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Abstract

Traumatic brain injury (TBI) results in oxidative stress and calcium dysregulation in mitochondria. However, little work has

examined perturbations of mitochondrial homeostasis in peri-injury tissue. We examined mitochondrial homeostasis after a

unilateral controlled cortical impact over the sensorimotor cortex in adult male rats. There was a significant reduction in

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1a) messenger RNA (mRNA) at post-injury

days 3 and 6 and a transient reduction in mitochondrial DNA copy number at 3 days post-injury that recovered by 6 days

in the ipsi-injury striatum. In ipsilateral cortex, PGC-1a mRNA was reduced only at 6 days post-injury. Additionally,

expression of mitochondrial-encoded mRNAs, cytochrome c oxidase subunit 1 and NADH dehydrogenase subunit 1, was

decreased at 3 and 6 days post-injury in ipsilesional striatum and at 6 days post-injury in ipsilesional cortex. There was no

observable decrease in nuclear-encoded mRNAs mitochondrial transcription factor A or NADH dehydrogenase (ubiquinone)

Fe-S protein 1. We detected an acute increase in superoxide dismutase 2 mRNA expression, as well as an induction of

microRNA (miR)-21 and miR-155, which have been previously demonstrated to disrupt mitochondrial homeostasis. Be-

haviorally, rats with TBI exhibited marked error rates in contrainjury forelimb performance on the ladder test. These findings

reveal that there may be differential susceptibilities of various peri-injury brain structures to mitochondrial dysfunction and

associated behavioral deficits, and that molecular pathways demonstrated to interfere with mitochondrial homeostasis and

function are activated subacutely post-TBI.
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Introduction

Although traumatic brain injury (TBI) is an acute insult,

it has chronic and lifelong sequelae, including functional

deficits in multiple brain structures that lead to decreased ability to

complete motor and memory tasks and inhibition of behavior and

emotional control.1 Despite the serious burden of this disease, both

on individual patients and to society at large, treatment options for

TBI are largely supportive and are designed to treat the symptoms

of the injury without addressing the underlying molecular pathways

that contribute to or cause those long-term symptoms.

TBI can be classified into two phases: 1) the acute, immediate

response attributed to mechanical damage and 2) the delayed cellular

response attributed to activation of multiple pathophysiological

cascades resulting in ischemia, edema, and dysfunction in neurons

and other cell types.2,3 Whereas the acute immediate response is

relatively limited in space to the immediate area of impact, the sec-

ondary response can be remote from the impact because of the action

of cytokines, chemokines, and damage-associated molecular path-

ways (DAMPs), secreted immune activators that contribute to the

induction of cellular injury cascades in a paracrine or endocrine

fashion.4,5 Mitochondrial dysfunction is a prominent feature of the

cellular injury response in this second phase of TBI and is linked to

broad changes in cell and tissue structure and function, contributing

to neurological deficits.6 Mitochondrial dysfunction involves in-

creased reactive oxygen species (ROS) production, calcium dysre-

gulation, initiation of the mitochondrial permeability transition, and,

if mitochondrial injury is sufficiently severe, initiation of apoptosis,

cell death, and loss.6–8

Sublethal mitochondrial dysfunction involves processes that do

not necessarily induce apoptosis, but still contribute to cellular

dysfunction post-TBI. This mitochondrial dysfunction can include

alterations in mitochondrial homeostasis, a highly regulated balance

of mitochondrial dynamics including mitochondrial biogenesis,
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fission and fusion, and mitophagy.9 Although increased oxidative

stress, disrupted calcium homeostasis, and apoptotic signaling

post-TBI have been well characterized and targeted for pharma-

cological intervention, less work has focused on the role of altered

mitochondrial homeostasis in peri-injury cortical regions, and

even less is known about the role motor cortical injuries have on

interconnected regions such as the striatum. We know that in-

tegrity of the peri-injury remaining motor cortex is important for

recovery of function subsequent to sensorimotor cortex (SMC)

TBI, and current studies indicate that striatal health is as well.10–12

Therefore, we hypothesized that unilateral controlled cortical

impact (CCI) of the SMC, a model of focal TBI, disrupts mito-

chondrial homeostasis in the ipsilateral striatum with marked

deficits in associated behavioral changes.

Methods

Reagents

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO),
unless otherwise noted.

Animal care and use

Sixty-eight Long Evans male rats (3–4 months old) received
food and water ad libitum and were kept on a 12/12 h light/dark
cycle. Animals were randomly assigned to sham (n = 30) or CCI
groups (n = 38). Experimenters blind to group assignment analyzed
all molecular assays and behavioral tests. All work was conducted
in accord with the National Institutes of Health Animal Care and
Use Committee guidelines.

Controlled cortical impact

A unilateral CCI was administered over the forelimb area of the
sensorimotor cortex (FL-SMC), as described previously.11,12

Briefly, rats were anesthetized with ketamine/xylazine (100 mg/
10 mg/kg intraperitoneally), a 4-mm craniotomy was created,
centered over the FL-SMC (0.5 mm anterior and 4 mm lateral to
bregma), then a CCI was induced with a 3-mm-diameter impact tip
angled 18 degrees away from the vertical (Benchmark Stereotaxic
Impactor; Leica, Buffalo Grove, IL), depressing the brain at 1.7
dorsoventral, at 3.0 m/s for 300 ms. The craniotomy was then
covered with gel film and dental acrylic before incision suturing.
Sham animals received all procedures up to, but not including, the
craniotomy, because skull removal produces behavioral and neu-
rochemical asymmetries.13

Motor behavior assessment: ladder task

The ladder task was used to assess coordinated forelimb use,
stepping accuracy, and limb placement.11,14 Animals were video
recorded as they walked across a ladder (1 m long, 3 mm diameter
metal pegs, spaced 1 cm apart and raised 20 cm from the table top).
Three trials per test day were collected, and by slow motion play-
back, the number of total steps and the number of errors were
recorded. Errors were counted when a rat’s forelimb completely
missed a rung and fell through rungs (score of 0), was placed on
rung but when weight bearing the limb fell between rungs (score of
1), or slipped off rung (score of 2). Percent error was calculated as:
(#0 + 1 + 2)/total steps.

Euthanasia /tissue extraction

Animals were euthanized with sodium pentobarbital (*100 mg/
kg; Euthasol). Ipsi- and contrainjury frontal cortices and striatum
were isolated and frozen. A subset (CCI = 2; sham = 2) of animals
were intracardially perfused with 0.1 M of phosphate buffer and

0.4 M of paraformaldehyde. Coronal 50-lm sections were collected
and stained with toluidine blue (Nissl stain) for representative
images of injury size and placement (Fig. 1A,B). Lesion core was
identified by visible mechanical damage to the motor cortex after
whole-brain extraction.

Real-time reverse-transcriptase polymerase chain
reaction: mitochondrial and antioxidant gene
expression

Total RNA was extracted from cortex and striatum samples using
TRIzol reagent (Invitrogen, Carlsbad, CA). Complementary DNA
(cDNA) was synthesized by reverse transcription (RT) using the
RevertAid First Strand cDNA kit (Thermo Fisher Scientific, Wal-
tham, MA) with 0.5–2.0 ug of RNA. Polymerase chain reaction
(PCR) products were amplified from 5 uL of cDNA template using
2· Maxima SYBR green quantitative PCR (qPCR) master mix
(Thermo Fisher Scientific) and 400-nM concentrations of each pri-
mer (Integrated DNA Technologies, Inc., Coralville, IA) (Table 1).
Fold changes in expression were calculated using the delta delta
threshold cycle (DD-Ct) analysis method.15

Mitochondrial DNA content

Relative quantity of mitochondrial DNA (mtDNA) was mea-
sured using real-time PCR. DNA was isolated using the DNEasy
Blood and Tissue Kit (Qiagen, Valencia, CA), and qPCR was
performed using 5 ng of cellular DNA. Expression of NADH de-
hydrogenase 1 (ND1), a mitochondrial gene, was measured and
normalized to nuclear-encoded b-actin (Table 1). The DD-Ct anal-
ysis method was used to calculate fold changes in expression.15

Real-time reverse-transcriptase polymerase chain
reaction: mitochondrial: microRNA expression

Total RNA was extracted as previously described. cDNA was
synthesized by RT using the Kit iScript Advanced cDNA (Bio-
Rad, Hercules, CA) with 0.5-2.0 ug of RNA and 400 nM of
the specific RT primer (Table 1) for each microRNA (miRNA)
using pulsed RT-PCR.16 PCR products were amplified from
5 uL of cDNA template using 22· Maxima SYBR green qPCR
master mix (Thermo Fisher Scientific) and 400-nM concentrations of
primers (Integrated DNA Technologies) (Table 1). Target miRNAs
were amplified with a specific forward primer and a universal re-
verse primer. U6 was used to normalize target miRNA expression
and was amplified with a specific forward primer and a reverse
primer that is identical to its RT primer. Fold changes in expression
were calculated using the DD-Ct analysis method.15

Statistical analysis

Data are presented as means – standard error of the mean (SEM).
Subsets of the total animal population were analyzed in batches
corresponding to day of euthanasia post-injury (post-operative day
[POD] 1, 3, or 6). Normality was determined using the D’Agostino
and Pearson omnibus normality test. Single comparisons for nor-
mally distributed data were performed using a Student’s t-test. Data
not normally distributed were subjected to a Mann-Whitney U-test.
Statistical outliers were identified using a Dixon’s Q-test and ex-
cluded from further analysis. Molecular assays were performed
with n ‡ 4 in each group. Motor performance on the ladder task was
analyzed with repeated analysis of variance and Fisher’s least
significant difference post-hoc analysis for individual days. Single
and multiple comparison data were considered statistically signif-
icantly different at p < 0.05.
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Results

Controlled cortical impact to the forelimb area of the
sensorimotor cortex causes unilateral forelimb motor
deficits

To examine forelimb motor impairment post-TBI, forelimb

placement on the ladder task was used for both sham and CCI rats.

CCI produced unilateral damage centered over the forelimb FL-SMC

as previously demonstrated (Fig. 1).11,14 Behaviorally, unilateral FL-

SMC CCI impaired accurate forelimb placing on the ladder task

compared to shams (Fig. 1C) across post-CCI testing days (group ·
day: F4,64 = 8.297; p £ 0.001). There were no significant differences

between groups in errors with nonimpaired forelimb (Fig. 1D;

group · day: F4,64 = 0.228; p ‡ 0.05). These results indicate that motor

function is altered in this model of TBI and provide evidence that the

injury sustained to the SMC by CCI is severe, specific to the site of

injury, and sustained in the subacute phase after initial insult.

Controlled cortical impact results in altered mitochondrial
homeostasis in peri-injury cortex and striatum

To screen for mitochondrial damage in the subacute phase post-

injury, peroxisome proliferator-activated receptor c coactivator-1a
(PGC-1a) messenger RNA (mRNA) expression and mtDNA copy

number were measured in ipsilateral cortex and striatum at PODs 1,

3, and 6. In the ipsi-injury frontal cortex, neither PGC-1a mRNA

expression nor mtDNA copy number was changed on PODs 1 or 3

compared to sham. However, on POD6, there was a 20% decrease in

ipsilateral cortical PGC-1a mRNA expression (Fig. 2A,B) com-

pared to shams (t(28) = 2.98; p < 0.05).

In the ipsi-injury striatum, on POD1 there was no change in

PGC-1a mRNA expression or mtDNA copy number. On POD3,

both PGC-1a mRNA expression and mtDNA copy number were

decreased to 60% of sham control (Fig. 2C; PGC-1a mRNA:

t(12) = 3.35; p < 0.05; mtDNA copy number: t(12) = 2.33; p < 0.05).

On POD6, PGC-1a mRNA expression remained suppressed to 75%

of sham control expression (Fig. 2D; t(27) = 2.82, p < 0.05), but

mtDNA copy number recovered to sham control levels. These re-

sults reveal a pattern of disrupted mitochondrial homeostasis in

tissue ipsilateral to CCI that is initiated in the secondary phase

(post-POD1) of acute injury and indicate that injury to the cortex

has deleterious effects on the striatum. The differential time courses

in injury between these two structures and the delay observed be-

fore detection of cortical mitochondrial dysfunction may indicate

disparate susceptibilities to mitochondrial injury between different

tissues of the brain.

Controlled cortical impact results in decreased
mitochondrial DNA transcripts in ipsilesional striatum

Because of the decrease in PGC-1a and mtDNA in the ipsi-

injury striatum, we further characterized mitochondrial dysfunction

FIG. 1. Controlled cortical impact to the sensorimotor cortex causes unilateral forelimb motor deficits. Rats were subjected to either sham or
controlled cortical impact treatment. Representative photomicrographs of the forelimb area of the sensorimotor cortex of typical sham (A) and
controlled cortical impact (B) animals on post-operative day 6, as viewed in Nissl-stained coronal sections. Injury core is outlined. (C) After
controlled cortical impact to the forelimb area of the sensorimotor cortex, nonimpaired forelimb errors were not significantly different between
controlled cortical impact and sham groups. (D) Injured animals had a significant increase in impaired forelimb placing errors, compared to
sham operates, at post-operative days 1 and 6. Data are reported as mean – SEM. n ‡ 7; *p < 0.05 between sham and controlled cortical impact
groups on each day. Post-Op, post-operative; SEM, standard error of the mean; TBI, traumatic brain injury.
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using a panel of mRNAs of mitochondrial proteins, including the

nuclear-encoded mitochondrial transcription factor A (TFAM) and

NADH dehydrogenase (ubiquinone) Fe-S protein 1(NDUFS1) and

mitochondrial-encoded cytochrome c oxidase subunit 1 (COXI)

and ND1.

On POD3, mitochondrial-encoded COXI and ND1 mRNAs were

decreased by 30% (COXI mRNA: t(11) = 2.87; p < 0.05; ND1 mRNA:

t(10) = 2.31; p < 0.05), but no differences were observed in nuclear-

encoded mRNAs (Fig. 3A). Similar to PGC-1a, both COXI and ND1

mRNA remained suppressed by 20% at POD6 (COXI mRNA:

t(27) = 2.09; p < 0.05; ND1 mRNA: Mann-Whitney U = 23; nsham =
11; nCCI = 16; p < 0.05), whereas TFAM and NDUFS1 mRNA ex-

pression remained unchanged (Fig. 3B). These results reveal that the

secondary phase of damage subsequent to acute CCI disrupts striatal

mitochondrial homeostasis by reducing transcription of mtDNA

encoded genes.

Controlled cortical impact induces antioxidant
mechanisms in ipsilateral striatum

Because increased oxidative stress is a hallmark of TBI patho-

physiology that disrupts mitochondrial function and propagates

mitochondrial injury, we measured superoxide dismutase 2

(SOD2), a mitochondrial protein that decreases superoxide anion.

In the ipsilateral striatum, SOD2 mRNA expression increased 1.4-

fold over sham control at POD1 (t(13) = 3.39; p < 0.05), but returned

to sham levels by POD3 (Fig. 4A). Uncoupling protein 2 (UCP2) is

another protein that decreases ROS by shunting protons from the

mitochondrial intermembrane space to the mitochondrial matrix,

decreasing ROS.17 Ipsilateral striatal UCP2 expression remained

unchanged on POD1, but increased 3-fold over sham control on

POD3 (Mann-Whitney U = 0; nsham = 5; nCCI = 9; p < 0.05) and re-

mained elevated 2-fold on POD6 (Fig. 4B; Mann-Whitney U = 1;

Table 1. Primers Used for PCR

RT-qPCR Primers

Gene Primer sequence

PGC-1a Sense 5¢-AGGAAATCCGAGCGGAGCTGA-3¢
Antisense 5¢-GCAAGAAGGCGACACATCGAA-3¢

ND1 Sense 5¢-TGAATCCGAGCATCCTACC-3¢
Antisense 5¢-ATTCCTGCTAGGAAAATTGG-3¢

COXI Sense 5¢-CCTGAGCAGGAATAGTAGGG-3¢
Antisense 5¢-AGTGGTACAAGTCAGTTCCC-3¢

TFAM Sense 5¢-TGAAGTTCTTACACTGATGGC-3¢
Antisense 5¢-CCACGTCATCTAGTAAAGCC-3¢

NDUFS1 Sense 5¢-AGATGATTTGGGAACAACGG-3¢
Antisense 5¢-TAAGGCTTAGAGGTTAGGGC-3¢

SOD2 Sense 5¢-CAAGGGAGATGTTACAACTCAGG-3¢
Antisense 5¢-CTTAGGGCTCAGGTTTGTCCA-3¢

UCP2 Sense 5¢-GAGATACCAGAGCACTGTCG-3¢
Antisense 5¢-GCTCAGTACAGTTGACAATGG-3¢

Tubulin Sense 5¢-CTCTCTGTCGACTACGGAAAG-3¢
Antisense 5¢-TGGTGAGGATGGAATTGTAGG-3¢

qPCR Primers

Gene Primer sequence

ND1 Sense 5¢-TGAATCCGAGCATCCTACC-3¢
Antisense 5¢-ATTCCTGCTAGGAAAATTGG-3¢

b-actin Sense 5¢-TAAGGAACAACCCAGCATCC-3¢
Antisense 5¢-CAGTGAGGCCAGGATAGAGC-3¢

miRNA primers

miRNA Primer sequence

miR-21 RT 5¢-CTCAACTGGTGTCGTGGAGTCGGCAATT-3¢
Sense 5¢-ACACTCCAGCTGGGTAGCTTATGAGACT-3¢

miR-155 RT 5¢-CTCAACTGGTGTCGTGGAGTCGGCAATT-3¢
Sense 5¢-ACACTCCAGCTGGGTTAATGCTAATTGTG-3¢

U6 RT/antisense 5¢-TTCACGAATTTGCGTGTCAT-3¢
Sense 5¢-CGCTTCGGCAGCACATATAC-3¢

Universal antisense Antisense 5¢-TGGTGTCGTGGAGTCG-3¢

COXI, cytochrome c oxidase subunit 1; miR/miRNA, microRNA; ND1, NADH dehydrogenase subunit 1; NDUFS1, NADH dehydrogenase
(ubiquinone) Fe-S protein 1; PCR, polymerase chain reaction; PGC-1a, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; POD,
post-operative day; qPCR, quantitative PCR; RT-qPCR, reverse-transcriptase quantitative polymerase chain reaction; RT, reverse transcriptase; TBI,
traumatic brain injury; TFAM, mitochondrial transcription factor A.
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FIG. 2. Controlled cortical impact results in altered mitochondrial homeostasis in tissues ipsilateral to injury. Rats were subjected to either
sham or controlled cortical impact treatment. PGC-1a messenger RNA expression was determined by reverse-transcriptase polymerase chain
reaction (PCR) using tubulin as a control gene. Mitochondrial DNA copy number was determined by quantitative PCR, using ND1 for the
mitochondrial gene and actin for the nuclear control gene. These markers were measured in the ipsilateral cortex and striatum at post-operative
days 1 (A and D), 3 (B and E), and 6 (C and F). Values reported as mean – SEM. n > 4, *p < 0.05. PGC-1a, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; POD, post-operative day; SEM, standard error of the mean; TBI, traumatic brain injury.

FIG. 3. Controlled cortical impact results in decreased mitochondrial DNA (mtDNA)-encoded transcripts in ipsilateral striatum. Rats were
subjected to either sham or controlled cortical impact treatment. PGC-1a, TFAM, COXI, ND1, and NDUFS1 messenger RNA expression were
determined by reverse-transcriptase polymerase chain reaction (PCR) using tubulin as a control gene. mtDNA copy number was determined by
quantitative PCR, using ND1 for the mtDNA gene and actin for the nuclear control gene. These markers were measured in the ipsilateral striatum
at post-operative days 3 (A) and 6 (B). Values reported as mean – SEM. n > 4; *p < 0.05. COXI, cytochrome c oxidase subunit 1; ND1, NADH
dehydrogenase subunit 1; NDUFS1, NADH dehydrogenase (ubiquinone) Fe-S protein 1; PGC-1a, peroxisome proliferator-activated receptor
gamma coactivator 1-alpha; POD, post-operative day; SEM, standard error of the mean; TBI, traumatic brain injury; TFAM, mitochondrial
transcription factor A.
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nsham = 4; nCCI = 5; p < 0.05). These results indicate that oxidative

stress is a consequence of acute CCI that begins early post-injury

and persists through the first 6 days after initial insult.

Controlled cortical impact induces expression
of microRNA-21 and microRNA-155 in ipsilateral striatum

Recent work has reported induction of several mitochondrial-

associated miRNAs in the cortex and hippocampus in animal models

of TBI, but little work has been done to relate them to altered ex-

pression of mitochondrial mRNAs in these models.18,19 We identi-

fied two of these miRNAs, miR-21 and miR-155, as likely mediators

of striatal mitochondrial dysfunction in our CCI model. miR-21 in-

creased 2.5-fold over sham control rats only at POD3 (Fig. 4-C;

t(16) = 2.69; p < 0.05). miR-155 was induced 2-fold on POD1 (Mann-

Whitney U = 14; nsham = 9; nCCI = 8; p < 0.05), increased to 5-fold on

POD3 (Mann-Whitney U = 1; nsham = 6; nCCI = 11; p < 0.05), and

returned to a 2-fold increase over sham control at POD6 (Fig. 4D;

Mann-Whitney U = 5; nsham = 4; nCCI = 8; p < 0.05). These results

implicate both miR-21 and miR-155 in the pathophysiology of

striatal disruption of mitochondrial homeostasis.

Discussion

TBI has a complex pathophysiology, comprised of diverse in-

flammatory and metabolic pathways that include neurotransmitter

excitotoxicity, cytokine release, calcium flux, hypoxia, and oxidative

stress, all of which may contribute to mitochondrial damage.2,3,20

Many of these effects occur immediately post-injury, limiting the

therapeutic window for intervention.7,8,21–24 Therefore, elucidation

of the pathways that contribute to mitochondrial dysfunction during

the delayed phase of injury (days post-insult) may provide additional

targets with wider pharmacological treatment windows.

In our study, we report disruption of mitochondrial homeostasis as

early as POD3 in the ipsi-injury striatum. In the striatum, these

mitochondrial deficits included both decreases in mitochondrial

content, as measured by relative mtDNA quantities and mtDNA

transcripts, as well as decreases in PGC-1a mRNA. Because PGC-1a

is considered the ‘‘master regulator of mitochondrial biogenesis,’’

decreases in its mRNA indicate that the affected cells have decreased

ability to maintain mitochondrial homeostasis in response to acute

injury. Additionally, whereas mtDNA copy number recovered to

control levels, mtDNA transcription remained depressed through

FIG. 4. Controlled cortical impact induces antioxidant mechanisms and microRNA expression in ipsilateral striatum. SOD2 and
UCP2 mRNA expression were determined by reverse-transcriptase polymerase chain reaction (RT-PCR) using tubulin as a control gene.
miR-21 and miR-155 mRNA expression were determined by pulsed RT-PCR using U6 as a control gene. In ipsilateral striatum, SOD2
mRNA (A), UCP2 mRNA (B), miR-21 (C), and miR-155 (D) expression were measured at post-operative days 1, 3, and 6. Values
reported as mean – SEM. n > 4; *p < 0.05. Avg, average; miR, microRNA; mRNA, messenger RNA; Post-Op, post-operative; SEM,
standard error of the mean; SOD2, superoxide dismutase 2, mitochondrial; TBI, traumatic brain injury; UCP2, uncoupling protein 2.
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POD6. In contrast, transcripts of two nuclear-encoded mitochondrial

proteins (TFAM and NDUFS1) were not affected in TBI. Whereas

mechanisms of these responses and their impact on neural function

will be addressed in future studies, it is possible, though completely

untested, that mitochondrial dysfunction may be related to poor

neural transmission in areas connected, but distant from the primary

injury impact.

In the cortex, decreased PGC-1a mRNA was first detected at

POD6. These results are surprising given that the cortex is the site

of impact, yet the ipsilateral striatum has the greater, more-rapid

disruption of mitochondrial homeostasis. The decrease in PGC-1a
mRNA in ipsilateral striatum and cortex at POD6 may suggest a

continued activation of DAMPs or repair mechanisms. Ad-

ditionally, given that our model inflicts a severe cortical injury and

the most injured cells likely undergo rapid necrosis or apoptosis and

subsequent degradation by activated microglia, our methods sam-

ple the cortical cells that were functional enough to survive and

therefore may not capture the true severity of mitochondrial dam-

age in the cortex in the acute phase post-CCI.

Many studies have focused on the role of ROS in the patho-

physiology of cerebral ischemic damage. Oxidative damage of

proteins, lipids, and DNA causes mitochondrial damage and sub-

sequent mitochondrial dysfunction, ultimately leading to neuronal

death.25 SOD2 and UCP2 decrease these ROS and are upregulated

in the setting of cerebral ischemia.25 These observations were re-

capitulated post-CCI. Work in other models of acute ischemic

cellular injury has shown that release of ROS in acute injury results

in rapid induction of SOD2.26 In ipsilesional striatum post-CCI,

early increases in SOD2 mRNA were detected. On POD3, how-

ever, SOD2 mRNA returned to baseline expression, indicating that

superoxide may cause acute oxidative damage, but have a lesser

role in the subacute and chronic phases post-TBI.

In addition to reducing the formation of ROS in the acute injury

state, it has been suggested that the proton-transporting action of

UCP2 relies on translocation of membrane-bound lipids, including

reactive lipid peroxides, into the intermembrane space, which has the

secondary effect of sequestering these lipid peroxides from the pro-

teins and mtDNA within mitochondrial matrix.17,27,28 In our study,

UCP2 mRNA increased at POD3 and remained elevated at POD6,

suggesting continued oxidative stress and mitochondrial dysfunction

in the delayed injury state. Given that ROS have previously been

implicated in mtDNA depletion in acute injury, the persistent pres-

ence of reactive oxidative molecules in the mitochondria post-TBI

provides a potential mechanism for the observed decrease in mtDNA

copy number in the ipsilateral striatum.29 Additionally, the observed

decrease in SOD2 mRNA at POD3, combined with the increase in

UCP2 mRNA at this same POD, may indicate a shift in the oxidative

damage pathway from acute phase mediators, such as superoxide, to

other reactive molecules and thus limit the efficacy of antioxidants

targeting superoxide formation to use in only acute treatment of TBI.

Finally, we suggest that the observed mitochondrial dysregulation

is partially attributed to induction of miRNAs. miR-21, which has

been demonstrated to decrease SOD2 mRNA, was increased on

POD1 and POD3 and returned to baseline at POD6.30–32 These re-

sults are consistent with previous reports that miR-21 is increased

post-TBI in the cortex and could account for the rapid return of SOD2

mRNA to baseline expression after its acute increase in response to

the initial bolus of ROS. Alternatively, the increase in miR-21 may

decrease SOD2 prematurely and lead to persistent oxidative stress

and damaged mtDNA. miR-155, which has been demonstrated to

suppress PGC-1a mRNA expression, was increased in the striatum at

all time points.30,33 It is maximally increased at POD3 and is corre-

lated with maximally decreased PGC-1a mRNA expression, indi-

cating that this miRNA may play a significant role in mitochondrial

biogenesis suppression post-TBI. Further, both miR-21 and miR-155

are induced by cytokines shown previously to be increased post-TBI,

including interleukin-6 and transforming growth factor b, and we

suggest that mitochondrial dysregulation induced by these miRNAs

in the striatum is a downstream effect of the release of inflammatory

molecules at the cortical site of primary injury.19,31–36

In summary, our results suggest that the striatum, though not the

primary site of impact, is highly susceptible to disruptions in mi-

tochondrial homeostasis in the delayed phase after cortical TBI and

are consistent with other reports that the striatum is more sensitive

to cellular death in the setting of mtDNA depletion than either

cortex or hippocampus.37 These results are further supported by a

report by Sauerbeck and colleagues demonstrating that moderate

CCI in combination with the environmental toxin, trichloroethy-

lene, which results in a pathology similar to that found in Parkin-

son’s disease, causes a significant decrease in striatal complex

I–dependent oxygen consumption with a concomitant impairment

of motor function; interestingly, these changes were specific to the

striatum, and no decrease in oxygen consumption were observed in

the substantia nigra.38 Further, in our model, mitochondrial dis-

ruptions coincide with marked motor impairment in the ladder task,

which assesses both cortical and striatal injury. To our knowledge,

this is the first report to suggest that miRNAs interfere with striatal

mitochondrial damage response pathways after cortical injury.

Additional studies are needed to probe a causative relationship

between release of cytokines in the injured cortex, induction of

specific miRNAs in the striatum, and disruptions in striatal anti-

oxidant defense and mitochondrial homeostasis, which may help

identify novel drug targets to mitigate secondary mitochondrial

dysfunction in the striatum after cortical injuries.
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