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Abstract

Traumatic brain injury (TBI) is an important health problem, and a leading cause of death in
children worldwide. Mitochondrial dysfunction is a critical component of the secondary TBI
cascades. The response of mitochondria in the pediatric brain to injury has limited investigation,
despite evidence that developing brain’s response differs from the adult, especially in diffuse non-
impact TBI. We perform a detailed evaluation of mitochondrial bioenergetics using high-
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resolution respirometry in a swine model of diffuse TBI (rapid non-impact rotational injury:
RNR), and examined the cortex and hippocampus. A substrate-uncoupler-inhibitor-titration
protocol examined the role of the individual complexes as well as the uncoupled maximal
respiration. Respiration per mg of tissue was also related to citrate synthase activity (CS) as an
attempt to control for variability in mitochondrial content following injury. Diffuse RNR
stimulated increased complex Il-driven respiration relative to mitochondrial content in the
hippocampus compared to shams. LEAK (State 4() respiration was increased in both hippocampal
and cortical tissue, with decreased respiratory ratios of convergent oxidative phosphorylation
through complex I and 11, compared to sham animals, indicating uncoupling of oxidative
phosphorylation at 24 hours. The study suggests that proportionately, complex | contribution to
convergent mitochondrial respiration was reduced in the hippocampus after RNR, with a
simultaneous increase in complex-11 driven respiration. In addition, mitochondrial respiration 24
hours after diffuse TBI that varies by location within the brain. Finally, we conclude that
significant uncoupling of oxidative phosphorylation and alterations in convergent respiration
through complex I- and complex Il-driven respiration reveals therapeutic opportunities for the
injured at-risk pediatric brain.

Keywords

Pediatric Brain Injury; Traumatic Brain Injury; Mitochondria; In Vivo Studies; Large Animal
Model of Injury

Introduction

Traumatic brain injury (TBI) is an important health problem and is set to become the third
leading cause of death and disability in the world by 2020 (Coronado et al., 2011; Gean and
Fischbein, 2010).

Diffuse TBI triggers a heterogeneous insult to the brain induced by traumatic biomechanical
shearing forces when the head is rapidly accelerated and/or decelerated, such as during
player-to-player contacts in sports settings, impacts after falls, or whiplash injuries in car
crashes. Axonal shear stretch leads to the opening of voltage-gated calcium channels that,
ultimately, precipitates mitochondrial dysfunction, bioenergetic failure, and the release of
secondary messengers that end in apoptosis and death (Balan et al., 2013; Glenn et al., 2003;
Lifshitz et al., 2003; Marcoux et al., 2008; Ragan et al., 2013; Xu et al., 2010). Thus,
mitochondria play a central role in cerebral metabolism and regulation of oxidative stress,
excitotoxicity, and apoptosis in acute brain injury; however, the mechanistic response and
time course following diffuse TBI, especially in the immature brain at differing
developmental stages, has limit investigation (Balan et al., 2013; Gilmer et al., 2010;
Lifshitz et al., 2004; Robertson et al., 2009). Furthermore, the challenge of extrapolating
adult models of diffuse TBI to pediatric models includes developmental differences in
biomechanical properties and biological responses that vary in the infant, toddler,
adolescent, and adult (Grate et al., 2003; Ibrahim et al., 2010; S. Sullivan et al., 2015; Weeks
etal., 2014). In addition, there are critical differences in mitochondrial characteristics in the
developing brain as it matures, such as the number and density of complexes of the electron
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transfer chain, antioxidant enzyme activity and content, and lipid content (Bates et al., 1994;
Del Maestro and McDonald, 1987). Taken together, the immature brain’s response to TBI
changes during development from infancy through adolescence and differs with injury
mechanism (Armstead, 2005; Duhaime, 2006; Duhaime et al., 2000; Durham and Duhaime,
2007). These unique features of the developing brain underscore the importance of
characterizing the bioenergetic failure and cell death cascades following TBI in the
immature brain in order to develop age-specific mitochondrial-directed neuroprotective
approaches.

Previously we reported differences in the regional mitochondrial responses in neonatal
piglets, age 3-5 days, following diffuse white matter injury using our large animal model
(Kilbaugh et al., 2011). In our current investigation, we have expanded our investigation to
the 4-week old animals with comparable neurodevelopment to a human toddler.
Furthermore, we expanded our previous techniques to investigate functional mitochondrial
respiration, within integrated mitochondrial networks of fresh brain tissue, to focus on
pathologic metabolic pathways following TBI. .

Materials and Methods

This study was carried out in strict accordance with the recommendations in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health, and was
approved by the Institutional Animal Care and Use Committee of the University of
Pennsylvania (Number: 803401). Four-week old (8-10 kg) piglets, with comparable
neurodevelopment to a human toddler, were studied (Armstead, 2005; Duhaime, 2006). In
an effort to limit heterogeneity, only females were used based on our prior work (Missios et
al., 2009). Twenty-eight piglets were randomly assigned to sham or injury cohorts,
consisting of a single rapid non-impact rotational injury in the sagittal plane (n=18 injured-
RNR, n=10 naive sham-RNR). Animals were sacrificed 24 hours after TBI.

Animal Preparation

Anesthetic regimen included: 1) Premedication with an intramuscular injection of ketamine
(20 mg/kg) and xylazine (2 mg/kg) 2) Induction: 4% inhaled isoflurane in 1.0 fraction of
inspired oxygen via snout mask, until abolishment of response to a reflexive pinch stimulus
3) Maintenance: 1% inhaled isoflurane via endotracheal tube with fraction of inspired
oxygen to 0.21. Buprenorphine (0.02 mg/kg) was also delivered intramuscularly for
analgesia prior to injury. Circulating water blanket, monitored via a rectal probe,
maintained, core body temperature kept constant between 36 and 38C and. Non-invasive
blood pressure, oxygen saturation, heart rate, respiratory rate, and end-tidal CO, were
continuously monitored throughout the experiment (Surgivet Advisor V9204; Smith
Medical, Waukesha, WI).

Rapid Non-impact Rotational (RNR) Injury

Diffuse closed head TBI was induced using an established rapid head rotation technique
described previously (Eucker et al., 2011; Ibrahim et al., 2010; Raghupathi et al., 2004).
While maintained on isoflurane, the head of the piglet was secured to a bite plate by a snout
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strap. Isoflurane was withdrawn immediately prior to injury, and the head was rotated
rapidly (10-15 ms) ventral-to-dorsal in the sagittal plane with the center of rotation at the
cervical spine. The peak angular velocity was nearly constant across the injured group,
averaging 126 + 0.72 radians/second.

Immediately after the RNR, the animal was removed from the injury device. At this angular
velocity, rotation direction, and age; animals experienced a brief period of hypoactivity,
irritability and gait instability. However, animals do not experience apnea or hemodynamic
instability.

Following RNR, animals had significant neurologic deficits, including lethargy and longer
periods of recumbancy, and unsteady gait compared to shams. However, animals eventually
were able to vocalize, ambulate, maintain body temperature and exhibited proper feeding
and drinking behaviors. These injuries are best described as mild-to-moderate in severity,
based on parallels with human clinical severity classifications (Adelson et al., 2012; Miller
et al., 2012) and neuropathology findings 6 days after RNR (Weeks et al., 2014).

Preparation of Tissue Homogenates

At 24 hours post-RNR, a craniotomy was performed and a 2 cm? region of left frontal cortex
was resected and both hippocampal regions extracted rapidly (less than 10 seconds) and
combined. As a starting point for our initial large animal studies we have chosen 24 hours as
our terminal time-point for two critical reasons: 1) We have documented significant injury
with neuropathology, imaging and behavior at this time point in our model of diffuse TBI
(Jaber et al., 2015; Kilbaugh et al., 2011; 2015; Weeks et al., 2014) 2) other investigators
have documented bioenergetic and mitochondrial alterations in rodents following diffuse
TBI at this particular time point. The hippocampus and cortex were studied as the areas of
interest for two critical factors: 1) Previous studies form our laboratory have documented
significant neuropathology and mitochondrial dysfunction within these regions following
RNR (Coats and Margulies, 2006; Eucker et al., 2011; Kilbaugh et al., 2011; Weeks et al.,
2014) 2) If our hypothesis was consistent with previous findings in adults and infants, and
these areas of interest do exhibit alterations in mitochondrial functional pathways; then,
these findings would be instrumental in the evaluation of neurobehavioral outcomes in
future studies, linking mitochondrial bioenergetics and long-term outcomes (S. Sullivan et
al., 2013).

Following extraction, tissue was placed immediately in ice-cold isolation buffer (320 mM
sucrose, 10 mM Trizma base, and 2 mM EGTA). Blood and vasculature was dissected and 1
mg of wet weight tissue was gently homogenized on ice in (MiRO5 buffer: 110 mM sucrose,
0.5 mM EGTA, 3.0 mM MgCl,, 60 mM K-lactobionate, 10 mM KH,POy4, 20 mM taurine,
20 mM HEPES and 1.0 g/l fatty acid-free BSA) using a 5 ml Potter-Elvehjem teflon-glass
homogenizer to a concentration of 1 mg wet weight tissue/10 pl MiR05 buffer.

Mitochondrial High-Resolution Respirometry (HRR)

High-resolution Oxygraph-2k (Oroboros Instruments, Innsbruck, Austria) was used to
measure mitochondrial respiration. The instrument was calibrated daily, as previously
described, and respiration measurements were obtained at a constant 37°C with the addition
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of tissue homogenates to a final concentration of 1 mg per ml of Mir05 buffer (Kilbaugh et
al., 2015). Oxygen consumption and oxygen flux recorded using Datlab software (5.1,
Oroboros Instruments, Innsbruck, Austria)

A substrate, uncoupler, inhibitor titration (SUIT) protocol previously used was specifically
designed for porcine brain tissue (Kilbaugh et al., 2015). Complex specific substrates and
inhibitors allowed for the assessment of respiratory capacities of the integrated electron
transport system (ETS) (Figure 1). Complex I (CI), and complex Il (ClI) respiratory
capacities in brain tissue were evaluated separately; as well as with pathways of convergent
electron input through the Q-junction (CI + I1) using succinate and nicotinamide adenine
dinucleotide (NADH)-linked substrates (Gnaiger, 2009). An optimized dose of digitonin, 1
ul (50 mg/ml), necessary to achieve accurate and consistent oxidative phosphorylation
capacity within synaptasomes using water-soluble substrates, and is necessary to achieve
similar results in brain tissue homogenates and isolated brain mitochondria (Kilbaugh et al.,
2015; 2011). Exogenously administered cytochrome c did not induce a significant effect on
mitochondrial respiration at the optimal digitonin dose, indicating an intact outer
mitochondrial membrane (data not shown) (Brustovetsky et al., 2002; Sims and Blass,
1986). Sequential additions included: malate (5 mM) and pyruvate (5 mM), followed by
ADP (1 mM) and glutamate (5 mM), measuring oxidative phosphorylation capacity of
complex | (OXPHOS(,)), driven by the NADH-related substrates. Succinate (10 mM) was
added to stimulate maximal phosphorylating respiration capacity via convergent input
through complexes I and Il (OXPHOS¢+¢cy1). Oligomycin, an ATP-synthase inhibitor,
stopped oxidative phosphorylation, inducing LEAK respiration (LEAKc+cy) or State 4
respiration. Maximal convergent non-phosphorylating respiration of the electron transport
system (ETSc)+cy) Was evaluated by titrating the protonophore, carbonyl cyanide p-
(trifluoromethoxy) phenylhydrazone (FCCP), until no further increase in respiration was
detected. ETS capacity supported by succinate was measured by adding a complex |
inhibitor, Rotenone, to reveal complex I1-driven respiration (ETSc¢y). ETS electron flow was
inhibited by the complex 11 inhibitor antimycin-A (1 pg/ml), to measure the residual oxygen
consumption. This residual value was subtracted from each of the measured respiratory
states in the final analysis. Finally, an addition of ascorbate (ASC, 0.8 mM) and N,N,N’,N’-
tetramethyl-p-phenylenediamine (TMPD, 0.5 mM), an electron donor to complex IV,
measured the activity of cytochrome ¢ oxidase. Complex 1V-inhibitor sodium azide (10
mM) was added and the remaining chemical background was subtracted to assess complex
IV activity, due to the high level of auto-oxidation of TMPD. The protocol was identical in
timing and sequence amongst all groups, sham and injured.

Citrate Synthase Measurements

Following the completion of respirometry measurements, chamber contents were stored and
subsequently analyzed for citrate synthase (CS) activity (umol/mL/min) quantification
(Citrate Synthase Assay Kit, CS0720, Sigma). CS was used as a marker of brain metabolism
secondary to its location within the mitochondrial matrix and importance as the first step of
the tricarboxylic acid cycle (TCA). In addition, some investigators use CS as a surrogate
measure of mitochondrial content per mg of tissue (Bowling et al., 1993; Larsen et al.,
2012).
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Data Analysis

Results

Oxygen flux traces were measured automatically with a customized Matlab (Mathworks,
Natick, MA) (Kilbaugh et al., 2015). Statistical evaluation was performed using JMP Pro
(SAS Institute Inc., version 10.0, Cary, NC, USA). We compared tissue mitochondrial
respiration between injured and sham subjects with an unpaired, non-parametric Wilcoxon
ranked sum test with Dunn’s multiple comparison tests. In addition, paired Wilcoxon ranked
sum tests were used to compare regions within sham and injury groups. Differences were
considered significant where p<0.05. All results are reported as mean + standard error of the
mean (SEM).

Mitochondrial Content

We measured CS activity per mg of tissue; there were no differences between brain regions
in sham animals (with cortical tissue 24.7 + 4.5 umol/mL/min and hippocampal 25.3 + 6.7
umol/mL/min, p=0.93) (Figure 2). Diffuse RNR did not stimulate a significant decrease in
mitochondrial content following injury in either region (cortex 17.8 + 0.4 pmol/mL/min, and
hippocampus 16.8 + 0.4 umol/mL/min) compared to sham animals (cortex 24.7 £ 4.5
umol/mL/min, p=0.1 and hippocampus 25.3 + 6.7 umol/mL/min, p=0.8) (Figure 2). All
measures of respiratory capacity within the mitochondrial ETS for each animal were
normalized to mitochondrial content by CS activity.

Rapid Non-impact Rotational (RNR) Injury

We utilized a large animal model of diffuse TBI and evaluated mitochondrial respiration in
two regions of interest following RNR injury: cortex and hippocampus (Table 1). In sham
animals, mitochondrial respiration, by all measures, were consistently higher in the
hippocampus compared to the cortex, and reached significance for ETS¢); (p<0.04) and
ETSc+cn (p<0.04) respiration when values were normalized for mitochondrial content.
Post-RNR, all measures of ETS respiration were significantly higher (p<0.001) in the
hippocampal region compared to cortical respiration (OXPHOS¢|, ETS¢;, OXPHOSc ¢t
ETSci+ci1, LEAKc+c1, and complex 1V) following normalization for mitochondrial
content (Figure 3).

We then compared each measure per CS and per mg of tissue in sham and RNR injured
animals, region by region. Complex I-linked respiration (OXPHOS,) did not differ between
RNR and sham animals in the hippocampus (p=0.4) or cortex (p=0.6) when normalized by
CS activity (Figure 3); however, OXPHOS, expressed per mg of tissue was significantly
decreased (p<0.05) in the cortex compared to sham. Complex Il-linked respiration (ETS¢y;)
per CS was significantly increased by nearly 20% in the cortex (p<0.05) and hippocampus
(p=0.02) post-RNR, compared to shams. Furthermore, unlike complex I-driven respiration
in the cortex, complex Il-driven respiration normalized by tissue weight was not
significantly reduced following RNR in either region. Maximal phosphorylating respiration
(OXPHOSc +c1) per CS was significantly increased in the hippocampus post-RNR
compared to OXPHOS¢)+¢y; in shams, (p<0.05), but was not altered in the cortex by RNR
injury (p=0.3) (Figure 3A). Maximal uncoupled non-phosphorylating respiration
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(ETSci+cn) per CS post-RNR did not change from shams in either the hippocampus (p=0.3)
or cortex (p=0.6) (Figure 3B). Both OXPHOS¢|+cj and ETSc +cy Were significantly
reduced (p<0.02) per mg of tissue in the cortex post-RNR compared to sham. Following
diffuse TBI, complex IV respiration per CS measured from the hippocampus (p=0.4) and
cortex (p=0.7) was similar to complex IV respiration from corresponding regions in shams
(Figure 3B). LEAK (LEAKc +cy1), Or State 4, respiration, was significantly increased post-
RNR in hippocampal tissue when normalized by CS activity (p<0.03) (Figure 3B), and per
mg of tissue (p<0.01) compared to shams. Cortical tissue post-RNR also exhibited a
significant increase in LEAK respiration per CS (p<0.02) compared to shams; and per mg of
tissue (p<0.05) compared to shams.

Respiratory ratios were calculated for sham and RNR animals (Table 2). The control ratio
for OXPHOSc +c1 (OXPHOSc ;+c/LEAK) decreased significantly post-RNR compared to
shams in the cortex (p<0.01) and hippocampus (p<0.05) (Table 2). ETSc|+cyy control ratio
(ETSc1+cn/LEAK) also decreased significantly post-RNR, compared to sham animals
(Cortex: p<0.006; Hippocampus: p<0.01). The complex | contribution to convergent
respiration post-RNR (ETSc)/ETSc +cii) was significantly decreased in the hippocampus
compared to sham (p<0.05), and nearly significantly decreased in the cortex following RNR
compared to shams (p=0.08) (Table 2). Consequently, the complex Il contribution to
convergent respiration (ETSc//ETSc +cyy) was significantly greater in the hippocampus
post-RNR compared to sham animals (p<0.05), and the increase in the cortex post-RNR
nearly reached significance compared to sham (p=0.06).

Discussion

We report differences in mitochondrial respiration between the cortex and hippocampus in
the uninjured immature brain. Our data differs from the uninjured mature rodents where
there were no reported differences in basal mitochondria respiration in samples isolated
from the striatum, cortex and hippocampus (Sauerbeck et al., 2011). Twenty-four hours after
a diffuse traumatic injury to the immature brain, interesting mitochondrial bioenergetic
responses emerged, with diffuse injury inducing a significant uncoupling of oxidative and
non-oxidative phosphorylation in both the cortex and hippocampus. LEAK respiration, State
4., was significantly increased in both the injured cortical and hippocampal tissues
compared to their corresponding regions in sham animals. This increase in LEAK
respiration (State 4,) in both regions is the predominant factor that influences a significant
decrease in RCRs (OXPHOS¢+cy (State 3)/LEAK (State 4g)), especially in the
hippocampus where OXPHOS¢ 1 is significantly increased compared to hippocampal
respiration in shams. Our assessments of functional mitochondrial bioenergetics, 24 hours
after diffuse TBI, differs from our previously published data in focal injury at the same time-
point (Kilbaugh et al., 2015). While there seems to be a common dependence on complex I1-
driven respiration following both focal and diffuse TBI, diffuse TBI displayed significant
uncoupling of oxidative phosphorylation which was not seen in injured tissue following
focal TBI (Kilbaugh et al., 2015). The differences in mitochondrial response following
diffuse and focal TBI, at similar time-points, emphasizes the heterogeneity of brain injury
pathology. Thus, investigations of mitochondrial metabolic pathways following differing
injury mechanisms are essential to direct future mitochondrial intervention trials in TBI.

Mitochondrion. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kilbaugh et al.

Page 8

Control ratios ETSc)//ETSc +c)i and ETSc/ETSc)+1 further support the notion that
complex I respiration is impaired to some degree following injury, especially in the
hippocampus, while convergent respiration via complex Il respiration is stimulated at 24
hours post-RNR. This potential compensatory response in convergent respiration may
stimulate a significant increase in maximal phosphorylating respiration and a trend toward
increased maximal non-phosphorylating respiration in the hippocampus compared to
hippocampal mitochondrial respiration in shams. The relative increase in complex Il-driven
respiration in the cortex and hippocampus when normalized for mitochondrial content may
be a compensatory response at 24 hours in an attempt to increase mitochondrial bioenergetic
output. We also speculate that the increase in regional hippocampal maximal
phosphorylating mitochondrial respiration (OXPHOS¢+c;) may be related to increased
excitability of hippocampal tissue secondary to pathologic changes in inhibitory function
following TBI, triggering increased bioenergetic need to compensate for ongoing secondary
injury (Witgen et al., 2005). Yoshino and colleagues presented evidence in rats that
hypermetabolism occurred post injury in both the cortex and hippocampus, with an
especially marked response in the hippocampus (84.4-91% higher than control) compared to
the cortex (30.1-46.6%); however, this hypermetabolic phase only lasted 6 hours before the
rodents transitioned to a hypometabolic phase lasting as long as 5 days (Yoshino et al.,
1991). With limited research available, the time course and mechanistic response to a purely
diffuse injury remains unclear. Future research will need to be conducted to establish
correlations between alterations in mitochondrial bioenergetics and outcomes in diffuse
immature brain injury.

In addition, an increase in LEAK respiration may represent mitochondrial membrane
permeability transition (mPT) and a loss of functional integrity with a dissipation of the
proton motive force, or a “protective” uncoupling that limits ATP production to inhibit
secondary injury. State 4, or LEAK respiration is determined mainly by proton leak across
the inner membrane mediated by endogenous uncoupling proteins (UCPs), which utilize free
fatty acids energy potential to translocate protons. When LEAK respiration increases, there
is a resultant reduction in the mitochondrial membrane potential (Ay) and ATP production;
however, despite the loss of ATP production transient or mild uncoupling may confer
neuroprotective properties by limiting ROS generation, mitochondrial Ca2* uptake, and
limiting excitotoxic neuronal death (Brand, 2000; Brookes, 2005; Mattiasson et al., 2003;
Perez-Pinzon et al., 2012; P. G. Sullivan et al., 2004). This may involve the release of free
fatty acids (FFA) that stimulate UCPs, especially UCP2, as a protective anti-ROS
mechanism; and, future study will elucidate the mechanism and time courses involved in the
immature brain. The timing and mechanism is extremely important, because this uncoupling
may limit the ability of mitochondria to increase oxidative phosphorylation in response to
ongoing and persistent bioenergetic needs following TBI. Future studies will be performed
to delineate the exact molecular cascades and injury timelines in response to diffuse injury.

In our previous study of 3-5-day-old infant piglets we showed that 24 hours, after RNR,
there was a significant reduction in maximal phosphorylating respiration (State 3) and a
trend towards increases in State 4 respiration compared to sham respiration in both the
hippocampus and the cortex, lowering the overall respiratory control ratio (Kilbaugh et al.,
2011). To compare the injury severity between these studies, the total injury volume was
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measured by B-APP reactivity and hematoxylin and eosin stain via histopathology in a group
of N=10 4-week-old piglets with the same RNR in the sagittal direction as the current study,
which resulted in an average total injured volume of 0.79 £ 0.08%. In our previous study
with 3-5-day-old piglets (n=5), also with a sagittal RNR injury, there was a significantly
higher average injured volume of 2.18 + 0.02%. Based on these findings we postulate that a
greater severity of injury post-RNR stimulates a greater reduction in mitochondrial
respiration. This postulate correlates with previous work in mature rodents that shows TBI
results in the disruption of brain bioenergetics and the resultant bioenergetic deficits are
proportional to the degree of severity (Marklund et al., 2006). In more severe brain injury,
levels of ATP and other indicators of mitochondrial bioenergetics are significantly reduced
at 24 hours and remain depressed for days or weeks (Tavazzi et al., 2005). Conversely,
animals with mild TBI (mTBI) had the lowest value of ATP levels at 6 hours with a gradual
resolution near sham levels by 24 hours that showed no statistical difference by 5 days post-
injury with control animals (Signoretti et al., 2001). A limitation of drawing a direct
comparison from our study to studies that quantified ATP levels, is that respirometry
provides a functional surrogate marker of ATP synthesis by measuring maximal coupled and
uncoupled respiration. The difference between our current study and the previous post-RNR
study may be due to developmental differences between infant and toddler, differences in
methodology with isolated mitochondrial and tissue homogenates, or the possibility that it
may be secondary to injury severity and its effects on mitochondrial function. Further study
is critical to understand age-related alterations in mitochondrial bioenergetics, time course of
mitochondrial dysfunction, and the effect of injury severity on both age and time course.

Our pilot study of functional, integrated mitochondrial bioenergetic pathways following
diffuse TBI generates questions about the complex mechanisms of secondary brain injury
following diffuse TBI. Future studies will expand our molecular investigations, including
isolated mitochondria and spectrophotometric analysis, to further interrogate the electron
transport complex and develop a more complete understanding of the adaptive response and
ongoing secondary injury. Finally, in our current experiment there is some variability in our
CS measurement in the sham animals which we have not found in our previous studies
(Kilbaugh et al., 2015). This was a large animal study with smaller group sizes, and although
a small number of animals fell outside of the standard deviation we did not feel it was
appropriate from a rigorous scientific/statistical standpoint to exclude these animals from the
sham cohort. We presented the data in multiple ways, including data measures independent
of the CS, and drew our conclusions based off of all measures of the data.

Conclusion

We conclude that there are significant alterations in mitochondrial respiration 24 hours after
diffuse TBI that varies by location within the brain. In addition, our data suggests that
significant uncoupling of oxidative phosphorylation and alterations in convergent respiration
through complex I- and complex Il-driven respiration. Thus, the results of our immature
translational large animal model suggest therapeutic benefit for strategies that support
oxidative phosphorylation and bioenergetic output in the developing brain after TBI.
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Highlights

«  Diffuse traumatic brain injury results in significant uncoupling of oxidative
phosphorylation.

» Alterations in convergent respiration through complex I- and complex Il-driven
respiration.

e Complex-11I driven respiration increased 24 hours after diffuse traumatic brain
injury.

«  Heterogeneity of mitochondrial response following differing mechanism of
injury and age
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Figure 1. Oxygen concentration and consumption example trace from SUIT protocol
The graph depicts an illustrative trace of oxygen consumption rate using a substrate,

uncoupler, inhibitor titration (SUIT) protocol. Induced respiratory states and respiratory
complexes activated are outlined below the x-axis. After stabilization at basal respiration
with endogenous substrates, and in the presence of digitonin, the SUIT protocol was
executed as indicated above the oxygen concentration trace. M&P, malate + pyruvate; Glu,
glutamate; Succ, succinate; Oligo, oligomycin; Rot, rotenone; Anti-A, antimycin-A; ASC/

TMPD, ascorbate and TMPD.
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Figure 2. Citrate synthase activity
24 hours post-RNR there was a no significant decrease in citrate synthase activity in either

region compared to sham animals (p=0.19 hippo and p=0.29 cortex). Boxplots: Horizontal
lines represent the median CS activity, with the box representing the 25t and 75t
percentiles, the whiskers the 51 and 95! percentiles, and the outliers
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Figure 3. Mitochondrial respiration from RNR injured and shams normalized by mitochondrial
content (citrate synthase) measured 24 hours post TBI

A) At 24 hours post-RNR Complex I1-driven respiration, ETS¢; and maximal, coupled
phosphorylating respiration OXPHOS¢,.c was significantly increased compared to
hippocampal respiration from sham animals. B) In addition, LEAK¢+cy respiration is
significantly increased in both injured regions compared to corresponding regions in sham
animals. Presented as mean + SEM. For definitions of respiratory states and substrates
utilized please see Figure 1. Bars, p < 0.05.
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Respiratory ratios of brain tissue homogenates from sham and diffuse rapid non-impact rotational TBI

Table 2

Respiratory Ratios

OXPHOSyscn/LEAK
ETScren/LEAK
ETSci/ETScrecn
ETSci/ETSci+cin

ETSC| |/ETSC|

Sham (n=10) | cci=18)

Cortex | Hippo | Cortex Hippo
5704 | 5.0803 | 43+02" | 4.3x02"
4.6+0.4 4.3+0.2 3'31_02* 3.4i0.1*
0.3240.02 | 0.31£0.02 | 0.29:0.04 | g 2g+0.04*
0.68+0.02 | 0.6920.02 | 071+0.01" | 0.72+0.04"
2.32+0.23 2.40+0.17 3.lt0.34* 3.33i0.33*

Respiratory ratios were also calculated. ETSC| was calculated by subtracting ETSC|+C|| minus ETSC]||. Presented as mean + SEM,;

*
p < 0.05 significant different from corresponding sham region respiratory ratio.

For definitions of respiratory states and substrates utilized, please see Figure 1.
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