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Early Mitochondrial Dysfunction after Cortical Contusion Injury

Lesley K. Gilmer,1,2,3 Kelly N. Roberts,1 Kelly Joy, Patrick G. Sullivan,2,3 and Stephen W. Scheff1,2,3

Abstract

Following traumatic brain injury, mitochondria sustain structural and functional impairment, which contributes
to secondary damage that can continue for days after the initial injury. The present study investigated mito-
chondrial bioenergetic changes in the rat neocortex at 1 and 3 h after mild, moderate, and severe injuries. Brains
from young adult Sprague-Dawley rats were harvested from the injured and contralateral cortex to assess possible
changes in mitochondrial respiration abilities following a unilateral cortical contusion injury. Differential centri-
fugation was used to isolate synaptic and extrasynaptic mitochondria from cortical tissue. Bioenergetics was
assessed using a Clark-type electrode and results were graphed as a function of injury severity and time post-
injury. Respiration was significantly affected by all injury severity levels compared to uninjured tissue. Complex
1- and complex 2-driven respirations were affected proportionally to the severity of the injury, indicating that
damage to mitochondria may occur on a gradient. Total oxygen utilization, respiratory control ratio, ATP pro-
duction, and maximal respiration capabilities were all significantly decreased in the injured cortex at both 1 and 3 h
post-trauma. Although mitochondria displayed bioenergetic deficits at 1 h following injury, damage was not
exacerbated by 3 h. This study stresses the importance of early therapeutic intervention and suggests a window of
approximately 1–3 h before greater dysfunction occurs.

Key words: Clark-type electrode; cortical contusion injury; mitochondrial bioenergetics; total mitochondria;
traumatic brain injury

Introduction

Experimental traumatic brain injury (TBI) results in a
rapid and significant loss of neurons in the tissue imme-

diately below the site of the impact. TBI consists of a primary
insult resulting from the biomechanical forces directly dam-
aging neuronal tissue. The depth of the insult is directly
proportional to the extent of neuronal tissue loss that ensues.
The primary insult is then followed by secondary cascades
that evolve over a period of hours to weeks after the trauma
(Teasdale and Graham, 1998), and may offer opportunities for
intervention (Robertson, 2004). Secondary damage is believed
to be much more detrimental than the initial insult itself,
which drives research to focus on what causes these impair-
ments and how they can be minimized. In particular, mito-
chondria sustain considerable structural and functional
damage following TBI (Xiong et al., 1997; Sullivan et al., 1998;
Verweij et al., 2000; Lifshitz et al., 2003; Singh et al., 2006;
Robertson et al., 2007). Neuronal survival is intimately linked
to mitochondrial homeostasis. Mitochondria supply the cen-
tral nervous system with energy (ATP), as well as regulating

calcium within the cell (Khodorov et al., 1996). Several ther-
apeutic interventions that target stabilizing mitochondria
have shown promising results by reducing overall neuronal
tissue damage as well as enhancing neurological outcome
following TBI (Verweij et al., 1997; Sullivan et al., 1999; Sul-
livan et al., 2004; Hino et al., 2005; Xiong et al., 2005; Clark
et al., 2007). Finsterer (2008) reviewed several drugs that could
be utilized to improve aspects of mitochondrial bioenergetics
in many respiratory chain diseases (e.g., epilepsy and de-
mentia), some of which may be effective in TBI as well.

Experimental models of TBI have shown that mitochon-
drial damage occurs rapidly. Significant respiration changes
are seen as early as 15–30 min post-injury (Sullivan et al., 1998;
Singh et al., 2006), with peak mitochondrial dysfunction at 12–
24 h (Xiong et al., 1997; Singh et al., 2007). Changes in mito-
chondrial bioenergetics can persist for up to 14 days (Xiong
et al., 1997). Some of the very early changes in mitochondrial
bioenergetics may represent part of the primary injury cas-
cade and not be amenable to pharmacologic intervention.
There is limited information concerning the interaction be-
tween injury severity and early mitochondrial dysfunction.
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Two relatively recent studies using transgenic mice reported
no significant alterations in mitochondrial respiration at 24 h
following a moderate insult, while a severe injury produced a
significant functional deficit (Xiong et al., 2004; Xiong et al.,
2005). The present study explored possible early mitochon-
drial bioenergetic changes (at 1 h and 3 h) at three different
injury severities (mild, moderate, and severe).

Methods

Surgeries

This study used young adult male Sprague-Dawley (SD)
rats (n¼ 63, 275–300 g; Harlan Labs, Indianapolis, IN), which
were housed in group cages (2 per cage) on a 12-h light=dark
cycle with free access to food and water.

All experimental protocols involving animals were ap-
proved by the University of Kentucky Animal Use and Care
Committee. The animals were randomly assigned to one of
nine groups: (I) Naı̈ve: no anesthesia or any type of surgical
intervention (n¼ 7); (II and III) Sham: rats subjected to a cra-
niotomy alone without injury and assessed at 1 (n¼ 7) and 3 h
(n¼ 6); (IV and V) Mild injury: (0.5 mm cortical displacement)
assessed at 1 (n¼ 7) and 3 h (n¼ 6) post-injury; (VI and VII)
Moderate injury: (1.0 mm cortical displacement) assessed at
1 (n¼ 6) and 3 h (n¼ 7) post-injury; (VIII and IX) Severe
injury: (1.5 mm cortical displacement) assessed at 1 (n¼ 8)
and 3 h (n¼ 6) post-injury.

Cortical contusions were carried out under isoflurane an-
esthesia (2%) as previously described (Sullivan et al., 2002).
All injuries were produced using a pneumatic controlled
cortical impact device (TBI 0310; Precision Systems and In-
strumentation, Fairfax Station, VA) with a soft-stop Bimba
cylinder (Bimba Manufacturing, Monee, IL). The depth of the
impact was altered to result in different injury severities,
while the impactor tip size (5 mm beveled), dwell time
(400 ms), and velocity (3.5 m=sec) were held constant. The
animals were maintained at 378C and allowed to survive for
1 or 3 h, depending on their experimental group.

Total mitochondria isolation

The mitochondrial isolation protocol and all procedures
were performed on ice. The animals were briefly gassed with
CO2 until flaccid, decapitated, and the brains rapidly re-
moved. The cortices were dissected and an 8-mm-diameter
circular core of the ipsilateral and contralateral cortex at the
site of the impact was extracted. The cortices were placed in
separate glass dounce homogenizers with 4 mL of isolation
buffer with 1 mM EGTA (215 mM mannitol, 75 mM sucrose,
0.1% BSA, 20 mM HEPES, and 1 mM EGTA; pH 7.2). The
tissue cores were homogenized and mitochondria isolated by
differential centrifugation. The homogenate was centrifuged
twice at 1300�g for 3 min in a microcentrifuge at 48C. The
resulting supernatant was diluted with isolation buffer con-
taining EGTA and centrifuged at 13,000�g for 10 min. The
resulting pellet was resuspended in 500 mL of isolation buffer
with EGTA and subjected to a pressure of 1200 psi for 10 min
inside a nitrogen cell disruption bomb (Parr Instrument
Company, Moline, IL) at 48C. After rupturing the synapto-
somes, the samples were brought up to a final volume of
2 mL with isolation buffer containing EGTA, and centrifuged
at 13,000�g for 10 min. The pellet was resuspended in isola-

tion buffer without EGTA and centrifuged at 10,000�g for
10 min. The final mitochondrial pellet was resuspended in
isolation buffer without EGTA to yield a concentration of
10 mg=mL or higher. The protein concentration was deter-
mined using a bicinchoninic acid protein assay kit (Pierce,
Rockford, IL).

Mitochondria respiration measurements

Mitochondrial functionality was assessed using an Oxy-
therm Clark-type oxygen electrode (OXYT1=ED; Hansatech
Instruments, Norfolk, UK). Mitochondrial protein (*180mg
taken from uninjured tissue and *200 mg from injured tissue)
were placed in the sealed Oxytherm chamber containing
respiration buffer (125 mM KCl, 0.1% BSA, 20 mM HEPES,
2 mM MgCl2, and 2.5 mM KH2PO4; pH 7.2) and was contin-
uously stirred at a constant temperature of 378C. The total
volume of respiration buffer and mitochondrial protein
placed in the chamber was 250 mL.

Rates of oxygen utilization were defined as the amount of
oxygen (nmol) utilized over time (min) on consecutive admin-
istrations of oxidative substrates, similar to those described
previously (Singh et al., 2007). The oxidative substrates were
injected into the Oxytherm chamber sequentially as follows:
state I: mitochondria with respiration buffer and no substrates
added so respiration was minimal; state II (P=M): addition of
2.5 mL of 2.5 mM pyruvate and 5 mM malate (P=M) and al-
lowed to reach a steady, constant rate; state III (ADP): addi-
tion of 1.25 mL of 150 mM ADP allowed to reach maximum
rate; state IV (oligomycin): addition of 1.0 mL of 1mM oligo-
mycin allowed to reach minimum rate; state V (FCCP): ad-
dition of 1.0 mL of 1mM FCCP allowed to reach maximum rate
(0.2 mL of rotenone was added to shut down complex 1 ac-
tivity, resulting in cessation of oxygen utilization); and finally
state V (succinate): addition of 2.5 mL of 10 mM succinate and
allowed to reach maximum rate. State V (succinate) represents
maximum complex 2 activity, since FCCP is still present in the
assay system. Figure 1 is a schematic drawing of a typical
mitochondria respiration trace, depicting the sequence of
substrate additions and subsequent oxygen utilization rates.
The overall oxygen utilization rate was determined by mea-
suring the amount of oxygen consumed throughout all states
of respiration, divided by the time elapsed and amount of
mitochondrial protein present in the assay. This measurement
can detect alterations in the rate of oxygen utilized by mito-
chondria in response to substrate additions, which serves as
an index of their overall respiration capacities. The respiratory
control ratio (RCR) was determined by dividing the rate of
oxygen utilization for state III (ADP) by state IV (oligomycin).
RCRs tell how coupled the electron transport chain (ETC) is to
ATP production. The states of respiration (III–V), overall ox-
ygen utilization rates, and RCRs were all collected to further
define respiration capabilities.

To ensure the quality of the isolation procedure, mito-
chondria isolated from the contralateral cortex had to produce
RCRs of �5 to be included in the study. Respiration cap-
abilities of mitochondria isolated from the contralateral cortex
served as an internal control for extent of dysfunction as a
result of the injury to the ipsilateral cortex. Previous studies,
as well as our own, have shown no early changes in mito-
chondria respiration in the contralateral hemisphere follow-
ing TBI (Sullivan et al., 2005; Opii et al., 2007; Pandya et al.,
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2007), or focal cerebral ischemia (Kuroda et al., 1996),
supporting the use of the contralateral cortex as an appro-
priate ‘‘internal’’ control.

Statistical analyses

All data are reported as group means� SD. Overall oxygen
utilization and rates (states II through VI) are plotted as per-
centage of the contralateral rate to show the extent of damage
dependent on injury severity and time post-injury. Actual
rates of all states of respiration are also reported to show
relative respiration capabilities across groups, consistency,
and extent of biological variance. Respiration states (I–V) and
state V (succinate) via complex 2 were calculated as nmol of
oxygen=min=mg of mitochondria in 250mL of respira-
tion buffer, as described previously (Singh et al., 2006). RCRs
are an index of the overall health of the mitochondria, and
are reported for both ipsilateral and contralateral sides sepa-
rately.

A paired t-test was utilized to detect possible hemispheric
differences in naı̈ve animals. An unpaired t-test was used to
compare the ipsilateral sides of 1- and 3-h post-surgery
sham animals to investigate the possible suppression of mi-
tochondrial function due to the surgery (anesthesia and cra-
niotomy). To ensure that sham animals were no different
than naı̈ve rats, 3-h post-surgery sham animals were com-
pared to the respiration rates from naı̈ve rats using an un-
paired t-test. To show that the contralateral hemisphere could
be used as an internal control for typical respiration and to
reduce biological variance, an unpaired t-test was used to
compare sham animals to contralateral tissue. Two separate
t-tests were performed to compare mitochondrial respira-
tion of sham animals to contralateral tissue from severely in-
jured animals at the same time point post-injury (1-h
contralateral to 1-h shams, and then 3-h contralateral to 3-h
shams). A two-way ANOVA was used to determine the ex-
tent of mitochondrial dysfunction due to injury severity
and time post-trauma. All ANOVAs were followed by a

FIG. 1. Typical oxygen utilization trace of healthy mitochondria taken from a sham animal. State I: no substrates for
respiration have been added; no respiration is apparent. State II: addition of P=M, with basal rate of respiration. State III:
addition of ADP completes the necessary substrates needed for operation of the electron transport chain (ETC); the high level of
oxygen utilization indicates that ADP is getting converted into ATP. State IV: addition of oligomycin; return to basal rate of
respiration since the ATP synthase is shut down and no electrons are allowed to return to the matrix. The ETC continues only to
maintain mitochondrial membrane potential due to loss of protons back into the matrix. State V: addition of FCCP; this
represents the maximum rate of respiration, causing uncoupling of the ETC to ATP synthesis, and allows protons to rush back
into the matrix. Rotenone is then added to shut down complex 1–driven respiration. State V (succinate): addition of succinate;
this is the maximum rate of respiration via complex 2, since FCCP is present in the system.
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Student-Newman-Keuls post-hoc analysis. The alpha level
was set at 0.05 for significance.

Results

Naı̈ve animals

Statistical analysis using a paired comparison t-test failed to
reveal any significant hemispheric differences among naı̈ve
animals for any of the dependent measures of mitochondrial
bioenergetics: RCR (t6¼ 0.13, p> 0.1), overall oxygen utiliza-
tion (t6¼ 0.96, p> 0.1), P=M (t6¼ 0.23, p> 0.1), ADP (t6¼ 0.93,
p> 0.1), oligomycin (t6¼ 0.86, p> 0.1), FCCP (t6¼ 1.6, p> 0.1),
and succinate (t6¼ 1.6, p> 0.1). These results support the idea
that both hemispheres have the same mitochondrial respira-
tion capacities.

Sham surgery animals

Animals were subjected to both anesthesia and craniotomy,
and then killed at 1 or 3 h post-surgery. For each bioenergetic
parameter (e.g., total oxygen utilization), t-tests were carried
out to probe for alterations in mitochondrial function due to
the general surgical procedure and no significant differences
were found. A paired comparison statistical analysis failed to
identify any significant differences in mitochondrial bioener-
getics between the two hemispheres due to the surgical pro-
cess ( p> 0.1). These results indicate that the craniotomy and
surgical procedures do not alter mitochondrial bioenergetics.

Naı̈ve versus sham comparison

The cortex immediately beneath the sham craniotomy site
was also compared to values obtained from naı̈ve animals. An
unpaired t-test failed to identify any significant differences in
respiration capabilities between naive and sham animals at
either 1 or 3 h post-surgery ( p> 0.1). These results support the
use of sham animals as an appropriate control.

Comparison of sham versus contralateral tissue taken
from injured animals

Two separate ANOVAs were used to compare the contra-
lateral side of injured animals to sham-operated animals at
1 and 3 h post-injury. No significant differences ( p> 0.1) in
respiration capabilities were observed, indicating that the
contralateral hemisphere of injured animals reflects that ob-
served in the sham animals and can be used as an internal
control for each subject. Since mitochondria from the contra-
lateral hemisphere are unaffected by the insult, we compared
ipsilateral respiration rates as a percent of the contralateral
side to reduce biological variance.

Injury-induced mitochondria bioenergetics

Mitochondrial amounts used for analysis. Equal amounts
of mitochondrial protein isolated from naı̈ve, sham, or con-
tralateral tissue of injured animals could produce similar,
consistent respiration traces. The average amount of mito-
chondrial protein taken from uninjured cortical tissue used to
test mitochondrial functionality was 180.1mg� 25 (n¼ 39),
compared to 205.5� 27mg from the site of injury. An unpaired
t-test showed that these amounts of mitochondrial protein
used for respiration analysis were significantly greater for the
injured hemisphere (t39¼ 5.2, p< 0.0001).

Overall oxygen utilization. The overall rate of oxygen
utilization demonstrated a significant effect for injury sever-
ity [F (3, 45)¼ 102.54, p< 0.0001], but not for time post-injury
[F (3, 45)¼ 0.196, p> 0.1] (Fig. 2). Post-hoc analysis showed
that all injured groups were significantly lower than sham
animals ( p< 0.05), and that as the injury severity increased,
oxygen utilization declined significantly ( p< 0.05).

Pyruvate=malate (state II respiration via complex 1). A
two-way ANOVA (time�injury severity) revealed no signif-
icant effect for time post-injury [F (1, 45)¼ 1.065, p> 0.1] or for
the severity of injury [F (3, 45)¼ 0.114, p> 0.1]. All prepa-
rations contained equal amounts of respiring mitochondria
and the state II respiration via complex 1 was used as baseline.
This gave all groups equal ability to produce similar respira-
tion traces, regardless of the amount of mitochondrial protein
added, unless damage to components of the ETC existed as a
result of the insult.

ADP (state III respiration). Figure 3 depicts how effi-
ciently ADP is utilized to make ATP. A two-way ANOVA was
significant for effect of injury severity [F (3, 45)¼ 38.982,
p< 0.0001], but not for time post-injury [F (1, 45)¼ 1.145,
p> 0.1]. The magnitude of the deficit was directly propor-
tional to mitochondria’s ability to utilize ADP. No significant
interaction between injury severity and time post-injury
existed [F (3, 45)¼ 0.495, p> 0.1]. Post-hoc testing revealed
that all injured groups were significantly lower than sham-
operated controls ( p< 0.05), and that as the injury severity
increased the ability to utilize the ADP significantly decreased
( p< 0.05).

Oligomycin (state IV respiration). Oligomycin was added
to assess the possible changes in state IV respiration. A two-
way ANOVA revealed a significant increase in state IV effect

FIG. 2. Overall oxygen utilization rate. As injury severity
increases the overall oxygen utilization significantly drops,
indicating that the mitochondria are not responding to the
additions of substrates as robustly following injury. Bars
represent group means� SD (*p< 0.01 compared to sham;
{p< 0.05 compared to mild, #p< 0.01 compared to moderate).
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for injury severity [F (3, 45)¼ 10.46, p< 0.0001], but not for
time post-injury [F (1, 45)¼ 0.627, p> 0.1] (Fig. 4). Post-hoc
analysis revealed that the severely and moderately injured
groups were significantly different from both the sham
and mildly injured groups, but not from animals with mod-
erate injuries ( p< 0.05).

RCR (state III=state IV respiration). Changes in the
overall condition of the mitochondria and how coupled their
ETC is to ATP production were assessed by comparing RCRs
across groups. A two-way ANOVA revealed a significant
effect for injury severity [F (3, 45)¼ 77.006, p< 0.0001], but not
for time post-injury [F (3, 45)¼ 2.022, p> 0.1]. There was no

significant interaction ( p> 0.1) (Fig. 5). Post-hoc analysis re-
vealed that all injured groups had significantly lower RCRs
than sham-operated controls ( p< 0.05) and, that as the in-
jury severity increased, the RCRs significantly decreased
( p< 0.05). The RCRs at 1 h were not significantly lower from
those observed at 3 h post-trauma ( p> 0.05).

FCCP (state V respiration). The metabolic poison FCCP
was introduced into the Oxytherm chamber to monitor state V
respiration. A two-way ANOVA revealed a significant effect
for injury severity [F (3, 45)¼ 34.492, p< 0.0001], but not

FIG. 3. ADP rates. The ability of mitochondria to phos-
phorylate ADP significantly drops with injury severity. Bars
represent group means� SD (*p< 0.05 compared to sham;
{p< 0.05 compared to mild; #p< 0.05 compared to moderate).

FIG. 4. Oligomycin rates. The inner membrane becomes
increasingly damaged, causing more of the proton to be lost
back into the matrix, resulting in less of the proton gradient
being coupled with ATP production. Bars represent group
means� SD (*p< 0.05 compared sham=mild; #p< 0.01 com-
pared to sham=mild).

FIG. 5. Respiratory control ratio (RCR). RCR is an index of
how coupled respiration is to phosphorylating ADP. A RCR
of 5 indicates well-coupled mitochondria. RCRs significantly
drop with increasing injury severity. The data suggest that
mitochondria are displaying an uncoupling of respiration
from ATP production, meaning a decreased ability of mito-
chondria to produce ATP. Bars represent group means� SD
(*p< 0.05 compared to sham; {p< 0.05 compared to mild
injury; #p< 0.05 compared to moderate injury).

FIG. 6. FCCP rates. Maximal respiration capability drops
with increasing injury severity. Bars represent group
means� SD (*p< 0.05 compared to sham; {p< 0.05 com-
pared to mild injury; #p< 0.05 compared to moderate injury).
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for time post-injury effect [F (3, 45)¼ 0.349, p> 0.1] (Fig. 6).
Post-hoc testing revealed that all injury severity groups sig-
nificantly differed from sham controls ( p< 0.05) and, that as
the injury severity increased, the FCCP rate significantly de-
clined ( p< 0.05).

Succinate (state V respiration via complex 2). Succinate
was added to the chamber to study complex 2 (state V) res-
piration. A two-way ANOVA was not significant for time
post-injury effect [F (1, 45)¼ 0.195, p> 0.1], but was significant
for effect of injury severity [F (3, 45)¼ 51.416, p< 0.001] (Fig.
7). Post-hoc analysis revealed that all injured groups were
significantly lower than sham-operated controls ( p< 0.05)
and, that as the injury severity increased, the ability to utilize
succinate was significantly decreased ( p< 0.05).

Discussion

In the present study we performed a detailed analysis of
mitochondrial bioenergetics following a mild, moderate, and
severe unilateral cortical contusion injury (CCI). The results
from this study are the first to demonstrate alterations in
mitochondrial respiration with a mild injury. Animals sub-
jected to a moderate and severe insult show even greater
mitochondrial dysfunction. Changes were observed as early
as 1 h post-trauma and remained constant for up to 3 h. We
chose 1 and 3 h because these are times in the literature
that conform to times when pharmacologic interventions are
often carried out. These results support the idea that mito-
chondria are affected very early and precede many of the TBI
injury cascades, including oxidative damage (Ansari et al.,
2008). The fact that we can demonstrate functional mito-
chondrial respiration at early times post-trauma suggests that
therapeutic interventions aimed at assisting mitochondria
need to be initiated early for possible neuroprotection.

Our results differ from those of previous studies that have
reported a lack of severity-dependent changes in mitochon-
drial respiration. Xiong and colleagues reported no significant
alterations in mitochondrial bioenergetics 24 h following a

moderate CCI in mice (Xiong et al., 2004, 2005), when deficits
have been reported to be the greatest following a severe CCI in
rats (Xiong et al., 1997). Discrepancies may be a result of
species differences, mitochondrial purification procedures, or
whether or not pooling tissue from multiple animals was
used. Previous studies have shown that significant TBI-related
behavioral dysfunction can occur without obvious tissue de-
struction and cavity formation (Hamm et al., 1992; Scheff et al.,
1997), suggesting that a mild injury disrupts normal brain
biochemical and physiological function. A mild injury has also
been shown to activate cortical astrocytes despite the lack of
any obvious tissue destruction (Baldwin and Scheff, 1996).

In the present study, bioenergetic measurements are re-
ported as a percentage of the subject’s uninjured contralateral
hemisphere. Multiple experiments were undertaken to dem-
onstrate that the contralateral uninjured cortex represents
conditions normally observed in naı̈ve animals. This provides
a common baseline to compare results from multiple different
experiments. As a further indicator of mitochondrial quality,
only preparations in which the RCR value for the contralateral
hemisphere was above 6.0 were used, a value equivalent to
that observed in the sham-operated groups (Table 1). Pre-
vious reports have noted that an RCR above 5 indicates viable
mitochondria (Xiong et al., 1997; Singh et al., 2006; Opii et al.,
2007).

In every mitochondrial preparation, including those from
naı̈ve animals, a portion of these organelles can be damaged
or non-functional and still contribute to the overall protein
concentration. Using the same amount of protein for each
respiration assay assumes that the total protein content is
primarily mitochondrial, and any alterations in bioenergetics
are attributable to a failure of total functioning organelles.
Following more severe injuries, a larger portion of the sample
contains debris or non-functional mitochondria, making it
difficult to accurately measure respiration rates. In efforts to
try to maintain a consistent amount of functional mitochon-
drial protein, all groups were afforded the same starting po-
tential to produce equivalent respiration traces. This was
accomplished by adding an amount of mitochondrial protein
that resulted in a standardized level of oxygen utilization
during state II respiration (*10–15 nmol O=min). Statistical
analysis revealed no differences in state II respiration between

FIG. 7. Succinate rates. Not only is Complex 1-driven res-
piration affected by injury, but Complex 2 as well. Bars are
group means� SD (*p< 0.05 compared to sham; {p< 0.05
compared to mild injury; #p< 0.05 compared to moderate
injury).

Table 1. Respiratory Control Ratios (RCR)

from the Contralateral Cortex

1 h Post-injury 3 h Post-injury

Injury group Mean� SD n Mean� SD n

Sham 6.7 0.7 7 6.7 0.4 6
0.5 mm 6.4 0.6 7 6.9 0.6 6
1.0 mm 6.4 0.5 6 6.7 0.7 7
1.5 mm 6.4 0.5 8 6.8 0.6 6

RCRs (state III=state IV) are used as an overall index of the
condition of isolated mitochondria. RCRs above 5 are indicative of
healthy mitochondria that have a tight coupling of the electron
transport chain with ATP production. There were no significant
differences in RCRs of mitochondria taken from contralateral tissue of
sham animals or injury groups. Data verify that mitochondria taken
from the contralateral hemisphere could be used as an internal
control. The use of an internal control helps reduce biological variance
of making comparisons across animals.
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any experimental groups ( p> 0.1). In the present study, up to
14% more mitochondrial protein had to be used for injured
cortex to maintain a standard level of state II respiration. This
minor addition of sample for even the most severely injured
animals suggests a high level of purity with our preparations,
considering the magnitude of injury for some animals. Other
studies using a similar mitochondrial isolation protocol re-
port a relatively high variance (240%) in the amount of mi-
tochondrial protein used for respiration analysis following a
severe CCI in SD rats (Xiong et al., 1997) and mice (Xiong et al.,
2004; Xiong et al., 2005). The necessity of using increased
amounts of mitochondrial protein to obtain equivalent state II
respiration rates indicates that some component(s) of the
mitochondrial respiration chain sustained some type of struc-
tural and=or functional damage as a result of the insult.

The total oxygen utilization rate was monitored to deter-
mine if there were overt respiration changes occurring in tis-
sue immediately below the area of impact. This parameter
takes into account all states of the mitochondrial respiration
combined. Figure 2 clearly shows an injury-dependent decline
in the overall rate of oxygen utilization, indicative of a sig-
nificant bioenergetic malfunction. Other researchers have re-
ported an early decline in mitochondrial oxygen utilization
following TBI (Verweij et al., 1997; Xiong et al., 1997; Clausen
et al., 2001), but did not compare differences due to injury se-
verity. In this study, a mild injury produced approximately a
10% decline in oxygen utilization compared to sham-operated
controls, while a severe injury resulted in a 20% or greater
deficit. The total oxygen utilization rate declined as a function
of injury severity, but changes between 1 and 3 h were not
found. While measurement of the overall oxygen utilization
rate signifies a general overview of mitochondrial function, it
cannot determine which particular complex(s) are signifi-
cantly affected following injury. The robust nature of the
injury-dependent decline in total oxygen utilization suggests
that multiple respiration states are involved. It is necessary to
investigate which complexes and states of respiration are
most involved.

State III respiration is demonstrated by adding ADP fol-
lowing a stabilization of P=M oxygen utilization. As protons
cross the inner membrane, the ETC increases and consequently
more oxygen is consumed as ATP is synthesized. In this
study, state III respiration significantly declined as a function
of injury severity (Fig. 3). More severely injured animals
showed a 30% reduction in state III respiration, while animals
with a mild injury showed a 10% reduction. Since the amount
of ADP available was constant, a decline would signify a
decline in ATP production, a situation that would be delete-
rious for cells attempting to regain homeostasis following
injury. There were no significant differences between 1 and 3 h
post-trauma for state III respiration.

In a previous study researchers reported as much as a 43%
drop in cortical ATP levels 15 min following a mild CCI, and a
51% drop in severely injured SD rats (Marklund et al., 2006).
ATP levels were restored by 40 min post-trauma in animals
with mild injury, but remained significantly reduced in ani-
mals receiving a severe insult. Sullivan and associates (1998)
reported an approximately 30% drop in ATP levels 30 min
following a moderate CCI in cortical synaptosomes that was
not restored until 6 h post-trauma. More severe injuries place
higher energy demands on neuronal tissue, which are com-
pounded by greater mitochondrial respiration deficits. A lack

of ATP production could be partially responsible for the pro-
gressive tissue loss that quickly begins in the cortex following
TBI.

One direct cellular consequence of a significant drop in ATP
would be an inability to acquire calcium homeostasis fol-
lowing TBI. Excitatory amino acids (EAAs) play an important
role in the mechanisms of secondary injury following TBI
(Nicholls and Budd, 1998; Sullivan et al., 1998; Jiang et al.,
2001; Brustovetsky et al., 2002). Elevated EAAs increase in-
tracellular calcium concentrations by mechanisms involving
activation of NMDA-receptor=ion channels, the AMPA re-
ceptor, and voltage-operated calcium channels. In order to
maintain calcium homeostasis and neuronal survival, calcium
must be removed from the cytosolic compartment. This ex-
trusion of calcium is primarily mediated through the sodium-
calcium exchanger, which requires large amounts of ATP. If
the deficits in ATP production are large enough, cell death is
inevitable.

Calcium influx can also cause significant alterations in
membrane potential that reflect an intermediate unstable state
of mitochondria, which may lead to or reflect mitochondrial
dysfunction (Vergun et al., 2003). The adenine nucleotide
translocator (ANT) typically exchanges ATP in the matrix for
cytosolic ADP across the inner mitochondrial membrane, but
its function can be altered by oxidative stress or a large influx
of calcium. Damage occurs to ANT following TBI (Opii et al.,
2007), and may be responsible for the decline in ATP pro-
duction, as well as enhanced formation of the devastating
mitochondrial permeability transition pore (Halestrap et al.,
2002; Vyssokikh and Brdiczka, 2003).

Intact healthy mitochondria maintain a proton gradient,
primarily for synthesis of ATP, which is the dominant path-
way for re-entry of protons into the mitochondrial matrix
(Nicholls and Budd, 2000). Oligomycin is a metabolic poison
that binds ATP synthase and inhibits ADP-stimulated respi-
ration; following its addition mitochondria are locked into
state IV respiration, where the extent of proton leakage into
the matrix can be determined. State IV indicates the extent
that the proton motive force is coupled with ATP production
versus maintaining the basal metabolic rate. With an isolated
mitochondrial preparation, an increase in oxygen utilization
during state IV indicates an uncoupling of the ETC to ATP
production, as well as the magnitude of damage to the inner
mitochondrial membrane.

Figure 4 demonstrates an injury-related increase in state IV
respiration that was most pronounced at the most severe
levels (*20%). A mild injury produced oligomycin respira-
tion rates that were equivalent to sham-operated controls,
while a moderate injury produced evidence that changes were
occurring within the mitochondria. Others have reported
state IV respiration being twice as high following a severe TBI
in mice (Singh et al., 2006). A short (12–20 min) ischemic=
reperfusion event has also been shown to result in an increase
in state IV respiration, by *25% (Sciamanna et al., 1992). The
lack of any time-dependent changes is indicative of a very
rapid injury to the mitochondria within the first hour, which
may have important implications in formulating therapeutic
interventions.

The overall functionality of the mitochondria is often stated
in terms of the RCR. This ratio is a measure of how coupled
mitochondrial respiration is to ATP production. A high RCR
(5–10) indicates fully functional organelles, while low ratios

EARLY MITOCHONDRIAL DYSFUNCTION AFTER TBI 1277



(<5) indicate that more of the proton motive force is being lost
back into the matrix, or is being used for processes other than
ATP production. As shown in Figure 5, even a mild injury
significantly reduced the RCR, with further reductions ob-
served with increased injury severity. Low RCRs indicate that
the ability to produce ATP efficiently is significantly com-
promised, which would have consequences for injured neu-
rons trying to regain cellular homeostasis. Several other
studies support a reduction in RCRs at 1 h (Xiong et al., 1997;
Robertson et al., 2006), as well as 3 h following TBI (Singh
et al., 2006; Opii et al., 2007). The extended mitochondrial
dysfunction that persists for at least 3 days after the initial
insult may be amenable to pharmacological intervention.

FCCP is a pure uncoupler that acts as a protonophore,
which allows the protons to freely pass back into the matrix,
bypassing the ATP synthase at an extremely rapid rate. FCCP
is added to determine maximum respiration capabilities of the
ETC in its attempts to restore the dissipated proton gradient.
We found a 10% reduction in maximum respiration abilities in
animals receiving mild injuries, while animals subjected to a
severe insult dropped 30% (Fig. 6). State V (FCCP) is impor-
tant to assess, especially following an injury, because neurons
and supporting cells depend heavily on mitochondria to
produce large amounts of ATP and sequester the large influx
of calcium. Due to the decline in cellular homeostasis fol-
lowing injury and higher energy demands, the mitochondria
are probably operating near capacity. Other researchers re-
port reductions of state V (FCCP) by more than 50% by 3 h
post-trauma in rats (Opii et al., 2007), and similar reductions
were seen in mice (Singh et al., 2006).

Following the addition of rotenone, which acts as a com-
petitive inhibitor to block complex 1–driven respiration,
succinate was added to determine if complex 2–driven res-
piration is affected by TBI. State V (succinate) was affected
proportionally as a function of injury severity (Fig. 7). A mild
injury produced approximately a reduction of 7% in state V
(succinate) respiration, 15–20% in a moderate injury, and 30%
following a severe injury. Data indicate that both complex
1– and complex 2–driven respiration are significantly affected
by TBI, and that this can quickly evolve into a metabolic crisis
because neurons require ATP for survival.

Several studies support complex 2 dysfunction following
TBI. Xiong and associates (1997) showed that impairments
of state III respiration by complex 1–driven respiration were
more severe (*45% drop from sham rates), but complex
2–driven respiration was still affected by the injury (*25%
drop from sham rates). Similarly, maximal increases in state
IV respiration via complex 1 were 155% of sham values and
125% of sham values for complex 2, demonstrating that
complex 2 is not impervious to damage. Verweij and col-
leagues (1997) reported a significant decrease in state III re-
spiratory rates, RCRs, and P=O ratios with either succinate or
NAD-linked substrates in SD rats following a severe unilateral
CCI. Both complex 1 and 2 maximum respiration have been
shown to drop by approximately 50% following a moderate
unilateral CCI in SD rats (Opii et al., 2007). Significant changes
in both NAD-linked and succinate-driven respiration have
also been reported following ischemic=reperfusion injury
(Sciamanna et al., 1992; Sciamanna and Lee, 1993), as well as
spinal cord contusion injury ( Jin et al., 2004).

When analyzing changes in mitochondrial bioenergetics
following trauma, we realized that damage to mitochondria

could occur at any number of sites in the molecular machin-
ery, which could be responsible for declines in respiration. A
few of the possible sites of malfunction are transporter pro-
teins responsible for importing substrates inside mitochon-
dria (Sugden and Holness, 2003); enzymes needed to initiate
the tricarboxylic acid cycle, such as pyruvate dehydrogenase
(Long et al., 2006); various complexes of the ETC used for
production of proton motive force (Singh et al., 2006); or the
ANT that exchanges ADP for ATP across the inner mito-
chondrial membrane (Opii et al., 2007). Future studies will
have to probe the molecular and biochemical mechanisms for
both the functional and structural changes that occur within
the mitochondria following TBI.

Conclusion

In the present study we demonstrated that administration
of a mild, moderate, or severe CCI results in mitochondrial
dysfunction as early as 1 h post-trauma. The extent of bioen-
ergetic dysfunction appears to be contingent on injury se-
verity. The damage seen at 1 h remains constant for at least 3 h
following the insult. Therapies should target stabilization of
mitochondrial homeostasis and be initiated as early as pos-
sible, with the understanding that treatment may help pre-
vent subsequent waves of mitochondrial dysfunction and
secondary cascade events. Our data suggest that mitochon-
dria experience a combination of damage to ETC components
as well as the inner membrane. Decreased oxygen utilization
at states III (ADP), V (FCCP), and V (succinate) all indicate
that the mitochondria have sustained some type of damage
to components of their ETC, resulting in lowered bioener-
getic capabilities. State IV respiration increased across levels
of injury severity, but was significantly higher only in the
severely-injured groups, suggesting a high degree of inner
membrane damage. Following an injury, mitochondria ex-
perience metabolic dysfunction (due to influx of high levels of
Ca2þ), and as a result are not able to produce the needed high
levels of ATP. Immediately following injury, the affected
neuronal tissue becomes necrotic, whereas the surviving brain
parenchyma in the area of impact may be susceptible to ap-
optosis as various secondary cascades play out over the next
several days (Kovesdi et al., 2007).
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