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Abstract

Every year in the United States, millions of individuals incur ischemic brain injury from stroke,
cardiac arrest, or traumatic brain injury (TBI). These forms of acquired brain injury can lead to
death, or in many cases long-term neurologic and neuropsychological impairments. The
mechanisms of ischemic and traumatic brain injuries that lead to these deficiencies result from a
complex interplay of multiple interdependent molecular pathways that include excitotoxicity,
acidotoxicity, ionic imbalance, oxidative stress, inflammation, and apoptosis. This article briefly
reviews several of the traditional, well-known mechanisms of brain injury and then discusses more
recent developments and newer mechanisms. Although much is known concerning mechanisms of
injury and the manipulation of these mechanisms to result in protection of neurons and increased
behavioral performance in animal models of injury, it has been difficult to translate these effects to
humans. Attention is given to why this is so and newer outcome measures of injury are discussed.
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MECHANISMS OF INJURY FOLLOWING BRAIN ISCHEMIA

Excitotoxicity

The glutamate excitotoxicity hypothesis of ischemic cell damage suggests that injury is
triggered by glutamate, an excitatory amino acid, released during ischemia from the
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intracellular compartment into the extracellular environment.! Glutamate is a major
transmitter in the nervous system and, in addition to being required for rapid synaptic
transmission for neuron-to-neuron communication, glutamate plays important roles in
neuronal growth and axon guidance, brain development and maturation, and synaptic
plasticity. Under normal physiologic conditions, the presence of glutamate in the synapse is
regulated by active ATP-dependent transporters in neurons and glia. However, if these
uptake mechanisms are impaired by metabolic disturbances brought about by ischemia,
glutamate excessively accumulates, stimulating sodium (Na*) and calcium (Ca2*) fluxes into
the cell through glutamate receptors, thereby injuring or killing the cell. Glutamate activates
different types of ion channel-forming receptors (ionotropic) and G-protein—coupled
receptors (metabotropic) that have an important role in brain function. The major ionotropic
receptors activated by glutamate are commonly referred to as the A-methyl-p-aspartic acid
(NMDA), alpha-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA), and kainic acid
receptors. The ionotropic receptors are ligand-gated ion channels permeable to various
cations. Overactivation of these receptors leads to an increase in intracellular Ca2* load and
catabolic enzyme activity, which can trigger a cascade of events leading to apoptosis and
necrosis. These events can include membrane depolarization, production of oxygen free
radicals, and cellular toxicity. NMDA and AMPA receptor antagonists showed great promise
for providing neuroprotection in animal models, but have failed to translate clinically. One
complication with this approach is the unwanted side effects associated with blocking
receptors that are critical for normal brain function. Alternative approaches are now being
considered, such as using partial NMDA antagonists such as memantine? or blocking
receptor interactions with postsynaptic scaffolding molecules postsynaptic density protein
93/95.3: 4 Therapies targeting molecules downstream of NMDA receptors, such as calcium-
calmodulin—dependent protein kinase (CAMKII) and death-associated protein kinase
(DAPK) may also hold promise for limiting the excitotoxic cascade. In contrast,
metabotropic receptors (metabotropic glutamate receptors [mGluRs]) are G-protein—coupled
receptors that have been subdivided into 3 groups, based on sequence similarity,
pharmacology, and intracellular signaling mechanisms. The role of mGIuRs in brain injury
is complex; however, most of the evidence points to a neuroprotective role, likely via
antiapoptotic signaling and decreased excitability countering excitotoxicity.

Acidotoxicity

Metabolic acidosis can occur as a result of lactate accumulation during and following
ischemia, or when mitochondrial respiration is dysfunctional. Acid-sensing ion channels
(ASICs) represent a group of ion channels activated by protons, and act as sensors of tissue
pH.2 They belong to the epithelial sodium family of amiloride-sensitive cation channels and
allow Na* and Ca?* entry into neurons. There have been at least 6 ASIC subunits cloned and
ASICla, ASIC2a, and ASIC2b are expressed in the brain and spinal cord. ASICla and
ASIC2s are found in brain regions with high synaptic density and facilitate excitatory
transmission. ASICs have been shown to be activated in ischemia and their activation
contributes to neuronal cell death through Ca%*, Na*, and Zn?* influx into the cell.
Remarkably, inhibition of ASIC1a following stroke has a therapeutic window of 5 hours in
experimental stroke models,® which is beyond that of the currently available treatment,
tissue plasminogen activator (tPA).
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Oxidative Stress

During normal mitochondrial respiration, cytochrome c is involved in a 4-electron transfer to
reduce oxygen to water without the production of oxygen radicals.®: 7 During ischemia,
when oxygen supply is limited, the electron transport chain becomes highly reduced and
oxygen radicals can be produced. This process can be exacerbated by the mitochondrial
Ca?* accumulation that occurs during and following ischemia resulting in mitochondrial
dysfunction, which can result in the formation of reactive oxygen species. Several oxygen
radical species can be produced, including superoxide, perhydroxyl, hydrogen peroxide, and
hydroxyl radicals. Another pathway for forming hydroxyl radical is through the reaction of
superoxide and nitric oxide to form peroxynitrite. All of these reactive oxygen species,
especially peroxynitrite and superoxide, can bind directly to DNA, changing its structure and
causing cell injury and enhancement of apoptosis. An antioxidant/antiinflammatory agent,
edaravone, is currently in use to treat acute ischemic stroke in Japan. However, this and other
antioxidant compounds (NXY-059; SAINT trials8) have failed to improve outcome
following stroke in the United States. Thus, new targeted approaches to preventing reactive
oxygen species damage are needed. Targeting downstream mediators of oxidative stress are
emerging therapies, such as inhibition of poly(ADP ribose) polymerase-1 or transient
receptor potential melastatin-2 channels. Further research into the biological consequences
following oxidative stress may lead to new directed therapies to reduce ischemic injury.

Inflammation

Inflammation plays an important role in the pathogenesis of ischemic brain injury.% 10 The
brain responds to ischemic injury with an acute and prolonged inflammatory process that is
characterized by rapid activation of resident cells (microglia), production of
proinflammatory mediators, and infiltration of various types of inflammatory cells, such as
neutrophils, different types of T cells, macrophages, and other cells, into the ischemic brain
tissue. Cytokines and chemokines contribute to ischemic brain injury and, during ischemia,
cytokines such as interleukin (IL)-1, IL-6, tumor necrosis factor alpha, transforming growth
factor beta, and chemokines such as cytokine-induced neutrophil chemoattractant and
monocyte chemoattractant protein-1 are produced by a variety of different activated cell
types, such as endothelial cells, microglia, neurons, platelets, leukocytes, and fibroblasts.
The inflammatory response in brain may have various consequences on outcome, depending
on the degree of inflammatory response and when it occurs. Although acute inflammatory
events may be involved in secondary injury processes, more delayed inflammatory events
may be reparative. However, it is difficult to elucidate the precise mechanisms of the
inflammatory responses following ischemia because inflammation is a complex series of
interactions between inflammatory cells and molecules, all of which could be either
detrimental or beneficial. Not surprisingly, acute broad-spectrum inhibitors of inflammation
reduce injury in experimental models of cerebral ischemia. The lack of success in clinical
translation points to the need for a deeper understanding regarding the role of the various
cellular and molecular contributors to postischemic inflammation. There is also the need to
better understand the complex temporal profile of the various inflammatory mediators.
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Apoptosis is a genetically controlled mechanism of cell death involved in the regulation of
tissue homeostasis.1! 12 Biochemical events lead to characteristic cell changes
(morphology) and cell death. These changes include cell blebbing, cell shrinkage, nuclear
fragmentation, chromatin condensation, chromosomal DNA fragmentation, and messenger
RNA decay. Triggers of apoptosis include oxygen free radicals, death receptor ligation,
DNA damage, protease activation, and ionic imbalance. The 2 major pathways of apoptosis
are the extrinsic (Fas and other tumor necrosis factor receptor superfamily members and
ligands) and the intrinsic (mitochondria-associated) pathways, both of which are found in
the cytoplasm. The extrinsic pathway is triggered by death receptor engagement, which
initiates a signaling cascade mediated by caspase-8 activation, whereas the intrinsic pathway
is engaged when various apoptotic stimuli trigger the release of cytochrome ¢ from
mitochondria independently of caspase-8 activation. Both pathways ultimately cause
caspase-3 activation, resulting in the degradation of cellular proteins necessary to maintain
cell survival and integrity. In addition, there is a complex interplay of the Bcl-2 family of
proteins, which either promote (Bax, Bak, Bad, Bim, Bid) or prevent (Bcl-2, Bcl-xL, Bcl-w)
injury. Bcl-2 and its family member, Bcl-xL, are among the most powerful death-
suppressing proteins and inhibit both caspase-dependent and caspase-independent cell death.
Among the caspase-independent apoptotic cell death pathways is apoptosis-inducing factor
(AIF). AlF is stored within the same mitochondrial compartment as cytochrome c. DNA
damage (via PARP activation) and oxidative or excitotoxic stress release AlF, which is
translocated to the nucleus to induce apoptosis. Fig. 1 shows these pathways.

Translation of these injury mechanisms to neuroprotection in humans

Translation from basic science cerebral ischemia research to treatment of patients with
ischemia remains a difficult challenge. Despite hundreds of compounds and interventions
that provide benefit in experimental models of cerebral ischemia, efficacy in humans
remains to be demonstrated. The reasons for failure to translate have been the focus of
discussion for years.13: 14 Some clinicians attribute the failure to flaws in clinical trial
design, others question the predictive value of current animal models, and some question the
quality of preclinical data. It is likely that a combination of all these shortcomings is to
blame. All of the mechanisms of ischemic injury mentioned earlier have been subject to
interventions to block or inhibit the injury in preclinical animal models. Investigators have
used excitatory amino acid inhibitors, ion channel blockers, free radical scavengers,
antiapoptotic agents, and antiinflammatory agents with great success in ameliorating the
injury from ischemia in animal models. However, none of these agents have met with
success in human clinical trials. Thus, new approaches are needed that consider the complex
interplay among various cell types within the brain as well as placing emphasis on
examination of long-term functional recovery and plasticity.

INTERCELLULAR INTERACTIONS AND REPAIR

Neurovascular Unit

Extensive research has focused on the intracellular signaling cascades triggered by ischemic
brain injury and TBI that lead to cell death. However, despite advances in the understanding
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of these intracellular pathways, neuroprotective strategies have failed to translate into acute
treatments for ischemic stroke, cardiac arrest, or TBI. The only successful treatment to
improve stroke outcome is timely revascularization (restoration of blood flow) either
mechanically!® 16 or pharmacologically, with tPA.17 A decade ago researchers began to
describe the microvasculature and surrounding parenchyma in terms of multiple cellular
components, including neurons, microvascular endothelial cells, astrocytes, and pericytes.
The ability of astrocytes to communicate with neurons and at the same time be in close
proximity to endothelial cells provided the template for the concept of the neurovascular
unit.18-20 The neurovascular unit has emerged as a convenient model to conceptualize the
intercellular crosstalk in the brain regulating blood flow, integrity of the blood-brain barrier,
and ultimately outcomes following injury. More recently, myelinating oligodendrocytes have
been added to the picture, as cells that not only maintain myelin integrity but provide trophic
support for the underlying axons and signal to surrounding neurons, astrocytes, and other
components of the neurovascular unit. Thus, it is clear that emerging new research needs to
focus on intercellular signaling in order to understand the mechanisms of ischemic injury in
hopes of ultimately enhancing functional recovery.

Successes using revascularization strategies or therapeutic hypothermia are tempered by the
short therapeutic time window, severely limiting the number of individuals eligible for such
interventions. Therefore, it is imperative that new therapeutic strategies are designed to
repair and restore brain function following injury. The focus here is on the role of the
components of the neurovascular unit in protection and repair, independent of their role in
cerebral blood flow control. Endogenous repair of injured brain involves several intertwined
regenerative processes, including neurogenesis, angiogenesis, oligodendrogenesis, and
synaptogenesis. In the past 2 decades, promising research has shown that stroke promotes
ongoing neurogenesis in the adult and aging brain. Adult neurogenesis is the process of
producing new neurons from endogenous neural stem cells residing in either the
subventricular zone (SVZ) or dentate gyrus of the hippocampus. Neurogenesis following
brain injury requires proliferation of endogenous stem cells, migration to the site of injury,
and differentiation into mature neurons. There is evidence of injury-induced neurogenesis
following various injuries, including stroke, intracranial hemorrhage, global cerebral
ischemia, and TBI. However, recent data have shown limited neuronal replacement
following injury, showing that neurogenesis alone is not sufficient to produce full functional
recovery. Another major consideration is angiogenesis, which is the formation of new
microvessels. As with neurogenesis, angiogenesis has been observed in the penumbra
following ischemic stroke and emerging evidence indicates that angiogenesis enhances
neurogenesis, thus indicating that these processes may be coupled and should be considered
together to enhance recovery. For example, migration of neural stem cells from the SVZ has
been observed to be via new microvessels.?l: 22 Despite experimental strategies to enhance
angiogenesis and/or neurogenesis, it seems that the injured adult brain provides an
environment that is not conducive to repopulation of functional neurons. Injury causes loss
of cells, which are then replaced with extracellular matrix, termed the glial or fibrotic scar.
For decades, this was thought to be produced by surviving astrocytes migrating to the
location of injury. However, recent work has implicated nonvascular pericytes as
contributors to scar formation in the injured brain.23: 24 Recent work has shown that
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alteration in the composition of the scar following injury can improve the environment for
repair. Thus, future research will require consideration of various cell types and their
responses to injury and therapeutic interventions as a means to optimize recovery. In
addition to neuronal and vascular injury, white matter injury is a major component of
ischemic stroke and brain injury. Injury to myelinated axons is a consequence of
oligodendrocyte disorder. In addition to demyelination, injury to oligodendrocytes also
likely alters vascular integrity, as shown by recent work demonstrating oligodendrocyte-
endothelial interactions in culture and during vascular remodeling.2® Thus, new strategies to
enhance cellular crosstalk during the recovery phase following brain injury are needed to
enhance the repair and restoration of neuronal, vascular, and white matter function.

Neuroinflammation

In addition to oligovascular and neurovascular coupling, this entire unit interacts with the
immune system. Inflammation is a major player in the outcome following all forms of brain
injury. The central nervous system (CNS) inflammatory response is thought to be triggered
by injured neurons. However, several recent studies have shown that all cells are susceptible
to ischemic injury, with neurons being the most sensitive to direct injury, followed by
oligodendrocytes, astrocytes, microglia, and endothelial cells being particularly resistant to
injury. The initial immune response seems to be driven by astrocyte and microglial
responses to the release of danger-associated molecular pattern (DAMP) from injured
neurons. For decades it had been assumed that massive inflammatory responses drive
ongoing injury. However, more recent studies have confused the issue, indicating
inflammation both in injury and repair. The complex orchestrated response of the array of
immune cells makes this an important and ever-changing area of research. Microglia are
brain-specific macrophages that rapidly respond to injury and classic microgliosis produces
a proinflammatory environment that contributes to cellular injury. Recently, an alternative or
M2 activation of microglia and macrophages has been described, which produce
antiinflammatory cytokines, such as IL-10, and are likely protective. It seems that strategies
that enhance the alternative activation pathway reduce neuronal injury and that many cells of
the immune system have subsets that have both detrimental and protective capacities. For
example, brain injury causes the influx of both proinflammatory T cells (Thl, Th17) and
antiinflammatory Treg cells, the balance of which ultimately contributes to the magnitude of
injury and repair. Similarly, infiltrating B cells have the detrimental capacity to produce
antibodies against local antigens, and also antiinflammatory cytokines such as IL-10. To
further complicate the matter, emerging evidence indicates that injury-induced alterations in
vascular endothelial cells play a major regulatory role in immune cell infiltration into the
injured brain, particularly through blood-brain barrier dysfunction. Therefore, future studies
are needed to carefully dissect the relative contributions of infiltrating and resident immune
cells after injury; broad-spectrum immunotherapies are not likely to provide benefit because,
in addition to blocking detrimental proinflammatory responses, treatments may block
beneficial immune responses that are critical for long-term functional recovery.
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FUNCTIONAL PLASTICITY

A potential issue with animal studies is an overly narrow focus on acute histologic outcome,
rather than long-term functional outcomes, which are ultimately the criteria for success in
humans. Pharmacologic therapies targeting histologic protection have a narrow therapeutic
window, whereas neurorestorative strategies aimed at more chronic processes are likely to
have a broader window for intervention. Acute brain injuries alter neuronal networks by
causing neuronal cell death and alterations in excitability and synaptic contacts of surviving
neurons. A better understanding of how acute brain injuries alter injured and noninjured
networks could provide a means to improve function independent of neuroprotection.

Excitation/Inhibition Imbalance

A delicate balance between excitation and inhibition exists in the mammalian brain and
alterations in this balance result in dysfunctional brain activity and ultimately impaired
cognitive and behavioral outcomes. Changes in neuronal excitability following an acute
brain injury can be the result of alterations in excitatory and/or inhibitory signaling in brain.
Glutamate and gamma-aminobutyric acid (GABA) are the dominant excitatory and
inhibitory neurotransmitters in the CNS, respectively. There is a growing body of literature
to suggest that acute brain injury results in an imbalance between excitation and inhibition in
brain. In the early stages following an acquired brain injury the balance is shifted toward
excitatory transmission with increases in glutamate signaling and a downregulation of
GABAergic signaling.l: 26 This imbalance can result in excitotoxicity that produces
activation of cell death mechanisms. In the subacute and chronic phases following brain
injury the balance shifts to favor inhibitory GABAergic signaling. GABA receptor activation
can produce phasic inhibition that is rapid and mediated by synaptic GABA receptors and
tonic inhibition, which is more long-lasting and associated with activation of extrasynaptic
GABA receptors. Following experimental stroke there is an increase in tonic inhibition in
the cortex that is evident at 1 week following injury and prevents functional recovery. When
this tonic inhibition is reversed with an inhibitor of GABAA a5 signaling at delayed time
points there is an improvement in functional recovery of motor and sensorimotor function
that is not the result of altering histologic outcome.2”: 28 Similar increases in tonic inhibition
have been observed in the dentate gyrus following controlled cortical impact injury that is
reversed with the GABAA a4 or & antagonist.2%-31 Modulation of tonic inhibition may
provide a novel strategy to regulate neuronal excitability and promote plasticity in networks
that are altered following ischemic brain injury or TBI. Functional imaging in patients with
stroke supports the hypothesis that there is overinhibition of the ipsilateral cortex,
particularly from the contralateral hemisphere.32

An alternative to reducing inhibitory signaling to restore the excitation/inhibition balance
and potentially improve functional recovery is to enhance excitatory transmission. Although
this may seem counterintuitive given the excitotoxicity mechanisms that occur during the
acute phase, there is evidence that increasing glutamatergic signaling in the chronic phase
can be beneficial for functional plasticity and recovery. Inhibition of the glutamate
transporter to enhance glutamatergic transmission in acute slices restored excitatory
transmission to control levels in animals that had TBI. Positive allosteric modulators of
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AMPA receptor function administered in the subacute phase following stroke resulted in
improved motor function through enhancement of brain-derived neurotrophic factor
function.33 Similarly, administration of p-cycloserine, which enhances NMDA receptor
activation, has been shown to improve functional recovery and synaptic plasticity following
injury.3* These results suggest that the imbalance between excitation and inhibition prevents
structural and synaptic plasticity in the brain and restoring the balance by antagonizing
GABA receptor activity or enhancing glutamate receptor activity may serve as a promising
therapy to enhance functional recovery following brain injury. This emerging area of
research will lead to both new therapeutic strategies as well as a new and more complex
understanding of altered signaling in the injured brain.

Synaptic Plasticity

Another potential target for therapies to improve functional recovery is synaptic plasticity,
which is an experience-dependent modification of synaptic strength. Synaptic plasticity
deficits are a commonly observed consequence of acute brain injury in animal models. A
well-characterized form of synaptic plasticity, long-term potentiation (LTP) of CA1
pyramidal cells, is an increase in synaptic strength that is a cellular correlate of learning and
memory. Impairments in hippocampal LTP have been observed in most animal models of
acute brain injury including stroke, cardiac arrest, and TBI.35-37 The loss of LTP is sustained
for at least 1 month, which is well beyond the time of neuronal cell death.38: 39 This finding
implies that, in addition to cell death, these forms of brain injury can produce long-lasting
changes in synaptic function of surviving neurons, which likely contributes to a lack of
recovery of function. The mechanisms contributing to LTP deficits remain to be elucidated,
but likely candidates include excitatory/inhibitory imbalance, alterations of intracellular
signaling, and prolonged neuroinflammation. LTP is initiated by activation of NMDA
receptors during high-frequency stimulation and a subsequent CaZ*-dependent increase in
postsynaptic AMPA receptor function. Studies examining NMDA receptor function in
injured brain are mixed, with reports of reduced or unchanged expression and function.
Enhancing NMDA receptor function is capable of restoring hippocampal LTP following
TBI.40 Delayed administration of low doses of kainate 48 hours after ischemia also
promotes the restoration of LTP in the postischemic brain.#! Inhibition of B lymphocytes
with an anti-CD20 antibody can also promote recovery of plasticity, suggesting that the loss
of LTP may involve multicellular processes.*? Targeting of synaptic plasticity deficits in the
hippocampus independent of neuroprotection may serve as a promising therapy to improve
cognitive function at delayed times after an acute brain injury. The hippocampus has been an
important research target because of its well-established role in memory deficits following
injury; however, it is likely that similar phenomena are occurring in other brain regions.
Future studies are needed to assess alterations in synaptic plasticity in various brain regions
not directly injured by ischemia.

Structural Plasticity

Early changes in dendritic morphology have been observed in periinfarct regions following
stroke. Reduced spine density and dendritic swelling are observed during the first 24 hours
following stroke onset. Although recovery of dendritic spines is observed in the subacute
period following stroke, there is little evidence for this recovery following TBI.43 This
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finding may have important implications for differences in therapies targeting synaptic
function to improve function following different acquired brain injuries. Axonal damage and
degeneration occur during the acute and subacute periods following stroke and TBI.44 45
Recovery from stroke requires formation of new connections in injured and noninjured
tissues that depends on axonal sprouting. There are many trophic and intercellular signaling
processes that mediate axonal regeneration and can be targeted pharmacologically or with
cell-based therapies to enhance stroke recovery.*®: 47 Note that aberrant axonal sprouting can
contribute to hyperexcitability and posttraumatic epilepsy.*8 4% Therefore, it is important to
take care that restorative strategies enhance functionally appropriate synaptic contacts and
avoid maladaptive structural plasticity and hyperexcitability. Cell-based and brain
stimulation therapies hold promise for providing a cellular environment conducive to
promoting structural plasticity.

SUMMARY

A major question in experimental ischemia remains whether neuroprotection observed in
young, healthy animals can be extrapolated to the human population, which is generally sick
and aging. It is important to consider the impact of comorbidities such as hypertension and
diabetes that are highly associated with cerebral ischemia. Various other risk factors have
been observed, such as obesity, smoking, and excessive alcohol consumption. In addition to
these important modifiable risk factors, it is important to consider age and gender when
developing models to test new treatments for cerebral ischemia. Animal models require
consideration of various modifiable (hypertension, diabetes, obesity) and nonmodifiable
(age, gender, genetics) risk factors, which all interact with each other to add to the
complexities of ischemia. Consideration of comorbidities, combined with ongoing research
focused on complex intercellular interactions in the injured brain, hold promise for improved
preclinical modeling and identification of protective strategies that may ultimately translate
to patients.

The narrow focus on brain protection has led to missed research opportunities. It is likely
that long-term functional recovery can be enhanced by combining potential protective
strategies with therapies designed to allow recovery of function in both injured and
uninjured brain regions. Functional plasticity is a mechanism by which neuronal networks
that remain following an ischemic brain injury undergo structural and synaptic modifications
to restore lost function.>% Recent advances in basic neuroscience research following acquired
brain injury has been complemented by advances in functional MRI that show changes in
functional connectivity that are associated with motor impairments and spontaneous
recovery.®1 These changes occur within affected and nonaffected territories and reflect a
potential target for improving functional recovery in patients with stroke. Transmagnetic
stimulation of affected and nonaffected hemispheres has been shown to be beneficial for
recovery of motor function in patients with stroke and was associated with functional
connectivity of both hemispheres.>2 Other stimulation methods, such as vagus nerve and
deep brain stimulation, are also being investigated for their ability to provide functional
benefit.>3 The mechanisms by which these methods work to improve functional recovery
continue to be elucidated and include altered neuronal excitability, enhanced synaptic
plasticity, and the release of neurotrophins and other modulatory factors.
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KEY POINTS

Every year in the United States, millions of individuals incur ischemic
brain injury from stroke, cardiac arrest, or traumatic brain injury. These
forms of acquired brain injury can lead to death, or in many cases long-
term neurologic and neuropsychological impairments.

The mechanisms of ischemic and traumatic brain injury that lead to
these deficiencies result from a complex interplay of multiple
interdependent molecular pathways that include excitotoxicity,
acidotoxicity, ionic imbalance, oxidative stress, inflammation, and
apoptosis.

This article briefly reviews several of the traditional, well-known
mechanisms of brain injury and then discusses more recent
developments and newer mechanisms.

Although much is known concerning mechanisms of injury and the
manipulation of these mechanisms to result in protection of neurons
and increased behavioral performance in animal models of injury, it has
been difficult to translate these effects to humans. Attention is given to
why this is so and newer outcome measures of injury are discussed.
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Fig. 1.

Glutamate, reactive oxygen species, and apoptotic cell death pathways. Fas-L, Fas ligand;
ROS, reactive oxygen species.
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