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1. Introduction  

Injury to the central nervous system (CNS), including stroke, traumatic brain injury and 
spinal cord injury, cause devastating and irreversible damage and loss of function. For 
example, stroke affects very large patient populations, results in major suffering for the 
patients and their relatives, and involves a significant cost to society. CNS damage implies 
disruption of the intricate internal circuits involved in cognition, the sensory-motor 
functions, and other important functions. There are currently no treatments available to 
properly restore such lost functions. New therapeutic proposals will emerge from an 
understanding of the interdependence of molecular and cellular responses to CNS injury, in 
particular the inhibitory mechanisms that block regeneration and those that enhance 
neuronal plasticity.  

In this chapter we explore the hypothesis that different CNS insults induce similar 
molecular and cellular processes that lead to neuronal death and the ensuing 
neurodegeneration. Thus, acute CNS injury is characterized by immediate, massive 
neuronal death and marked tissue injury that arise from interdependent mechanisms such 
as glutamate-mediated excitotoxicity, failure of energy production, acidosis, generation of 
reactive oxygen species (ROS), and a potent inflammatory reaction. Acute brain injury can 
also activate a neurodegenerative process whose effects are time-dependent and related to 
the initial severity of the primary insult. In addition to misfolded protein aggregation, the 
same common molecular and cellular processes, including chronic excitotoxicity, calcium 
homeostasis dysregulation, energy failure and chronic inflammation, underlie the pathology 
of neurodegenerative diseases. 

2. Acute CNS disorders have common molecular mechanisms  

Acute CNS injury is characterized by immediate, massive neuronal death and marked tissue 
injury as a result of uncontrolled local necrosis. This primary injury expands in the 
surrounding tissue for weeks through interdependent mechanisms such as glutamate 
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receptor over-stimulation, failure of cellular energetics, acidosis, the generation of ROS, and 
a potent inflammatory response, all of which further cell death and tissue destruction 
(Figure 1). 

 

Fig. 1. Pathophysiology of traumatic brain injury and ischemia. a) Kinetics of the main 
events taking place in the lesioned CNS after an acute injury. b) ATP availability, 
intracellular calcium and extracellular glutamate determine the cascade of the 
interdependent molecular processes leading to neuronal death 

2.1 Molecular mechanisms of excitotoxicity after acute CNS injury 

Glutamate accounts for most of the excitatory synaptic activity in the CNS through three 
groups of receptors: two ionotropic receptors (N-Methyl-D-aspartate (NMDA) and ǂ-amino-3-
hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)-kainate receptors); and one group of 
metabotropic receptors, which are coupled to G proteins. Although non-NMDA receptors are 
not initially permeable to calcium, glutamate release in the synaptic cleft increases post-
synaptic and glial membrane permeability, which leads to a transient increase in intracellular 
calcium concentration ([Ca2+]i) (Obrenovitch et al., 2000). Excessive activation of glutamate 
receptors can directly trigger neuronal death through a process characterized by chronic 
glutamate release and the consequent [Ca2+]i dys-homeostasis in neurons and astrocytes (Lau 
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& Tymianski, 2010) with the formation of intracellular calcium precipitates (Rodríguez et al., 
2001). This process, defined as excitotoxicity, also involves cellular influxes of Na+ and Cl- and 
efflux of K+, and the resulting cell swelling (Chen et al., 1998, Katayama et al., 1995).  

The link between excitotoxicity, excessive [Ca2+]i increase, and neuronal death (Figure 1) has 
been established from data obtained from neuronal cultures and rodent models of hypoxia-
ischemia and of cerebral lesions (Lau & Tymianski, 2010, Verkhratsky, 2007). In these 
studies, the induced neuronal death can be blocked with intracellular calcium chelators 
(Tymianski et al., 1993) or voltage-operated calcium channel antagonists, extracellular 
calcium removal, or emptying of the cellular calcium stores (Verkhratsky, 2007). In addition, 
an increase in [Ca2+]i plays a direct role in the neuronal damage observed during cerebral 
ischemia and epileptic seizures (Verkhratsky, 2007).  

Therefore, control of the cellular calcium homeostasis is a key element in ensuring an adequate 
cellular response at any moment. When intracellular calcium movements overload this 
homeostatic balance, the extrusion systems are activated and Ca2+/Na+ antiporters and 
mitochondrial Ca2+ uniporter lead to a reduction in intracytosolic calcium (Lau & Tymianski, 
2010). Once the first wave is stopped, calcium-binding proteins release calcium, which is 
extruded by the highly efficient plasma membrane calcium ATPases (Verkhratsky, 2007). A 
similar process takes place in mitochondria, in the nuclear envelope, the endoplasmic-
reticulum network, and the secretory vesicles. All of these systems have a critical dependence 
on energy availability and the interplay between them decreases the cytoplasmatic calcium 
levels in a coordinated way (Beck et al., 2004). Any alteration of the cellular energy metabolism 
will alter calcium homeostasis and vice versa (Berridge, 1998).  

The mechanisms by which calcium exerts its toxic actions remain controversial. It has been 
proposed that an increase in [Ca2+]i may over-stimulate cellular processes that normally 
operate at low levels, or it may trigger certain cascades that are not usually functional 
(Tymianski & Tator, 1996). Some of the mechanisms directly activated by calcium or Ca2+-
calmodulin include energy depletion due to a loss of mitochondrial membrane potential, the 
production of ROS, membrane gap formation through an over-activation of phospholipase 
A2, calpain-induced cytoskeleton breakdown, and endonuclease mediated DNA 
degradation (Nicholls et al., 2003, Verkhratsky, 2007). Also, excessive calcium induces 
peroxidation of phospholipids and a release of arachidonic acid, which is metabolized to 
proinflammatory eicosanoids. 

In addition to causing calcium dys-homeostasis, excitotoxicity also induces acidosis inside 
the cells and in the extracellular space. There are several mechanisms by which pH 
decreases with neuronal injury. Mitochondrial damage forces the cell to a shift from aerobic 
to anaerobic metabolism and as a result the glucose is oxidized to lactate with the formation 
of only two ATPs and the release of two protons (Chan et al., 2006). After trauma and 
ischemia, extracellular lactate increases dramatically and the pH decreases. To ensure 
neuronal viability during human hypoxia, oxygen is reserved for neurons and astroglial 
glycogen is oxidized to lactate, which is rapidly transported into neurons for its complete 
oxidation, to satisfy the high energy demand and prevent further damage (Sibson et al., 
1998). Protons also appear during some chemical reactions such as phospholipid hydrolysis. 
In parallel, calcium influx causes a rapid cytoplasmic acidification (Werth & Thayer, 1994) 
through the membrane Na+/H+ exchanger that restores the Na+ gradient and the Ca2+-
dependent displacement of protons bound to cytoplasmic anions (Tymianski & Tator, 1996). 
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Although the mechanisms by which acidosis produces neuronal damage remain unclear, 
some hypotheses have been proposed. Protons may reduce K+ conductance and thus 
facilitate action potentials. Moreover, reinforced by energetic depletion, a pH decrease 
inhibits the Na+/Ca2+ exchange, thereby contributing to the breakdown of membrane 
potential and increasing the [Ca2+]i again. Acidosis may also inhibit neurotransmitter re-
uptake, enhance free radical production and accelerate DNA damage (Tymianski & Tator, 
1996). However, a pH decrease also helps prevent further neuronal damage by NMDA 
receptor blockade and Ca2+ influx reduction into the cell (Kaku et al., 1993). 

As a consequence of the excessive [Ca2+]i and acidosis nucleation of calcium phosphate 
crystals (i.e. hydroxyapatite crystals) frequently occurs in the cytoplasm of injured 
neurons and astrocytes, leading to a process of tissue calcification. Cellular 
microcalcification has been observed in a variety of human pathologies, such as vascular 
dementia, Alzheimer’s disease (AD), Parkinson’s disease (PD), astrogliomas, and post-
traumatic epilepsy, and also develops in rodent excitotoxic models of CNS injury in a 
common pattern. (Ramonet et al., 2006, Rodríguez et al., 2001). Excitotoxic paradigms in 
rat CNS lead to intracellular calcium precipitation similar to brain calcification in humans 
(Ramonet et al., 2002, 2006). These experiments demonstrate that calcium deposit 
formation does not depend on the glutamate receptor subtype initially stimulated, but 
rather on the cell type involved. Although the significance of cell calcification is unknown, 
some findings point to calcium precipitation as a mechanism to overcome excitotoxicity. 
The homogeneous morphology of these deposits in CNS areas and pathologies suggests 
common synaptic processes (Ramonet et al., 2006), where variability depends on cellular 
type (astrocyte or neuron), glutamatergic activity, and energy availability. Thus, 
hydroxyapatite formation brings about a reduction in free calcium ions with no energy 
expenditure, which may constitute an alternative homeostatic step in reducing 
excitotoxicity after CNS damage. (Ramonet et al., 2006, Rodriguez et al., 2000) 

2.2 Energy availability determines cell survival or death 

Ultimately, acute brain damage can be viewed as an energy crisis that results from either an 
impaired energy production, as in ischemia or hypoglycemia, or pathologically elevated 
energy demands, as in a sustained seizure (Sapolsky, 2001). Early energy depletion leads to 
ischemic cell death. Within a few minutes, the membrane potential is lost and thus the 
neuronal and glial cells become depolarized. This activates the presynaptic, voltage-
dependent calcium channels and results in the release of excitatory amino acids into the 
extracellular space, thereby inducing further neuronal calcium overload, release of 
intracellular ROS and depletion of glutathione (Orrenius et al., 2003). This primary injury 
then expands through an excitotoxic spiral, which involves ever-increasing mitochondrial 
dysfunction, an increase in [Ca2+]i, the release of glutamate, membrane depolarization, ROS 
production, acidosis, and NMDA receptor desensitization (Figure 2). If the homeostatic 
threshold is exceeded, the activation of proteases would further accelerates this cycle, which 
finally results in excitotoxic cell death (Mattson, 2006, Orrenius et al., 2003).  

Neuronal demise resulting from excitotoxicity was classically believed to lack the regulated 
series of events involved in a death program and was therefore considered to be invariably 
necrotic. However, key regulators of apoptosis, such as p53, Bcl-2 and caspases, are also 
involved in excitotoxicity and ischemic CNS injury, and a wide continuous spectrum of 
situations between apoptosis and necrosis has finally been redefined (Nicotera et al., 1999).  
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Fig. 2. Accelerating loops of excitotoxicity and cell death.  a) An initial insult causes a limited 
disturbance of cellular homeostasis; the starting point (red star) being for example the ATP 
depletion due to a discrete localized hypoxia. Looping mechanisms cause an ever increasing 
mitochondrial dysfunction and acidosis, an increase in [Ca2+]i and in glutamate release,  
with membrane depolarization and ion imbalance. Beyond a certain threshold, the 
activation of cell death program would further accelerate the cycles leading to neuronal 
death. b) Under mild injury, the initial aggression would be compensated by cellular 
defense mechanisms; with a more severe damage, neurons would die by apoptosis, necrosis 
or a mixed program (adapted from Nicotera et al., 1999).  

After a stroke, collateral vessels maintain sufficient blood flow to allow the potential 
survival of cells in areas adjacent to the core of the infarct. Cells in this penumbra area have 
impaired function but remain viable for a period of time (Vosler et al., 2009). In the area 
where oxygen depletion is only moderate, cells can activate their own apoptotic program, 
which requires ATP to be executed. The mitochondria play a role in either necrotic or 
apoptotic cell death, depending on the severity of the initial insult (Beal, 2000). Apoptosis is 
favored after mild insults when ATP production of the cell is relatively well preserved, 
whereas necrosis occurs in response to a severe insult, such as severe ischemia. Cells then 
die rapidly due to cell swelling, activation of proteases, and cell membrane breakdown. 
Thus, for each cell type, the factors that determine the pattern of cell death at any moment 
are the intensity of the lesion, the [Ca2+]i and the cellular energy production. The cell then 
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prevents the uncontrolled release of intracellular compounds (e.g. glutamate) and the 
subsequent inflammatory response of tissue. As ATP decreases, the necrotic process starts 
presenting a hybrid pattern involving both cell death types (Figure 2). 

2.3 Neuroinflammation as a retaliatory mechanism against CNS damage 

Inflammatory cells participate in tissue remodeling after CNS injury. Microglia, which are 
generally considered the immune cells of the CNS, normally monitor the brain environment 
and respond to the functional state of synapses by sensing and eliminating defunct synapses 
(Wake et al., 2009), controlling synaptogenesis (Bessis et al., 2007) and clearing newborn 
adult hippocampal neuroprogenitors (Sierra et al., 2010). After CNS injury, microglia 
become reactive, adopt an amoeboid shape and upregulate a variety of surface molecules 
and the release of cytokines. In addition, marked recruitment, proliferation and activation of 
microglial cell precursors from the blood can be detected in damaged regions of the brain 
(Soulet & Rivest, 2008), and when the blood brain barrier (BBB) integrity has been 
compromised by the insult, a variety of inflammatory cells, such as activated leukocytes, 
rapidly penetrate the brain (Frijns & Kappelle, 2002). These inflammatory cells have a dual 
role in the early and late stages of stroke. For instance, regardless of the cellular origin, 
MMP-9 is initially detrimental but promotes brain regeneration and neurovascular 
remodeling in the later repair phase (Amantea et al., 2009), and therefore may be involved in 
further brain damage or repair.  

In addition to microglia, astrocytes and endothelial cells are also involved in the 
intracerebral immune response to CNS injury. All of these cell types act, in part, by secreting 
cytokines, chemokines, neurotrophic or neurotoxic factors (Bailey et al., 2006). For example, 
activated microglial cells migrate towards dying neurons in response to neuroinflammation 
and can exacerbate local cell damage (Streit, 2005). Microglia also respond to interferon 
(IFN)Ǆ and tumor necrosis factor (TNF)-ǂ by expressing class I and II major 
histocompatibility complex molecules (MHC-I and -II, respectively) as well as co-
stimulatory molecules, which allows them to function as antigen-presenting cells 
(Kettenmann et al., 2011). Astrocytes that also express MHC molecules, but lack co-
stimulatory molecules, can present antigen to primed memory T cells but not to naive T cells 
(Neumann et al., 1996). Furthermore, astrocytes respond by releasing other complement 
proteins and acute-phase proteins, such as ǂ1-antichymotrypsin and ǂ2-macroglobulin, as 
well as neuronal growth factors and cytokines (Kettenmann et al., 2011). As a hallmark, 
microglia are normally the first cells in the brain to react to acute injury and recruit 
astrocytes by secreting acute-phase proteins, particularly those belonging to the complement 
system, and also by releasing cytokines, such as interleukin (IL)-1ǃ and TNF-ǂ, and ROS 
species (Kettenmann et al., 2011). Unlike their role in phagocytosis, activated microglia are 
classified as antigen-presenting cells, as they upregulate MHC-II, and under certain 
conditions following brain inflammation or injury, activated microglia aid in brain repair, 
providing a potent neuroprotection (Carson et al., 2006) or acting as a proneurogenic 
influence that supports the different steps of neurogenesis (Ekdahl et al., 2009).  

Microglia do not constitute a unique cell population, but rather, show a range of phenotypes 
(Schwartz et al., 2006) that are closely related to the evolution of the lesion process (Graeber 
& Streit, 2010). In a dynamic equilibrium with the lesion microenvironment, these 
phenotypes range from the well-known proinflammatory activation state (classically 
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activated or M1) to a neurotrophic one that is involved in cell repair and extracellular matrix 
remodeling (alternatively activated or M2) (Dirscherl et al., 2010). Thus, microglia 
differentiate into cells that exacerbate tissue injury or promote CNS repair when they 
receive signals from the close surroundings. M1 microglia/macrophages, activated via toll-
like receptors and IFNǄ, produce proinflammatory cytokines and oxidative metabolites that 
facilitate their role as indiscriminate killers of infectious agents and tumor cells (Mantovani 
et al., 2004), with collateral damage to healthy cells and tissue. Conversely, M2 
microglia/macrophages form in the presence of IL-4 or IL-13, downregulate inflammation, 
and facilitate wound healing, with the induction of scavenger receptors and matrix-
degrading enzymes that enhance phagocytosis and promote tissue repair, i.e., by promoting 
angiogenesis and matrix remodeling (Mantovani et al., 2004, Sica et al., 2006). Furthermore, 
the crosstalk between elements of the neuroinflammatory response and those that interact 
with neural stem cells might activate endogenous neurogenesis and facilitate brain repair 
(Rolls et al., 2007). 

3. Acute brain injury can trigger neurodegeneration  

Acute brain injury can also activate a neurodegenerative process whose effects are time-
dependent and related to the initial severity of insult. For example, acute neurological injury 
and chronic brain damage have been linked in boxers, with a correlation between the 
prevalence of subdural hematoma and dementia pugilistica (Miele et al., 2006). Also, 
cerebrovascular diseases and processes initiated by ischemia reperfusion may be central in 
the pathogenesis of AD (Zlokovic, 2005), including abnormal protein aggregation processes.  

Neurodegenerative disorders are characterized by distinct clinical features that result 
from a discrete progressive neuronal loss, leading to specific structural alterations in the 
brain and various forms of cerebral dysfunction over periods of years. However, common 
molecular and cellular processes, such as excitotoxicity, [Ca2+]i increase, energy failure 
and chronic inflammation may also underlie different neurodegenerative diseases (Lau & 
Tymianski, 2010). In these situations, as described for acute CNS injury, a link between 
the over-activation of excitatory amino acid receptors, an increase in [Ca2+]i, energy 
failure, and neuronal death has also been established (Bano et al., 2005, Randall & Thayer, 
1992).  

3.1 Chronic excitotoxicity as part of neurodegenerative processes 

Glutamate excitotoxicity has been inextricably linked to ischemic CNS injury and 
secondary injuries that occur following traumatic brain injury, whereas the chronic 
glutamate-mediated over-excitation of neurons is a newer concept that has linked 
excitotoxicity to neurodegenerative processes in amyotrophic lateral sclerosis (ALS), 
Huntington’s disease, AD and PD (Lau & Tymianski, 2010). Such a chronic excitotoxic 
process can be triggered by a dysfunction of glutamate synapses, due to an anomaly at the 
pre-synaptic, post-synaptic, or astroglial level (Rodriguez et al., 2009b). For example, loss 
of ionotropic receptor selectivity and deficiencies in glial glutamate re-uptake are present 
in ALS (Obrenovitch et al., 2000). These dysfunctions also help to explain phenomena 
such as the aging-related hypoactivity of NMDA receptors observed in AD (Olney et al., 
1997) and the AMPA-receptor increase detected in the hippocampus of aged-impaired 
rats (Le Jeune et al., 1996).  
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The contribution of excitotoxicity to the neurodegenerative process can be reproduced by 
the microinjection of low doses of glutamate agonist into the rodent brain. Due to the high 
affinity of ionotropic glutamate receptors for their specific agonists, NMDA, AMPA or 
kainate injected in non-saturable conditions can trigger calcium-mediated excitotoxicity in 
several rat brain areas and induce an ongoing neurodegenerative process (Bernal et al., 2000, 
Petegnief et al., 2004, Rodriguez et al., 2000, Rodriguez et al., 2004). For example, any 
microinjection of glutamate agonist in the rat medial septum triggers a persistent process 
that leads to a progressive septal atrophy with a cholinergic and GABAergic neuronal loss 
and a concomitant neuroinflammation that does not parallel the lesion (Rodriguez et al., 
2009a). These paradigms also mimic the alterations of other neurotransmitter systems and 
neuromodulators found in human neurodegeneration. Thus, long-term ibotenic-induced 
lesion in the rat basal forebrain leads to a loss of cholinergic afferents and decreased 
extracellular noradrenaline, glutamate, and taurine. At a functional level, excitotoxic 
disruption of the septohippocampal pathway also consistently reproduces some of AD 
memory impairments (Waite et al., 1994).  

CNS damage caused by an acute injury directly depends on the initial severity and the time 
elapsed after injury. But each variable activates different mechanisms. Comparison of the rat 
medial septum response to the insult caused by graded concentrations of AMPA with the 
time-course effects of a low dose of AMPA showed evidence of marked differences in the 
lesion dynamism (Rodriguez et al., 2009a). Thus, the medium dose of AMPA increased 
calcification and the degree of microglia reaction in the GABAergic region of the septal area, 
whereas atrophy and neuronal loss only reached a plateau with the higher AMPA doses. 
Results of a six-month study with a low AMPA-dose evidenced a progressive increase in 
neuronal death and septal atrophy with astrogliosis and microgliosis during the first month, 
and a total absence of calcium precipitates. Septal damage does not then increase with the 
intensity of an excitotoxic insult, but rather it progresses with time, meaning different 
mechanisms are involved in each situation.  

3.2 Uncoupling of retaliatory systems and energy availability 

Given the toxic effects of glutamate-mediated over-stimulation, adaptations that act to 
decrease synaptic accumulation of glutamate have the potential to be protective. Within 
these protective mechanisms, some are conducted to inhibit glutamate release during insults 
and some others involve retrograde signaling of inhibitory neurotransmitters and 
neuromodulators. Thus, the release of GABA, taurine and adenosine presents a retaliatory 
activity that has shown neuroprotective properties during glutamate-mediated neuronal 
insults (see Sapolsky, 2001 for a review). All of the processes mediated by these 
neuromodulators are interdependent and the coordination between the effects of GABA, 
taurine and adenosine helps avoid excessive synaptic glutamate and control neuronal 
damage.  

Control of synaptic glutamate levels, when not coupled to energy production, renders 
neurons susceptible to death. Under controlled conditions, the stoichiometric coupling of 
glutamatergic activity and glucose metabolism accounts for 80% of total cerebral glucose 
(Sibson et al., 1998). Part of this energy is needed for glutamate recycling in a coordinated 
process involving astrocytes and neurons, with 15% of brain oxidative metabolism 
contributed by astroglia (Lebon et al., 2002). A reduction in energy availability and the 
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consequent altered glutamate activity may then play a role in apoptotic or necrotic neuronal 
death (Ramonet et al., 2004).  

However, the balance between retaliatory system actions and energy metabolism can be 

disrupted by glutamate-mediated neuronal injury and then play a role in the evoked 

neurodegenerative process. For example, AMPA microinjection in the medial septum 

induces a progressive neuronal loss associated with a long-term decline of the hippocampal 

functions and decreased GABAergic and glutamatergic activities (Rodriguez et al., 2005). By 

contrast, this same hippocampal lesion increases adenosine and taurine transmissions, 

glutamate recycling and glucose metabolism (Ramonet et al., 2004, Rodriguez et al., 2005). 

Over time, adenosine replaces GABA in the control of glutamate neurotransmission to avoid 

further excitotoxic damage when cholinergic and GABAergic processes are compromised. 

This same lesion paradigm induces apoptotic neuronal loss in the hippocampus with 

enhancement of neuronal glycolysis and a glutamate/glutamine cycle displacement towards 

glutamine production that decreases glutamate concentration (Ramonet et al., 2004). In 

addition, glutamine is removed from the synapses, probably through vessels, where it 

inhibits NO synthesis, exhibiting a clear vasodilatory effect. In this scenario, the 

hippocampal increase in neuronal energy metabolism, which is associated with a decreased 

glutamate neurotransmission and neuronal apoptotic death, reflects a neurodegenerative 

process with unfulfilled coordination of the retaliatory systems and a chronic energy 

requirement to execute the apoptotic program. 

3.3 Neurodegeneration results from dysregulation of calcium homeostasis 

As mentioned above, the over-activation of glutamate receptors results in a massive increase 

in the cytoplasm calcium levels, which requires considerable energy expenditure to restore 

[Ca2+]i to its physiological basal level. Dysregulation of calcium homeostasis alters the rapid 

and coherent activation of neurons and is therefore ultimately responsible for many 

common aspects of brain dysfunction in neurodegenerative diseases. For example, calcium-

mediated apoptosis may underlie the etiology of chronic neurodegenerative disorders such 

as AD and PD.  

In AD pathogenesis, multiple cellular and molecular alterations involve alterations in 

synaptic calcium handling and perturbed cellular calcium homeostasis. With ageing 

neurons encounter increased oxidative stress and impaired energy metabolism, which 

compromise the control of membrane excitability and [Ca2+]i dynamics (Camandola & 

Mattson, 2011). Also in AD, elevated intracellular calcium levels contribute to the 

enhanced amyloidogenic processing of the amyloid-beta precursor protein (APP) (Liang  

et al., 2010) and mediates its cytotoxic effects. The cytotoxic actions of amyloid beta (Aǃ) 

involve calcium as a central mediator of pathological actions through two mechanisms. 

First, when aggregating at the cell surface Aǃ generates ROS, which results in membrane 

lipid peroxidation (Mark et al., 1997) that ultimately impairs glucose and glutamate 

transporters thereby promoting excitotoxicity (Keller et al., 1997, Mark et al., 1997). As a 

second mechanism, Aǃ oligomers may form calcium-permeable pores in the plasma 

membrane. Also, glutamate receptor-mediated calcium elevations cause changes in tau 

protein similar to those seen in neurofibrillary tangles (Mattson, 1990). Other studies 

report that preseniline-1 mutations perturb calcium dynamics at the glutamatergic and 
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cholinergic synapses, suggesting a pivotal role for aberrant neuronal calcium regulation in 

AD.  

Since alterations in calcium homeostasis have also been reported in other neurodegenerative 
disorders associated with an accumulation of misfolded protein aggregates, including PD, 
Huntington’s disease, ALS, and transmissible spongiform encephalopathies (TSEs) 
(Camandola & Mattson, 2011), these alterations are considered a common 
pathophysiological factor linked to neuronal degeneration. Thus, neurodegenerative 
diseases that exhibit diverse clinical and neuropathological phenotypes share the common 
features of glutamate-mediated over-excitation and calcium dyshomeostasis. Together with 
misfolded protein aggregation, these features participate in the pathogenic process that 
progressively reduces cell function and survival within the nervous system, leading to 
neurological disability and often death. Therefore, the different CNS aggressions of genetic, 
infectious, environmental or other origins can induce the same neurodegenerative injury. 
This convergence is due to the multi-directional interactions between the neurons, glial cells, 
extracellular matrix, endothelia and host immune cells that regulate tissue homeostasis and 
orchestrate the tissue response to the insult.  

3.4 Molecular mechanisms of misfolded protein aggregation 

Nearly all neurodegenerative disorders, such as AD, PD, Huntington's disease, TSEs, 
Tauopathies, ALS, and frontotemporal lobar degeneration with ubiquitin-positive 
inclusions, share common neuropathology (Forman et al., 2004). Thus, since they primarily 
feature the presence of abnormal protein inclusions containing specific misfolded proteins, 
these disorders are also classified as misfolded protein diseases (MPD). Some of these 
misfolding proteins are polyglutamine, protease-resistant prion protein, Aǃ, Tau, ǂ-
synuclein, SOD1, TDP-43 or FUS, and share no common sequence or structural identity 
(Morales et al., 2010; Soto et al., 2006). Protein aggregation defines neurodegenerative 
diseases broadly, but with significant differences between the affected areas of CNS and the 
damaged neuronal type. For example, cholinergic neurons are preferentially affected in AD, 
dopaminergic neurons in PD, and motor neurons in ALS.  

Correct folding requires proteins to assume one particular structure and failure to adopt its 

proper structure is a major threat to cell function and viability. Consequently, elaborated 

systems have evolved to protect cells from misfolded proteins, including the molecular 

chaperones that promote proper protein folding and the ubiquitin-proteasome system that 

degrades the newly translated proteins that failed to fold correctly (Gitler & Shorter 2011). In 

this system, the misfolded protein accumulation often reflects the cellular response to an 

imbalanced protein homeostasis, and relates to a perturbation of cellular function and aging. 

As mentioned above, all of the protective systems need abundant concomitant cellular 

energy production, and the frequent hypoxic or hypoglycemic incidents associated with 

hypercholesterolemia, diabetes and hypertension reduce energy availability and participate 

in the pathogenesis of neurodegenerative diseases (Forman et al., 2004, Haces et al., 2010). 

Consequently, these misfolded proteins develop insidiously in patients over their lifetime, 

and manifest clinically until middle or late life, as a MPD. 

The common pathogenic mechanism of MPD represents the initial aggregation and CNS 
deposition of one type of misfolded protein in the nucleus or cytosol of specific neurons 
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and/or well-located extracellular space (Gadad et al., 2011). In fact, the amyloid formation 
follows a crystallization-like process, known as seeding-nucleation, which, through a slow 
interaction between misfolded protein monomers, initially forms an oligomeric nucleus, or 
seed, around which a second, faster phase of elongation takes place. The nuclei formation is 
a slow process and represents the limiting step, and the extent of amyloidosis depends on 
the number of seeds produced (Carulla et al., 2010). In time, the progressive aggregation of 
fibrillar structures, with short stretches of ǃ-pleated sheet stabilized by intermolecular 
interactions and oriented perpendicular to the fibril axis, leads to abundant extended 
insoluble amyloidogenic proteins, with deleterious effects (Sanchez et al., 2011). The 
formation of different oligomeric aggregates also occurs, and the exposure of their 
hydrophobic amino acid residues on their external surface changes their solubility and 
interactions with their cellular targets. For example, in AD, a soluble 4 kDa peptide is 
initially produced and the amyloidogenic Aǃ, which is identified as the main component of 
AD oligomers and senile plaques, readily interacts with other Aǃ molecules to progressively 
form a wide range of oligomers and soluble aggregates (Carulla et al., 2005). This continued 
amyloidogenesis gives rise to the high molecular weight and insoluble amyloid fibrils that 
are highly abundant in senile plaques. Aǃ plays a recurring role in protein phosphorylation, 
signal transduction mechanisms, cytoskeletal organization, multiprotein complex formation, 
and synaptotoxicity, and when analyzing its pathogenic aggregation, the oligomers present 
the higher neurotoxicity. 

All Aǃ aggregation states and actions are also influenced by the abnormal activity of 
transition metal ions. Trapped in fibrils, they completely alter their structure, are 
electrochemically active, and can generate ROS in the presence of hydrogen peroxide and 
reducing agents. The biometal age-related dyshomeostasis causes a variation of their 
activity, especially in metalloproteins like SOD1 or the prion protein. In fact, the variety of 
binding affinities and binding sites reported for copper to Aǃ, ǂ-synuclein, SOD1 and the 
prion protein indicate that, through these numerous possible interactions, the copper level 
may directly drive the diversity of the states and functions of these proteins (Drew et al., 
2010).  

TSEs are considered unique among MPD in that they are transmissible; besides many 
amyloid pathological aggregates also have the ability to do so, and epidemiological data 
show that they are not infectious. However, several intriguing experimental results argue 
for a general infectious principle in protein misfolding and aggregation diseases in the 
pioneering studies of Westermark (1985) and Higuchi (1983), on systemic amyloidosis 
associated with the deposition of Amyloid-A and apolipoprotein AII. In PD, the infectious 
protein would be SNCA, whose abnormal conversion of native from to ǃ-sheet is 
triggered or supported by various drivers, such as hereditary factors, aging, oxidative 
stress, or environmental toxins (Taylor et al., 2002). Nevertheless, disease propagation by 
different protein infectious agents remains to be proven in most neurodegenerative 
diseases.  

3.5 Amyloid beta deposition after acute brain injury 

Aǃ is a physiological peptide that has a constant turnover in the brain (Saido & Iwata, 2006), 
and the potential causes for its deposition is the determinant of three main factors: 1) 
increased expression of APP, 2) aberrant enzymatic cleavage of APP by ǃ- and Ǆ-secretase, 
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and 3) disruption of Aǃ clearance from the CNS through the BBB. Therefore, rats subjected 
to chronic hypoperfusion or cerebral ischemia (Koistinaho & Koistinaho, 2005, Pluta, 2004) 
may show transient up-regulation and accumulation of APP and Aǃ in the cortex boundary 
and white matter with decreased blood flow, which suggests an interplay between 
cerebrovascular and amyloid pathology. Therefore, stroke and hypoperfusion are important 
risk factors for amyloidosis (De La Torre, 2008). In this regard, studies of brain imaging in 
humans (Johnson et al., 2005, Rombouts & Scheltens, 2005), and animal models of cerebral 
hypoperfusion and of impaired clearance of Aǃ across the BBB by the receptor for advanced 
glycation end products (RAGE) (Deane et al., 2004), denote that cerebrovascular dysfunction 
may precede cognitive decline and the onset of neurodegenerative changes in AD (Drzezga 
et al., 2003). Both increased and impaired brain-to-blood transport of Aǃ across the BBB 
have been observed in AD (Deane et al., 2003). In AD patients, and particularly after 
ischemia (Fukuda et al., 2004), matrix metalloproteinase machinery is also overexpressed in 
the cerebral vessels, which can degrade basement membranes and extracellular matrix 
proteins, and subsequently compromise the BBB integrity. As reviewed in detail elsewhere 
(Saido & Iwata, 2006), endothelial cells can also directly degrade Aǃ-expressing enzymes 
such as insulin-degrading enzyme and neprilysin. Therefore, if the integrity of the 
endothelium is compromised by all of these mechanisms, an imbalance of the degradation 
and clearance of Aǃ should be expected.  

In addition to the RAGE, low-density lipoprotein receptor related protein 1 is expressed in 
the vascular-CNS barrier, and both are critical for the regulation of Aǃ receptors at the BBB. 
Their impaired activity may also contribute to the Aǃ accumulation resulting in 
neuroinflammation, disconnection between the cerebral blood flow and metabolism, altered 
synaptic transmission, neuronal injury, and amyloid deposition into parenchymal and 
neurovascular lesions (Deane et al., 2004), therefore both receptors are critical for regulation 
of Aǃ homeostasis in the CNS. Indeed, Aǃ-RAGE suppression of cerebral blood flow is 
mediated by endothelial cells secretion of Endothelin-1 (Deane et al., 2003), leading to 
hypoperfusion and negatively affecting the synthesis of proteins required for memory and 
learning, and eventually causing neuritic injury and neuronal death.  

Axonal injury is one of the most common and important pathological features of brain 
trauma and ischemia. In these situations, APP is a marker of axonal injury and accumulates 
due to the disruption of fast anterograde axonal transport (Smith et al., 2003). In particular, 
lysis of the terminal swollen bulb of disconnected axons may serve as a vehicle for the 
release of potentially toxic proteins, peptides, and their aggregates into the brain 
parenchyma. One of these potential toxins is the Aǃ peptide, which causes 
neurodegeneration, acute necrotic damage and long-lasting degenerative processes, that in 
turn will activate an inflammatory response. 

Reactive microglia are closely associated with senile plaques in AD patients, and microglia 

can contain intracellular deposits of Aǃ, which indicates a role for these cells in the clearance 

and/or processing of Aǃ (Mandrekar et al., 2009, Weldon et al., 1998). Heat sock proteins 

(HSP), which exhibit chaperone activity and are overexpressed following many injuries 

including AD and stroke (Turturici et al., 2011), induced microglial phagocytosis of Aǃ 

peptides, probably mediated through NF-κB and p38 MAPK pathways and TLR4. Certainly, 

a possible explanation for phagocytosis activation by microglia is that HSP70–associated 

peptides are more immunogenic for both MHC class I- and II-dependent systems than 
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peptides alone (Mycko et al., 2004). On the other hand, senile plaque-associated microglia 

expressed significantly more MHC-II, IL-1, the receptor for macrophage-colony stimulating 

factor-1, myeloid cell-specific calcium-binding protein MRP14 and CD40, all of which are 

associated with mononuclear phagocyte activation and inflammation. In addition, CCR3 

and CCR5 have also been found in microglia associated with AD plaques, whereas CXCR2 

and CXCR3 have been associated with neuritic plaques (Hickman et al., 2008). The 

CX3CL1/CX3CR1 pathway plays a part in microglia neurotoxicity in vivo, but also 

participates in microglial phagocytosis of Aǃ and activation of the astroglial response (Lee et 

al., 2010). Interestingly, early microglial recruitment in AD promotes Aǃ clearance and is 

neuroprotective, whereas chronic proinflammatory cytokine production in response to Aǃ 

deposition downregulates genes involved in Aǃ clearance, promotes its accumulation, and 

contributes to neurodegeneration (Hickman et al., 2008). It is noteworthy that in AD patients 

the classic inflammatory response (immunoglobulin and leucocyte infiltration) is absent 

(Eikelenboom & Veerhuis, 1996).  

The generation of Aǃ is initiated by ǃ-secretase cleavage of APP (also called ǃ-site APP-cleaving 

enzyme, BACE1), which is mostly present in neurons (Vassar et al., 1999). Ischemia strengthens 

the expression and activity of BACE1 (Wen et al., 2004), and notably, the early post-hypoxic 

upregulation of BACE1 depends on the production of ROS mediated by the sudden 

interruption of the mitochondrial electron transport chain, while the later expression of BACE1 

is caused by activation of hypoxia inducible factor 1-ǂ (Guglielmotto et al., 2009). After stroke, 

the activation of caspase-3 induces the ubiquitin-dependent stabilization of BACE1 (Tesco et al., 

2007), thereby seeding the formation of oligomeric and fibrillar amyloid structures.  

On the other hand, the intramembrane proteases presenilin 1 (PS1) and preselinin 2 (PS2) 
are part of the Ǆ-secretase catalytic site, which in conjunction with BACE1, processes APP 
to generate Aǃ. After an ischemic event, the Ǆ-secretase activity is increased at the 
boundary of the infarct (Arumugam et al., 2006). Mutations in the genes encoding PS1 and 
PS2 cause early-onset familial AD (Thinakaran & Parent, 2004). In addition, mutant PS-
expressing and PS-conditional knock out mice have shown aberrant neuroinflammatory 
response, which suggests a link between PS function and CNS innate immune response 
regulation (Beglopoulos et al., 2004). In this regard, TNF-ǂ and IFNǄ production 
upregulates BACE1 (Yamamoto et al., 2007) and stimulates Ǆ-secretase-mediated cleavage 
of APP (Liao et al., 2004). Thus, proinflammatory cytokines would also contribute to AD-
like pathology by promoting Aǃ generation. Nonetheless, PS expression in microglial cells 
shows compensatory regulation where PS1 knockdown leads to increased PS2 and vice 
versa. But only PS2 depletion correlates with decreased Ǆ-secretase function (Jayadev et 
al., 2010), and only PS2 might be implicated in Aǃ phagocytosis by microglial cells 
(Farfara et al., 2011). 

3.6 Chronic neuroinflammation 

Neuroinflammation is a common characteristic of the pathological process in 
neurodegenerative diseases such as PD, AD, ALS, and multiple sclerosis (Graeber & Streit, 
2010). Microgliosis is related to the molecular pathology of these diseases and has been 
associated with misfolded proteins, in the case of PD, ALS and Huntington’s disease, where 
the misfolded proteins accumulate intracellularly, and with extracellular aggregates, as in 
the case of Aǃ in AD. Activation of the microglia is also associated with the formation of 
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calcium precipitates of hydroxyapatites, which are frequently observed in the specific CNS 
areas involved in neurodegenerative processes (Rodriguez et al., 2009b). 

The benefits of such inflammation are substantial. For example, in the early stages of AD, 
reactive microglia phagocytose and degrade Aǃ (Paresce et al., 1997), scavenges and 
eliminate the debris of dead or dying cells, and therefore protect the brain from its toxic 
effects (El Khoury et al., 2007) and the effects of other toxic agents released by dying cells 
(Figure 3). Furthermore, reactive astrocytes isolate neurons from senile plaques and release 
cytokines and growth factors that may help damaged neurons to survive and recover. 
However, when the disease progresses and a persistent proinflammatory cytokine 
production occurs, microglia release high amounts of TNF-ǂ and IL-1ǃ, and therefore lose 
their protective phenotype and their ability to phagocytose Aǃ deposition. In these 
conditions, microglia become dysfunctional and fail to clear Aǃ deposits (Hickman et al., 
2008), hence promoting plaque formation (Bolmont et al., 2008). This chronic and 
uncontrolled inflammatory response can directly lead to the injury or death of neurons 
(Figure 3). In addition, activated microglia may also be directly involved in the generation of 
senile plaque pathology, either by the secretion of fibrilar and soluble Aǃ (Chung et al., 
1999) or by the release of biometals such as iron, which aggregates soluble Aǃ fragments. 
For that reason, this innate immune response is currently considered a potential pathogenic 
factor for neurodegenerative diseases. 

As explained above, microglia respond to tissue injury by adopting a diversity of 
phenotypes ranging from the deleterious M1 to the neuroprotective M2 (Halliday & Stevens, 
2011, Henkel et al., 2009). This range of phenotypes is closely related to the evolution of the 
lesion process and their control will directly influence the outcome of the tissue. In addition, 
some microglial cells become increasingly dysfunctional with age and may play a direct role 
in the development of neurodegeneration (Block et al., 2007, Stoll et al., 2002). Whether 
microglia adopt a phenotype that mostly exacerbates tissue injury or one that promotes 
brain repair is likely to depend on the diversity of signals from the lesion environment and 
the response capacity of the aging cell.  

In a complex crosstalk that is being progressively deciphered, astrocytes and inflammatory 
T-cell subsets influence the proinflammatory or anti-inflammatory responses of microglia, 
thus affecting their antigen-presenting cell properties and phagocytic capacity. Astrocytes 
generate local signals, such as glutamate, to communicate with neurons and these signals 
influence the outcome of the tissue during neurodegeneration (Allaman et al., 2011). They 
directly influence microglial behaviour by playing a critical role in the activation of 
microglia under infectious conditions (Ovanesov et al., 2008) and in multiple sclerosis, 
where MCP-1/CCL2 and IP-10/CXCL10 direct reactive gliosis (Tanuma et al., 2006). Some 
findings have implicated astrocytes in chronic microgliosis. For example, TNF-ǂ secretion is 
crucial for rapid autocrine microglial activation with both neuroprotective and cytotoxic 
effects, a process that is also fed by TNF-ǂ released by reactive astrocytes (Suzumura et al., 
2006). These opposing TNF-ǂ actions depend on the activation of two specific receptors: 
TNFR1, which has a low affinity and an intracellular death domain, and TNFR2, which has 
a high affinity and is mainly involved in neuroprotection (Fontaine et al., 2002). Therefore, at 
low concentrations, TNF-ǂ only binds to TNFR2 and potentiates neuronal survival, whereas 
the subsequent TNF-ǂ secretion by microglia and astrocytes activates TNFR1 in neurons and 
astrocytes and contributes to cell injury (Bernardino et al., 2008). 
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Fig. 3. Cellular processes involving chronic neuroinflammation after brain injury. 
Physiological modifications (molecules inside a red square) alter neurons, which in turn 
release activation signals to astrocytes and microglia. Reactive microglia mediate different 
pro-inflammatory and neuroprotective processes (green arrows) in coordination with 
reactive astrocytes. With increasing activation signals or reaction times, reactive microglia 
become increasingly dysfunctional and adopt a chronic reactive phenotype mostly cytotoxic 
that directly participates of neurodegeneration. Astrocytes may also promote this microglia 
cytotoxic activity by releasing activation signals (red arrows) 

Thus, chronic microgliosis after CNS injury and during neurodegeneration involves a 

putative transition from an initial neuroprotective activity to a cytotoxic activity, and the 

interaction of astrocytes in the lesion site that promote the cytotoxic microglial phenotype 

through the secretion of TNF-ǂ and other signals (Donato et al., 2009, Suzumura et al., 2006). 

In this scenario, the interplay between the trophic, neuroprotective, inflammatory and 

cytotoxic functions of microglia and astrocytes in acute and chronic CNS injury will 

determine the evolution of the neurodegenerative process. Control of this time-depending 

crosstalk requires a precise and dynamic analysis of the interactions so as to effectively 

develop approaches to neuroprotection and restoration of the injured tissue.  
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4. Conclusions 

CNS injuries such as stroke, traumatic brain injury and spinal cord injury, are characterized 
by the appearance of common parameters that determine the outcome of the tissue and 
account for the ensuing neurodegenerative process underlied by glutamate-mediated 
excitotoxicity, calcium dyshomeostasis and neuroinflammation. At the tissue level, the 
pathogenesis of each disorder depends primarily on the availability of energy but also on 
the neuronal type involved, the synaptic density, the glial interactions, and the vicinity of 
vascularization. These parameters also underlie the ensuing neurodegenerative process that 
will determine the dynamics and progression of the disease but also the success of 
regenerative therapies.  

The literature suggests that several treatment interventions can promote the regeneration of 
damaged tissue after an acute injury. The degree of such regeneration remains modest, but 
the diversity of mechanisms that may promote tissue recovery increases the options for 
developing new therapies. Therefore, future therapeutic approaches should include dealing 
with excitotoxicity and energy production, and controlling neuroinflammatory pathways, as 
complementary treatments to those addressed to overcome the inhibitory mechanisms that 
block regeneration and to enhance neuronal plasticity. 
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