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Abstract
Use of improvised explosive devices has significantly increased the incidence of traumatic brain
injury (TBI) and associated neuropsychiatric deficits in the recent wars. Acute deleterious effects
of single and repeated blast exposure can lead to long-term neurobiological effects and
neuropsychiatric deficits. Using in vitro and in vivo shock tube models of blast-induced TBI, we
studied changes in mitochondrial energy metabolism after blast exposure. Single and repeated
blast exposures in vitro resulted in significant decreases in neuronal adenosine triphosphate
(ATP) levels at 6 h post-blast which returned towards normal levels by 24 h. Similar changes in
ATP were also observed in the cerebral cortices of mice subjected to single and repeated blast
exposures. In neurons, mitochondrial glutamate oxaloacetate transaminase (GOT2) plays a
critical role in metabolism and energy production. Proteomic analysis of brain cortices showed a
significant decrease in GOT2 levels 6 h after repeated blast exposures, which was further
confirmed by Western blotting. Western blot analysis of GOT2 and pyruvate dehydrogenase in
the cortex showed direct correlation only between GOT2 and ATP levels. Activity of GOT2 in
the isolated cortical mitochondria also showed significant decrease at 6 h supporting the results
of proteomic and Western blot analyses. Knowing the significant role of GOT2 in the neuronal
mitochondrial energy metabolism, it is quite likely that the down regulation of GOT2 after blast
exposure is playing a significant role in mitochondrial dysfunction after blast exposure.
Key words: Traumatic brain injury, blast exposure, adenosine triphosphate, glutamate
oxaloacetate transaminase, pyruvate dehydrogenase, mitochondrial dysfunction, mini citric acid
cycle
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Introduction
Exposure to blast has been reported as the major cause of traumatic brain injury (TBI)
and associated disabilities in the recent wars in Iraq and Afghanistan.1 Significant advances in
personnel protection devices and medical care have decreased the mortality of blast victims, but
increased the number of surviving casualties with mild, moderate and severe TBI.2,3 Service
members are commonly exposed to single or multiple blasts with different intervals. Preclinical
studies in experimental animal models indicate that severity of brain injury increases with
number of blast exposures.3
Due to the complexity and unique physical forces responsible for blast-induced TBI, it is
now widely believed that the TBI resulting from blast exposure is relatively distinct from other
closed head or penetrating brain injuries.4 The primary, secondary, tertiary and quaternary injury
phases of blast exposure are believed to contribute to the multifaceted mechanisms involved in
blast TBI. Although several clinical and animal studies have explored the
biochemical/histopathological changes and behavioral deficits resulting from blast exposure 3,511

, the complex biochemical and molecular mechanisms of blast TBI and how it triggers

subsequent secondary pathological processes and long-term neurobehavioral abnormalities are
still not well understood. The lack of understanding of the precise mechanisms involved in blast
TBI has hampered the development of personal protective gear and specific diagnostic tools for
early detection and effective therapies for prevention/treatment.
Acute effects of blast exposure are not well studied since, most of the significant
pathological changes in the brain manifest during the secondary injury processes which occur
typically by 24 h post-blast exposures. Using an in vitro model of blast-induced TBI, we have
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shown that single and repeated blast exposures lead to transient changes in neuronal cell
membrane integrity, which may be a potential mechanism contributing to the secondary injury
processes.12 Transient changes in cell membrane integrity have also been reported in the liver
and muscle tissue after single and repeated blast exposures.13 Acute deleterious effects of any
direct or indirect insult on the brain can trigger secondary pathological changes which lead to
chronic neurobehavioral abnormalities. Thus, minimizing or preventing acute changes after brain
injury is important to avert chronic neurobehavioral deficits.
In most of the cell types in the body, adenosine triphosphate (ATP) synthesis takes place
through utilization of glucose, and mitochondrial pyruvate dehydrogenase (PDH) plays an
important role. In the case of brain, amino acids, especially glutamate, are also utilized for the
immediate and significant demands for ATP for energy.14-16 Removal of glucose significantly
increased the transamination of glutamate to aspartate in brain synaptosomes and suggested that
brain cells utilize glutamate, the most abundant molecule in the brain, for energy production.15
Mitochondrial glutamate oxaloacetate transaminase (GOT2) is the enzyme responsible for the
transamination of glutamate to aspartate and α-ketoglutarate. Since α-ketoglutarate can directly
enter the citric acid cycle to generate ATP, GOT2 is believed to play major role in ATP
production in neurons.14-16
In the present study, using the in vitro and in vivo models of blast-induced TBI, we
studied changes in mitochondrial energy metabolism after blast exposure. We first analyzed ATP
levels in the neuronal cells in culture and brain cortex after blast exposure to demonstrate
mitochondrial energy dysfunction. Decreases in ATP levels were further compared between
single and multiple blast exposures to determine its dependency upon the severity of injury.
Since GOT2 plays a central role in neuronal mitochondrial energy metabolism, we investigated
4
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its expression in the brain by proteomic analysis. Modulation of GOT2 was further analyzed by
Western-blotting of the brain cortex and enzyme activity analysis in the isolated mitochondria
from the cerebral cortex to demonstrate a potential role of GOT2 in the acute mitochondrial
dysfunction after blast exposure.
Methods
Cell culture and blast exposure
SH-SY5Y human neuroblastoma cells, Dulbecco’s modified Eagle’s medium (DMEM) and fetal
bovine serum (FBS) were obtained from American Type Culture Collection (Manassas, VA).
One of the major advantageous of SH-SY5Y cells over primary cells and brain slices (derived
from animals) is that the effect of blast exposure can be studied in cells of human origin. Cells
were grown in DMEM with 10% heat inactivated FBS containing penicillin and streptomycin.
The cells incubated at 37°C in a CO2 incubator kept at 5% CO2 and 95% air in a humidified
atmosphere. Cells (4 × 104 cells/well) were grown on 96 well tissue culture plates 24 h before
blast exposure. On the day of blast exposure, the medium was removed from the wells and fresh
medium (360 µl) was added to fill the wells. Before blast exposure, the plates were sealed with
gas permeable Mylar plate sealers as described previously.12,17 The plates containing cells were
subjected to single and triple blast exposures (21 psi) using shock tube as described earlier.12,17
Intracellular adenosine triphosphate (ATP) content in the cells was determined at 6 and 24 h
post-blast using ATPlite kits (Perkin Elmer, Waltham, MA) as described.17 The ATPlite assay
system is based on the production of luminescence caused by the reaction of ATP with added
luciferase enzyme and D-luciferin substrate.
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Animals and blast exposure
All animal experiments were conducted in accordance with the Animal Welfare Act and
other federal statutes and regulations relating to animals and experiments involving animals and
adhered to principles stated in the Guide for the Care and Use of Laboratory Animals (NRC
Publication 1996 edition). The animal protocol used was approved by Institutional Animal Care
and Use Committee, Walter Reed Army Institute of Research. C57BL/6J male mice (8-10 weeks
old) that weighed between 21-26 g (Jackson Laboratory, Bar Harbor, ME) were used in this
study. Mice were exposed to single and triple blasts using a shock tube as described earlier.3
Briefly, mice were anesthetized with 4% isofluorane gas (O2 flow rate 1.5 L/min) for 8 min and
restrained in the prone position with a net to minimize the movements during blast exposure.
Animals were subjected to single or triple blast exposures (21 psi) and brain cortex was dissected
after euthanasia at 1, 6 or 24 h post-blast.
ATP determination in the brain cortex
Homogenate (20% w/v) of brain cortex was made in tissue protein extraction buffer (Pierce
Chemical Co, Rockford, IL) containing protease and phosphatase inhibitor cocktails (SigmaAldrich, St. Louis, MO). The homogenate was centrifuged at 5000 g for 5 min and the ATP
content in the supernatant was measured using ATPlite kit as described earlier.18
Proteomic analysis
Proteomic analysis of brain cortex was carried out as described by us earlier.19 Briefly,
proteins were isolated from the brain cortex of sham control and repeated blast exposed mice (3
animals/group) at 6 h post-blast using the ToPI-DIGE™ total protein isolation kit (ITSIBiosciences, Johnstown, PA) and subjected to two-dimensional differential in-gel electrophoresis
(2D-DIGE). After 2D-DIGE, the differentially expressed (> 2 fold change in abundance) protein
6
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spots were identified, selectively picked and subjected to protein digestion followed by
LC/MS/MS to identify the peptides. The obtained MS/MS spectra were searched against the
NCBI non-redundant protein sequence database using the SEQUEST computer algorithm to
establish the protein identity.
Western blotting analysis
Polyclonal rabbit antibodies against GOT2 and pyruvate dehydrogenase (PDH) were
obtained from Sigma-Aldrich (St. Louis, MO) and Abcam (Cambridge, MA). Secondary
antibody labeled with horse-radish peroxidase (HRP) was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Mouse monoclonal antibody to -actin conjugated with HRP
(Sigma-Aldrich, St.Louis, MO) was used as a control. Polyacrylamide gel electrophoresis and
Western blotting analysis of brain cortex was carried out as described by us earlier.19 Both GOT2
and PDH antibodies were used at a final dilution of 1:1000. After Western blotting analysis, the
protein bands were detected using ECL-Plus Western blot detecting reagent (GE Healthcare,
Piscataway, NJ) and the chemiluminescence was measured in an AlphaImage reader (Cell
Biosciences, Santa Clara, CA).
Assay of GOT2 activity in the mitochondrial fraction of brain cortex
Mitochondrial fraction was isolated from the cerebral cortex using Mitochondria Isolation
Kit obtained from Thermo Scientific (Rockford, IL) according to the manufacturer’s instructions.
The mitochondrial pellet was suspended in the enzyme assay buffer and disrupted using a
sonifier for the enzyme assay. The activity of GOT2 was measured using the diagnostic kit for
measuring GOT, obtained from Randox Laboratories (Kearneysville, WV) according to the
manufacturer’s instructions. The assay system utilizes the decrease in optical density at 340 nm
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due to the consumption of NADH during the formation of oxaloacetate and glutamate from
aspartic acid and α-ketoglutaric acid catalyzed by GOT.
Statistical analysis
Statistical analysis was carried out by analysis of variance (ANOVA) using SAS software
version 9.3. For single variance, one-way ANOVA followed by t test was carried out. For
multiple variance, two-way ANOVA followed by Tukey’s post-hoc test using HSD multiple
comparisons were used. A p value less than 0.05 considered significant.

Results
Blast exposure leads to acute decrease in neuronal ATP levels
Blast exposure causes a significant decrease in endogenous ATP levels in SH-SY5Y
human neuroblastoma cells in a time dependent manner with the highest decrease at 6 h
compared to 24 h post-blast (Fig. 1). Neuronal ATP levels were further decreased with multiple
blast exposures. After single blast exposure, the ATP level decreased by 17.7%, whereas no
significant decrease was observed at 24 h post-blast. In the case of triple blast exposures, the
ATP levels decreased by 44.6% and 27.7% by 6 h and 24 h respectively.
ATP levels decreased in the cerebral cortex after blast exposures
Fig. 2 shows the changes in ATP levels in the mouse brain cortex at different intervals
after single and repeated blast exposures. Similar to the in vitro results, blast exposure of mice
also resulted in a decrease in brain ATP levels which varied relative to the time and number of
blast exposures. Single blast exposure resulted in a 19.5% decrease in ATP levels at 6 h, whereas
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triple blasts resulted in a 23.4% decrease as early as 1 h. ATP levels were decreased by 39.7% at
6 h after repeated blast exposures, whereas the decrease was only 11.8% at 24 h post-blast. Thus,
compared to 6 h, the ATP levels were higher in the brain by 24 h post-blast but still lower than
the sham controls which were not exposed to blast.
Proteomic analysis of the cerebral cortex to identify modulation of GOT2 expression
Proteomic analysis data showed few proteins with >2 fold change in the cerebral cortex at
6 h after triple blast exposures. The proteins which showed >2 fold increase in expression after
blast exposure include 14-3-3 protein gamma, calretinin, parvalbumin alpha, 14-3-3 protein
zeta/delta and calpastatin. One of the down-regulated proteins was identified by LC/MS/MS
analysis as GOT2 by matching 5 peptides. Fig.3 shows the image of the 2D-gel portion showing
the expression of GOT2 in the cortex after repeated blast exposures. GOT2 expression showed a
statistically significant abundance ratio (3.13 ±0.76) between sham control and blast exposed
mice suggesting that blast exposure alters the expression of GOT2.
Western blotting of GOT2 and PDH in the cerebral cortex after blast exposure
Western blotting using antibodies specific to GOT2 showed a significant decrease
(47.9%) in the expression of GOT2 in the cerebral cortex at 6 h after triple blast exposures
compared to sham controls (Fig.4A). The ratio of GOT2 to actin was 0.161±0.025 for sham
controls whereas the ratios were 0.084±0.028 for 6 h (p = 0.021) and 0.142±0.036 for 24 h (p =
0.44) (Fig.4B). Compared to sham controls, single blast exposure at 6 h and triple blast exposure
at 1 h showed 20% (ratio of GOT2 to actin was 0.124±0.016, p = 0.032) and 29.9% (ratio of
GOT2 to actin was 0.113±0.032, p = 0.036) decreases in the expression of GOT2 in the cortex,
respectively. Thus, similar to the reduction in ATP levels, the expression of GOT2 decreased in
9
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the cerebral cortex after blast exposure. The decrease in GOT2 expression depended upon the
number of blast exposures as well as the time after blast exposure; lowest expression was
recorded at 6 h and returned toward normal levels by 24 h post-blast.
Western blotting of PDH with specific antibodies showed significant decreases in the
cerebral cortex at 6 h post-blast exposure. The decrease in the PDH level does not seem to
correlate with ATP levels at 24 h after blast exposure.
Cerebral cortex mitochondrial GOT2 activity after blast exposure
To determine further that the cerebral cortex mitochondrial GOT2 activity was indeed
decreased after blast exposure, the mitochondrial fraction was isolated from the cerebral cortex
to avoid interference from the cytosolic isoform, GOT1. Disrupted mitochondrial sample was
used for measuring GOT2 activity as described in the methods. The activity of GOT2 in the
mitochondrial fraction showed a 28.8 % decrease at 1 h and a 41.4 % decrease at 6 h after triple
blast exposures. No significant changes in mitochondrial GOT2 activity were observed at 24 h
post-blast (Fig.5).
Discussion
Our results show for the first time in an animal model that blast exposure leads to an acute
mitochondrial dysfunction and an associated significant decrease in ATP levels in the brain.
After a rapid decrease, the brain ATP levels return toward normal levels at 24 h post-blast
exposures. Using the in vitro model of blast-induced TBI with NG108-15 cells (combination of
neuroblastoma and glioblastoma cells), we have shown earlier that ATP levels decrease at 24 h
after blast exposure .17 Time points earlier than 24 h were not evaluated in that study. Here we
observe that a decrease in ATP levels after blast exposure occurs immediately and was most
10
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pronounced at 6 h compared to 24 h, indicating severe neuronal mitochondrial dysfunction
acutely after blast exposure. The changes in ATP levels after blast exposure were similar in vitro
and in vivo.
Acute mitochondrial dysfunction in the brain has been reported in different animal
models of TBI.18,20-22 Unlike blast-induced TBI, the mitochondrial dysfunction and associated
decrease in ATP levels persisted for longer durations in the other forms of TBI. In a controlled
cortical impact model of TBI, the ATP levels ipsilateral to the injury were only about 22 % of
sham control even after 6 days post-injury.18 In that study, the ATP levels measured ipsilaterally
may have been associated with significant cell/tissue loss and the cells adjacent to the site of
injury might have been undergoing necrosis/apoptosis. In the present study, we have shown that
mitochondrial dysfunction and impaired energy production in the brain after blast exposure takes
place acutely and the energy levels return toward normal levels by 24 h post-blast. This could be
due to the lack of significant tissue loss in the brain after blast exposure. 3 Since delayed
neuronal degeneration occurs after blast exposure,1 it is possible that there could be a secondary
phase of mitochondrial dysfunction after blast exposure which would become evident several
days post-exposure.
In the present study, we found a correlation between the decrease in brain ATP levels and
the reduced expression/activity of mitochondrial GOT2. The protein expression and activity of
GOT2 were lowest in the brain at 6 h post-blast and were associated with the maximum decrease
in ATP levels. The GOT2 levels returned to almost normal by 24 h and the ATP level was also
significantly restored. These data suggest a potential role of GOT2 in the acute brain
mitochondrial dysfunction associated with blast exposure. Detailed study is required to find out
whether the synthesis or degradation of GOT2 in the brain is affected after blast exposure. Using
11
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the same model system, it has been reported that modest levels of neuronal cell death occur
immediately after repeated blast exposures which could also contribute to the decreased tissue
levels of ATP and GOT2 measured after blast exposure.3 The documented proliferation of
astrocytes and microglia in the brain at 24 h after repeated blast exposure 11 can similarly
contribute to the apparent recovery of ATP and GOT2 by 24 h after repeated blast exposures.
A significant role for PDH in mitochondrial dysfunction after TBI has been reported in
different brain injury models other than blast TBI.23,24 Following controlled cortical impact
(CCI) in rats, Opii et al. showed that PDH activity decreases in the cortex due to oxidative
modification of the enzyme.24 In another CCI study, the level of PDH decreased in the ipsilateral
and contralateral sides of the brain at 4 h and decreased further by 24 h post-injury, similar to our
present results following blast exposure. 25 Phosphorylation of PDH (p-PDH) has been
implicated in the decrease of its activity in the CCI model.25 After CCI injury, the ratio of pPDH/PDH decreased at 4 h, increased at 24 h and decreased again at 7 days indicating that the
activity of PDH will be less at 24 h compared to 4 h and 7 days.25 An imbalance in the activities
of PDH kinase and PDH phosphatase in the brain has been implicated in the decreased activity of
PDH after CCI.26 A significant decrease in PDH was also observed in the brain at 72 h following
fluid percussion injury, which was the single time point studied.27 Our results in the blast TBI
model also showed decreased expression of PDH, but did not show a direct correlation with the
changes in ATP levels.
The potential role of GOT2 in mitochondrial energy metabolism in the brain has been
described earlier.14,28-30 Figure 6 shows the schematic representation of the role of GOT2 in brain
energy metabolism involving the “mini citric acid cycle”, which was proposed earlier by
Yudkoff et al in 1994.16 Using radiolabeled aspartate and glutamine in brain synaptosomal
12
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preparations, Yudkoff and colleagues showed that amino acids could provide an alternate source
of energy to help maintain ATP levels in the brain through “mini citric acid cycle”.16 They also
found that, in the brain synaptosomes, the fastest reaction that provides metabolite input to the
citric acid cycle is that of GOT2. 16 The “mini citric acid cycle” in the brain utilizes
glutamine/glutamate for energy production instead of pyruvate, and bypasses a few initial steps
in the regular citric acid cycle for faster energy production as required for neuronal activity.14-16
As shown in the figure 6, GOT2 plays in major role in the truncated citric acid cycle. The excess
aspartate formed through the “mini citric acid cycle” is used for N-acetyl aspartate (NAA)
synthesis in the mitochondria, 14 which also explains the high concentrations of glutamate and
NAA in the brain, where they are the most abundant molecules. By using GOT2 to convert
glutamate to α-ketogutarate, neurons avoid the formation of toxic ammonia, which is critical in
the absence of a urea cycle in the brain.14,28 Thus, GOT2 plays a significant role in neuronal
energy metabolism and its down regulation after blast exposure might contribute to the decreased
ATP levels in the brain. Since low levels of ATP can significantly affect neuronal function,
pharmaceutical interventions which can rapidly restore or provide ATP rapidly to neurons would
potentially be beneficial after blast TBI. In this connection, supplementation to the brain of
acetate, which can generate ATP, significantly increased brain ATP levels and improved motor
performances in rats subjected TBI using CCI.18
Acknowledgements
Support from Mrs. Irene Gist, Blast-induced Neurotrauma Branch and COL. Paul Bliese,
Director, Center for Military Psychiatry and Neurosciences at the Walter Reed Army Institute of
Research are gratefully acknowledged.

13

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 14 of 26

14
References

1. Magnuson, J., Leonessa, F., and Ling, G.S. (2012). Neuropathology of Explosive Blast
Traumatic Brain Injury. Curr. Neurol. Neurosc.i Rep. 12, 570-579.
2. Warden, D. (2006). Military TBI during the Iraq and Afghanistan wars. J. Head Trauma
Rehabil. 21, 398-402.
3. Wang, Y., Wei, Y., Oguntayo, S., Wilkins, W., Arun, P., Valiyaveettil, M., Song, J., Long,
J., and Nambiar, M.P. (2011). Tightly Coupled Repetitive Blast-Induced Traumatic Brain
Injury: Development and Characterization in Mice. J. Neurotrauma 28, 2171-2183.
4. Duckworth, J.L., Grimes, J., and Ling G.S. (2012). Pathophysiology of battlefield
associated traumatic brain injury. Pathophysiology, in press.
5. Kocsis, J.D., and Tessler, A. (2009). Pathology of blast-related brain injury. J. Rehabil.
Res. Dev. 46, 667-672.
6. Saljo, A., Bao, F., Shi, J., Hamberger, A., Hansson, H.A., and Haglid, K.G. (2002).
Expression of c-Fos and c-Myc and deposition of beta-APP in neurons in the adult rat brain
as a result of exposure to short-lasting impulse noise. J Neurotrauma 19,379-385.
7. Cernak, I., Wang, Z., Jiang, J., Bian, X., and Savic, J. (2001). Ultrastructural and functional
characteristics of blast injury-induced neurotrauma. J. Trauma 50, 695-706.

14

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 15 of 26

15
8. Cernak, I., Wang, Z., Jiang, J., Bian, X., and Savic, J. (2001). Cognitive deficits following
blast injury-induced neurotrauma: possible involvement of nitric oxide. Brain Inj. 15, 593612.
9. Svetlov, S.I., Prima, V., Kirk, D.R., Gutierrez, H., Curley, K.C., Hayes, R.L., and Wang,.
K.K. (2010). Morphologic and Biochemical Characterization of Brain Injury in a Model of
Controlled Blast Overpressure Exposure. J. Trauma 69, 795-804
10. Long, J.B., Bentley, T.L., Wessner, K.A., Cerone, C., Sweeney, S., and Bauman, R.A.
(2009). Blast overpressure in rats: recreating a battlefield injury in the laboratory. J.
Neurotrauma 26, 827-840.
11. Cernak, I., Merkle, A.C., Koliatsos, V.E., Bilik, J.M., Luong, Q.T., Mahota, T.M., Xu, L.,
Slack, N., Windle, D., and Ahmed, F.A. (2011). The pathobiology of blast injuries and
blast-induced neurotrauma as identified using a new experimental model of injury in mice.
Neurobiol. Dis. 41:538-551.
12. Arun, P., Abu-Taleb, R., Valiyaveettil, M., Wang ,Y., Long, J.B., and Nambiar, M.P.
(2012). Transient changes in neuronal cell membrane permeability after blast exposure.
Neuroreport 23, 342-346.
13. Arun, P., Oguntayo, S., Alamneh, Y., Honnold, C., Wang, Y., Valiyaveettil, M., Long, J.B.,
and Nambiar, M.P. (2012). Rapid release of tissue enzymes into blood after blast exposure:
potential use as biological dosimeters. PLoS One 7, e33798.

15

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 16 of 26

16
14. Moffett, J.R., Ross, B., Arun, P., Madhavarao, C.N., and Namboodiri, A.M. (2007). NAcetylaspartate in the CNS: from neurodiagnostics to neurobiology. Prog. Neurobiol. 81,
89-131.
15. Erecinska, M., Zaleska, M.M., Nissim, I., Nelson, D., Dagani, F., and Yudkoff, M. (1988).
Glucose and synaptosomal glutamate metabolism: studies with [15N]glutamate. J.
Neurochem. 51, 892-902.
16. Yudkoff , M., Nelson, D., Daikhin, Y., and Erecinska, M. (1994). Tricarboxylic acid cycle
in rat brain synaptosomes. Fluxes and interactions with aspartate aminotransferase and
malate/aspartate shuttle. J. Biol. Chem. 269, 27414-27420.
17. Arun, P., Spadaro, J., John, J., Gharavi, R.B., Bentley, T.B., and Nambiar, M.P. (2011).
Studies on blast traumatic brain injury using in-vitro model with shock tube. Neuroreport
22, 379-384.
18. Arun, P., Ariyannur, P.S., Moffett, J.R., Xing, G., Hamilton, K., Grunberg, N.E., Ives, J.A.,
and Namboodiri, A.M. (2010). Metabolic acetate therapy for the treatment of traumatic
brain injury. J. Neurotrauma 27, 293-298.
19. Arun, P., Valiyaveettil., M., Biggemann., L., Alamneh., Y., Wei., Y., Oguntayo., S.,
Wang., Y., Long., J.B., and Nambiar, M.P. (2012). Modulation of hearing related proteins
in the brain and inner ear following repeated blast exposures. Intervent. Med. Appl. Sci. 4,
125-131.

16

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 17 of 26

17
20. Signoretti, S., Marmarou, A., Tavazzi, B., Lazzarino, G., Beaumont, A., and Vagnozzi, R.
(2001). N-Acetylaspartate reduction as a measure of injury severity and mitochondrial
dysfunction following diffuse traumatic brain injury. J. Neurotrauma 18, 977-991.
21. Lee, S.M., Wong, M.D., Samii, A., and Hovda, D.A. (1999). Evidence for energy failure
following irreversible traumatic brain injury. Ann. N. Y. Acad. Sci. 893, 337-340.
22. Tavazzi, B., Signoretti, S., Lazzarino, G., Amorini, A.M., Delfini, R., Cimatti, M.,
Marmarou, A., and Vagnozzi, R. (2005). Cerebral oxidative stress and depression of energy
metabolism correlate with severity of diffuse brain injury in rats. Neurosurgery 56, 582589.
23. Robertson, C.L., Saraswati, M., and Fiskum, G. (2007). Mitochondrial dysfunction early
after traumatic brain injury in immature rats. J. Neurochem. 101, 1248-1257.
24. Opii, W.O., Nukala, V.N., Sultana, R., Pandya, J.D., Day, K.M., Merchant, M.L., Klein,
J.B., Sullivan, P.G., and Butterfield, D.A. (2007). Proteomic identification of oxidized
mitochondrial proteins following experimental traumatic brain injury. J. Neurotrauma 24,
772-789.
25. Xing, G., Ren, M., Watson, W.D,, O'Neill, J.T., and Verma, A. (2009). Traumatic brain
injury-induced expression and phosphorylation of pyruvate dehydrogenase: a mechanism
of dysregulated glucose metabolism. Neurosci. Lett. 454, 38-42.
26. Xing, G., Ren, M., O'Neill, J.T., Verma, A., and Watson, W.D. (2012). Controlled cortical
impact injury and craniotomy result in divergent alterations of pyruvate metabolizing
enzymes in rat brain. Exp. Neurol. 234, 31-38.
17

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 18 of 26

18
27. Sharma, P., Benford, B., Li, ZZ., and Ling, G.S. (2009). Role of pyruvate dehydrogenase
complex in traumatic brain injury and Measurement of pyruvate dehydrogenase enzyme by
dipstick test. J. Emerg. Trauma Shock 2, 67-72.
28. Madhavarao, C.N., Namboodiri, A.M. (2006). NAA synthesis and functional roles. Adv.
Exp. Med. Biol. 576, 49-66.
29. Madhavarao, C.N., Arun, P., Moffett, J.R., Szucs, S., Surendran, S., Matalon, R., Garbern,
J., Hristova, D., Johnson, A., Jiang, W., and Namboodiri, M.A. (2005). Defective Nacetylaspartate catabolism reduces brain acetate levels and myelin lipid synthesis in
Canavan's disease. Proc. Natl. Acad. Sci. U S A 102, 5221-5226.
30. Madhavarao, C.N., Chinopoulos, C., Chandrasekaran, K., Namboodiri, M.A. (2003).
Characterization of the N-acetylaspartate biosynthetic enzyme from rat brain. J.
Neurochem. 86, 824-835.

18

Journal of Neurotrauma
Acute mitochondrial dysfunction after blast exposure: potential role of mitochondrial glutamate oxaloacetate transaminase (doi: 10.1089/neu.2012.2834)
This article has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 19 of 26

19

Figure legends
Fig.1: Changes in ATP levels in SH-SY5Y cells at 6 h (A) and 24 h (B) after single and repeated
blast exposures. Relative luminescence unit represents the total luminescence liberated by the
cells in a single well of 96 well plate. Values are expressed as mean ±standard deviation. * p <
0.05 (n=12). BOP – blast overpressure exposure.
Fig.2: Changes in ATP levels in cerebral cortex at different intervals after single and repeated
blast exposures. Values are expressed as mean ±standard deviation. * p < 0.05 (n=6). BOP –
blast overpressure exposure.
Fig.3: Representative 2D-DIGE figure from three different animals in the sham control and blast
exposed groups focusing the spot of GOT2. Procedures used are detailed in the methods section.
The bottom two panels show the sum of pixel intensities within the boundary of each spot in the
fluorescent image to demonstrate the level of the protein.
Fig.4: Western blotting analysis of mice cerebral cortex at different intervals after single and
repeated blast exposures. (A) Representative figure of the blot obtained from 2 animals each out
of four animals in different groups studied. (B) Ratio of the band intensities corresponding to
GOT2 and actin. Values are mean ±standard deviation (* p < 0.05, n = 4). (C) Ratio of the band
intensities corresponding to PDH and actin. Values are mean ±standard deviation (* p < 0.05, n
= 4).
Fig.5: Activity of GOT2 in the mitochondrial fraction of mice cerebral cortex at different
intervals after repeated blast exposures. Values are mean ±standard deviation (* p < 0.05, n = 6).
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Fig.6: Schematic representation of the neuronal mitochondria showing the proposed “mini citric

acid cycle” involving GOT2. Red arrow shows the regular citric acid cycle pathway and the blue

arrow shows the “mini citric acid cycle”. Most of the energy producing steps is in the “mini citric

acid cycle”.
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Fig.1: Changes in ATP levels in SH-SY5Y cells at 6 h (A) and 24 h (B) after single and repeated

blast exposures. Relative luminescence unit represents the total luminescence liberated by the

cells in a single well of 96 well plate. Values are expressed as mean ±standard deviation. * p <

0.05 (n=12). BOP – blast overpressure exposure.
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Fig.2: Changes in ATP levels in cerebral cortex at different intervals after single and repeated

blast exposures. Values are expressed as mean ±standard deviation. * p < 0.05 (n=6). BOP –

blast overpressure exposure.
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Fig.3: Representative 2D-DIGE figure from three different animals in the sham control and blast
exposed groups focusing the spot of GOT2. Procedures used are detailed in the methods section.
The bottom two panels show the sum of pixel intensities within the boundary of each spot in the
fluorescent image to demonstrate the level of the protein.
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Fig.4: Western blotting analysis of mice cerebral cortex at different intervals after single and
repeated blast exposures. (A) Representative figure of the blot obtained from 2 animals each out
of four animals in different groups studied. (B) Ratio of the band intensities corresponding to
GOT2 and actin. Values are mean ±standard deviation (* p < 0.05, n = 4). (C) Ratio of the band
intensities corresponding to PDH and actin. Values are mean ±standard deviation (* p < 0.05, n
= 4).
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Fig.5: Activity of GOT2 in the mitochondrial fraction of mice cerebral cortex at different

intervals after repeated blast exposures. Values are mean ±standard deviation (* p < 0.05, n = 6).
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Fig.6: Schematic representation of the neuronal mitochondria showing the proposed “mini citric

acid cycle”. Red arrow shows the regular citric acid cycle pathway and the blue arrow shows the

“mini citric acid cycle”. Most of the energy producing steps is in the “mini citric acid cycle”.
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