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Acute Mitochondrial Impairment Underlies Prolonged
Cellular Dysfunction after Repeated Mild Traumatic
Brain Injuries
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Abstract

Mild traumatic brain injuries (mTBI), accounting for more than 80% of TBIs, can cause cognitive and behavioral
impairments, the severity and duration of which increase after additional mTBIs. While mTBI does not cause widespread
neuronal death, the mechanisms underlying increased cellular susceptibility to subsequent head impacts remain unknown.
To investigate the hypothesis that altered mitochondrial bioenergetics underlie cellular vulnerability to repeated insults,
we employed a mouse model of mild closed head injury (CHI) to examine mitochondrial function and oxidative stress,
because these mechanisms are often intertwined. Mitochondrial respiration was assayed (Seahorse XFe24 Flux Analyzer)
from cortex and hippocampus collected at 6 h, 24 h, 48 h, and 96 h post-injury. State III (adenosine diphosphate [ADP]-
mediated) respiration was significantly decreased in the hippocampal mitochondria of the CHI group compared with sham
at 48 h post-injury. Further, cortex-derived mitochondria exhibited a decrease in State III respiration at 24 h and 48 h post-
injury. No significant differences were observed at 6h or 96 h post-injury in either region of interest. A second CHI
repeated either 48 h or 96 h after the first did not worsen State III respiration at 48 h after the final injury compared with a
single CHI, but CHI repeated at a 48 h interval prolonged cortical mitochondrial dysfunction to 96 h after the final injury.
Markers of oxidative stress were significantly elevated after two CHIs delivered 48 h apart, but not after single CHI or two
CHI delivered 96 h apart. This study establishes that mTBI results in early mitochondrial dysfunction, which may be a
determinant for cellular vulnerability to repeated head impacts. Thus, therapies targeting mitochondrial impairment could
improve outcomes after repeated mTBI.
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Introduction

T RAUMATIC BRAIN INJURIES (TBIs) are a major societal concern
and can result in long-term consequences for affected indi-
viduals and their families. Of the many adverse neurological
symptoms that can accompany TBIs, memory impairment is re-
ported as the main predictive factor of impaired quality of life.' The
Centers for Disease Control and Prevention estimates that more
than 80% of TBIs sustained in the United States are considered mild
and these can potentially cause memory loss affecting the ability to
work, resulting in lost productivity.>™ The subtle symptomatic
onset of mild TBI (mTBI) often belies long-lasting symptoms,®’
including cognitive impairment, especially after multiple sustained
mTBIs.> "2

Individuals who engage in ““at-risk” activities, such as in theater
combat or contact sports, are more likely to sustain multiple
mTBIs'*'* leading to exacerbated or prolonged symptomology.
The risk of worsened damage or dysfunction because of additional
mTBI can be directly related to the amount of time after the initial
injury and whether the cellular environment is given adequate re-
covery time. Although there is much pre-clinical and clinical data
detailing prolonged and/or worsened outcomes after repeated head
impacts,"> ! especially those close together, there is no definitive
answer to the mechanism of cellular vulnerability or its time course.

Emerging literature focused on the cellular consequences of
repeated mTBIs details metabolic dysfunction and oxidative
stress.”?~>? Clinical findings reveal a temporal window (15 days) of
metabolic imbalance after a concussion during which a second
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concussion initially worsens and prolongs recovery of N-acetyl
aspartate/creatine (NAA/Cre) levels to control levels.?? Interest-
ingly, this window was longer than the conclusion of clinical
symptoms, demonstrating the need for better diagnostic markers.
Further, small animal studies detail temporal cerebral metabolite
changes, with peak differences identified around two days after
closed head injury (CHI) produced by weight drop.?>26-3

The effects of repeated concussive injuries on brain metabolism
and NAA depend on the interval between injuries, supporting a
“window of vulnerability” after a mTBL?*%" Shorter intervals
between injuries resulted in greater metabolic impairment with
lower NAA and adenosine triphosphate-adenosine diphosphate
(ATP-ADP) ratio.?®*° Biochemical indices of oxidative stress, a
common byproduct of mitochondrial dysfunction, were higher after
repeated mTBI at a three day interval compared with repeated
mTBI at a five day interval.>’

A common denominator of both cellular bioenergetics and ox-
idative stress resides at the level of the mitochondria. Therefore, the
culmination of these results suggests that mitochondrial impair-
ment is at the epicenter of cellular vulnerability after mTBI. The
importance that mitochondria play in cellular vulnerability after
repeated mTBI has also been implied by assessing cerebral meta-
bolic rate of glucose (CMRglc).?®° When there is a shorter interval
between repeated injuries, the post-traumatic drop in CMRglc is
exacerbated and prolonged.

It is well known that mitochondria are central regulators of
cellular metabolism. Normally, the main role of mitochondria is
production of ATP and buffering of calcium. After moderate-to-
severe TBI, mitochondria are burdened with calcium influx causing
ionic imbalances, loss of membrane potential, and reduced ATP
production.®'~*® In addition, reactive oxygen species (ROS) after
TBI can contribute to and/or be amplified by mitochondrial im-
pairment. Oxidative damage, including but not limited to lipid
peroxidation and protein nitration, is well established after
moderate-to-severe TBI in rodents®” and has been implicated re-
cently in models of mTBL.*-°

Finally, while Lyons and associates*’ found that no difference in
mitochondrial bioenergetics exists at three days post-CHL*® no
study has directly evaluated mitochondrial function in the first 48 h
after mTBI. In addition, there are no studies detailing the rela-
tionship between mitochondrial impairment and oxidative damage
after mTBI.

In this study, we tested the hypotheses that mitochondrial
bioenergetics are transiently altered after a single CHI and that
mitochondrial dysfunction could be a determinant of post-injury
cellular vulnerability to a repeated impact. In addition, we pos-
tulated that mitochondrial dysfunction would elevate markers of
oxidative stress after CHI repeated at a short interval. The results of
this study highlight therapeutic targets aimed at underlying cellular
processes, not solely the resultant neuropathological outcomes,
after mTBIL.

Methods
Animals and experimental design

All animal procedures were approved by the Institutional An-
imal Care and Use Committee at the University of Kentucky and
complied with the National Institutes of Health Guide for the Care
and Use of Laboratory Animals. The Division of Laboratory
Animal Resources at the University is accredited by the Asso-
ciation for the Assessment and Accreditation for Laboratory
Animal Care, International, and all experiments were performed
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within its guidelines. All data were analyzed and reported ac-
cording to ARRIVE guidelines.

Young adult (7-9 week old; 22-26 g) C57BL/6J male mice
(Jackson Laboratories, Bar Harbor, ME) were acclimated for a one
week period to the vivarium where they were housed (five per cage)
in a 14h/10h light/dark cycle with food and water available ad
libitum. Mice were then randomly assigned to two groups (CHI and
sham) for single CHI experiments or three groups (CHI, repeated
CHI at a 48 h interval, and repeated CHI at a 96 h interval) for the
repeated CHI experiments.

For single CHI assessments, animals (n =6/group) were eutha-
nized before mitochondrial isolation at 6 h, 24 h, 48 h, or 96 h post-
CHI. For repeated CHI experiments, animals (n=8/group) were
euthanized before mitochondrial isolation at 48 h or 96 h after the
last CHI. An additional cohort (n=2-3/group) was included, mir-
roring the repeated CHI experiments, to examine histopathological
outcomes. No mice died as a result of CHI procedures, and none
were removed from the study; 105 mice were utilized in total for all
experiments. For all assays, technical triplicates were included for
each sample. Data analysis was performed blinded to treatment
groups.

CHI

Experimental CHI was induced according to a previously de-
scribed procedure.*' Mice were anesthetized with 2.5% isofluorane
delivered via a nose cone, and the head of each mouse was fixed
between two zygomatic cuffs stabilized in a stereotaxic frame. The
incision site was first cleaned with 70% ethanol and Betadine, and
local analgesia was achieved by subcutaneous injection of 0.2 mL
1:200,000 epinephrine and 0.5% bupivacaine (Henry Schein Ani-
mal Health, Dublin, OH) in sterile, isotonic saline before scalp
reflection. A pneumatically controlled cortical impact device (TBI-
0310 Impactor, Precision Systems and Instrumentation, Fairfax
Station, VA) with a 5 mm diameter, cushioned tip of 55 Shore A
hardness was programmed to deliver a 2.0 mm impact at 3.5 m/sec
with a 500 msec dwell time. The posterior edge of the tip was
aligned at the lambda suture (approximately bregma level —5 mm).
The diameter of the tip (5 mm) is such that the anterior edge of the
tip meets the bregma suture (O mm bregma level). If applicable,
subsequent injuries were induced at the same midline location at
the indicated time post-injury. This impact was characterized pre-
viously such that a single injury would result in minimal gliosis or
cell death without resulting in skull fracture.?!

Immediately after impact, mice were removed from the stereo-
taxic device and placed onto their backs on a heating pad. Apnea
duration and the time to spontaneously right to a prone position
(righting reflex) were assessed. On righting, mice were briefly re-
anesthetized to suture the scalp using Vicryl sutures containing
antibiotic agents (Ethicon, Cincinnati, OH). After suturing, 1 mL of
sterile saline was delivered subcutaneously to increase hydration
after the injury. Sham-injured animals underwent identical anes-
thesia and surgical procedures without receiving an impact. All
animals received the same duration of surgical anesthesia.

All mice were monitored on a heating pad until they became
ambulatory. In addition, mice were evaluated to 1-3 h and 24 h after
each injury, followed by daily inspections. All mice were required
to maintain 85% of their starting weight to receive repeated head
injury. No mice needed to be removed from the study, however.

Isolation of mitochondria from brain tissue

The mitochondrial isolation protocol was adapted from previ-
ously described protocols with modifications.**™> All the steps
were performed at 4°C or on ice. After mice were euthanized with
CO, followed by rapid decapitation, the bilateral ventral cortex
(containing entorhinal cortex) and bilateral hippocampus, vulner-
able regions to mTBI,*! were dissected out quickly on a cold block
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and homogenized using a Teflon-glass dounce homogenizer con-
taining isolation buffer (215 mM mannitol, 75 mM sucrose, 0.1%
bovine serum albumin [BSA], 20 mM HEPES, 1 mM EGTA, ad-
justed to pH 7.2 with potassium hydroxide).

The homogenate was transferred to a 2 mL microcentrifuge tube
and spun at 1,300 x g for 3 min. The supernatant was transferred to a
fresh 2 mL microcentrifuge tube and spun at 13,000 x g for 10 min.
The supernatant was discarded and the crude mitochondrial
pellet was resuspended in 400 mL of isolation buffer. This sus-
pension was added to a pressurized nitrogen cell disruptor at
1,200 psi for 10 min at 4°C to release the synaptic mitochondria
from synaptosomes.

The suspension of total mitochondria was then transferred to
1.5 mL microcentrifuge tubes and pelleted at 10,000 x g for 10 min.
The supernatants were discarded, and the total mitochondrial pel-
lets were resuspended in EGTA-free isolation buffer to get
210 mg/mL approximate concentration of mitochondria. The ab-
solute protein concentration was determined using a bicinchoninic
acid (BCA) protein assay kit (Pierce, Rockford, IL) by recording
absorbance at 560 nm on a Biotek Synergy HT plate reader (Wi-
nooski, VT).

Mitochondrial bioenergetics measurements

Mitochondrial bioenergetic measurements were performed us-
ing a Seahorse XFe24 Extracellular Flux Analyzer (Agilent
Technologies, Santa Clara, CA) to measure the oxygen consump-
tion rates (OCR) during various states of respiration. The OCR
were measured in the presence of different substrates, inhibitors,
and uncouplers of the electron transport chain using previous
methods with slight modifications.**™*® The stocks used for the
assays were 500 mM pyruvate, 250 mM malate, and 30 mM ADP,
and 1 M succinate (pH for all was adjusted to 7.2). Assay solu-
tions of 1mM oligomycin A, 1mM carbonyl cyanide 4-
(trifluoromethoxy)phenylhydrazone (FCCP), and 1 mM rotenone
were prepared in ethanol.

As per the instructions from the XFe24 Extracellular Flux kit,
the sensor cartridge was hydrated and kept at 37°C overnight
before the experiment. The injection ports A to D of the sensor
cartridge were loaded with 75 uL. of different combinations of
the above substrates/inhibitors/uncouplers as follows: Before
loading, the stocks were diluted appropriately in the respiration
buffer (RB) (125mM KCI [potassium chloride], 0.1% BSA,
20 mM HEPES, 2 mM magnesium chloride [MgCl,], and 2.5 mM
monobasic potassium phosphate [KH,PO4]; pH 7.2) to get the
final concentrations in the respiration chamber of 5 mM pyruvate,
2.5 mM malate, and 1 mM ADP (via port A), 1 uM oligomycin A
(via port B), 4 uM FCCP (via port C), and 0.1 uM rotenone and
10 mM of succinate (via port D) starting with the initial volume
of 525 uLL RB in the chamber and diluting each substrate to 9X,
10X, 11X, and 12X with every injection through ports A to D,
respectively.

Once loaded, the sensor cartridge was placed into the Seahorse
XFe24 Flux Analyzer for automated calibration. Seahorse Stan-
dard XFe24 assay plates were used for loading mitochondria.
Initially, total mitochondria were diluted to 10 ug/50 uL. in RB,
and 50 uL. was loaded in each well resulting in 10 ug mitochon-
dria/well. The assay plates were centrifuged at 3,000 rpm for
4min at 4°C to adhere the mitochondria at the bottom of the
wells. After centrifugation, 475 uLL RB (pre-incubated to 37°C)
was added without disturbing the mitochondrial layer to obtain a
final volume of 525 uL per well. After the instrument calibration
with the sensor cartridge was complete, the utility plate was re-
placed by the plate loaded with mitochondria for bioenergetics
analysis.

The assays were performed under a previously optimized
protocol.*® Briefly, it involved cyclic steps of mixing, sequential
injections of substrates/inhibitors via ports A through D, mixing,
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equilibration, and measurement of the OCR through fluorimetric
optical probes. The data output gives State III respiration in
the presence of pyruvate and malate (PM) and ADP (port A)
followed by State IV rate in the presence of oligomycin A
(port B). Sequentially, it gives uncoupled respiration State
(VPM) and State V succinate (Suc) (State V2) in the presence of
FCCP (port C) and rotenone plus succinate (port D), respectively.
Raw OCR values were used for analysis within a given experi-
ment and reported in all figures. Plate-to-plate and day-to-day
variation may result in different absolute OCR values between
experiments.

Oxidative damage assays

Mitochondrial homogenate aliquots (unused during respiration
assays) were stored at —20°C until utilization for oxidative stress
blots. Three separate markers, 4-hydroxynonenal (HNE), 3-
nitrotyrosine (3-NT), and protein carbonyls (PC), were assessed in
these samples. Protein concentrations were determined using a
BCA protein assay. For PC, 5 uL of sample, 5 uL of SDS (sodium
dodecyl sulfate, 12% solution in H,0), and 10 uL. of 2,4- dini-
trophenylhydrazine (DNPH) (1:10 dilution in phosphate buffered
saline [PBS]) was added to a 0.6 mL Eppendorf tube. Then 7.5 uLL
of neutralization buffer was added to each sample assayed for PC.
For HNE and 3-NT, 5 uL of sample, 5 uL of 12% SDS, and 10 uL of
Laemmli buffer (0.125 M Trizma base, 4% SDS, and 20% glycerol)
was added to a 0.6mL Eppendorf tube without neutralization
buffer. All samples were incubated at room temperature for 20 min.
Protein concentration of the sample was titrated to 1ng/uL in a
2 mL Eppendorf tube.

The BioRad Bio-Dot SF Microfiltration System was assembled
by placing three filter papers in the lower Bio-Dot tray followed by
the nitrocellulose membrane. The Bio-Dot system was then at-
tached to a laboratory vacuum system and washed with 250 uL. of
PBS. After the PBS wash, each sample was vortexed and then
loaded into the upper tray. Each sample was loaded into two
“slots’” in proximity. The samples were then processed onto the
membrane by vacuum. The membrane was then removed, marked,
and left to dry overnight. Blocking solution (25 mL of Wash Blot
Solution/750 mg of BSA [Sigma]) was added to membranes placed
in trays. The blocking solution was left on the membranes for
90 min and then removed.

For PC, 100 pL of polyclonal RbxDNP (from Oxy Blot Protein
Oxidation Kit, Chemicon-Millipore, Billerica, MA, dilution 1:200;
Cat No. S7150) was transferred into 20 mL of Wash-Blot Solution.
For HNE, 4 uL of anti-protein-bound HNE pAb (Alpha Diagnostic
International, San Antonio, TX; dilution 1: 500) was transferred
into 20 mL of Wash-Blot Solution. For 3-NT, 8 uL. of anti-3-NT
pAb (Life Technologies, Carlsbad, CA; dilution 1:2500) was
transferred into 20 mL of Wash-Blot Solution.

Previously, all antibodies were characterized using appropriate
positive and negative controls. The appropriate antibody solutions
were added to the trays and allowed to incubate for 120 min on the
rocker. After 120 min, the antibody solutions were removed and the
membranes were washed thrice 5 min each. The secondary anti-
body solution was made using 2.5 uLL of Anti-Rabbit IgG alkaline
phosphatase produced in goat (Sigma—Aldrich) added to 20 mL
Wash-Blot Solution. The membranes were incubated with the
secondary antibody for 60 min. The membranes were then washed.
Developing solution was then prepared using 30 mL of alkaline
phosphatase buffer, 99 uL. of BCIP (5-bromo-4-chloro-3-indolyl
phosphate), and 198 uL of nitroblue tetrazolium and added to trays.
Membranes were allowed to develop and then washed with ddH,O
water and allowed to dry overnight. The next day the membranes
were scanned with a photo scanner (Epson Perfection V600, Long
Beach, CA), and slot-blot line densities were quantified by the
ImageQuant TL software package (GE Healthcare Bio-Sciences,
Piscataway, NJ).
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Tissue processing for histopathological analysis

A cohort of mice receiving either single CHI, repeated CHI at a
48 h interval, or repeated CHI at a 96 h interval were euthanized at
48 h after the final injury by intraperitoneal injection of Fatal Plus
(130 mg/kg, Henry Schein Animal Health) before transcardial
perfusion with cold, heparinized sterile saline followed by cold, 4%
paraformaldehyde (PFA) for 10 min. After perfusion, mice were
decapitated, and the brains were then removed from the skull and
post-fixed in 4% PFA for an additional 24 h. After post-fixation,
tissue was placed into 30% sucrose in 1X-Tris-buffered saline
(TBS) for 48 h for cryoprotection. The brain tissue was frozen in
—25 to =35°C isopentane before being cut into 40 um thick coronal
sections using a sliding microtome (Dolby-Jamison, Pottstown,
PA).

For qualitative assessment of cell loss, sections spaced at 400 um
intervals were Nissl stained with 2.5% cres%ll violet. Fluoro-Jade C
(FIC) staining, as described previously,”’ was used to identify
degenerating neurons and axons in four sections selected at 400 um
intervals within the caudal hippocampus and entorhinal cortex.

To label for activated microglia, a series of free-floating tissue
sections spaced 400 um apart was used for immunohistochemistry,
as performed previously.?'*! Tissues were blocked with 5% nor-
mal horse serum in 0.1%Triton X-100/1XTBS before incubation in
anticluster of differentiation-68 (CD-68; 1:1000; MCA1957; Bio-
Rad, Hercules, CA) overnight at 4°C. On the following day, tissue
sections were rinsed and incubated in donkey anti-rat IgG, biotin-
labeled (Jackson ImmunoResearch, West Grove, PA) for 1 h. The
tissue was washed before incubating in Avidin-Biotin complex
(Vector Laboratories, Burlingame, CA) for 1h and then treated
with 3,3’-diaminobenzidine as directed by the manufacturer
(Vector Laboratories).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 7
(GraphPad Software, La Jolla, CA). For all analyses, the signifi-
cance of differences among groups was set at p <0.05. For each
measure, data were measured using interval/ratio scales. The
Brown-Forsythe and Bartlett tests were performed to ensure ho-
mogeneity of variance. Further, the Shapiro-Wilk test was com-
pleted to ensure normality. As these criteria were met for all
experimental data, parametric statistics were employed for data
analyses. Statistical outliers, after averaging technical triplicates,
were identified by internally studentized residuals as published
previously.*

For the single CHI experiments, one statistical outlier was re-
moved for all measures from the 48h survival group. In the re-
peated CHI experiments, one statistical outlier was removed for all
measures from each of two groups: the single CHI group and the
group with repeated CHI at a 96 h interval euthanized at 96 h after
the final CHI. For mitochondrial assessments and oxidative damage
assays, data sets were evaluated using a one-way analysis of vari-
ance and, when appropriate, post hoc comparisons employing the
Fisher least significant difference test. Power analysis was calcu-
lated for single mTBI mitochondrial experiments using the fol-
lowing assumptions: o=0.05, 1-#=0.8, and standard deviation
10% of mean for two groups.”® Similarly, power analysis was
calculated for repeated mTBI mitochondrial experiments using the
following assumptions: «=0.05, 1-$=0.8, and standard deviation
25% of mean for four groups.

Results

Mitochondrial bioenergetics in the hippocampus
and ventral cortex after a single CHI

The hippocampus was chosen for analysis of acute changes in
mitochondrial respiration because of its vulnerability after
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CHI?"*1 and its role in cognitive function. The bioenergetic
profile demonstrated a delayed dysfunction (20% decline in State
III respiration) at 48 h after a single CHI with subsequent re-
covery at 96h (F(;, 36,=3.22). At 48h after injury, State III res-
piration was significantly decreased compared with sham
(p=0.0351), although no other respiration states were signifi-
cantly different (Fig. 1).

The ventral cortex, an area involved in the memory circuit, was
also evaluated because of its vulnerability after CHL.>'**' Although
no significant differences were observed at 6h post-CHI, mito-
chondrial dysfunction was evident at 24 h (F(;, 49)=14.00) and 48 h
(F(1, 36)=24.24) after a single CHI with subsequent recovery at 96 h
(Fig. 2). At 24 h and 48 h post-CHI, State III respiration was sig-
nificantly decreased (33% decline at 48h) compared with sham
(*p=0.0134, and #p <0.001, respectively). This region displays a
longer duration, larger decline in mitochondrial bioenergetics
compared with the hippocampus, suggesting greater cellular vul-
nerability.

Markers for oxidative damage in mitochondria
after a single CHI

After moderate-to-severe TBI, increased cytosolic free calcium
promotes mitochondrial dysfunction and ROS production, leading
to elevated oxidative stress in mitochondria. To examine whether
mitochondrial oxidative stress occurs after mTBI, PC, 3-NT, and
HNE were assayed in both hippocampus and ventral cortex at 48 h
post-CHI. No differences were observed in oxidative damage
markers in isolated mitochondria after a single CHI (Fig. 3), im-
plicating sources other than ROS production in impaired State III
mitochondrial respiration after a single CHI.

Mitochondrial bioenergetics after repeated CHI
at 48 h and 96 h intervals

To establish mitochondrial impairment as a crucial determinant
of cellular vulnerability after mTBI, animals were assigned ran-
domly to one of three distinct injury groups: single CHI, repeated
CHI at a 48 h interval, or repeated CHI at a 96h interval (Fig. 4).
The interinjury intervals, coinciding with mitochondrial dysfunc-
tion at 48 h and mitochondrial recovery at 96 h, were chosen based
on the mitochondrial bioenergetic time course after single CHI.

Mitochondrial function was first assessed at 48 h after the fi-
nal CHI sustained (Fig. 4; gray stars) to determine whether re-
peated CHI exacerbates mitochondrial dysfunction observed
after single CHI (Fig. 1, 2). In both the hippocampus and ventral
cortex, however, there were no significant differences between
either the repeated CHI group and single CHI (Fig. 5), demon-
strating that all groups display similar level of mitochondrial
impairment at 48 h.

Mitochondrial bioenergetics were then evaluated at 96 h after the
final CHI sustained (Fig. 4; copper stars) to determine whether
repeated CHI prolongs mitochondrial dysfunction. In the hippo-
campus, there were no significant differences in any respiration
state between single CHI and either repeated CHI group. In con-
trast, in the ventral cortex, State III respiration was significantly
altered among groups (F(,, 72)=2.86). State III OCR was lower at
96 h after CHIs repeated at a 48 h interval than after single CHI
(p=0.0242). When two CHIs were separated by a 96h interval,
however, mitochondrial function was similar to single CHI (Fig. 6).
This finding points to prolonged cortical mitochondrial dysfunction
after repeated CHI at a 48 h interval.
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FIG. 1. A single closed head injury (CHI) results in delayed, transient mitochondrial dysfunction in the hippocampus. No significant
difference was observed in oxygen consumption rate (OCR) for hippocampal mitochondria at 6, 24, or 96 h after a single CHI compared
with sham injury. At 48h post-CHI, mitochondria isolated from bilateral hippocampi demonstrated significantly lowered State
III (adenosine diphosphate-mediated) respiration in the CHI group compared with sham. Other respiration states were not significantly
different. State III OCR: 688.1+62.9 (sham) vs. 544.71+56.9 (CHI) at 48 h post-CHI. N=6/group *p <0.05. Bars + error bars corre-
spond to mean + standard error of the mean.
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FIG. 2. A delayed, but early, impairment of mitochondrial bioenergetics is observed in the cortex after a single closed head injury
(CHI). No significant difference was observed in oxygen consumption rate (OCR) for mitochondria from ventral cortex at 6 or 96 h after
a single CHI when compared with sham injury. At 24h and 48h post-CHI, mitochondria isolated bilaterally from ventral cortex
demonstrated significantly lowered State III (adenosine diphosphate-mediated) respiration in the CHI group compared with sham. Other
respiration states were not significantly different. State III OCR: 973.8+31.3 (sham) vs. 871.5%+28.7 (CHI) at 24h post-CHI;
852.8+56.7 (sham) vs. 565.3+£39.7 (CHI) at 48 h post-CHI. N=6/group *p <0.05 #p <0.001. Bars + error bars correspond to mean +
standard error of the mean.
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FIG. 3. A single closed head injury (CHI) does not produce mitochondria-derived oxidative damage at 48 h post-injury. Oxidative
damage levels quantified from slot blots for protein carbonyls (PC), 4-hydroxynonenal (HNE), and 3-nitrotyrosine (3-NT) in the
hippocampus and ventral cortex 48 h after a single CHI. No difference was observed between injured and sham groups for any marker.
N=6/group. Values are reported as individual data points and lines correspond to mean * standard error of the mean.

Markers for oxidative damage in mitochondria after
repeated CHI at a 48 h interval

Markers of mitochondria-derived oxidative damage were as-
sessed at 48 h after the final CHI. Compared with single CHI, ox-
idative damage markers were elevated after repeated CHI at a 48 h
interval (Fig. 7). In the hippocampus, levels of PC (F(, ;5,=15.69),
HNE (F(2, 15,=5.17), and 3-NT (F(», 15,=2.96) were altered among
groups. The CHIs repeated at a 48 h interval resulted in signifi-
cantly higher levels of PC (p<0.0001) and HNE (p=0.0476)

| . : b '
Single CHI W W
A
(CHI48h | | w
fCHI96h | |
| | | | | |
0 1 2 3 4

FIG. 4. Experimental design of repeated closed head injury (CHI)
studies. Red arrows correspond to time of CHI induction. Gray and
copper stars correspond to time points for mitochondrial extraction at
48h and 96h after the final injury sustained, respectively. Color
image is available online.

compared with single CHI. In addition, repeated CHI at a 48h
interval resulted in significantly higher levels of PC (p=0.0009), 3-
NT (p=0.0300), and HNE (p=0.0067) compared with repeated
CHI at a 96 h interval in the hippocampus.

In the ventral cortex, levels of PC (F(,, 15,=3.90) were different
among groups. Repeated CHI at a 48 h interval resulted in signifi-
cantly higher levels of PC (p=0.0139) compared with single CHI.
In general, two CHIs separated by a 48 h interval resulted in higher
levels of acute mitochondria-derived oxidative damage compared
with levels after single CHI and repeated CHI at a longer interval.

Repeated CHI does not result in neuron death
or microgliosis in the hippocampus
and entorhinal cortex

Brain sections stained for Nissl substance revealed no regions of
notable neuron loss, gliosis, or hemorrhage after single or repeated
CHI (Fig. 8A). Further, no neuronal degeneration was observed
with FJC staining after single (not shown) or repeated CHI in either
the hippocampus (Fig. 8B) or entorhinal cortex (Fig. 8D). After
single or repeated CHI, no microgliosis was observed in the hip-
pocampus (Fig. 8C). Two of three mice with single CHI exhibited
few CD-68 positive microglia within the entorhinal cortex, but this
was not observed in the repeated CHI groups (Fig. 8E). These
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FIG. 5. Repeated closed head injury (CHI) does not exacerbate the mitochondrial deficit observed at 48 h after a single CHI. Oxygen

consumption rate (OCR) for hippocampus and ventral cortex 48 h

after a single CHI or two CHI (rCHI) was repeated at either a 48 h

interval or a 96 h interval. No significant difference was observed among groups in either region at 48 h after the final CHI. N = 8/group.
Bars + error bars correspond to mean + standard error of the mean.

results reiterate that this mild CHI is characterized by cellular
bioenergetic dysfunction, rather than overt neuronal death and
microgliosis. Further, the additive effects of mitochondrial im-
pairment and oxidative damage after repeated CHI at a 48 h interval
are not because of increased cell death or microgliosis compared
with single CHI.

Discussion

This study presents the first evidence of acute mitochon-
drial dysfunction after mild CHI in mice. The time course of
mitochondrial function presented after a single mTBI provides a
glimpse at the dynamic metabolic shifts after mTBI. Decreased
State III respiration at 24h or 48h but not at 6h post-injury
demonstrates that mitochondrial dysfunction is delayed, sug-
gesting interplay of secondary injury cascades rather than im-
mediate physical damage. Impaired mitochondrial respiration at
24 h and 48 h in the ventral cortex and at 48 h in the hippocampus
signifies a region-specific, as well as diffuse, response after mTBI
induced by midline impact. Eventual stabilization of mitochon-
drial respiration in both tissues at 96 h may demonstrate cellular
recovery.

A unique feature of CHI models is the diffuse, typically bilateral,
nature of injury leading to widespread pathology without overt
levels of cell death (Fig. 8).''7*! While mitochondrial dysfunc-
tion is observed typically in the contusion and its penumbra in the
more severe controlled cortical impact (CCI) model, 32334649 e
observe bioenergetic impairment in regions remote from the impact
location validating the diffuse, bilateral profile of this injury par-
adigm. Diffuse alterations in mitochondrial respiration are also
observed after rapid non-impact rotational brain injury in a pedi-
atric swine model, highlighting that this bioenergetic profile can be
replicated in larger animal species.>

After CCI, mitochondrial impairment in the contused cor-
tex starts immediately after injury, peaks within 24h, and
gradually resolves by 72h after injury, accompanied by
mitochondria-mediated cell death.>' Mild TBI produces little to
no overt cellular death (Fig. 8), so mitochondrial impairment does
not escalate to induce apoptosis as in CCI models.?""** Rather,
surviving cells become dysfunctional, displaying acute alterations
in mitochondrial respiration. With a recent report by Lyons and
colleagues,40 it is also hypothesized that there can be loss of mi-
tochondrial bioenergetics at a chronic stage after mTBI because
of the pathological cellular environment. The time course of
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FIG. 6. Repeated closed head injury (CHI) at a shorter interval produces prolonged mitochondrial dysfunction in the cortex compared
with single CHI. Oxygen consumption rate (OCR) for hippocampal and cortical mitochondria measured 96 h after a single CHI or two
CHI (rCHI) was repeated at either a 48 h interval or a 96 h interval. At 96 h after the final CHI, no significant difference was observed in
the hippocampus. Mitochondria isolated from the cortex, however, displayed significantly lowered State III respiration in mice receiving
rCHI at a 48 h interval compared with single CHI. State III OCR: 830.8 +31.1 (single CHI) vs. 760.7 =27.8 (rCHI with 48 h interval) vs.
779.0+34.0 (rCHI with 96h interval) at 96 h post-final CHI. N=8/group. * p<0.05 compared with single CHI. Bars + error bars
correspond to mean + standard error of the mean.
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FIG. 7. Repeated closed head injury (CHI) at a shorter interval markedly increases oxidative damage compared with single CHI or
CHI repeated at a longer interval. Protein carbonyls (PC), 4-hydroxynonenal (HNE), and 3-nitrotyrosine (3-NT) levels in mitochondrial
homogenates from bilateral hippocampus and bilateral cortex at 48 h after single CHI or two CHI were repeated at a 48 h interval (rCHI
48h) or a 96 h interval (rCHI 96 h). At 48 h after the final injury, mitochondria were isolated from these regions. Mice receiving rCHI at
a 48 h interval had significantly higher levels of PC and HNE in the hippocampus compared with both mice with rCHI at a 96 h interval
and mice with single CHI. Mice with rCHI at a 48 h interval had significantly higher levels of 3-NT in the hippocampus compared with
mice with rCHI at a 96 h interval and of PC in the ventral cortex compared with mice with a single CHI. N =8/group *p <0.05 compared
to CHI; **p <0.001 compared with CHI; + p <0.05 compared with rCHI at 96 h; ++ p <0.001 compared with rCHI at 96 h. Values are
reported as individual data points and lines correspond to mean+ SEM.

mitochondrial respiration observed in this study is unique to
mTBI and determines the therapeutic window for targeting this
impairment acutely.

Impaired mitochondrial function after single mTBI could play a
role in determining cellular vulnerability to subsequent mTBIs.
This idea was evaluated with the repeated CHI experiments at in-
tervals of 48 h and 96 h (Fig. 4). Our hypothesis was that repeating
mTBI at a 48h interval, a time point when mitochondrial bioen-
ergetics are compromised, would worsen and/or prolong mito-
chondrial dysfunction after the second mTBI. While two CHI
repeated at a 48 h interval did not exacerbate mitochondrial dys-
function at 48 h after the second injury (Fig. 5), multiple oxidative
damage markers (PC, 3-NT, and HNE) in the hippocampus and PC
in the ventral cortex were elevated compared with either single CHI
or CHI repeated at a 96h interval. Because levels of oxidative
damage usually correlate to decreases in mitochondrial respiration,
there may be other aspects of cellular dysregulation at play to ex-
plain this disconnect after repeated mTBI.

The second experiment (Fig. 4; copper stars) evaluated whether
a second mTBI induced at a time when mitochondrial bioenergetics
were altered (48h after first CHI) would prolong mitochondrial
dysfunction. Indeed, State III OCR of mitochondria in the ventral
cortex derived from mice receiving CHI repeated at a 48 h interval
showed a more protracted decline than that from mice receiving
only single CHI, although no change from single CHI was observed
in the hippocampus. Graphical representation of the temporal mi-
tochondrial and oxidative responses after CHI and repeated CHI at
differing intervals illustrates the dynamic metabolic activity in
response to mTBI (Fig. 9).

One common hallmark found after moderate-to-severe TBI is
mitochondrial Ca>" overloading.**~%*3* The Ca®* overload in
mitochondria can reduce mitochondrial respiration** and some-
times lead to cell death under pathological conditions such as
TBI1.>>® While Ca>" overloading could be a mechanism at play
after mTBI, mitochondrial dysfunction more likely is dictated by
in vivo biochemical/metabolite alterations®®*%>7 that cannot be



1260

HUBBARD ET AL.

1 % o
Ak R 2

FIG. 8. Repeated closed head injury (CHI) does not produce notable hippocampal or cortical pathology at 48 h after the final injury.
(A) Representative image of Nissl staining shows a lack of morphological damage. Fluorojade-C staining in the hippocampus (B) or
entorhinal cortex (D) reveals no neuron loss or death after CHI repeated at a 48h interval. The CD-68 immunolabeling in the
hippocampus (C) or entorhinal cortex (E) reveals no overt levels of microgliosis after CHI repeated at a 48 h interval. Scale bar in panel
A represents 1 mm while scale bar in panel D represent 100 um and applies to images B—E. Color image is available online.

ascertained in isolated mitochondria. The lack of measurable
changes in oxidative damage after single mTBI points to a lack of
ROS-induced burden on the mitochondria.

In all mitochondrial respiration assays detailed in this article,
the only respiration state affected is State III, which specifically
measures ATP-mediated respiration. This seems to be a unique
aspect of this injury model and may represent either dysfunction
in the ATP synthase or the adenine nucleotide transporter or
some other as yet unknown modulator of mitochondrial ATP
production. Impaired State III levels allude to impaired cellular
ATP levels in vivo, potentially leading to a transient metabolic
crisis. Future studies are planned for elucidating mechanisms
underlying the selective State III respiration changes after
mTBI. For example, using metabolomics could allow for the
identification of underlying players of mitochondrial disruption
after mTBI.

4&h rCHI 96h

Mitechondrial Impairment

Oxidative Damage

Days

FIG.9. Graphical representation of the dynamic mitochondrial and
oxidative damage responses after single closed head injury (CHI) and
repeated injury (rfCHI) at either a 48 h or 96h interinjury interval.
Color image is available online.

Free radical production is a byproduct of ATP generation in
mitochondria via the electron transport chain. After a cellular in-
sult, hydroxyl radicals rapidly attack unsaturated fatty acids in
membranes, causing lipid peroxidation and the production of HNE
that conjugates to membrane proteins, further impairing mito-
chondrial function.”® Aberrant levels of ROS, induction of lipid
peroxidation, and protein oxidation products may be particularly
important after TBI.>*®° Specifically, in the CCI model, the timing
of mitochondrial dysfunction coincides with elevation of HNE
levels.®! After two mTBIs repeated at a 24 h interval, but not after
single mTBI, Yates and coworkers>® found a significant increase in
the numbers of HNE+ cortical neurons compared with sham at 48 h
after the final injury.*® In addition, elevated ROS in the brain has
been observed 3 weeks after repetitive mTBI,®* supporting the idea
of persistent oxidative damage after repeated mTBI.

In the current study, State III OCR was reduced in isolated mi-
tochondria from both ventral cortex and hippocampus after single
mTBI without differences in oxidative damage. In contrast, mTBIs
repeated at a 48 h interval resulted in elevated levels of several
oxidative markers. This highlights the role of the dysfunctional
environment after the first mTBI and potential of mitochondria-
induced aberrant ROS production. We propose that mitochondrial
dysfunction is prolonged after repeated mTBIs at 48 h intervals
inducing concurrent oxidative damage mechanisms.

Kim and associates® recently have reviewed existing data to
argue for a role of mitochondrial dysfunction after mTBI. This
review focused on indirect outcomes surrounding mitochondrial
dysfunction and cited several models of moderate-to-severe TBI.
As mentioned previously, many articles have shown data related to
indirect mitochondrial influence on metabolic consequences such
as CMRg. and presence of neurometabolites.’>?’ Direct evidence
of mitochondrial dysfunction acutely after mild (concussion-type)
TBI, however, had not been established previously, although
long-term impairment has been reported recently.*® Further, the
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hippocampus has been shown to have an altered metabolic profile,
as determined using MRS, acutely (3-5 days) up to 30 days after
mTBL*7 A recent study of gene and protein expression of
markers related to mitochondrial fusion and fission after severe and
mild TBI demonstrated a transitory mitochondrial fusion response
in whole brain, indicating cellular recovery, up to five days after
mTBL%

Our results build on previous neuropathological findings in our
CHI model of repetitive mTBI. Although we observe a lack of
neuropathology after two repeated mTBIs in the current study, five
repeated mTBIs at a 24h interval have been shown to produce
measurable gliosis and neuronal death. With five mTBIs, this 24 h
interval resulted in exacerbated acute gliosis and neuron death in
the entorhinal cortex while a longer interinjury interval of 48h
produced no additive neuropathology compared with single
mTBI>' A subsequent study, however, found comparable levels of
neurobehavioral deficits, neuroinflammation, and neurodegenera-
tion in white matter tracts 10 weeks after five mTBIs repeated at
either 24 h or 48 h intervals.*' These findings suggest that a 48 h
interinjury interval is within the window of cellular vulnerability
for long-lasting pathology in the brain, corroborating the data in the
current study. Based on our current findings, acute mitochondrial
impairment could be upstream of long-term neuropathology and
separating mTBIs by at least 96 h may allow for more complete
cellular recovery.

One limitation of this study is that all experiments were per-
formed in male mice. Because growing evidence shows that there
are sex-based differences in the cellular and pathological response
to TBI,“’69 additional studies of female mice are warranted to
observe whether acute mitochondrial bioenergetics have a sex-
based difference after single and/or repeated mTBI.

While mitochondrial dysfunction is well established after
moderate-to-severe contusion brain injuries,*'**% here we
show the first direct evidence of acute mitochondrial dysregula-
tion after mild CHI. Single CHI produces a delayed but early
(24 h) decrease in State III respiration in the ventral cortex that
resolves by 96 h post-injury, while in the hippocampus, State I1I
respiration decreases at 48 h and resolves by 96 h post-injury.
A second CHI induced 48 h after the first, while mitochondria
are bioenergetically compromised, results in more prolonged
depression of State III respiration and notable oxidative damage
(Fig. 9).

This study provides more evidence on the benefits of sufficient
cellular recovery time after mTBI to prevent additive cellular
dysfunction. Because much is known about the resultant neuro-
pathology after single and repetitive mTBIs,'”*"7%7! these data
highlight mitochondrial impairment as an underlying cellular
mechanism and potential therapeutic target to mitigate secondary
pathological outcomes after mTBI.
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