genotype, and that Val66Met mice have more
injury-related cellular changes compared to Val66Val mice.

Injured Met Carriers Have Less Total BDNF
in the Cortex at 21 DPI, and More
pro-BDNF/mature BDNF in the
Hippocampus at 1 DPI Compared to
Injured Val Carriers
To examine a possible mechanism underlying the differences in
genotypic response to rmTBI, we performed biochemical studies
looking at levels of pro and mature BDNF. Previous studies
have shown that in naïve mice, Val66Met and Met66Met mice
have comparable levels of BDNF compared to their Val66Val
counterparts, although they have less BDNF protein released
from the dendrites (33). However, to our knowledge no one has
assessed the levels of pro and mature BDNF after repeated mild
TBI. In order to determine the effect of the Met allele on BDNF
levels after injury and whether the Met allele functions in a dose
dependent manner, we used Western Blot analysis in Val66Val,
Val66Met, and Met66Met mice. The Met66Met group was added
to this assay in order to get a more thorough understanding of
the effect that theMet allele has on BDNF protein levels, although
the comparison of the Met66Met group was not the focus of our
study in other assays. We found that injured Met carriers did
indeed have less total BDNF in the cortex at 21 DPI compared
to injured Val carriers (Figures 7A–C). To quantify the amounts
of pro and mature BDNF, we analyzed these isoforms separately
but combined the mature bands at 14 and 16 kD to account
for the differences in molecular weight caused by the Met-His
tag on the BDNF transgenic gene. We found that at 1 and 21
DPI, injured Met carriers had more pro-BDNF/mature BDNF
than Val carriers (Figures 7D–F). These data suggest that there
is differential genotypic response to injury by demonstrating
a biochemical alteration in the two genotypes and highlight a
potential pathway to target for therapies.

Administration of AAV-BDNF to Val66Met
Injured Mice Reduces the Level of
Astrogliosis and Activated Microglia at 21
DPI to the Levels Seen in Val66Val Injured
Mice
Analysis of our data suggests that Val66Met mice have more
injury-related cellular responses after repeated mild LFP injury

than their sham controls and Val66Val injured mice. Our
Western Blot data show that there may be alterations in
BDNF levels that are affecting outcomes after injury. Therefore,
we injected an AAV-BDNF expressing vector, containing the
wildtype 66Val form, immediately after the third injury to
increase levels of BDNF in Val66Met injured mice and examined
cellular and behavioral outcomes, using injections of AAV-GFP
as the control. We previously found differences in both cellular
and behavioral outcomes between injured and sham mice using
our rmTBI model, but no differences between the Val66Met and
Val66Val sham groups (Figures 2–6). Therefore, in our rescue
study, we decided to focus on the differences we saw between the
injured groups and the effect of the treatment on those groups.

We chose to analyze astrogliosis and activated microglia at
the 21 DPI timepoint since we previously found significant
differences between the two injured genotypes in these markers
and this longer time point allows for expression of the
AAV-BDNF throughout the cortex and hippocampus on the
ipsilateral side with minimal expression on the contralateral side
(Supplemental Figure 2). Val66Met injured mice treated with
the control AAV-GFP had significantly higher levels of GFAP+
cells in the cortex and hippocampus and activated IBA1+ cells
in the cortex relative to the Val66Met injured mice treated with
the AAV-BDNF and the Val66Val injured mice treated with
either AAV-GFP or AAV-BDNF at 21 DPI. The AAV-BDNF
treated Val66Met mice had levels of astrogliosis and activated
microglia that were similar to levels seen in the Val66Val injured
mice, both those treated with the control AAV-GFP and AAV-
BDNF (Figures 8A–F). These data show that treatment of injured
Val66Met mice with AAV-BDNF can decrease astrogliosis and
activatedmicroglia relative to injured Val66Metmice treated with
control AAV-GFP, suggesting that the AAV-BDNF treatment is
able to reduce inflammation after injury.

Treatment of Val66Met Injured Mice With
AAV-BDNF Improves Learning at 16 and 17
DPI, but Not Memory at 21 DPI, Back to the
Levels Seen in Val66Val Injured Mice
We next examined the effect that our injury paradigm has
on cognitive function using the Morris Water Maze to study
spatial learning and memory. Previous studies have shown that
in naïve mice, there is no difference in learning and memory
between Val66Val and Val66Met mice (53). Accordingly, we
found no difference between groups in the pre-test done before
the injury protocol (Figure 9A). However, it has been established
that brain injury can have detrimental effects on cognition,
especially in animals that have defects in the hippocampus (31,
54). Here, we found that Val66Met injured mice treated with
AAV-GFP had a longer latency to find the hidden platform
than Val66Val injured mice treated with AAV-GFP at 16 and 17
DPI. Importantly, when the Val66Met injured mice were treated
with AAV-BDNF they found the hidden platform significantly
faster than the Val66Met injured mice treated with the control
AAV-GFP at 16 and 17 DPI, indicating that overexpression of
BDNF was able to improve spatial learning at these timepoints
(Figure 9B).
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FIGURE 7 | Repeated mild LFP injury causes an increase in proBDNF/mature BDNF expression in Met carriers compared to Val carriers in the hippocampus at 1 and

21 DPI. (A,D) Representative Western Blot showing pro and mature BDNF expression in the hippocampus after injury. Each lane represents one animal. (B,C)

Quantification of protein levels in the cortex at 1 DPI and 21 DPI and (E–F) hippocampus at 1 DPI and 21 DPI. All data is first normalized to GAPDH to control for

protein loading and then expressed as a fold change relative to the average ± SEM of the time matched sham controls which are represented as a single bar in the

graph. *p ≤ 0.05, **p < 0.01, ANOVA Fisher’s PLSD post-hoc test relative to indicated groups, n = 4.

In the Probe Test at 21 DPI, we found that the control AAV-
GFP Val66Met injured mice spent significantly less time in the
target NE quadrant than control AAV-GFP Val66Val injured
mice, indicating impaired spatial memory. However, the AAV-
BDNF Val66Met injured mice did not spend significantly more
time in the target NE quadrant than the AAV-GFP Val66Met
injured mice, indicating that treatment with overexpression
of BDNF did not improve spatial memory in these mice
(Figure 9C). These data suggest that in addition to improving
cellular differences seen after injury, that treatment with AAV-
BDNF is able to rescue functional cognitive deficits as well.

Treatment of Val66Met Injured Mice With
AAV-BDNF Does Not Improve Motor
Function at 14 and 21 DPI Back to the
Levels Seen in Val66Val Injured Mice
It has previously been shown that following brain injury, there
can be deficits in motor ability (54, 55). This is particularly
true with our model of LFP, due to the damage that is
done at the site of injury to the sensorimotor cortex (56).
In order to measure motor ability, we used the rotarod test
for vestibular motor function and proprioception and the
balance beam test for more subtle differences in motor skills
and balance. For the rotarod test, we conducted a pre-test to
train the mice on the test, since performance will increase
with practice, and to determine if there were any underlying

genotypic differences in the mice. We found no differences
in the pre-test (Figure 10A) and found that at 15 DPI AAV-
GFP treated Val66Met injured mice had a shorter latency to
fall compared to AAV-GFP Val66Val injured mice, indicating
impaired vestibular motor ability in the Val66Met mice after
injury. However, treatment with AAV-BDNF did not shorten
the latency to fall in the injured Val66Met mice (Figure 10B).
At 21 DPI, we did not find any differences across groups in
latency to fall in the rotarod test, indicating that the vulnerable
Val66Met injured mice had endogenously improved vestibular
motor ability back to levels comparable with Val66Val injured
mice (Figure 10C).

For the balance beam test at 21 DPI, we did not observe
any difference between the injured Val66Met control AAV-GFP
mice and either their Val66Met AAV-BDNF treated counterparts
or the Val66Val control AAV-GFP injured mice (Figure 10D).
These data suggest that while there may be differences in
motor ability at earlier timepoints after injury, by 21 DPI
Val66Met control AAV-GFP mice that are acutely vulnerable
have recovered back to levels comparable with the less vulnerable
Val66Val control AAV-GFP mice. Based on these results, as
well as an analysis of swim speed in the MWM, we have
concluded that there is no locomotor deficit evident at 21
DPI. Therefore, unlike our single moderate LFP paradigm
that creates a significant long-term motor deficit (31), our
repeated mild LFP appears to generate more subtle short-term
motor deficits.

Frontiers in Neurology | www.frontiersin.org 11 November 2019 | Volume 10 | Article 1175

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Giarratana et al. BDNF SNP Increases rmTBI Risk

FIGURE 8 | Treatment of injured Val66Met with AAV-BDNF after repeated mild LFP injury causes a decrease in astrogliosis back to injured Val66Val levels in the cortex

and hippocampus and activated microglia in the cortex at 21 DPI. (A) Representative images of cortical sections at 21 DPI stained with GFAP (indicated by arrows).

Scale bars = 100µm. (B) Quantification of the average number of GFAP positive cells per cortex and (C) hippocampus ± SEM. (D) Representative images of cortical

sections at 21 DPI stained with IBA1 (indicated by arrows). Scale bars = 100µm. (E) Quantification of the average number of activated IBA1 positive cells per cortex

and (F) hippocampus ± SEM. *p ≤ 0.05, **p < 0.01, ANOVA Fisher’s PLSD post-hoc test relative to indicated groups, n = 5–6.

FIGURE 9 | Repeated mild LFP injury causes worse learning and memory in Val66Met injured mice relative to Val66Val injured mice. Treatment with AAV-BDNF in

injured Val66Met mice improves learning, but not memory. (A) Average latency to platform in pretest phase ± SEM. (B) Average latency to platform ± SEM 15–20

DPI. (C) Average time spent in the target quadrant in the probe test ± SEM at 21 DPI. *p < 0.05 in Val66Met LFP Control relative to Val66Val LFP Control, +p < 0.05,
+++p < 0.001 in Val66Met LFP Control relative to Val66Met LFP BDNF. ANOVA Fisher’s PLSD post-hoc test relative to indicated groups, n = 9.
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FIGURE 10 | Repeated mild LFP injury causes a deficit in vestibular motor function at 14 days in injured Val66Met mice relative to injured Val66Val. Treatment with

AAV-BDNF does not significantly improve this deficit. (A) Quantification of latency to fall in the rotarod pretest assay ± SEM (B) Quantification of the latency to fall in

the rotarod assay ± SEM at 14 DPI and (C) 21 DPI. (D) Quantification of balance beam score ± SEM at 21 DPI. *p < 0.05, ANOVA Fisher’s PLSD post-hoc test

relative to indicated groups, n = 9.

Treatment of Val66Met Injured Mice With
AAV-BDNF Increases Levels of Total and
Mature BDNF as Well as p-trkB in the
Cortex and the Hippocampus Relative to
Val66Met Injured Mice Treated With
Control AAV-GFP
In order to determine the mechanism by which the AAV-
BDNF treatment was working to improve function in these
mice, we conducted Western Blot analysis on brain tissue
from the cortex and hippocampus after 21 DPI and examined
levels of BDNF isoforms as well as trkB activation. We
observed that the AAV-BDNF virus does indeed elevate levels
of BDNF, particularly mature BDNF, in both the cortex and the
hippocampus (Figures 11A–C). In addition, we found elevated
levels of p-trkB/trkB in AAV-BDNF treated Val66Met injured
mice relative to control treated Val66Met injured mice in both
the cortex and the hippocampus (Figures 11D,E), signifying
increased activation of the mature BDNF trkB signaling pathway.
Together, these results suggest that disruptions in levels of BDNF
play a role in the detrimental effects seen in the Val66Met injured

mice and that targeted treatment to elevate BDNF can rescue the
effects of repeated mild injury in this vulnerable genotype.

DISCUSSION

In this study, we show that BDNF Val66Met genetic
polymorphism results in worse outcomes in terms of imaging,
biological correlates, and behavior relative to Val66Val genotype
following repeated mild LFP injury in mice. BDNF has been
shown to play an important role after injury. Early studies
showed that after injury, levels of BDNF protein and mRNA are
upregulated but the isoforms were not examined at that time
(57–61). Our group demonstrated that after TBI protein levels
of proBDNF, proNGF, p75 receptor, and sortilin co-receptor
are preferentially upregulated relative to mature BDNF and its
trkB receptor which may explain why there is apoptosis and
neurodegeneration after injury rather than cell survival and
neural regeneration (31). These results are consistent with what
has been shown in the literature, that after injury in vivo levels
of proBDNF protein and mRNA are preferentially upregulated
relative to mature BDNF (31, 61, 62). We have also demonstrated
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FIGURE 11 | AAV-BDNF injection causes an increase in total BDNF, mature BDNF, and p-trkB expression relative to control AAV-GFP injection in the cortex and

hippocampus at 21 DPI in injured Val66Met mice. (A) Representative Western Blot showing BDNF expression in the cortex and hippocampus after injury. Each lane

represents one animal. (B) Quantification of total BDNF protein levels ± SEM at 21 DPI in the cortex and hippocampus. (C) Quantification of mature BDNF protein

levels ± SEM at 21 DPI in the cortex and hippocampus. All data is first normalized to GAPDH to control for protein loading ± SEM, n = 6. (D) Representative Western

Blot showing p-trkB expression in the cortex and hippocampus after injury. Each lane represents one animal. (E) Quantification of p-trkB protein levels at 21 DPI in the

cortex and hippocampus. All data is first normalized to trkB to control for protein loading ± SEM, n = 4. *p < 0.05, **p < 0.01, ANOVA Fisher’s PLSD post-hoc test

relative to indicated groups.

that inhibiting p75 signaling or activating trkB signaling using
genetic and pharmacological approaches improves cellular and
behavioral response to injury (31). Other groups have shown
that activating the mature BDNF trkB signaling pathways using
molecules (63), neural stem cells (64), physical exercise, and
acupuncture (65) can improve outcomes after TBI.

We show that Val66Met genetic polymorphism results in
worse outcomes following repeated mild LFP injury. The
Val66Met mice had a larger volume of inflammation by 21 DPI
relative to Val66Val mice as assessed by MRI. At 1 DPI, there
was alsomore cell death, neurodegeneration, phosphorylated tau,
and activated microglia in the Val66Met injured mice compared
to the Val66Val mice in the cortex and the hippocampus. By
21 DPI, the amount of cell death was reduced to sham levels
while other markers sustained their elevated levels. In addition,
astrogliosis became significantly elevated in the Val66Met injured
mice relative to the Val66Val injured mice. Since the cortex

was the primary site of injury, we found that effects were more
dramatic, demonstrating the focal components of injury. We
were also able to identify diffuse effects of the injury in the
hippocampus in the ipsilateral hemisphere.

Taken together, these results indicate that the Val66Met
injured mice respond differentially to a repeated mild injury than
Val66Val injured mice starting as early as 1 day after the final
injury. This is an important and novel finding since previous
research on the effect of the Val66Met genetic polymorphism
has been done primarily in clinical studies, with some results
concluding Val66Met is the risk factor, while others concluding
that Val66Val is more vulnerable. Specifically, while some clinical
studies have shown that the Val66Met polymorphism results in
impaired neurocognitive performance after TBI (21) and is a
risk factor for TBI in combat forces (18–20), others have found
that in long-term studies of combat veterans, carriers of the
Val66Met polymorphism had recovery of executive function back
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to baseline levels while the Val66Val carriers did not (15, 17).
Moreover, other studies have shown no effect at all of the
polymorphism influencing outcomes after injury (26–28). Our
study is the first to investigate the role of the Val66Met genetic
polymorphisms on outcomes after rmTBI in a mouse model,
and to find that it is the Val66Met genetic polymorphism that
is the risk allele in this type of trauma. Moreover, our data is
supported by previous work investigating the role of the BDNF
Val66Met genetic polymorphism in stroke and spinal cord injury.
For example, after stroke there is evidence that humans with the
Val66Met polymorphism do worse than those with the Val66Val
polymorphism (13, 13, 66, 67).

We show here that in the acute phase, Val66Met mice have
more cells undergoing apoptotic cell death than their Val66Val
counterparts, and apoptosis has been shown in other studies
to contribute to worse outcomes (68). However, after the acute
phase of injury, levels of apoptosis often return back to baseline
(69, 70), while other processes have been set in motion that
continue to have a pathophysiological effect. The degeneration of
neurons can be seen in the acute post injury phases as well, but it
can have longer lasting effects that persist up until at least 21 days
after the final injury (71). In this case, the injured Val66Met mice
show higher levels of neurodegeneration which may contribute
to the progressive loss of function in neurons in these mice. One
specific way in which neurodegeneration can occur is the hyper
phosphorylation of tau. When tau is hyper phosphorylated, it
will bind to other tau proteins and create aggregates. This is
a disruption of normal functioning and can lead to long-term
neurodegeneration. One way in which tau phosphorylation can
lead to neurodegeneration is by interfering with axonal transport.
When this occurs, both retrograde trophic signaling as well as the
autophagy process of defective tau proteins is disrupted, leading
to long-term problems in function (39, 72, 73). Our findings are
in agreement with other studies that have shown that acutely after
repeated mild TBI, hyper phosphorylation of tau can emerge,
while later stages of tauopathies such as accumulations of hyper
phosphorylated tau like neurofibrillary tangles (NFTs) are not
yet seen (74). We demonstrate that injured Val66Met mice have
higher levels of p-tau than their Val66Val counterparts, which
highlights the potential for p-tau to contribute to the differential
development of long-term outcomes after TBI.

In addition to cell death and neurodegeneration after injury,
it is also common to see inflammation and activation of the
neuroimmune response. Astrocytes generally work to maintain
homeostasis in the brain, and are known to play an important
role in the response to TBI (75). After TBI, astrocytes are
activated and repair the damage from the injury. While the
actions of astrocytes at baseline tend to be beneficial, after injury
the prolonged activation of astrocytes can lead to inflammation
and secondary injury processes. In particular, the formation
of a glial scar can impair neuronal regeneration and lead to
worse long term outcomes (76). We see that 1 day after the
final injury, both Val66Met and Val66Val injured mice have
an elevation of activated astrocytes, but by 21 days after the
final injury the Val66Met injured mice have significantly more
activated astrocytes than Val66Val injured mice, suggesting they
may have impaired neuronal regeneration due to the formation

of a glial scar. Microglia are the resident neuroimmune cells
in the brain and are activated as early as 1 day after the final
injury and persist until at least 21 days after the final injury in
our study. Along with astrocytes, microglia are responsible for
initiating the inflammatory response after injury at which point,
they become activated. Similar to the role of activated astrocytes
after injury, while the initial response may be protective, if the
activated microglia persist over time they will contribute to
secondary injury processes and worse long term outcomes (77).
We have shown that as early as 1 day after the final injury, the
Val66Met injured mice have elevated activated microglia relative
to Val66Val injured mice, and that this difference persists until
at least 21 days after the final injury, perhaps contributing to
differential long-term outcomes.

Our findings that the Val66Met polymorphism is a risk allele
after rmTBI is consistent with recent reports in the literature.
Recent human studies have shown that the Met allele is a risk
factor after a single mild TBI in the areas of attention, executive
function, memory, and overall cognition (21). In a study that
examined emotional symptoms after a single mild TBI, Met
carriers were found to have more emotional symptoms than Val
carriers (78). The Met allele has also been found to be a risk
factor after a single mild-moderate TBI in cognitive language
processing speed (27). Interestingly, previous studies have shown
that the Met allele was actually protective in long-term executive
function after focal frontal TBI in combat veterans (15, 17),
perhaps indicating the importance of the SNP interaction with
type of injury sustained; however, the retrospective analysis was
unable to eliminate confounding factors that may have played a
role. In addition to the effects of the Val66Met polymorphism on
outcomes following TBI, there have also been reports of its effect
after spinal cord injury. Val66Met has also been shown to be a
risk factor for a worse clinical presentation in cervical spondylotic
myelopathy (79), impaired spinal cord plasticity (80), and low
exercise induced serum BDNF levels after spinal cord injury (81)
in humans. It is thought that after stroke Val66Met might be
a risk factor for poor outcomes (13, 13, 66, 67). However, that
the time course of stroke recovery may be more complicated
than originally thought, with the Val66Met allele shown to be
the risk allele in motor ability acutely (82), and surprisingly,
Val66Val allele shown to be the risk factor chronically (83). While
yet another study has posited that perhaps Val66Met carriers
do not have worse overall recovery but recover using different
underlying brain pathways (84). Some research has suggested
that the Val66Met allele may cause an altered cytokine response
(85, 86). There have been no reports of the effect that the
Met66Met genotype has on outcomes after TBI at the time of
writing, but studies have shown that the Met66Met allele may
confer more risk than the Val66Met allele in terms of anxiety,
OCD, and depression (38, 87, 88). Further investigations on the
effect of theMet66Met genotype on recovery after TBI in addition
to the Val66Met and Val66Val groups would be beneficial to
the field.

To our knowledge, this is the first report that shows
the effect of the Val66Met SNP on outcomes after repeated
mild TBI. Our results provide evidence that the Val66Met
genetic polymorphism confers risk after repeated mild TBI.
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Furthermore, we have shown that the Val66Met genetic
polymorphism alters the upregulation of BDNF that occurs after
injury. Previously, our group as well as others, have shown that
after TBI in vivo, levels of proBDNF protein and its p75 receptor
are preferentially upregulated relative to mature BDNF and its
trkB receptor (31, 61, 62). Other groups have shown that the
Val66Met genetic polymorphism does not affect the relative levels
of pro and mature BDNF in naïve mice, despite the fact that
the SNP is located in the prodomain of the protein (32, 33).
However, importantly, it does decrease intracellular trafficking
of BDNF and lowers the activity-dependent secretion of BDNF
which can result in functional deficits (24). Here, we have shown
that after repeated mild TBI, Met carriers had less total BDNF
in the cortex by 21 DPI compared to Val carriers. While we
expected to see a dose dependent effect of theMet allele, we found
that simply having a single Met allele was significant enough
to decrease total BDNF levels. However, it is uncertain at this
time whether the Met-allele associated effects are exerted at the
level of BDNF secretion or the BDNF promotor. We have also
demonstrated that in the hippocampus at 1 and 21 DPI, Met
carriers had significantly more pro/mature BDNF compared to
Val carriers. Our data therefore suggests that these alterations in
BDNF levels after injury in Met carriers may contribute to the
worse outcomes seen.

Given that the Val66Met genetic polymorphism appears to
be a risk allele following repeated mild TBI and that altered
BDNF levels may be a contributing factor, we decided to attempt
to rescue the Val66Met injured mice by injecting an AAV that
overexpresses wildtype BDNF in the cortex and the hippocampus
after injury. Previous studies have employed delivery of BDNF
through AAV in animal models as a potential treatment for
various brain pathologies, such as depression (89), stroke (43, 90),
Alzheimer’s disease (91), and spinal cord injury (92, 93). We
chose to deliver the AAV treatment immediately after the last
injury, and investigated the effect of our treatment on outcomes
at 21 DPI because we observed worse outcomes in cellular
markers in Met carriers as well as significant differences in BDNF
levels in the cortex and hippocampus at this later time point.
In addition, focusing on this later time point allows time for
the AAV to express sufficiently and allows us to determine the
treatment’s efficacy in changing longer-term outcomes, which has
more translational potential.

Here, we have shown that BDNF overexpression was able to
decrease levels of astrogliosis, a well-known marker for poor
outcomes after injury, in Val66Met injuredmice back to the levels
seen in Val66Val injured mice. BDNF overexpression was also
able to reduce levels of activated microglia in injured Val66Met
mice to levels equivalent to injured Val66Val mice, signaling a
reduced pro-inflammatory post injury phase.

In addition to the differences in cellular markers that we
observed, we also investigated the effect that AAV-BDNF has on
motor and cognitive behavior outcomes. We found that AAV-
BDNF is able to increase spatial learning in injured Val66Met
mice at 16 and 17 DPI in the Morris Water Maze Test. However,
we did not find that treatment with AAV-BDNF had any effect
on motor outcomes at 15 DPI or 21 DPI in the rotarod test
and balance beam assay, signifying that there are potentially

other factors driving the difference between injured Val66Met
and injured Val66Val mice in terms of gross vestibular motor
ability. These data suggest that the AAV-BDNF treatment had
a more potent effect on rescuing hippocampal neurons than
on sensorimotor neurons. This may be due to the fact that
hippocampal neurons have a high density of trkB receptors and
are therefore more responsive to our AAV-BDNF treatment (94).

Given that previous studies have shown the importance of
BDNF for hippocampal-dependent processes (95), it is logical
that increasing levels of BDNF in these mice improves their
recovery in learning assays after injury and may be an important
specialized treatment for Val-Met carriers who have lower levels
of BDNF compared to their Val-Val counterparts after injury. We
found that in these AAV-BDNF treated injured Val66Met mice
that injection of the virus increases levels of total and mature
BDNF in the cortex and hippocampus, as well as levels of p-
trkB at 21 DPI, signifying that the mature BDNF pathway is
more activated in AAV-BDNF treated mice relative to control
treated mice. These results offer promising evidence that by
manipulating the BDNF pathway, we may be able to develop
targeted therapies for Met carriers who are more susceptible to
poor outcomes after injury.

Since the Val66Met SNP is at the 66 amino acid position which
is in the pro domain of the BDNF protein, when the prodomain
is cleaved from the mature, the resultant mature BDNF protein
will have no altered sequence. However, studies have shown
that the genetic polymorphism in the proBDNF gene leads to
altered intracellular packaging, which affects the axonal transport
of BDNF and results in decreased activity dependent section of
BDNF at the synapse (24, 33). Naturally, this can become an
issue in disease states such as after TBI, where there is a need
for an increased mature BDNF signaling in order to stimulate
repair and recovery. In addition, recent work has highlighted the
importance of the prodomain itself that has been cleaved off from
the mature BDNF protein. Previously thought to be inert, new
research has shown that it is in fact an active ligand. Recent work
has shown that the pro domain itself has been shown to promote
hippocampal long-term depression (LTD) both directly (96), as
well as indirectly, by binding to mature BDNF with high affinity
and weakening mature BDNF’s ability to inhibit hippocampal
LTD (97). Importantly, the 66Met substitution changes the
structure of the protein, which results in changes of its function,
including inhibiting hippocampal LTD in vivo (96) and causing
acute growth cone retraction in vitro (98). In the hippocampus,
the pro domain with the Met allele decreases Rac activity, a
mediator of synaptic plasticity (98). Newer studies have shown
that the 66Met prodomain is also able to disassemble dendritic
spines and eliminate synapses in hippocampal neurons, leading
to impaired hippocampal dependent fear extinction behavior
(99). While the role of the prodomain and the effect that the
66Met substitution are still being investigated, we hypothesize
that the prodomain may also play a role in differences in
outcomes between Val66Val and Val66Met carriers. Given this
knowledge, treatment with AAV-BDNF which supplies the 66Val
form of BDNF, may be a useful treatment for other conditions
that Val66Met carriers suffer from in addition to its ability to
facilitate recovery after rmTBI.
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In order to translate these finding into a clinical population,
there must be an appreciation for the patient population. In the
real world, many people take chronic anti-inflammatory drugs
for other indications. Studies have shown that evidence that anti-
inflammatory drugs such as non-steroidal anti-inflammatory
drugs (NSAIDS) may either impede (100) or improve (101)
outcomes after TBI. These issues need to be investigated further,
especially in a model of rmTBI (102).

Our study lays important experimental groundwork in the
investigation of the genetic underpinning of the differential
response to injury seen in the TBI patient population, and
highlights the rs6265 SNP and the BDNF signaling pathway as
a potential mediator of these differences. However, our study
was limited by several factors that future studies should attempt
to incorporate. While the benefit of our study is that we could
clarify the role of a single SNP, there may be interactions of
the rs6265 SNP with SNPs in other genes that could play a
role in determining genetic susceptibility. We also maintained
strict control over the environment that the mice were in
and investigated outcomes at the set timepoints of 1 and 21
DPI. Future studies should investigate the interaction of genetic
susceptibility with other factors such environmental influences,
longer time points post injury, and age of the subject. Given that
the LFP model has diffuse effects in the brain, we should also
look at the effects on white matter tracks and other areas of the
brain, including the contralateral side. In addition, we used a
very controlled and replicable repeated mild LFP injury method.
Given that the human TBI data seems to suggest that genetic risk
factors may vary based on the different types of injury sustained,
future studies should investigate the role of the rs6265 in other
forms of injury as well. Finally, we found that treatment with
AAV-BDNF with the 66Val form can facilitate recovery after TBI,
but we did not investigate the role that 66Met prodomain might
be playing after injury. This would be an interesting pathway to
investigate more thoroughly, potentially by analyzing signaling
through the SorCS2 pathway, or analyzing structural differences
between the two forms of the prodomain. Theremay also be value
in exploring other pharmacological treatment approaches; for
example, to increase BDNF signaling pathway activation by the
use of trkB agonists such as 7,8 DHF. In addition, further research
into the daily use of anti-inflammatory drugs by vulnerable
genotypes may provide necessary insight into the effect that these
drugs have on outcomes after TBI.

Taken together, this study has investigated the role of
the Val66Met genetic polymorphism on cellular markers and

demonstrated the role that it plays on BDNF levels and signaling
after repeated mild TBI. We have explored using overexpression
of BDNF as a personalized therapy for the susceptible Met
carriers, and highlighted the potential usefulness of targeting
BDNF signaling pathways for treatment.
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