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Traumatic brain injury (TBI) is considered an
epidemic that continues to compromise the welfare
of humankind. Despite the extensive efforts invested
in countering this clinical health problem, current
clinical science and technology still fall short of
providing a pharmacological cure for TBI rendering
tens of thousands of TBI patients vulnerable to its
detrimental sequelae. Over the past 30 years, the
understanding of the pathophysiological mechanisms
of TBI indicates that the pathology of TBI is biphasic.
It comprises 2 injuries; the primary and the secondary
injuries. The primary injury occurs simultaneously
with the impact that caused the injury, which explains
why this injury is not amenable to acute intervention.
Whereas the secondary injury is a composite of
interwoven  pathophysiological  responses  that
commence after the initial trauma leading to delayed,
non-mechanical impairment of neuronal structure
and function. In this review, we aim to highlight the
main pathophysiological mechanisms that take place
in the primary and secondary phases of traumatic
brain injury.
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Traumatic brain injury (TBI) strikes both in
industrialized and developing countries at an
alarming rate, posing itself as a global health problem
that is the leading cause of mortality and morbidity
among individuals under the age of 45 worldwide."?
Advances in emergency and intensive care medicine have
substantially ameliorated the mortality rate associated
with TBI, but still every year tens of thousands of people
die of TBI,?® and those who survive the injury are left
to deal with its catastrophic consequences including an
array of neurological and neuropsychological problems.*
Males between the age of 14 and 24 seem to be the group
most commonly affected by TBI,’ but females, children,
and older age groups are still at risk. In general, gender
differences regarding TBI seem to be in favor of females.
Not only females less frequently sustain TBI, but also
they seem to have better outcome compared to males.
It is suggested that the better outcome in females may
be due to lower levels of lipid peroxidation (LP) due to
the antioxidant effects of estrogen and progesterone.®”
The TBI is precipitated by several etiological factors
that have variable significance according to age. In the
geriatric population, 51% of TBI cases are caused by
falls, whereas in the younger population motor vehicle
accidents and to a lesser extent assaults seem to be the
dominant causes of TBI. Adolescents are particularly
vulnerable to concussions precipitated by sports. On
the other hand, pre-adolescent children are prone as
pedestrians to TBI caused by motor vehicle accidents.
Children below the age of 5 are at risk of TBI as a result
of falls; while most of TBI cases in infants are inflicted
by child abuse.’ This review aims to highlight the main
pathophysiological mechanisms that take place in the
primary and secondary phases of traumatic brain injury.
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The primary injury in traumatic brain injury.
The primary injury represents the diffuse, and focal
mechanical damage inflicted on the brain at time of
the impact. The mechanical forces generating TBI
occur in a short range of time estimated to be within
100 milliseconds, but they may destroy the cranial
vault and sometimes cause further damage to the
cerebrovascular structures by depressing fractured
bone into the brain. This will contribute to shearing
of axons and blood vessels that is initiated by the
impact that caused the injury.® Intracerebral bleeding
is the result of tearing of blood vessels and hemorrhage
within brain parenchyma producing mass lesions. It
is a common feature in moderate and severe TBI. It
is generated whenever the impact produces sudden
rotations of the head leading to a gliding motion of
the brain within the skull in areas where the cranial
vault topography is rough (opposing the frontal and
the temporal lobes).> Such motion will contuse the
brain parenchyma in the respected regions causing
hemorrhage. Some clinical signs like deterioration of
patient neurological status or uncontrolled intracranial
hypertension might be suggestive of intracranial
bleeding.? Most commonly, bleeding occurs within the
subarachnoid space due to hemorrhagic contusions of
the brain leading to the formation of a subarachnoid
hemorrhage. It occurs frequently following TBI, and is
related to poor neurological recovery.! Rupture of the
cerebrovasculature and extravasation of blood following
TBI may also be manifested by the formation of
hematomas. The terminology of hematomas is based on
location; epidural when the blood escapes between the
cranial vault and the dura, or subdural when the blood
is trapped between the dura and the subarachnoid
membrane overlying the brain parenchyma. The 2 types
of hematomas differ in incidence, etiology, and clinical
presentation. Epidural hematomas are not common,
occurring in less than 1% of all cases of head injury and
seem to be more likely to occur in pediatric TBI. Most
of the time they result from laceration of the middle
meningeal artery and they are distinguished in CT
scans by their biconvex or lenticular shape that is usually
located in the temporal and parietotemporal areas of the
brain.’> Though epidural hematomas may predispose
to neurological deterioration, their management by
prompt evacuation has a favorable prognosis.” On the
other hand, subdural hematomas are more common as
they occur in one third of severe head injuries."” They
often result from tears in bridging veins that cross the
subdural space leading to extravasation of blood that
will have a distinct crescent shape on CT scans. The
subdural hematoma, through engorging the cranial
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vault, will often contuse or compress adjacent brain
parenchyma, and in severe cases may cause midline
shift; an index of poor outcome.?

Another lesion characteristic of the primary injury of
TBl s diffuse axonal injury. As the name ‘diffuse’ implies,
this pathology exceeds the boundaries of the impact site
and occurs throughout the brain. It is caused by inertial
forces, generated by rotational acceleration/deceleration
of the head at time of injury, which induces dynamic
shear, tensile, and compressive strains that culminate
in tissue deformation and damage in axonal networks
deep in the brain. Such axonal damage is detected
clinically by diffusion-weighted MRI. Diffuse axonal
injury undermines the clinical outcome of TBI patients
by escalating mortality and morbidity.'"'> Although
the trigger for this axonal damage is mechanical and
considered part of the primary injury, much of the
ensuing axonal damage occurs due to secondary injury
mechanisms."

The secondary injury in traumatic brain injury. The
secondary injury is mediated by the pathophysiological
responses that commence after the initial trauma leading
to delayed, non-mechanical impairment of neuronal
structure and function. It is believed that most of the
brain dysfunction following TBI is not mainly related to
the mechanical shearing of axons, but rather attributed
to secondary injury mechanisms.'* The delayed profile
of secondary injury mechanisms allows potential
pharmacological intervention. Secondary injury is a
composite of interwoven mechanisms discussed below.

A. Role of hemodynamic and metabolic changes after
traumatic brain injury. Pathological hemodynamic
changes accentuate brain dysfunction mainly by
inducing cerebral ischemia, which is a common
complication in the majority of severe TBI cases.”
Cerebral ischemia is related to poor outcome. and
ischemic lesions are present at post-mortem in
most patients who die from TBI.'® The incidence of
hypotension and hypoxia is critical for the evolution of
cerebral ischemia after TBI, and is a major determinant
of poor outcome.” Furthermore, cerebral blood
flow (CBF) is reported to be approaching ischemic
thresholds following TBI, and the collapse of CBF is
even greater in the vicinity of contusions and epidural
hematomas.'”" Accordingly, the hemodynamic status
of TBI patients is commonly compounded by a lethal
triad consisting of hypotension, deterioration of CBE,
and the reported increased vulnerability of traumatized
brain tissue to ischemia. Countering this triad by
restoring normal blood pressure and normal cerebral
perfusion pressure (CPP) to maintain CBF is crucial for
TBI patient survival.”® A closer study of the mechanics of
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CBF reveals the factors responsible for its deterioration
following brain injury. Under physiological conditions,
CBF is proportional to CPP and inversely proportional
to cerebral vascular resistance (CVR).'* Since the latter
is difficult to measure clinically, CPP is often used alone
as an index of CBE The CPP, a major determinant of
CBE? is defined as the pressure gradient created by
the difference between the mean arterial blood pressure
(MAP) and intracerebral pressure (ICP), which is
the pressure within the rigid cranial vault relative to
atmospheric pressure.” Physiological levels of ICP are
<10 mm Hg. What often happens after severe TBIs is
that CPP plummets due to a dual insult. First, the MAP
is severely decreased as a manifestation of hypotension
in most severe and sometimes moderate TBI
patients. Second, ICP rises dramatically (intracranial
hypertension) frequently after severe TBI. Intracranial
hypertension following TBI is mediated by a plethora of
causes including, extravasations of blood from cerebral
blood vessels, vasogenic edema due to disruption of the
blood-brain barrier (BBB) resulting in extravasation of
fluids in brain extracellular space and cytotoxic edema
due to accumulation of intracellular fluids.?*** Elements
of the inflammatory response like microglial activation,
leukocyte and lymphocyte migration, and production
of vasodilatory mediators may make a prominent
contribution to the formation of cerebral edema and
hence contribute to intracranial hypertension following
TBI.?>?¢ The drop in MAP and the surge in ICP jointly
causes a massive reduction in CPP. Under physiological
circumstances, fluctuations of CPP within the range
of 40 to 140 mm Hg are compensated by changes in
vascular resistance to maintain a stable CBF sufficient
to protect the brain against ischemic insults.”” This
physiological compensatory phenomenon is referred
to as cerebrovascular ‘autoregulation’. Basically,
cerebrovascular autoregulatory mechanisms operate by
inducing either vasoconstriction or vasodilatation in the
cerebral microvessels to couple CBF to tissue metabolic
demands and makes it insensitive to oscillations in
CPP?» However, after severe or moderate TBI,
cerebrovascular autoregulation is typically compromised
and inadequate to maintain the coupling of CBF to
brain metabolic demand.”" The autoregulatory failure
makes CBF exclusively sensitive to changes in CPP,
which usually deteriorates after TBI. In summary, the
drop in CPP and the lack of compensatory mechanisms
can lead to deterioration of CBF precipitating ischemia
in the traumatized brain tissue. These ischemic changes
are aggravated in many severe or moderate cases of TBI
by the incidence of constriction of the major cerebral
vessels (“vasospasm”), which further compromises
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cerebral perfusion.” These ischemic changes are further
complicated with cerebral edema. Cerebral edema
arises as a result of the disruption of ionic gradients,
which are accompanied by impairment of oxidative
phosphorylation. This will increase the reliance on
glycolysis to generate adenosine triphosphate (ATP)
leading to accumulation of lactate.’ High levels of
lactate predispose for neuronal dysfunction by causing
acidosis, membrane damage, disruption of the blood
brain barrier, and cerebral edema. The compromise of
energy production to fuel ATP- driven ionic pumps
accentuates ionic imbalance and can worsen cerebral
edema.’ Edema contributes to very serious complications
after TBI including distorting brain tissues, elevated
intracranial pressure, vascular compression, and a likely
fatal consequence, brain herniation."

B. Role of excitotoxicity after traumatic brain
injury. The term “excitotoxicity” entails the release of
excitatory amino acids in synaptic and extra synaptic
regions (interstitial space) to the point they act as
neurotoxins that can potentially kill nerve cells.?**!
Excitotoxicity is a critically important neurodegenerative
mechanism among most, if not all, acute and
chronic neurodegenerative disorders including brain
trauma,>®3! and contributes to both necrotic and
apoptotic neuronal cell death mechanisms.*>* Indeed,
excitotoxic mechanisms are central to the secondary
injuries that ensue following TBI.>* These excitotoxic
events are triggered by the release of excitatory amino
acids, mainly glutamate, after TBIL.* Excitotoxic
mechanisms, initiated following TBI, feature persistent
depolarization of neuronal cells accompanied by ionic
influxes disrupting ionic balance across neuronal cell
membranes.”® Attempts of injured cells to restore
normal ionic gradients increase brain metabolic
demand for production of enough ATP to fuel the
ATPases responsible for restoring ionic homeostasis.
However, the ability to generate more ATP in the cell is
incapacitated by the lack of adequate CBE, the reduction
in tissue oxygenation and the progressive compromise
of mitochondrial function following TBI.'* Because of
that, the excitotoxicity-induced ionic imbalance persists
in the injured neural tissue and ultimately culminates in
neuronal cell damage and death.*

Perhaps the most devastating element of
excitotoxicity is massive calcium (Ca™) influx. Loss of
Ca** homeostasis triggered by excitotoxic mechanisms
will lead to axonal damage and culminate in neuronal
cell death.”” Disrupting Ca™ homeostasis in the cell is the
central mechanism by which excitotoxicity contributes
to downstream pathological events in the secondary
injury of TBI like oxidative stress, mitochondrial
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dysfunction, and cytoskeletal degradation.”*® In

addition to that, influxes of sodium (Na+) seems to
contribute to excitotoxic cell damage by mediating
passive diffusion of water into neuronal cells causing
cytotoxic edema.’* Evidently, the initial insult after
TBI is amplified in both expanse and severity by means
of excitotoxic mechanisms.

Glutamate-mediated excitotoxicity is suggested
as the main contributor to secondary injuries after
TBI as glutamate is the most abundant and most
rapidly released excitatory neurotransmitter in the
brain following injury®* In addition to being
released in synapses, glutamate has been also shown
to accumulate in extrasynaptic extracellular spaces in
both experimental and clinical TBI settings. The high
levels of extracellular glutamate appear to potentiate
excitotoxicity by depolarizing neighboring cells.”?
The potential sources of this increase in extracellular
glutamate are: the immense exocytosis of glutamate into
synaptic clefts, triggered by mechanical depolarization
of glutamate-releasing neurons after TBI, may result
in a flood of glutamate into brain synaptic and extra-
synaptic spaces,* the disruption of the BBB after TBI
is proposed to increase the entry of glutamate into
the brain,” shearing of cerebral blood vessels leads
to parenchyma hemorrhage around the impact site
with concomitant extravasation of glutamate into the
lesion site, and the possible formation of membrane
micropores after injury is suggested to allow glutamate
entry into the extracellular space.*?

The levels of glutamate in synaptic and extrasynaptic
spaces are mainly regulated by release and reuptake
mechanisms because glutamate is not metabolized by
extracellular enzymes.® Accordingly, disruption of
glutamate transporters activity is expected to play a role
in accumulation of glutamate in extracellular spaces
leading to excitoxicity. There are 2 types of glutamate
transporters; neuronal and astrocytic.**¢ Compelling
evidence suggests that most of the glutamate transport
activity in the brain is carried out by astrocytic glutamate
transporters; hence, their malfunction hasacritical rolein
excitotoxicity.”* Indeed, following experimental TBI,
it has been documented that there is down-regulation
of both astrocytic glutamate transporters levels in the
injured cerebral cortex.”® Down-regulation of astrocytic
glutamate transporters is also evident after human
TBI.>! This decrease in astrocytic glutamate transporter
activity has been shown to correlate with high levels of
glutamate in the CSF after injury.’> Moreover, hindering
the expression of astrocytic glutamate transporters
significantly aggravated neuronal loss after injury. In
conclusion, it is plausible to suggest that disruption of
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glutamate transport mechanisms contribute to build up
of extracellular glutamate and subsequent glutamate-
mediated neurotoxicity.

The trauma-induced disruption of glutamate
release and glutamate transport mechanisms will lead
to high levels of glutamate in extracellular spaces. This
accumulated extracellular glutamate will propagate
neurotoxicity by overstimulating glutamate receptors
leading to downstream effects that put cell survival at
risk. There are 2 main categories of glutamate receptors,
ionotropic glutamate receptors, and metabotropic
glutamate receptors. lonotropic receptors are of 3
types: the NMDA receptor, the a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptor,
and the kainate receptor.”® The latter 2 receptors are not
voltage-dependent and are mainly permeable to Na,
potassium (K*) and to a much lesser extent to Ca**.>** In
contrast, the NMDA receptors are of particular interest
because they are voltage-dependent ion channels that are
preferentially permeable to Ca™,”*and to a lesser extent
Na*. Such inherent qualities of the NMDA receptor
suggest a significant involvement in the evolution
of excitotoxicity following TBI. This stems from the
knowledge that dramatic surges in intracellular Ca*
mediate much of the pathology ascribed to excitotoxicity
in the CNS.” Many reports have confirmed that
Ca** dysregulation occurs following NMDA receptor
activation of cultured neurons.’®* The important role
of extracellular Ca** overload in excitotoxicity was first
validated by Choi and colleagues®* who showed that
glutamate-mediated neurotoxicity and death of cultured
neurons were contingent on the presence of extracellular
Ca**. The role of NMDA receptors in excitotoxicity was
further validated when it was shown by Tymianski®®
that Ca™ influx via NMDA receptors was neurotoxic to
cultured neurons whereas influxes of Ca** through other
voltage-sensitive Ca** channels were not equivalently
catastrophic. It was hypothesized that the route of
Ca* influx will determine the destined subcellular
localization of Ca*™ and the signaling mechanisms
triggered by its entry to the cell. Accordingly, the role of
NMDA receptors in glutamate-mediated excitotoxicity
is not only allowing influxes of Ca** upon activation,
but also linking Ca™ influxes to signaling cascades
essential for downstream neurotoxicity. Some of these
downstream neurotoxic effects are: mitochondrial
dysfunction, igniting cellular enzymes like protein
kinases, nitric oxide synthase, calpains and other
proteases, calcineurins and endonucleases.' The activity
of these enzymes will in turn boost the generation of free
radicals, risk the integrity of the cytoskeleton, damage
the DNA and activate cell death pathways.*!
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Metabotropic glutamate receptors (mGluRs) are also
involved in mediating excitotoxicity. They are G-protein
coupled receptors®” and are classified into 3 groups;
Group I (mGluR1 and mGluR5), Group II (mGluR2
and mGluR3), and Group III (mGluR4, mGluR6
mGluR7, and mGIuR8).” Only Group I mGluR
agonists were shown to contribute to excitotoxicity by
disrupting Ca** homeostasis®*® and boosting necrotic
cell death. Interestingly, Group I mGluR agonists were
also shown to mediate their excitotoxic detrimental
affects by causing down-regulation of astrocytic
glutamate transporters.®

Role of oxygen free radicals after traumatic brain
injury. Generation of oxygen free radicals following
TBI is one of the most confirmed aspects of secondary
injury to brain tissues. By definition, a free radical is any
chemical species capable of independent existence and
containing one or more unpaired electrons.”” Reactive
oxygen species (ROS) and reactive nitrogen species
(RNS), which each includes both free radicals and
compounds that can generate free radicals are produced
by a plethora of pathways triggered after TBI, Figure 1.
These reactive species are involved in the pathogenesis
of post-TBI by inflicting damage to cerebrovascular
tissues mainly by inducing membrane LP.

Superoxide radical is one of the primary radicals
generated almost immediately following TBL®% A
variety of sources contribute to superoxide radical
(O,") generation after TBI, each of which involves
the one electron reduction of molecular oxygen (O,
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Figure 1 - Formation of reactive oxygen species and reactive nitrogen

Fet + OH +.0H

species in the injured brain. O, - molecular oxygen, O, -
superoxide anion, ONOO- - peroxynitrite, “NO - nitric oxide,
SOD - superoxide dismutase, H,O, - hydrogen peroxide, Fe**
- ferrous iron, Fe"* - ferric iron, ONOOH - peroxynitrous
acid, ONOOCO,’ - nitrosoperoxocarbonate, ‘OH - hydroxyl
radical, "“CO3, carbonate radical. X stands for: xanthin
oxidase activity, hemoglobin, mitochondrial leak, microglial
activation, and arachidonic acid activation.
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+ ¢ — O). For example, O,” can be generated by
the Ca* induced activation of phospholipases and
the downstream arachidonic acid cascade, conversion
of xanthine dehydrogenase to xanthine oxidase, and
by mitochondrial leak. In addition, enzymatic and/or
autoxidation of biogenic amine neurotransmitters and
the oxidation of extravasated hemoglobin may also be
sources of O, after TBI. Infiltrating inflammatory
cells including activated microglia, neutrophils, and
macrophages are also additional sources of O,".”* The
potential toxicity of O, can be halted by dismutation,
which is an innate antioxidant mechanism that entails
the conversion of O, into hydrogen peroxide (H,0,)
in a reaction that is catalyzed by the enzyme superoxide
dismutase.”' However, O," can contribute to generation
of more reactive free radicals like the hydro peroxyl
radical (HO,.) which is more lipid soluble and a more
powerful oxidizing agent.”> In aqueous environments,
Oy actually exists in equilibrium with HO,. However,
under the acidic conditions that prevail in the injured
neural tissue, the equilibrium between Oy and HO,.
shifts in favor of HO,, which is much more reactive
than O,", particularly toward lipids.

Iron is abundant in the CNS, and is in part
responsible for the increased susceptibility of the brain
to oxidative damage, particularly LP7® Because it is a
strong inducer of LB, iron is tightly regulated in the neural
tissue under physiological conditions. Nonetheless,
following TBI iron homeostasis is disrupted by acidosis
and hemorrhage. Acidosis increases iron solubility and
mediates its delocalization from an inactive to an active
redox state.”*”> Moreover, extravasated hemoglobin
as a result of rupture of cerebral blood vessels and
hemorrhage is another source of iron. Hemoglobin itself
is capable of inducing oxidative damage by stimulating
O, production, but more importantly hemoglobin-
mediated oxidative damage is inflicted by iron within
the released heme complex.”®”” Ultimately, the released
iron following TBI contributes to the generation of O
when ferrous iron undergoes autoxidation. Released
iron also contributes to the production of hydroxyl
radical (*OH) by means of the Fenton reaction in which
ferrous iron is oxidized by its reaction with H O,. The
hydroxyl radical is an extremely aggressive oxidant that
can attack most biological molecules. The relevance
of *OH in TBI pathogenesis was revealed using the
salicylate trapping method, which captured an early
surge of *OH levels in the brain following both focal and
diffuse TBI.”®” The increase in *OH levels immediately
preceded an increase in LP and disruption of the BBB
following TBI.® The cerebral microvasculature seems to
be the initial source of *OH production.®*#
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Peroxynitrite (PN; ONOO) is a free radical donor
that has been suggested to be the principal reactive
species involved in producing tissue injury in a variety of
neurological disorders.®" It is the result of O, reaction
with nitric oxide (*NO), the latter produced by nitric
oxide synthase (NOS).** Both O, and *NO are not very
reactive radicals and their interaction with biological
molecules is limited in aqueous environments, but
their chemical union leads to the formation of unstable
intermediates that decay to yield yet more reactive
free radicals. Specifically, the reaction between O,"
and *NO forms the peroxynitrous anion (ONOO),
which is largely protonated at physiological pH levels
to form peroxynitrous acid (ONOOH), a rather
unstable compound that decomposes to give *OH and
nitrogen dioxide (*NO,) radicals. Peroxynitrite anion
can also react with carbon dioxide (CO,) leading to the
formation of nitrosoperoxocarbonate (ONOOCO,),
which readily decomposes into *NO, and another
highly reactive radical, the carbonate radical ('CO3).
Collectively, the decomposition of peroxynitrite yields
*OH, *NO, and *CO, radicals. The relatively long
half-life of peroxynitrite and its ability to diffuse across
cellular membranes is thought to explain the incidence
of oxidative damage in areas distant to peroxynitrite
synthesis sites. Each of the PN-derived radicals (*OH,
*NO,, and °COS) is capable of abducting an electron
from a hydrogen atom bound to an allylic carbon
in polyunsaturated fatty acid (LH) leading to LP
cellular damage,* or reacting with susceptible amino
acids (for example, lysine, cysteine, arginine) causing
protein carbonylation.®* Moreover, *NO, can nitrate
the 3 position of tyrosine residues in proteins, which
leads to the formation of 3-nitrotyrosine (3-NT); a
specific biological marker of PN-induced oxidative
damage. Peroxynitrite-mediated protein nitration can
be augmented by lipid peroxyl or alkoxyl radicals,
which are capable of mediating the initial oxidation of
a tyrosine moiety,® a rather critical event that sets the
stage for nitration by *NO..

Currently, several lines of evidence indicate that
PN has a critical role in the pathogenesis of secondary
injury of TBI. The increased activity of all 3 NOS
isoforms following TBI shed light into the possible
formation and involvement of PN in the secondary
injury of TBL.®#® That notion was supported by the
emergence of biochemical footprints of PN-mediated
damage in rodent TBI paradigms including an
increase in 3-NT levels,*”*° and adenosine diphosphate
ribosylation. Moreover, the isolation of mitochondrial
NOS suggested that PN is also the main ROS
generated in mitochondria.” The involvement of
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PN in TBI pathogenesis was further validated in
recent work by Deng-Bryant et al”® who showed that
scavenging peroxynitrite derived free radicals, by the
nitroxide drug tempol, ameliorated the accumulation
of 3-NT in injured brains and concomitantly improved
neurological recovery.

Lipid peroxidation is one of the most frequently
studied mechanisms of oxidative damage in the
neural tissues following TBI. The abundance of
polyunsaturated fatty acids’”” and high iron contents in
the brain” put neuronal cell membranes in the brain at
increased risk of lipid peroxidative damage. High levels
of LP are a consistent finding following TBI in humans
and seem to be proportionate to injury severity.”® The
process of LP is triggered in neuronal cell membranes
by a plethora of ROS including PN-generated free
radicals, Figure 2. Initiation of LP occurs when a
reactive radical species such as -OH reacts with an allylic
carbon (carbon surrounded by adjacent double bonds)
and extracts a hydrogen (and its single electron) from
a LH. In the process, the initiating radical is quenched
by receipt of the hydrogen electron from the LH. This,
however, converts the LH into a lipid or “alkyl” radical
(Le). This “initiation” phase sets the stage for a series
of “propagation” reactions, which begin when the alkyl
radical reacts with molecular oxygen creating a lipid
peroxyl radical (LOO®). The LOO® then reacts with a
neighboring LH within the cell membrane and steals
its electron forming a lipid hydroperoxide (LOOH)
and a second alkyl radical. The formation of lipid

ROS & RNS
|
LH > L. <«
LOO-

LH __,.._.._). LOOH + Le

9
| LOH
e+t €= Fett LH

LO-

Figure 2 - A flow chart of free radical induced iron catalyzed lipid
peroxidation process in polyunsaturated fatty acids (LH). ROS
- reactive oxygen species, RNS - reactive nitrogen species, O2
- molecular oxygen, Le - lipid alkyl radical, LO« - lipid alkoxyl

radical, LOH - lipid alcohol, LOO® - lipid peroxyl radicals,
LOOH - lipid hydroperoxide, Fe** - ferrous iron, Fe*** - ferric
iron.
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hydroperoxides is critical for propagating LP since the
propagation phase of LP involves decomposition of
LOOH through reactions with either ferrous iron (Fe*)
or ferric iron (Fe***). In the case of Fe**, the reaction
results in the formation of a lipid alkoxyl radical (LO®).
If, however, the reaction involves Fe**, the LOOH is
converted back into a lipid peroxyl radical (LOOe).
Both reactions of LOOH with iron have acidic pH
optima causing them to be augmented by tissue acidosis.
Either alkoxyl (LO®) or peroxyl (LOOe®) radicals arising
from LOOH decomposition by iron can initiate so
called lipid hydroperoxide-dependent LP resulting in

chain branching reactions;

LOQOe + LH — LOOH + Le
LOe + LH — LOH + Le

Ultimately, the LP process is terminated by
fragmentation or scission reactions that liberate
neurotoxic aldehydes like 4-hydroxynonenal (4-HNE)
from cellular membranes. The LP-derived 4-HNE
produces neurotoxicity by binding to basic amino
acids such as lysine or histidine as well as sulthydryl-
containing cysteine residues in cellular proteins. The
resulting chemical modifications, which have been
shown to inhibit the function of a variety of structural
and enzymatic cellular proteins, are implicated in
neuronal degeneration.”® Moreover, 4-HNE has been
shown to interact with nucleic acids forming DNA
adducts that increase the risk of mutations.”

Compelling evidence suggests that lipid peroxidative
damage contributes to cytosolic Ca** toxicity following
TBI by several mechanisms, Figure 3. First, it has been

Lipid
Feroxidation

Inhibit Glutamate
Transporters

Decrease Ca*™
Extrusion Capacity
Maobilize Intracellular Impair Mitochondrial
Ca** Function

N/

Figure 3 - Simplified representation of lipid peroxidation contribution
to downstream neurotoxic mechanisms leading to dramatic
increase in cytosolic Ca™, a prominent pathology of the
secondary injury following traumatic brain injury.

Loss of Ca*™
Homeostasis
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documented that accumulation of 4-HNE inhibits
astrocytic glutamate transporters,”®”” an effect that can
potentially extend glutamate-mediated neurotoxicity
hence prolonging NMDA receptor-mediated Ca*™
influxes. Secondly, lipid peroxidativedamagehasbeenalso
shown to contribute to Ca™ dysregulation by damaging
the Ca™* ATPase in the cell membrane rendering the cell
unable to restore ionic homeostasis.”® Thirdly, LP has
been also reported to mobilize Ca** from intracellular
stores like the endoplasmic reticulum.” Fourthly,
the incidence of LP in mitochondrial membranes
contributes to mitochondrial dysfunction,'*" which
compromises mitochondrial capacity to sequester
Ca.1%192 Accordingly, lipid peroxidative damage
aggravates loss of Ca** homeostasis, which is a central
mechanism of neuronal cell injury following TBI.

Role of mitochondrial dysfunction after traumatic
brain injury. Mitochondria are membrane-bound
intracellular organelles. They are bound by 2
membranes; the outer membrane is permeable for ions
and small molecules whereas the inner membrane is
almost impermeable. The inner membrane houses the
electron transport chain (ETC) protein complexes and
is also equipped by several ion channels and transporters
including the Ca™ uniporter, K* ATPase channels and
Na*/Ca** exchanger. Since one of the most important
tasks of mitochondria is the production of ATP, they
are often referred to as the “powerhouse” of the cell. In a
typical vertebrate cell, almost 95% of the ATP demand
is generated by mitochondria.'”® Neurons, particularly,
seem to be highly dependent on sound mitochondrial
function to support the metabolic demands of
membrane excitability, which is essential for impulse
conduction, neurotransmission, and other processes
like plasticity.'**'® Maintaining ionic gradients and
neurotransmission creates a huge demand on ATP by
neuronal cells, which rely on oxidative phosphorylation
carried out in mitochondria to meet ATP demand.
Accordingly, mitochondrial function is crucial for
neuronal survival,'® and aberrant mitochondrial
function are often involved in neurodegeneration.'”’”

Mitochondrial damage is a prominent pathology
after TBI. Experimental studies carried out with
electron microscopy have revealed that cristae
membranes are destroyed in mitochondria isolated
from traumatized brains.!® Moreover, traumatized
mitochondria are swollen with signs of discontinuity
in their membranes.'”>'” With the use of antibodies
against specific markers of oxidative damage, it was
proved that the structural dis-integrity in mitochondria
was accompanied by high levels of LP. Experimental
work on isolated mitochondria from rodents has
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revealed that controlled cortical impact TBI induces
high levels of 4-HNE and 3-nitrotyrosine (3-NT),
markers of LP and protein nitration."”® Proteomic
analytical data have confirmed that most of the proteins
within the ETC complexes, which are central for ATP
synthesis, are targeted by post-traumatic oxidative
damage.'® This is coincident with the impairment
of oxidative metabolism and depletion of ATP stores
that take place following TBIL.''''* Obviously these
catastrophic changes in energy metabolism are ascribed
to mitochondrial dysfunction, which ensues following
TBIL.'">"8 Mitochondrial dysfunction in neuronal cells
seems to be precipitated by glutamate neurotoxicity.>
Glutamate release following TBI induces an immense
intracellular Ca** accumulation as a result of NMDA
receptor activation.”” This, in turn, is accompanied by
overloading mitochondria with Ca*,"">'?* which put
mitochondria at risk of further damage. Such Ca*
perturbation aggravates mitochondrial dysfunction
and energy failure following TBI."?"*> Moreover, the
resulting mitochondrial Ca** load has been shown to
induce mitochondrial generation of ROS, RNS, and
their highly reactive free radicals.'?*'% Thus, Ca**-loaded
neural mitochondria become both the main source and
target of these free radicals, which initiate mitochondrial
membrane LP and protein modifications resulting in
irreversible loss of mitochondrial functions such as
mitochondrial respiration, oxidative phosphorylation,
and ion transport,'”®'” and decreasing mitochondrial
Ca™ buffering capacity.'” However, the most
devastating sequelae of Ca™ load on mitochondria
is the induction of mitochondrial permeability
transition pore (mPTP) in the inner mitochondrial
membrane and dumping of the matrix Ca™ pool back
into the cytoplasm.' The mPTP is a sudden increase
in the inner mitochondrial membrane permeability
allowing solutes of molecular mass less than 1500
Daltons to pass freely across the inner mitochondrial
membrane.'”® This mitochondrial collapse amplifies the
rise in cytosolic Ca** and contributes to delayed Ca*™
dysregulation.'?*'* The formation of the mPTP appears
to be vital for Ca**-induced generation of free radicals
by mitochondria.’* It is accompanied by a drastic
collapse of the mitochondrial membrane potential,
an event that will not only abolish ATP synthesis by
mitochondria but may also lead to functional reversal of
the ATP synthase.” This will exacerbate energy failure
by depleting the cytoplasmic pool of ATP.
Mitochondrial dysfunction in general is implicated
in neuronal cell death following TBLM®3% Tt is
suggested that the status of mitochondrial functions
determines the mode of cell death, necrotic versus
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apoptotic  following  glutamate  neurotoxicity.*
Elements of oxidative stress that are induced by the
formation of mPTP following injury seem to pave the
way for apoptosis by enhancing cytochrome ¢ release
from mitochondria.’ Mitochondrial ~ dysfunction
and the formation of mPTP contributes to post-TBI
neurodegeneration as revealed by studies employing
inhibitors of mPTP like cyclosporine A and it’s non
immunosuppressive analogue NIM811, which have
been proved to preserve mitochondrial function,'!®
and ameliorate neurodegeneration in controlled cortical
impact-TBI models.'3*1%4

C. Role of calpain-mediated proteolysis after
traumatic brain injury. Calpains are Ca** dependent
cysteinyl/thiol intracellular proteases that function
at neutral pH," and are believed to be important
mediators of cellular damage following TBI."** Even
though the physiological significance of calpains has
not been fully elucidated, some reports suggest they
play a role in synaptic plasticity and cytoskeletal protein
turnover.'””'3® The dependence of calpains’ activity
on increased cytosolic Ca** suggests that conditions
manifesting dramatic increase in intracellular Ca** will
feature calpain activity. Indeed, it is a strong consensus
now that cytosolic Ca** overload is a key pathology in
experimental TBI and is considered a central destructive
pathway leading to delayed neuronal cell damage and
cell death after TBL."*>'% Accordingly, igniting calpain
activity could be one possible mechanism to explain
the detrimental effects of intracellular Ca™ overload
in experimental TBI. Calpains’ activity was detected
in TBI models by tracing their favorite substrates; the
cytoskeletal proteins like spectrin, neurofilament, and
MAP2 proteins.'*! Interestingly, it was shown by several
studies that each of the aforementioned proteins was
subjected to degradation in TBI models.""" More robust
evidence for calpains activity following TBI was obtained
by using antibodies against cytoskeletal breakdown
products unique to calpains since degradation of
cytoskeletal proteins can be mediated by other cellular
proteases. Spectrin breakdown products (SBDPs) have
been extensively utilized for that purpose.

Spectrin is an integral component of the
cytoskeleton, especially in axonal membranes and
presynaptic terminals.'* Calpain-mediated degradation
of spectrin lead to the formation of breakdown products
of 2 distinctive molecular weights; 150 kDa and 145
kDa,'® which are considered footprints of calpain
activation."'%¢ Both calpain activation (autolysis)
and calpain-mediated proteolysis of spectrin occur in
experimental TBI'" earlier than significant cell loss.'*
Studies carried out with a rat TBI model'® suggested
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that calpain-mediated spectrin degradation ultimately
culminates in overt damage to the cytoskeleton leading
to irreversible axonal damage and probably axotomy.
Several studies highlighted the value of SBDPs as a
convenient marker of calpain activity'*'% that can
be easily detected by western blotting. Furthermore,
the reliability of SBDPs as potential biomarkers of
calpain activity has increased over the years as it was
shown that the level of SBDPs can be a convenient
predictor of outcome after trauma,’®'**'* not only in
experimental TBI but also in clinical TBI."*® Recently,
it has been shown by a clinical database study that
calpain-mediated SBDPs in CSF correlated with longer
elevations of intracranial pressure and poorer Glasgow
coma scale sores,”' suggesting their pathophysiological
relevance.

The validation of both calpain’s contribution to
secondary injuries after TBI and the value of SBDPs as
a reliable footprint of calpain activity were followed by
several studies aiming at defining the role of calpains
in the pathophysiology of TBI and elucidating the
therapeutic promise of targeting calpains after injury.
Perhaps the best strategy that was employed in this
regard was to use calpain inhibitors and evaluate their
ability to enhance the outcome in experimental TBI
models. Many studies were conducted employing
calpain inhibitors to elucidate their therapeutic
potential. For example, work carried out with a rat
mechanical compression TBI model showed that
arterial infusion of calpain inhibitor II protected the
cytoskeleton by impeding degradation of spectrin
and neurofilament.’ Moreover, the calpain inhibitor
SNJ-1945 significantly reduced spectrin degradation
in the mouse TBI model.” In addition to protecting
the cytoskeleton, calpain inhibitors were also shown to
enhance functional recovery after injury. Studies carried
out in a rat TBI model by Saatman et al'* revealed that
the calpain inhibitor AK295 attenuated both motor
and cognitive deficits after injury. Subsequently, it was
shown in a mouse diffuse TBI model that the calpain
inhibitor SJA6017 can improve motor functional
recovery.”” In conclusion, a huge body of literature
supports the notion that calpains are key mediators
of the pathophysiology of secondary injury after TBI.
Furthermore, its activation by increased intracellular
Ca™ is implicated in axonal damage and neuronal
cell loss leading to functional impairment after TBI
suggesting that a therapeutic strategy that halts calpain
activation after injury may confer neuroprotection.

References

1. Finfer SR, CohenJ. Severe traumatic brain injury. Resuscitation
2001; 48: 77-90.

230 Neurosciences 2013; Vol. 18 (3)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Werner C, Engelhard K. Pathophysiology of traumatic brain

injury. Br J Anaesth 2007; 99: 4-9.

. Marik PE, Varon ], Trask T. Management of head trauma.

Chest 2002; 122: 699-711.

. Riggio S, Wong M. Neurobehavioral sequelae of traumatic

brain injury. Mt Sinai | Med 2009; 76: 163-172.

. Madikians A. A Clinician’s Guide to the Pathophysiology of

Traumatic Brain Injury. Indian Journal of Neurotrauma 2006;
3:9-17.

. Bayir H, Marion DW, Puccio AM, Wisniewski SR, Janesko

KL, Clark RS, et al. Marked gender effect on lipid peroxidation
after severe traumatic brain injury in adult patients. J
Neurotrauma 2004; 21: 1-8.

. Roof RL, Hall ED. Estrogen-related gender difference in

survival rate and cortical blood flow after impact-acceleration
head injury in rats. J Neurotrauma 2000; 17: 1155-1169.

. Smith-Seemiller L, Lovell MR, Smith S, Markosian N,

Townsend RN. Impact of skull fracture on neuropsychological
functioning following closed head injury. Brain Inj 1997; 11:
191-196.

. Gerlach R, Dittrich S, Schneider W, Ackermann H, Seifert V,

Kieslich M. Traumatic epidural hematomas in children and
adolescents: outcome analysis in 39 consecutive unselected
cases. Pediatr Emerg Care 2009; 25: 164-169.

Senft C, Schuster T, Forster MT, Seifert V, Gerlach R.
Management and outcome of patients with acute traumatic
subdural hematomas and pre-injury oral anticoagulation
therapy. Neurol Res 2009; 31: 1012-1018.

Smith DH, Meaney DE Shull WH. Diffuse axonal injury in
head trauma. J Head Trauma Rehabil 2003; 18: 307-316.
Chung SW, Park YS, Nam TK, Kwon JT, Min BK, Hwang SN.
Locations and clinical significance of non-hemorrhagic brain
lesions in diffuse axonal injuries. J Korean Neurosurg Soc 2012;
52: 377-383.

Buki A, Povlishock JT. All roads lead to disconnection?--
Traumatic axonal injury revisited. Acta Neurochir (Wien)
2006; 148: 181-194.

Park E, Bell JD, Baker AJ. Traumatic brain injury: can the
consequences be stopped? CMAJ 2008; 178: 1163-1170.
Greve MW, Zink BJ. Pathophysiology of traumatic brain
injury. Mt Sinai J Med 2009; 76: 97-104.

Graham DI, Ford I, Adams JH, Doyle D, Teasdale GM,
Lawrence AE, et al. Ischaemic brain damage is still common
in fatal non-missile head injury. J Neurol Neurosurg Psychiatry
1989; 52: 346-350.

Marion DW, Darby ], Yonas H. Acute regional cerebral blood
flow changes caused by severe head injuries. J Neurosurg 1991;
74: 407-414.

McLaughlin MR, Marion DW. Cerebral blood flow and
vasoresponsivity within and around cerebral contusions. J
Neurosurg 1996; 85: 871-876.

Salvant JB Jr, Muizelaar JP. Changes in cerebral blood flow
and metabolism related to the presence of subdural hematoma.
Neurosurgery 1993; 33: 387-393.

Botteri M, Bandera E, Minelli C, Latronico N. Cerebral blood
flow thresholds for cerebral ischemia in traumatic brain injury.
A systematic review. Crit Care Med 2008; 36: 3089-3092.
White H, Venkatesh B. Cerebral perfusion pressure in
neurotrauma: a review. Anesth Analg 2008; 107: 979-988.
Gupta AK. Monitoring the injured brain in the intensive care
unit. J Postgrad Med 2002; 48: 218-225.

www.neurosciencesjournal.org


http://dx.doi.org/10.1016/S0300-9572(00)00321-X
http://dx.doi.org/10.1016/S0300-9572(00)00321-X
http://dx.doi.org/10.1093/bja/aem131 
http://dx.doi.org/10.1093/bja/aem131 
http://dx.doi.org/10.1378/chest.122.2.699
http://dx.doi.org/10.1378/chest.122.2.699
http://dx.doi.org/10.1002/msj.20097
http://dx.doi.org/10.1002/msj.20097
http://dx.doi.org/10.1089/089771504772695896
http://dx.doi.org/10.1089/089771504772695896
http://dx.doi.org/10.1089/089771504772695896
http://dx.doi.org/10.1089/089771504772695896
http://dx.doi.org/10.1089/neu.2000.17.1155
http://dx.doi.org/10.1089/neu.2000.17.1155
http://dx.doi.org/10.1089/neu.2000.17.1155
http://dx.doi.org/10.1080/026990597123638
http://dx.doi.org/10.1080/026990597123638
http://dx.doi.org/10.1080/026990597123638
http://dx.doi.org/10.1080/026990597123638
http://dx.doi.org/10.1097/PEC.0b013e31819a8966
http://dx.doi.org/10.1097/PEC.0b013e31819a8966
http://dx.doi.org/10.1097/PEC.0b013e31819a8966
http://dx.doi.org/10.1097/PEC.0b013e31819a8966
http://dx.doi.org/10.1179/174313209X409034
http://dx.doi.org/10.1179/174313209X409034
http://dx.doi.org/10.1179/174313209X409034
http://dx.doi.org/10.1179/174313209X409034
http://dx.doi.org/10.1097/00001199-200307000-00003
http://dx.doi.org/10.1097/00001199-200307000-00003
http://dx.doi.org/10.3340/jkns.2012.52.4.377
http://dx.doi.org/10.3340/jkns.2012.52.4.377
http://dx.doi.org/10.3340/jkns.2012.52.4.377
http://dx.doi.org/10.3340/jkns.2012.52.4.377
http://dx.doi.org/10.1007/s00701-005-0674-4
http://dx.doi.org/10.1007/s00701-005-0674-4
http://dx.doi.org/10.1007/s00701-005-0674-4
http://dx.doi.org/10.1503/cmaj.080282
http://dx.doi.org/10.1503/cmaj.080282
http://dx.doi.org/10.1002/msj.20104
http://dx.doi.org/10.1002/msj.20104
http://dx.doi.org/10.1136/jnnp.52.3.346
http://dx.doi.org/10.1136/jnnp.52.3.346
http://dx.doi.org/10.1136/jnnp.52.3.346
http://dx.doi.org/10.1136/jnnp.52.3.346
http://dx.doi.org/10.3171/jns.1991.74.3.0407
http://dx.doi.org/10.3171/jns.1991.74.3.0407
http://dx.doi.org/10.3171/jns.1991.74.3.0407
http://dx.doi.org/10.3171/jns.1996.85.5.0871
http://dx.doi.org/10.3171/jns.1996.85.5.0871
http://dx.doi.org/10.3171/jns.1996.85.5.0871
http://dx.doi.org/10.1227/00006123-199309000-00006
http://dx.doi.org/10.1227/00006123-199309000-00006
http://dx.doi.org/10.1227/00006123-199309000-00006
http://dx.doi.org/10.1097/CCM.0b013e31818bd7df
http://dx.doi.org/10.1097/CCM.0b013e31818bd7df
http://dx.doi.org/10.1097/CCM.0b013e31818bd7df
http://dx.doi.org/10.1213/ane.0b013e31817e7b1a
http://dx.doi.org/10.1213/ane.0b013e31817e7b1a
http://130.14.29.110/pubmed/?term=12432204
http://130.14.29.110/pubmed/?term=12432204

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Traumatic brain injury ...

O’Phelan KH, Park D, Efird JT, Johnson K, Albano M, Beniga
J, et al. Patterns of increased intracranial pressure after severe
traumatic brain injury. Neurocrit Care 2009; 10: 280-286.
Johnston IH, Johnston JA, Jennett B. Intracranial-pressure
changes following head injury. Lancet 1970; 2: 433-436.
Czigner A, Mihaly A, Farkas O, Buki A, Krisztin-Peva B, Dobo
E, et al. Kinetics of the cellular immune response following
closed head injury. Acta Neurochir (Wien) 2007; 149: 281-289.
Dostal B Cerny V, Parizkova R. Sepsis: cause of late
deterioration of intracranial pressure in patients with severe
traumatic brain injury? Crit Care 1998; 2 (Supp 1): P061.
Kelly BJ, Luce JM. Current concepts in cerebral protection.
Chest 1993; 103: 1246-1254.

Jones SC, Radinsky CR, Furlan AJ, Chyatte D, Perez-Trepichio
AD. Cortical NOS inhibition raises the lower limit of cerebral
blood flow-arterial pressure autoregulation. Am J Physiol 1999;
276: H1253-H1262.

Morillo  CA, Ellenbogen KA, Fernando Pava L.
Pathophysiologic basis for vasodepressor syncope. Cardiol Clin
1997; 15: 233-249.

Mehta A, Prabhakar M, Kumar P, Deshmukh R, Sharma PL.
Excitotoxicity: bridge to various triggers in neurodegenerative
disorders. Eur J Pharmacol 2013; 698: 6-18.

Maas Al, Stocchetti N, Bullock R. Moderate and severe
traumatic brain injury in adults. Lancet Neurol 2008; 7:
728-741.

Zipfel GJ, Babcock DJ, Lee JM, Choi DW. Neuronal
apoptosis after CNS injury: the roles of glutamate and calcium.
J Neurotrauma 2000; 17: 857-869.

Lynch DR, Dawson TM. Secondary mechanisms in neuronal
trauma. Curr Opin Neurol 1994; 7: 510-516.

Hayes RL, Jenkins LW, Lyeth BG. Neurotransmitter-mediated
mechanisms of traumatic brain injury: acetylcholine and
excitatory amino acids. J Neurotrauma 1992; 9 Suppl 1:
S$173-S187.

Faden AI, Demediuk P Panter SS, Vink R. The role of
excitatory amino acids and NMDA receptors in traumatic
brain injury. Science 1989; 244: 798-800.

Ankarcrona M, Dypbukt JM, Bonfoco E, Zhivotovsky B,
Orrenius S, Lipton SA, et al. Glutamate-induced neuronal
death: a succession of necrosis or apoptosis depending on
mitochondrial function. Neuron 1995; 15: 961-973.
Tymianski M, Tator CH. Normal and abnormal calcium
homeostasis in neurons: a basis for the pathophysiology
of traumatic and ischemic central nervous system injury.
Neurosurgery 1996; 38: 1176-1195.

DengY, Thompson BM, Gao X, Hall ED. Temporal relationship
of peroxynitrite-induced oxidative damage, calpain-mediated
cytoskeletal degradation and neurodegeneration after traumatic
brain injury. Exp Neurol 2007; 205: 154-165.

Choi DW. Ionic dependence of glutamate neurotoxicity. J
Neurosci 1987; 7: 369-379.

Choi DW. Glutamate neurotoxicity in cortical cell culture is
calcium dependent. Neurosci Lett 1985; 58: 293-297.

Bullock R, Zauner A, Myseros JS, Marmarou A, Woodward JJ,
Young HE Evidence for prolonged release of excitatory amino
acids in severe human head trauma. Relationship to clinical
events. Ann N'Y Acad Sci 1995; 765: 290-298.

Yi JH, Hazell AS. Excitotoxic mechanisms and the role of
astrocytic glutamate transporters in traumatic brain injury.
Neurochem Int 2006; 48: 394-403.

Danbolt NC. Glutamate uptake. Prog Neurobiol 2001; 65:
1-105.

www.neurosciencesjournal.org

Mustafa & Al-Shboul

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Berger UV, Hediger MA. Comparative analysis of glutamate
transporter expression in rat brain using differential double in
situ hybridization. Anat Embryol (Berl) 1998; 198: 13-30.
Kugler B Schmitt A. Glutamate transporter EAACI is
expressed in neurons and glial cells in the rat nervous system.
Glia 1999; 27: 129-142.

Kondratskaya E, Shin MC, Akaike N. Neuronal glutamate
transporters regulate synaptic transmission in single synapses
on CAl hippocampal neurons. Brain Res Bull 2010; 81:
53-60.

Tanaka K, Watase K, Manabe T, Yamada K, Watanabe M,
Takahashi K, et al. Epilepsy and exacerbation of brain injury in
mice lacking the glutamate transporter GLI-1. Science 1997;
276: 1699-1702.

Peghini P, Janzen J, Stoffel W. Glutamate transporter EAAC-
1-deficient mice develop dicarboxylic aminoaciduria and
behavioral abnormalities but no neurodegeneration. Embo J
1997; 16: 3822-3832.

Chaudhry FA, Lehre KP, van Lookeren Campagne M, Ottersen
OP, Danbolt NC, Storm-Mathisen J. Glutamate transporters
in glial plasma membranes: highly differentiated localizations
revealed by quantitative ultrastructural immunocytochemistry.
Neuron 1995; 15: 711-720.

Rao VL, Baskaya MK, Dogan A, Rothstein JD, Dempsey
RJ. Traumatic brain injury down-regulates glial glutamate
transporter (GLT-1 and GLAST) proteins in rat brain. J
Neurochem 1998; 70: 2020-2027.

van Landeghem FK, Weiss T, Ochmichen M, von Deimling
A. Decreased expression of glutamate transporters in astrocytes
after human traumatic brain injury. J Neurotrauma 2006; 23:
1518-1528.

van Landeghem FK, Stover JE Bechmann I, Bruck W,
Unterberg A, Buhrer C, et al. Early expression of glutamate
transporter proteins in ramified microglia after controlled
cortical impact injury in the rat. Glia 2001; 35: 167-179.
Monaghan DT, Bridges RJ, Cotman CW. The excitatory
amino acid receptors: their classes, pharmacology, and distinct
properties in the function of the central nervous system. Annu
Rev Pharmacol Toxicol 1989; 29: 365-402.

Cooper JR, Bloom FE, Roth RH, editors. The Biochemical
Basis of Neuropharmacology. 7th ed. New York (NY): Oxford
University Press; 1996.

Bettler B, Mulle C. Review: neurotransmitter receptors. II.
AMPA and kainate receptors. Neuropharmacology 1995; 34:
123-139.

Cull-Candy S, Brickley S, Farrant M. NMDA receptor
subunits: diversity, development and disease. Curr Opin
Neurobiol 2001; 11: 327-335.

Mark LP, Prost RW, Ulmer JL, Smith MM, Daniels
DL, Strottmann JM, et al. Pictorial review of glutamate
excitotoxicity: fundamental concepts for neuroimaging. AJ/NR
Am J Neuroradiol 2001; 22: 1813-1824.

Tymianski M, Charlton MP, Carlen PL, Tator CH. Source
specificity of early calcium neurotoxicity in cultured embryonic
spinal neurons. J Neurosci 1993; 13: 2085-2104.

Randall RD, Thayer SA. Glutamate-induced calcium transient
triggers delayed calcium overload and neurotoxicity in rat
hippocampal neurons. J Neurosci 1992; 12: 1882-1895.
Rajdev S, Reynolds IJ. Glutamate-induced intracellular
calcium changes and neurotoxicity in cortical neurons in vitro:

effect of chemical ischemia. Neuroscience 1994; 62: 667-679.

Neurosciences 2013; Vol. 18 (3) 231


http://dx.doi.org/10.1007/s12028-008-9183-7
http://dx.doi.org/10.1007/s12028-008-9183-7
http://dx.doi.org/10.1007/s12028-008-9183-7
http://dx.doi.org/10.1016/S0140-6736(70)90054-1
http://dx.doi.org/10.1016/S0140-6736(70)90054-1
http://dx.doi.org/10.1007/s00701-006-1095-8
http://dx.doi.org/10.1007/s00701-006-1095-8
http://dx.doi.org/10.1007/s00701-006-1095-8
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3301303/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3301303/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3301303/
http://dx.doi.org/10.1378/chest.103.4.1246
http://dx.doi.org/10.1378/chest.103.4.1246
http://130.14.29.110/pubmed/?term=10199850
http://130.14.29.110/pubmed/?term=10199850
http://130.14.29.110/pubmed/?term=10199850
http://130.14.29.110/pubmed/?term=10199850
http://dx.doi.org/10.1016/S0733-8651(05)70332-5
http://dx.doi.org/10.1016/S0733-8651(05)70332-5
http://dx.doi.org/10.1016/S0733-8651(05)70332-5
http://dx.doi.org/10.1016/j.ejphar.2012.10.032
http://dx.doi.org/10.1016/j.ejphar.2012.10.032
http://dx.doi.org/10.1016/j.ejphar.2012.10.032
http://dx.doi.org/10.1016/S1474-4422(08)70164-9 
http://dx.doi.org/10.1016/S1474-4422(08)70164-9 
http://dx.doi.org/10.1016/S1474-4422(08)70164-9 
http://dx.doi.org/10.1089/neu.2000.17.857
http://dx.doi.org/10.1089/neu.2000.17.857
http://dx.doi.org/10.1089/neu.2000.17.857
http://dx.doi.org/10.1097/00019052-199412000-00007
http://dx.doi.org/10.1097/00019052-199412000-00007
http://130.14.29.110/pubmed/?term=1350312
http://130.14.29.110/pubmed/?term=1350312
http://130.14.29.110/pubmed/?term=1350312
http://130.14.29.110/pubmed/?term=1350312
http://dx.doi.org/10.1126/science.2567056
http://dx.doi.org/10.1126/science.2567056
http://dx.doi.org/10.1126/science.2567056
http://dx.doi.org/10.1016/0896-6273(95)90186-8
http://dx.doi.org/10.1016/0896-6273(95)90186-8
http://dx.doi.org/10.1016/0896-6273(95)90186-8
http://dx.doi.org/10.1016/0896-6273(95)90186-8
http://130.14.29.110/pubmed/?term=8727150
http://130.14.29.110/pubmed/?term=8727150
http://130.14.29.110/pubmed/?term=8727150
http://130.14.29.110/pubmed/?term=8727150
http://dx.doi.org/10.1016/j.expneurol.2007.01.023
http://dx.doi.org/10.1016/j.expneurol.2007.01.023
http://dx.doi.org/10.1016/j.expneurol.2007.01.023
http://dx.doi.org/10.1016/j.expneurol.2007.01.023
http://130.14.29.110/pubmed/?term=2880938
http://130.14.29.110/pubmed/?term=2880938
http://dx.doi.org/10.1016/0304-3940(85)90069-2
http://dx.doi.org/10.1016/0304-3940(85)90069-2
http://dx.doi.org/10.1111/j.1749-6632.1995.tb16586.x
http://dx.doi.org/10.1111/j.1749-6632.1995.tb16586.x
http://dx.doi.org/10.1111/j.1749-6632.1995.tb16586.x
http://dx.doi.org/10.1111/j.1749-6632.1995.tb16586.x
http://dx.doi.org/10.1016/j.neuint.2005.12.001
http://dx.doi.org/10.1016/j.neuint.2005.12.001
http://dx.doi.org/10.1016/j.neuint.2005.12.001
http://dx.doi.org/10.1016/S0301-0082(00)00067-8
http://dx.doi.org/10.1016/S0301-0082(00)00067-8
http://dx.doi.org/10.1007/s004290050161
http://dx.doi.org/10.1007/s004290050161
http://dx.doi.org/10.1007/s004290050161
http://dx.doi.org/10.1002/(SICI)1098-1136(199908)27:2<129::AID-GLIA3>3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1098-1136(199908)27:2<129::AID-GLIA3>3.0.CO;2-Y
http://dx.doi.org/10.1002/(SICI)1098-1136(199908)27:2<129::AID-GLIA3>3.0.CO;2-Y
http://dx.doi.org/10.1016/j.brainresbull.2009.07.014
http://dx.doi.org/10.1016/j.brainresbull.2009.07.014
http://dx.doi.org/10.1016/j.brainresbull.2009.07.014
http://dx.doi.org/10.1016/j.brainresbull.2009.07.014
http://dx.doi.org/10.1126/science.276.5319.1699
http://dx.doi.org/10.1126/science.276.5319.1699
http://dx.doi.org/10.1126/science.276.5319.1699
http://dx.doi.org/10.1126/science.276.5319.1699
http://dx.doi.org/10.1093/emboj/16.13.3822
http://dx.doi.org/10.1093/emboj/16.13.3822
http://dx.doi.org/10.1093/emboj/16.13.3822
http://dx.doi.org/10.1093/emboj/16.13.3822
http://dx.doi.org/10.1016/0896-6273(95)90158-2
http://dx.doi.org/10.1016/0896-6273(95)90158-2
http://dx.doi.org/10.1016/0896-6273(95)90158-2
http://dx.doi.org/10.1016/0896-6273(95)90158-2
http://dx.doi.org/10.1016/0896-6273(95)90158-2
http://130.14.29.110/pubmed/?term=9572288
http://130.14.29.110/pubmed/?term=9572288
http://130.14.29.110/pubmed/?term=9572288
http://130.14.29.110/pubmed/?term=9572288
http://dx.doi.org/10.1089/neu.2006.23.1518
http://dx.doi.org/10.1089/neu.2006.23.1518
http://dx.doi.org/10.1089/neu.2006.23.1518
http://dx.doi.org/10.1089/neu.2006.23.1518
http://dx.doi.org/10.1002/glia.1082
http://dx.doi.org/10.1002/glia.1082
http://dx.doi.org/10.1002/glia.1082
http://dx.doi.org/10.1002/glia.1082
http://dx.doi.org/10.1146/annurev.pa.29.040189.002053
http://dx.doi.org/10.1146/annurev.pa.29.040189.002053
http://dx.doi.org/10.1146/annurev.pa.29.040189.002053
http://dx.doi.org/10.1146/annurev.pa.29.040189.002053
http://dx.doi.org/10.1016/0028-3908(94)00141-E
http://dx.doi.org/10.1016/0028-3908(94)00141-E
http://dx.doi.org/10.1016/0028-3908(94)00141-E
http://dx.doi.org/10.1016/S0959-4388(00)00215-4
http://dx.doi.org/10.1016/S0959-4388(00)00215-4
http://dx.doi.org/10.1016/S0959-4388(00)00215-4
http://130.14.29.110/pubmed/?term=11733308
http://130.14.29.110/pubmed/?term=11733308
http://130.14.29.110/pubmed/?term=11733308
http://130.14.29.110/pubmed/?term=11733308
http://130.14.29.110/pubmed/?term=8097530
http://130.14.29.110/pubmed/?term=8097530
http://130.14.29.110/pubmed/?term=8097530
http://130.14.29.110/pubmed/?term=1349638
http://130.14.29.110/pubmed/?term=1349638
http://130.14.29.110/pubmed/?term=1349638
http://dx.doi.org/10.1016/0306-4522(94)90468-5
http://dx.doi.org/10.1016/0306-4522(94)90468-5
http://dx.doi.org/10.1016/0306-4522(94)90468-5

61

62.

63.

64.

65.

66.

67.

68.
69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Traumatic brain injury ...

.Arundine M, Tymianski M. Molecular mechanisms of
calcium-dependent neurodegeneration in excitotoxicity. Cel/
Calcium 2003; 34: 325-337.

Swanson CJ, Bures M, Johnson MP, Linden AM, Monn JA,
Schoepp DD. Metabotropic glutamate receptors as novel
targets for anxiety and stress disorders. Nat Rev Drug Discov
2005; 4: 131-144.

Niswender CM, Conn PJ. Metabotropic glutamate receptors:
physiology, pharmacology, and disease. Annu Rev Pharmacol
Toxicol 2010; 50: 295-322.

Chen T, Willoughby KA, Ellis EF. Group I metabotropic
receptor antagonism blocks depletion of calcium stores and
reduces potentiated capacitative calcium entry in strain-injured
neurons and astrocytes. J Neurotrauma 2004; 21: 271-281.
Lea PM 4th, Faden Al. Traumatic brain injury: developmental
differences in glutamate receptor response and the impact on
treatment. Ment Retard Dev Disabil Res Rev 2001; 7: 235-248.
Gegelashvili G, Dehnes Y, Danbolt NC, Schousboe A. The
high-affinity glutamate transporters GLT1, GLAST, and
EAAT4 are regulated via different signalling mechanisms.
Neurochem Int 2000; 37: 163-170.

Halliwell B, Gutteridge JMC, editors. Free Radicals in Biology
and Medicine. 4th ed. New York: Oxford University Press Inc;
2007.

Kontos HA, Povlishock JT. Oxygen radicals in brain injury.
Cent Nerv Syst Trauma 1986; 3: 257-263.

Kontos HA, Wei EP. Superoxide production in experimental
brain injury. J Neurosurg 1986; 64: 803-807.

Lewen A, Matz B, Chan PH. Free radical pathways in CNS
injury. J Neurotrauma 2000; 17: 871-890.

Chaudiére J, Ferrari-Iliou R. Intracellular antioxidants: from
chemical to biochemical mechanisms. Food Chem Toxicol
1999; 37: 949-962.

Gutteridge JM. Lipid peroxidation and antioxidants as
biomarkers of tissue damage. Clin Chem 1995; 41 (12 Pt 2):
1819-1828.

Zaleska MM, Floyd RA. Regional lipid peroxidation in rat
brain in vitro: possible role of endogenous iron. Neurochem
Res 1985; 10: 397-410.

Rehncrona S, Hauge HN, Siesjio BK. Enhancement of
iron-catalyzed free radical formation by acidosis in brain
homogenates: differences in effect by lactic acid and CO2. J
Cereb Blood Flow Metab 1989; 9: 65-70.

Hall ED, Vaishnav RA, Mustafa AG. Antioxidant therapies for
traumatic brain injury. Neurotherapeutics 2010; 7: 51-61.
Sadrzadeh SM, Eaton JW. Hemoglobin-mediated oxidant
damage to the central nervous system requires endogenous
ascorbate. J Clin Invest 1988; 82: 1510-1515.

Sadrzadeh SM, Graf E, Panter SS, Hallaway PE, Eaton JW.
Hemoglobin. A biologic fenton reagent. J Biol Chem 1984;
259: 14354-14356.

Hall ED, McCall JM, Means ED. Therapeutic potential of
the lazaroids (21-aminosteroids) in acute central nervous
system trauma, ischemia and subarachnoid hemorrhage. Adv
Pharmacol 1994; 28: 221-268.

Hall ED, Braughler JM. Free radicals in CNS injury. Res Publ
Assoc Res Nerv Ment Dis 993; 71: 81-105.

Smith SL, Andrus PK, Zhang JR, Hall ED. Direct measurement
of hydroxyl radicals, lipid peroxidation, and blood-brain
barrier disruption following unilateral cortical impact head
injury in the rat. J Neurotrauma 1994; 11: 393-404.

232 Neurosciences 2013; Vol. 18 (3)

Mustafa & Al-Shboul

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Beckman ]S, Koppenol WH. Nitric oxide, superoxide, and
peroxynitrite: the good, the bad, and ugly. Am J Physiol 1996;
271 (5 Pt 1): C1424-C1437.

Alvarez MN, Trujillo M, Radi R. Peroxynitrite formation from
biochemical and cellular fluxes of nitric oxide and superoxide.
Methods Enzymol 2002; 359: 353-366.

Radi R, Beckman JS, Bush KM, Freeman BA. Peroxynitrite-
induced membrane lipid peroxidation: the cytotoxic potential
of superoxide and nitric oxide. Arch Biochem Biophys 1991;
288: 481-487.

Alvarez B, Radi R. Peroxynitrite reactivity with amino acids
and proteins. Amino Acids 2003; 25: 295-311.

Bartesaghi S, Ferrer-Sueta G, Peluffo G, Valez V, Zhang H,
Kalyanaraman B, et al. Protein tyrosine nitration in hydrophilic
and hydrophobic environments. Amino Acids 2007; 32:
501-515.

Cobbs CS, Fenoy A, Bredt DS, Noble L]. Expression of nitric
oxide synthase in the cerebral microvasculature after traumatic
brain injury in the rat. Brain Res 1997; 751: 336-338.

Rao VL, Dogan A, Bowen KK, Dempsey R]. Traumatic
injury to rat brain upregulates neuronal nitric oxide synthase
expression and L-[3H]nitroarginine binding. J Neurotrauma
1999; 16: 865-877.

Gahm C, Holmin S, Mathiesen T. Temporal profiles and
cellular sources of three nitric oxide synthase isoforms in the
brain after experimental contusion. Neurosurgery 2000; 46:
169-177.

Mésenge C, Charriaut-Marlangue C, Verrecchia C, Allix M,
Boulu RR, Plotkine M. Reduction of tyrosine nitration after
N(omega)-nitro-L-arginine-methylester treatment of mice
with traumatic brain injury. Eur J Pharmacol 1998; 353:
53-57.

Mésenge C, Margaill I, Verrecchia C, Allix M, Boulu RG,
Plotkine M. Protective effect of melatonin in a model of
traumatic brain injury in mice. J Pineal Res 1998; 25: 41-46.
Radi R, Cassina A, Hodara R, Quijano C, Castro L.
Peroxynitrite reactions and formation in mitochondria. Free
Radic Biol Med 2002; 33: 1451-1464.

Deng-Bryant Y, Singh IN, Carrico KM, Hall ED.
Neuroprotective effects of tempol, a catalytic scavenger of
peroxynitrite-derived free radicals, in a mouse traumatic brain
injury model. J Cereb Blood Flow Metab2008; 28: 1114-1126.
Kasprzak HA, Wozniak A, Drewa G, Wozniak B. Enhanced
lipid peroxidation processes in patients after brain contusion. J
Neurotrauma 2001; 18: 793-797.

Zhang D, Dhillon HS, Mattson MPB, Yurek DM, Prasad RM.
Immunohistochemical detection of the lipid peroxidation
product 4-hydroxynonenal after experimental brain injury in
the rat. Neurosci Lett 1999; 272: 57-61.

Falletti O, Cadet ], Favier A, Douki T. Trapping of
4-hydroxynonenal by glutathione efficiently prevents
formation of DNA adducts in human cells. Free Radic Biol
Med 2007; 42: 1258-1269.

Keller JN, Mark RJ, Bruce AJ], Blanc E, Rothstein JD,
Uchida K, et al. 4-Hydroxynonenal, an aldehydic product of
membrane lipid peroxidation, impairs glutamate transport and
mitochondrial function in synaptosomes. Neuroscience 1997;
80: 685-696.

Pedersen WA, Cashman NR, Mattson MP The lipid
peroxidation product 4-hydroxynonenal impairs glutamate
and glucose transport and choline acetyltransferase activity in
NSC-19 motor neuron cells. Exp Neurol 1999; 155: 1-10.

www.neurosciencesjournal.org


http://dx.doi.org/10.1016/S0143-4160(03)00141-6
http://dx.doi.org/10.1016/S0143-4160(03)00141-6
http://dx.doi.org/10.1016/S0143-4160(03)00141-6
http://dx.doi.org/10.1038/nrd1630
http://dx.doi.org/10.1038/nrd1630
http://dx.doi.org/10.1038/nrd1630
http://dx.doi.org/10.1038/nrd1630
http://dx.doi.org/10.1146/annurev.pharmtox.011008.145533
http://dx.doi.org/10.1146/annurev.pharmtox.011008.145533
http://dx.doi.org/10.1146/annurev.pharmtox.011008.145533
http://dx.doi.org/10.1089/089771504322972068
http://dx.doi.org/10.1089/089771504322972068
http://dx.doi.org/10.1089/089771504322972068
http://dx.doi.org/10.1089/089771504322972068
http://dx.doi.org/10.1002/mrdd.1033
http://dx.doi.org/10.1002/mrdd.1033
http://dx.doi.org/10.1002/mrdd.1033
http://dx.doi.org/10.1016/S0197-0186(00)00019-X
http://dx.doi.org/10.1016/S0197-0186(00)00019-X
http://dx.doi.org/10.1016/S0197-0186(00)00019-X
http://dx.doi.org/10.1016/S0197-0186(00)00019-X
http://130.14.29.110/pubmed/?term=3107844
http://130.14.29.110/pubmed/?term=3107844
http://dx.doi.org/10.3171/jns.1986.64.5.0803
http://dx.doi.org/10.3171/jns.1986.64.5.0803
http://dx.doi.org/10.1089/neu.2000.17.871
http://dx.doi.org/10.1089/neu.2000.17.871
http://dx.doi.org/10.1016/S0278-6915(99)00090-3
http://dx.doi.org/10.1016/S0278-6915(99)00090-3
http://dx.doi.org/10.1016/S0278-6915(99)00090-3
http://www.ncbi.nlm.nih.gov/pubmed/?term=7497639
http://www.ncbi.nlm.nih.gov/pubmed/?term=7497639
http://www.ncbi.nlm.nih.gov/pubmed/?term=7497639
http://dx.doi.org/10.1007/BF00964608
http://dx.doi.org/10.1007/BF00964608
http://dx.doi.org/10.1007/BF00964608
http://dx.doi.org/10.1038/jcbfm.1989.9
http://dx.doi.org/10.1038/jcbfm.1989.9
http://dx.doi.org/10.1038/jcbfm.1989.9
http://dx.doi.org/10.1038/jcbfm.1989.9
http://dx.doi.org/10.1016/j.nurt.2009.10.021
http://dx.doi.org/10.1016/j.nurt.2009.10.021
http://dx.doi.org/10.1172/JCI113759
http://dx.doi.org/10.1172/JCI113759
http://dx.doi.org/10.1172/JCI113759
http://www.ncbi.nlm.nih.gov/pubmed/6094553
http://www.ncbi.nlm.nih.gov/pubmed/6094553
http://www.ncbi.nlm.nih.gov/pubmed/6094553
http://dx.doi.org/10.1016/S1054-3589(08)60497-4
http://dx.doi.org/10.1016/S1054-3589(08)60497-4
http://dx.doi.org/10.1016/S1054-3589(08)60497-4
http://dx.doi.org/10.1016/S1054-3589(08)60497-4
http://www.ncbi.nlm.nih.gov/pubmed/8380240
http://www.ncbi.nlm.nih.gov/pubmed/8380240
http://dx.doi.org/10.1089/neu.1994.11.393
http://dx.doi.org/10.1089/neu.1994.11.393
http://dx.doi.org/10.1089/neu.1994.11.393
http://dx.doi.org/10.1089/neu.1994.11.393
 82.	Alvarez MN, Trujillo M, Radi R. Peroxynitrite formation from biochemical and cellular fluxes of nitric oxide and superoxide. Methods Enzymol 2002; 359: 353-366. http://dx.doi.org/10.1016/S0076-6879(02)59198-9
 82.	Alvarez MN, Trujillo M, Radi R. Peroxynitrite formation from biochemical and cellular fluxes of nitric oxide and superoxide. Methods Enzymol 2002; 359: 353-366. http://dx.doi.org/10.1016/S0076-6879(02)59198-9
 82.	Alvarez MN, Trujillo M, Radi R. Peroxynitrite formation from biochemical and cellular fluxes of nitric oxide and superoxide. Methods Enzymol 2002; 359: 353-366. http://dx.doi.org/10.1016/S0076-6879(02)59198-9
http://dx.doi.org/10.1016/0003-9861(91)90224-7
http://dx.doi.org/10.1016/0003-9861(91)90224-7
http://dx.doi.org/10.1016/0003-9861(91)90224-7
http://dx.doi.org/10.1016/0003-9861(91)90224-7
http://dx.doi.org/10.1007/s00726-003-0018-8
http://dx.doi.org/10.1007/s00726-003-0018-8
http://dx.doi.org/10.1007/s00726-006-0425-8
http://dx.doi.org/10.1007/s00726-006-0425-8
http://dx.doi.org/10.1007/s00726-006-0425-8
http://dx.doi.org/10.1007/s00726-006-0425-8
http://dx.doi.org/10.1016/S0006-8993(96)01429-1
http://dx.doi.org/10.1016/S0006-8993(96)01429-1
http://dx.doi.org/10.1016/S0006-8993(96)01429-1
http://dx.doi.org/10.1089/neu.1999.16.865
http://dx.doi.org/10.1089/neu.1999.16.865
http://dx.doi.org/10.1089/neu.1999.16.865
http://dx.doi.org/10.1089/neu.1999.16.865
http://dx.doi.org/10.1097/00006123-200001000-00033
http://dx.doi.org/10.1097/00006123-200001000-00033
http://dx.doi.org/10.1097/00006123-200001000-00033
http://dx.doi.org/10.1097/00006123-200001000-00033
http://dx.doi.org/10.1016/S0014-2999(98)00432-4
http://dx.doi.org/10.1016/S0014-2999(98)00432-4
http://dx.doi.org/10.1016/S0014-2999(98)00432-4
http://dx.doi.org/10.1016/S0014-2999(98)00432-4
http://dx.doi.org/10.1016/S0014-2999(98)00432-4
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00384.x
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00384.x
http://dx.doi.org/10.1111/j.1600-079X.1998.tb00384.x
http://dx.doi.org/10.1016/S0891-5849(02)01111-5
http://dx.doi.org/10.1016/S0891-5849(02)01111-5
http://dx.doi.org/10.1016/S0891-5849(02)01111-5
http://dx.doi.org/10.1038/jcbfm.2008.10
http://dx.doi.org/10.1038/jcbfm.2008.10
http://dx.doi.org/10.1038/jcbfm.2008.10
http://dx.doi.org/10.1038/jcbfm.2008.10
http://dx.doi.org/10.1089/089771501316919157
http://dx.doi.org/10.1089/089771501316919157
http://dx.doi.org/10.1089/089771501316919157
http://dx.doi.org/10.1016/S0304-3940(99)00455-3
http://dx.doi.org/10.1016/S0304-3940(99)00455-3
http://dx.doi.org/10.1016/S0304-3940(99)00455-3
http://dx.doi.org/10.1016/S0304-3940(99)00455-3
http://dx.doi.org/10.1016/j.freeradbiomed.2007.01.024
http://dx.doi.org/10.1016/j.freeradbiomed.2007.01.024
http://dx.doi.org/10.1016/j.freeradbiomed.2007.01.024
http://dx.doi.org/10.1016/j.freeradbiomed.2007.01.024
http://dx.doi.org/10.1016/S0306-4522(97)00065-1
http://dx.doi.org/10.1016/S0306-4522(97)00065-1
http://dx.doi.org/10.1016/S0306-4522(97)00065-1
http://dx.doi.org/10.1016/S0306-4522(97)00065-1
http://dx.doi.org/10.1016/S0306-4522(97)00065-1
http://dx.doi.org/10.1006/exnr.1998.6890
http://dx.doi.org/10.1006/exnr.1998.6890
http://dx.doi.org/10.1006/exnr.1998.6890
http://dx.doi.org/10.1006/exnr.1998.6890

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Traumatic brain injury ... Mustafa & Al-Shboul

Durmaz R, Kanbak G, Akyiiz E Isiksoy S, Yiicel E Inal M,
et al. Lazaroid attenuates edema by stabilizing ATPase in the
traumatized rat brain. Can J Neurol Sci 2003; 30: 143-149.
Racay P, Kapldn P, Mézesovd V, Lehotsky J. Lipid peroxidation
both inhibits Ca(2+)-ATPase and increases Ca2+ permeability
of endoplasmic reticulum membrane. Biochem Mol Biol Int
1997; 41: 647-655.

Mustafa AG, Singh IN, Wang ], Carrico KM, Hall ED.
Mitochondrial protection after traumatic brain injury by
scavenging lipid peroxyl radicals. J Neurochem 2010; 114:
271-280.

Singh IN, Gilmer LK, Miller DM, Cebak JE, Wang JA,
Hall ED. Phenelzine mitochondrial functional preservation
and neuroprotection after traumatic brain injury related
to scavenging of the lipid peroxidation-derived aldehyde
4-hydroxy-2-nonenal. J Cereb Blood Flow Metab 2013; 33:
593-599.

Singh IN, Sullivan PG, Deng Y, Mbye LH, Hall ED. Time
course of mitochondrial oxidative damage and dysfunction in
a mouse model of focal traumatic brain injury: implications for
neuroprotective therapy. J Cereb Blood Flow Metab 2006; 26:
1407-1418.

Gunter TE, Yule DI, Gunter KK, Eliseev RA, Salter JD.
Calcium and mitochondria. FEBS Lett 2004; 567: 96-102.
Wallace DC. Mitochondria and cancer: Warburg addressed.
Cold Spring Harb Symp Quant Biol 2005; 70: 363-374.
Kann O, Kovics R. Mitochondria and neuronal activity. Am J
Physiol Cell Physiol 2007; 292: C641-C657.

Nicholls DG, Budd SL. Mitochondria and neuronal survival.
Physiol Rev 2000; 80: 315-360.

Celsi F, Pizzo P, Brini M, Leo S, Fotino C, Pinton B, et al.
Mitochondria, calcium and cell death: a deadly triad in
neurodegeneration. Biochim Biophys Acta 2009; 1787:
335-344.

Lifshitz J, Sullivan PG, Hovda DA, Wieloch T, McIntosh TK.
Mitochondrial damage and dysfunction in traumatic brain
injury. Mitochondrion 2004; 4: 705-713.

Mbye LH, Singh IN, Sullivan PG, Springer JE, Hall ED.
Attenuation of acute mitochondrial dysfunction after traumatic
brain injury in mice by NIM811, a non-immunosuppressive
cyclosporin A analog. Exp Neurol 2008; 209: 243-253.

Opii WO, Nukala VN, Sultana R, Pandya JD, Day KM,
Merchant ML, et al. Proteomic identification of oxidized
mitochondrial proteins following experimental traumatic brain
injury. J Neurotrauma 2007; 24: 772-789.

Verweij BH, Muizelaar JP, Vinas FC, Peterson PL, Xiong Y, Lee
CP. Impaired cerebral mitochondrial function after traumatic
brain injury in humans. J Neurosurg 2000; 93: 815-820.
Buczek M, Alvarez J, Azhar J, Zhou Y, Lust WD, Selman WR,
et al. Delayed changes in regional brain energy metabolism
following cerebral concussion in rats. Metab Brain Dis 2002;
17: 153-167.

Mautes AE, Thome D, Steudel WI, Nacimiento AC, Yang
Y, Shohami E. Changes in regional energy metabolism after
closed head injury in the rat. J Mol Neurosci 2001; 16: 33-39.
Lee SM, Wong MD, Samii A, Hovda DA. Evidence for energy
failure following irreversible traumatic brain injury. Ann N'Y
Acad Sci 1999; 893: 337-340.

Albensi BC, Sullivan PG, Thompson MB, Scheff SW, Mattson
MP. Cyclosporin ameliorates traumatic brain-injury-induced
alterations of hippocampal synaptic plasticity. Exp Neurol
2000; 162: 385-389.

www.neurosciencesjournal.org

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Verweij BH, Muizelaar JP, Vinas FC, Peterson PL, Xiong Y, Lee
CP. Mitochondrial dysfunction after experimental and human
brain injury and its possible reversal with a selective N-type
calcium channel antagonist (SNX-111). Neurol Res 1997; 19:
334-339.

Sullivan PG, Keller JN, Mattson MP, Scheff SW. Traumatic
brain injury alters synaptic homeostasis: implications for
impaired mitochondrial and transport function. ] Neurotrauma
1998; 15: 789-798.

Sullivan PG, Thompson MB, Scheff SW. Cyclosporin
A attenuates acute mitochondrial dysfunction following
traumatic brain injury. Exp Neurol 1999; 160: 226-234.
Budd SL, Nicholls DG. Mitochondria, calcium regulation, and
acute glutamate excitotoxicity in cultured cerebellar granule
cells. J Neurochem 1996; 67: 2282-2291.

Nicholls DG, Ward MW. Mitochondrial membrane potential
and neuronal glutamate excitotoxicity: mortality and millivo.
Trends Neurosci 2000: 23: 166-174.

Xiong Y, Gu Q, Peterson PL, Muizelaar JP Lee CP
Mitochondrial dysfunction and calcium perturbation induced
by traumatic brain injury. J Neurotrauma 1997; 14: 23-34.
Xiong Y, Peterson PL, Muizelaar JB, Lee CP. Amelioration of
mitochondrial function by a novel antioxidant U-101033E
following traumatic brain injury in rats. J Neurotrauma 1997;
14: 907-917.

Brustovetsky N, Brustovetsky T, Jemmerson R, Dubinsky
JM. Calcium-induced cytochrome ¢ release from CNS
mitochondria is associated with the permeability transition
and rupture of the outer membrane. J Neurochem 2002; 80:
207-218.

Lifshitz J, Friberg H, Neumar RW, Raghupathi R, Welsh FA,
Janmey B, et al. Structural and functional damage sustained by
mitochondria after traumatic brain injury in the rat: evidence
for differentially sensitive populations in the cortex and
hippocampus. J Cereb Blood Flow Metab 2003; 23: 219-231.
Hansson M]J, Minsson R, Morota S, Uchino H, Kallur T, Sumi
T, et al. Calcium-induced generation of reactive oxygen species
in brain mitochondria is mediated by permeability transition.
Free Radic Biol Med 2008; 45: 284-294.

Gadelha FR, Thomson L, Fagian MM, Costa AD, Radi R,
Vercesi AE. Ca2+-independent permeabilization of the inner
mitochondrial membrane by peroxynitrite is mediated by
membrane protein thiol cross-linking and lipid peroxidation.
Arch Biochem Biophys 1997; 345: 243-250.

Kowaltowski AJ, Vercesi AE. Mitochondrial damage induced
by conditions of oxidative stress. Free Radic Biol Med 1999;
26: 463-471.

Sullivan PG, Rabchevsky AG, Waldmeier PC, Springer JE.
Mitochondrial permeability transition in CNS trauma: cause
or effect of neuronal cell death? J Neurosci Res 2005; 79:
231-239.

Jacquard C, Trioulier Y, Cosker F, Escartin C, Bizat N, Hantraye
D et al. Brain mitochondrial defects amplify intracellular
[Ca2+] rise and neurodegeneration but not Ca2+ entry during
NMDA receptor activation. FASEB J 2006; 20: 1021-1023.
Robertson CL. Mitochondrial dysfunction contributes to cell
death following traumatic brain injury in adult and immature
animals. J Bioenerg Biomembr 2004; 36: 363-368.

Lewen A, Fujimura M, Sugawara T, Matz P, Copin JC, Chan
PH. Oxidative stress-dependent release of mitochondrial
cytochrome c after traumatic brain injury. J Cereb Blood Flow
Metab 2001; 21: 914-920.

Neurosciences 2013; Vol. 18 (3) 233


http://www.ncbi.nlm.nih.gov/pubmed/?term=12774954
http://www.ncbi.nlm.nih.gov/pubmed/?term=12774954
http://www.ncbi.nlm.nih.gov/pubmed/?term=12774954
http://www.ncbi.nlm.nih.gov/pubmed/9111926
http://www.ncbi.nlm.nih.gov/pubmed/9111926
http://www.ncbi.nlm.nih.gov/pubmed/9111926
http://www.ncbi.nlm.nih.gov/pubmed/9111926
http://www.ncbi.nlm.nih.gov/pubmed/20403083
http://www.ncbi.nlm.nih.gov/pubmed/20403083
http://www.ncbi.nlm.nih.gov/pubmed/20403083
http://www.ncbi.nlm.nih.gov/pubmed/20403083
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://dx.doi.org/10.1038/sj.jcbfm.9600297
http://dx.doi.org/10.1016/j.febslet.2004.03.071
http://dx.doi.org/10.1016/j.febslet.2004.03.071
http://dx.doi.org/10.1101/sqb.2005.70.035
http://dx.doi.org/10.1101/sqb.2005.70.035
http://dx.doi.org/10.1152/ajpcell.00222.2006
http://dx.doi.org/10.1152/ajpcell.00222.2006
http://130.14.29.110/pubmed/?term=17092996
http://130.14.29.110/pubmed/?term=17092996
http://dx.doi.org/10.1016/j.bbabio.2009.02.021
http://dx.doi.org/10.1016/j.bbabio.2009.02.021
http://dx.doi.org/10.1016/j.bbabio.2009.02.021
http://dx.doi.org/10.1016/j.bbabio.2009.02.021
http://dx.doi.org/10.1016/j.mito.2004.07.021
http://dx.doi.org/10.1016/j.mito.2004.07.021
http://dx.doi.org/10.1016/j.mito.2004.07.021
http://dx.doi.org/10.1016/j.expneurol.2007.09.025
http://dx.doi.org/10.1016/j.expneurol.2007.09.025
http://dx.doi.org/10.1016/j.expneurol.2007.09.025
http://dx.doi.org/10.1016/j.expneurol.2007.09.025
http://dx.doi.org/10.1089/neu.2006.0229
http://dx.doi.org/10.1089/neu.2006.0229
http://dx.doi.org/10.1089/neu.2006.0229
http://dx.doi.org/10.1089/neu.2006.0229
http://dx.doi.org/10.3171/jns.2000.93.5.0815
http://dx.doi.org/10.3171/jns.2000.93.5.0815
http://dx.doi.org/10.3171/jns.2000.93.5.0815
http://dx.doi.org/10.1023/A:1019973921217
http://dx.doi.org/10.1023/A:1019973921217
http://dx.doi.org/10.1023/A:1019973921217
http://dx.doi.org/10.1023/A:1019973921217
http://dx.doi.org/10.1385/JMN:16:1:33
http://dx.doi.org/10.1385/JMN:16:1:33
http://dx.doi.org/10.1385/JMN:16:1:33
http://dx.doi.org/10.1111/j.1749-6632.1999.tb07849.x
http://dx.doi.org/10.1111/j.1749-6632.1999.tb07849.x
http://dx.doi.org/10.1111/j.1749-6632.1999.tb07849.x
http://dx.doi.org/10.1006/exnr.1999.7338
http://dx.doi.org/10.1006/exnr.1999.7338
http://dx.doi.org/10.1006/exnr.1999.7338
http://dx.doi.org/10.1006/exnr.1999.7338
http://www.ncbi.nlm.nih.gov/pubmed/9192388
http://www.ncbi.nlm.nih.gov/pubmed/9192388
http://www.ncbi.nlm.nih.gov/pubmed/9192388
http://www.ncbi.nlm.nih.gov/pubmed/9192388
http://www.ncbi.nlm.nih.gov/pubmed/9192388
http://dx.doi.org/10.1089/neu.1998.15.789
http://dx.doi.org/10.1089/neu.1998.15.789
http://dx.doi.org/10.1089/neu.1998.15.789
http://dx.doi.org/10.1089/neu.1998.15.789
http://dx.doi.org/10.1006/exnr.1999.7197
http://dx.doi.org/10.1006/exnr.1999.7197
http://dx.doi.org/10.1006/exnr.1999.7197
http://dx.doi.org/10.1046/j.1471-4159.1996.67062282.x
http://dx.doi.org/10.1046/j.1471-4159.1996.67062282.x
http://dx.doi.org/10.1046/j.1471-4159.1996.67062282.x
http://dx.doi.org/10.1016/S0166-2236(99)01534-9
http://dx.doi.org/10.1016/S0166-2236(99)01534-9
http://dx.doi.org/10.1016/S0166-2236(99)01534-9
http://dx.doi.org/10.1089/neu.1997.14.23
http://dx.doi.org/10.1089/neu.1997.14.23
http://dx.doi.org/10.1089/neu.1997.14.23
http://dx.doi.org/10.1089/neu.1997.14.907
http://dx.doi.org/10.1089/neu.1997.14.907
http://dx.doi.org/10.1089/neu.1997.14.907
http://dx.doi.org/10.1089/neu.1997.14.907
http://dx.doi.org/10.1046/j.0022-3042.2001.00671.x
http://dx.doi.org/10.1046/j.0022-3042.2001.00671.x
http://dx.doi.org/10.1046/j.0022-3042.2001.00671.x
http://dx.doi.org/10.1046/j.0022-3042.2001.00671.x
http://dx.doi.org/10.1046/j.0022-3042.2001.00671.x
http://dx.doi.org/10.1097/00004647-200302000-00009
http://dx.doi.org/10.1097/00004647-200302000-00009
http://dx.doi.org/10.1097/00004647-200302000-00009
http://dx.doi.org/10.1097/00004647-200302000-00009
http://dx.doi.org/10.1097/00004647-200302000-00009
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.021
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.021
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.021
http://dx.doi.org/10.1016/j.freeradbiomed.2008.04.021
http://dx.doi.org/10.1006/abbi.1997.0259
http://dx.doi.org/10.1006/abbi.1997.0259
http://dx.doi.org/10.1006/abbi.1997.0259
http://dx.doi.org/10.1006/abbi.1997.0259
http://dx.doi.org/10.1006/abbi.1997.0259
http://dx.doi.org/10.1016/S0891-5849(98)00216-0
http://dx.doi.org/10.1016/S0891-5849(98)00216-0
http://dx.doi.org/10.1016/S0891-5849(98)00216-0
http://dx.doi.org/10.1002/jnr.20292
http://dx.doi.org/10.1002/jnr.20292
http://dx.doi.org/10.1002/jnr.20292
http://dx.doi.org/10.1002/jnr.20292
http://dx.doi.org/10.1096/fj.05-5085fje
http://dx.doi.org/10.1096/fj.05-5085fje
http://dx.doi.org/10.1096/fj.05-5085fje
http://dx.doi.org/10.1096/fj.05-5085fje
http://dx.doi.org/10.1023/B:JOBB.0000041769.06954.e4
http://dx.doi.org/10.1023/B:JOBB.0000041769.06954.e4
http://dx.doi.org/10.1023/B:JOBB.0000041769.06954.e4
http://dx.doi.org/10.1097/00004647-200108000-00003
http://dx.doi.org/10.1097/00004647-200108000-00003
http://dx.doi.org/10.1097/00004647-200108000-00003
http://dx.doi.org/10.1097/00004647-200108000-00003

132.

133.

134.

135.

136.
137.
138.

139.

140.

141.

142.

143.

144.

145.

Traumatic brain injury ... Mustafa & Al-Shboul

Sullivan PG, Thompson M, Scheff SW. Continuous infusion
of cyclosporin A postinjury significantly ameliorates cortical
damage following traumatic brain injury. Exp Neurol 2000;
161: 631-637.

Mbye LH, Singh IN, Carrico KM, Saatman KE, Hall ED.
Comparative neuroprotective effects of cyclosporin A and
NIM811, a nonimmunosuppressive cyclosporin A analog,
following traumatic brain injury. J Cereb Blood Flow Metab
2009; 29: 87-97.

Sullivan PG, Sebastian AH, Hall ED. Therapeutic window
analysis of the neuroprotective effects of cyclosporine A after
traumatic brain injury. J Neurotrauma 2011; 28: 311-318.
Suzuki K, Hata S, Kawabata Y, Sorimachi H. Structure,
activation, and biology of calpain. Diabetes 2004; 53 Suppl 1:
S$12-S18.

Huang Y, Wang KK. The calpain family and human disease.
Trends Mol Med 2001; 7: 355-362.

Goll DE, Thompson VE Li H, Wei W, Cong J. The calpain
system. Physiol Rev 2003; 83: 731-801.

Wu HY, Lynch DR. Calpain and synaptic function. Mo/
Neurobiol 2006; 33: 215-236.

Fineman I, Hovda DA, Smith M, Yoshino A, Becker DP.
Concussive brain injury is associated with a prolonged
accumulation of calcium: a 45Ca autoradiographic study.
Brain Res 1993; 624: 94-102.

Nilsson P Laursen H, Hillered L, Hansen AJ. Calcium
movements in traumatic brain injury: the role of glutamate
receptor-operated ion channels. J Cereb Blood Flow Metab
19965 16: 262-270.

Saatman KE, Creed ], Raghupathi R. Calpain as a therapeutic
target in traumatic brain injury. Neurotherapeutics 2010; 7:
31-42.

Goodman SR, Zimmer WE, Clark MB, Zagon IS, Barker JE,
Bloom ML. Brain spectrin: of mice and men. Brain Res Bull
1995; 36: 593-606.

Harris AS, Morrow JS. Proteolytic processing of human brain
alpha spectrin (fodrin): identification of a hypersensitive site. J
Neurosci 1988; 8: 2640-2651.

Pineda JA, Wang KK, Hayes RL. Biomarkers of proteolytic
damage following traumatic brain injury. Brain Pathol 2004;
14: 202-209.

Pike BR, Flint J, Dutta S, Johnson E, Wang KK, Hayes RL.
Accumulation of non-erythroid alpha II-spectrin and calpain-
cleaved alpha II-spectrin breakdown products in cerebrospinal
fluid after traumatic brain injury in rats. J Neurochem 2001;

78:1297-1306.

234  Neurosciences 2013; Vol. 18 (3)

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

Bartus RT, Elliott PJ, Hayward NJ, Dean RL, Harbeson S,
Straub JA, et al. Calpain as a novel target for treating acute
neurodegenerative disorders. Neurol Res 1995; 17: 249-258.
Saatman KE, Bozyczko-Coyne D, Marcy V, Siman R, McIntosh
TK. Prolonged calpain-mediated spectrin breakdown occurs
regionally following experimental brain injury in the rat. J
Neuropathol Exp Neurol 1996; 55: 850-860.

Kampfl A, Posmantur R, Nixon R, Grynspan E, Zhao X, Liu §J,
et al. mu-calpain activation and calpain-mediated cytoskeletal
proteolysis following traumatic brain injury. J Neurochem
1996; 67: 1575-1583.

Biiki A, Siman R, Trojanowski JQ, Povlishock JT. The role of
calpain-mediated spectrin proteolysis in traumatically induced
axonal injury. J Neuropathol Exp Neurol 1999; 58: 365-375.
Pineda JA, Lewis SB, Valadka AB, Papa L, Hannay HJ, Heaton
SC, et al. Clinical significance of alphall-spectrin breakdown
products in cerebrospinal fluid after severe traumatic brain
injury. J Neurotrauma 2007; 24: 354-366.

Brophy GM, Pineda JA, Papa L, Lewis SB, Valadka AB,
Hannay HJ, et al. Alphall-Spectrin breakdown product
cerebrospinal fluid exposure metrics suggest differences in
cellular injury mechanisms after severe traumatic brain injury.
J Neurotrauma 2009; 26: 471-479.

Posmantur R, Kampfl A, Siman R, Liu J, Zhao X, Clifton
GL, et al. A calpain inhibitor attenuates cortical cytoskeletal
protein loss after experimental traumatic brain injury in the
rat. Neuroscience 1997; 77: 875-888.

Bains M, Cebak JE, Gilmer LK, Barnes CC, Thompson SN,
Geddes JW, et al. Pharmacological analysis of the cortical
neuronal cytoskeletal protective efficacy of the calpain
inhibitor SNJ-1945 in a mouse traumatic brain injury model.
J Neurochem 2013; 125: 125-132.

Saatman KE, Murai H, Bartus RT, Smith DH, Hayward NJ,
Perri BR, et al. Calpain inhibitor AK295 attenuates motor and
cognitive deficits following experimental brain injury in the
rat. Proc Natl Acad Sci U S A 1996; 93: 3428-333.

Kupina NC, Nath R, Bernath EE, Inoue ], Mitsuyoshi A,
Yuen PW;, et al. The novel calpain inhibitor SJAG017 improves
functional outcome after delayed administration in a mouse
model of diffuse brain injury. J Neurotrauma 2001; 18:
1229-1240.

www.neurosciencesjournal.org


http://dx.doi.org/10.1006/exnr.1999.7282
http://dx.doi.org/10.1006/exnr.1999.7282
http://dx.doi.org/10.1006/exnr.1999.7282
http://dx.doi.org/10.1006/exnr.1999.7282
http://dx.doi.org/10.1038/jcbfm.2008.93
http://dx.doi.org/10.1038/jcbfm.2008.93
http://dx.doi.org/10.1038/jcbfm.2008.93
http://dx.doi.org/10.1038/jcbfm.2008.93
http://dx.doi.org/10.1038/jcbfm.2008.93
http://dx.doi.org/10.1089/neu.2010.1646
http://dx.doi.org/10.1089/neu.2010.1646
http://dx.doi.org/10.1089/neu.2010.1646
http://dx.doi.org/10.2337/diabetes.53.2007.S12
http://dx.doi.org/10.2337/diabetes.53.2007.S12
http://dx.doi.org/10.2337/diabetes.53.2007.S12
http://dx.doi.org/10.1016/S1471-4914(01)02049-4
http://dx.doi.org/10.1016/S1471-4914(01)02049-4
http://www.ncbi.nlm.nih.gov/pubmed/12843408
http://www.ncbi.nlm.nih.gov/pubmed/12843408
http://www.ncbi.nlm.nih.gov/pubmed/16954597
http://www.ncbi.nlm.nih.gov/pubmed/16954597
http://dx.doi.org/10.1016/0006-8993(93)90064-T
http://dx.doi.org/10.1016/0006-8993(93)90064-T
http://dx.doi.org/10.1016/0006-8993(93)90064-T
http://dx.doi.org/10.1016/0006-8993(93)90064-T
http://dx.doi.org/10.1097/00004647-199603000-00011
http://dx.doi.org/10.1097/00004647-199603000-00011
http://dx.doi.org/10.1097/00004647-199603000-00011
http://dx.doi.org/10.1097/00004647-199603000-00011
http://dx.doi.org/10.1016/j.nurt.2009.11.002
http://dx.doi.org/10.1016/j.nurt.2009.11.002
http://dx.doi.org/10.1016/j.nurt.2009.11.002
http://dx.doi.org/10.1016/0361-9230(94)00264-2
http://dx.doi.org/10.1016/0361-9230(94)00264-2
http://dx.doi.org/10.1016/0361-9230(94)00264-2
http://www.ncbi.nlm.nih.gov/pubmed/3074159
http://www.ncbi.nlm.nih.gov/pubmed/3074159
http://www.ncbi.nlm.nih.gov/pubmed/3074159
http://dx.doi.org/10.1111/j.1750-3639.2004.tb00054.x
http://dx.doi.org/10.1111/j.1750-3639.2004.tb00054.x
http://dx.doi.org/10.1111/j.1750-3639.2004.tb00054.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00510.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00510.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00510.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00510.x
http://dx.doi.org/10.1046/j.1471-4159.2001.00510.x
http://www.ncbi.nlm.nih.gov/pubmed/7477738
http://www.ncbi.nlm.nih.gov/pubmed/7477738
http://www.ncbi.nlm.nih.gov/pubmed/7477738
http://dx.doi.org/10.1097/00005072-199607000-00010
http://dx.doi.org/10.1097/00005072-199607000-00010
http://dx.doi.org/10.1097/00005072-199607000-00010
http://dx.doi.org/10.1097/00005072-199607000-00010
http://dx.doi.org/10.1046/j.1471-4159.1996.67041575.x
http://dx.doi.org/10.1046/j.1471-4159.1996.67041575.x
http://dx.doi.org/10.1046/j.1471-4159.1996.67041575.x
http://dx.doi.org/10.1046/j.1471-4159.1996.67041575.x
http://dx.doi.org/10.1097/00005072-199904000-00007
http://dx.doi.org/10.1097/00005072-199904000-00007
http://dx.doi.org/10.1097/00005072-199904000-00007
http://dx.doi.org/10.1089/neu.2006.003789
http://dx.doi.org/10.1089/neu.2006.003789
http://dx.doi.org/10.1089/neu.2006.003789
http://dx.doi.org/10.1089/neu.2006.003789
http://dx.doi.org/10.1089/neu.2008.0657
http://dx.doi.org/10.1089/neu.2008.0657
http://dx.doi.org/10.1089/neu.2008.0657
http://dx.doi.org/10.1089/neu.2008.0657
http://dx.doi.org/10.1089/neu.2008.0657
http://dx.doi.org/10.1016/S0306-4522(96)00483-6
http://dx.doi.org/10.1016/S0306-4522(96)00483-6
http://dx.doi.org/10.1016/S0306-4522(96)00483-6
http://dx.doi.org/10.1016/S0306-4522(96)00483-6
http://www.ncbi.nlm.nih.gov/pubmed/23216523
http://www.ncbi.nlm.nih.gov/pubmed/23216523
http://www.ncbi.nlm.nih.gov/pubmed/23216523
http://www.ncbi.nlm.nih.gov/pubmed/23216523
http://www.ncbi.nlm.nih.gov/pubmed/23216523
http://dx.doi.org/10.1073/pnas.93.8.3428
http://dx.doi.org/10.1073/pnas.93.8.3428
http://dx.doi.org/10.1073/pnas.93.8.3428
http://dx.doi.org/10.1073/pnas.93.8.3428
http://dx.doi.org/10.1089/089771501317095269
http://dx.doi.org/10.1089/089771501317095269
http://dx.doi.org/10.1089/089771501317095269
http://dx.doi.org/10.1089/089771501317095269
http://dx.doi.org/10.1089/089771501317095269

	Title
	Authors
	Abstract
	Affiliation
	Correspondence Address
	Introduction
	Figure 1
	Figure 2
	Figure 3
	References

