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N-Methyl-D-aspartate receptors (NMDARs) have two opposing roles in the brain. On the one hand, NMDARs control critical
events in the formation and development of synaptic organization and synaptic plasticity. On the other hand, the overactivation
of NMDARs can promote neuronal death in neuropathological conditions. Ca®* influx acts as a primary modulator after NMDAR
channel activation. An imbalance in Ca*" homeostasis is associated with several neurological diseases including schizophrenia,
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral sclerosis. These chronic conditions have
a lengthy progression depending on internal and external factors. External factors such as acute episodes of brain damage are
associated with an earlier onset of several of these chronic mental conditions. Here, we will review some of the current evidence of
how traumatic brain injury can hasten the onset of several neurological conditions, focusing on the role of NMDAR distribution
and the functional consequences in calcium homeostasis associated with synaptic dysfunction and neuronal death present in this

group of chronic diseases.

1. Introduction

Relevance of NMDA Receptor in Calcium Homeostasis: Struc-
ture and Properties. In the central nervous system of mam-
mals, «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPARs) and N-methyl-D-aspartate ionotropic glu-
tamatergic receptors (NMDARs) primarily mediate fast exci-
tatory neurotransmission. Characteristic properties, includ-
ing high Ca** permeability, allow NMDARs to play a critical
role in brain development, neuropathology, and synaptic
plasticity [1]. In addition, NMDARs seem to play a structural
role at the synapse by recruiting scaffolding and signaling
complexes through their intracellular domains [2, 3]. The
number, properties, and subunit composition of synaptic
NMDARs are critical for proper synaptic functioning and
maintaining the integrity of the synapse, regulating calcium
influx and different signaling cascades associated with
receptor activation [4]. On the other hand, deregulation in
the appropriate influx of Ca®" through NMDARs contributes

to neuronal death in acute brain injury, including stroke and
ischemia, but also contributes to neuronal loss underlying
several neurodegenerative diseases such as Alzheimer’s
disease (AD) and Huntington’s disease (HD) [5].
Structurally, the NMDARSs are tetraheteromeric channel
pores formed by the obligatory GluN1 subunit, plus GluN2
or GluN3 subunits. These subunits contain several variants:
GluNI subunits with eight splice variants, four GluN2 sub-
units (GluN2A-D), and two GluN3 subunits. Each subunit
has, structurally, an extracellular N-terminal, a reentrant
loop that forms the channel pore, and an intracellular C-
terminal. Functional NMDARSs, in the forebrain of the CNS,
are formed by two GluN1 subunits and two GluN2/3 subunits
[6]. Glutamate binds the GluN2 subunit while D-serine and
glycine, two coagonists, bind the GluN1 subunit in synaptic
and extrasynaptic sites, respectively [7]. The domain for
Mg”* block and Ca** permeability is in the pore formed
by the internal loop [6]. GluN2 subunits give specific and
key biophysical and pharmacological properties, including
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sensitivity to glutamate, protons, polyamines, and Zn*",
modulation by glycine, Ca®" permeability, and differential
channel kinetics, including deactivation time and open
probability [8]. GluN2 subunits control the trafficking and
delivery of NMDARSs to the plasma membrane and synaptic
compartments through their intracellular domains [6].

In brain structures such as the brain stem, hippocampus,
and neocortex, the ratio of GluN2A/2B increases during early
postnatal development [9]. For example, in the hippocampus,
the selective GluN2B inhibitor, ifenprodil, shows an age-
dependent decrease in the effect of NMDAR blockade in
rats between postnatal day 1 (P1) and young adult (~P21)
[10]. Changes in the GIuN2A/2B ratio can be estimated by
measuring mRNA [11, 12] or protein levels [13]. The pre-
dominant GluN2 subunits in the mammalian forebrain, 2A
and 2B, also control the trafficking of NMDARs with subunit
specific rules: GluN2A subunits appear to be more abundant
in synaptic sites while GluN2B is present in both synaptic and
extrasynaptic domains. GluN2B-containing receptors have
faster rates of diffusion than GluN2A-containing receptors,
which contributes to the enrichment of GluN2A at mature
synaptic sites [14]. Thus, GluN2B-containing receptors are
inserted into the synapse in an activity-independent or
constitutive manner. In contrast, incorporation of GluN2A-
containing receptors requires synaptic activity and they
accumulate intracellularly when activity is blocked [15].

The toxic effects of glutamate were described for the first
time several years ago with the discovery that the application
of L-glutamate caused toxicity in the inner layers of the
retina. In this study, glutamate was injected in neonatal and
adult mice daily. In P4 mice, glutamate injection led to the
reduction to half of the inner nuclear layer and a significant
reduction of the ganglion-cell layer after 2-4 days of treat-
ment compared with control animals. In adult mice, the effect
of glutamate injection had similar effects to those in P4 mice
within minutes of injection, including a dramatic reduction
of the inner nuclear layer of retina and the ganglion-cell layer
[16]. In 1969, the term excitotoxicity was coined [17]. Using
subcutaneous injection of glutamate in postnatal mice, the
authors demonstrated that acute neuronal necrosis in several
regions of the brain was induced by excitotoxicity [17]. In
an anoxia model, using hippocampal neurons in vitro, cells
treated with a postsynaptic blocker of excitatory amino acid
(g-D-glutamylglycine) exhibited decreased neuronal death
compared to untreated neurons. This protective effect also
works in neurons treated exogenously with glutamate [18].
Similarly, the selective antagonist of NMDARs substantially
attenuated neuronal injury in cultured cortical neurons
[19], including 2-amino-7-phosphonoheptanoate (APH), 2-
amino-5-phosphonovaleric acid (APV), and phencyclidine
(PCP). In addition to the acute effects of glutamate, several
chronic diseases appear to have an excitotoxic component.
These diseases include Alzheimer’s disease (AD), Parkinson’s
disease (PD), amyotrophic lateral sclerosis (ALS), and Hunt-
ington’s disease (HD).

The plasma membrane sodium-calcium exchanger
(NCX) is one of the most important proteins that functions
to maintain the physiological concentration of calcium in the
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cell [20]. Working with the driving force from Na" influx, this
transporter extrudes Ca?" in normal conditions. However,
the transporter is affected by the overactivation of NMDARs
and subsequent Ca** overload after excitotoxic stimulation
[21]. Excitotoxicity results in a significant increase in Ca*
influx primarily from open NMDAR channels that cause
a secondary rise in the intracellular Ca®>* concentration.
This secondary overload is correlated with neuronal death
induced by calcium overload [22]. An imbalance in Ca**
homeostasis is produced in several neurological conditions
including epilepsy, AD, PD, HD, ALS, stroke, and traumatic
brain injury (TBI). It is a common mechanism of toxicity,
which could be a direct consequence of alterations in
NMDARs distribution generating synaptic dysfunction and
neuronal death.

Synaptic versus Extrasynaptic Distribution and Associated Sig-
naling. NMDARs are more dynamic than originally assumed,
with neurons able to regulate the amount, distribution,
and subunits composition of synaptic and extrasynaptic
NMDARs [7, 8, 15]. However, the signals and mechanisms
controlling the presence of NMDARs in different domains
are dependent on the phosphorylation state of the GIuN2B
subunit [23]. Phosphorylation of tyrosine 1472 of GIuN2B
is critical to maintain NMDARs at the synapse and prevent
endocytosis, whereas phosphorylation of GluN2B at tyrosine
1336 is associated with enrichment of extrasynaptic NMDARs
[23]. Both phosphorylation sites are substrates of a Src-family
kinase, Fyn [24]. Moreover, the phosphorylation state of
NMDARs is modulated by striatal-enriched protein tyrosine
phosphatase (STEP) by two parallel pathways: direct dephos-
phorylation of GluN2B-Tyr 1472 [23, 25] and indirectly via
dephosphorylation and inactivation of Fyn [26]. On the
other hand, STEP is differentially regulated by synaptic and
extrasynaptic NMDARs [24]. These receptors are localized in
distinct compartments of the neuronal membrane where they
initiate signaling pathways when activated by glutamate [27,
28]. The signaling pathways downstream of NMDAR stimu-
lation involve multiple proteins (Table 1), only some of which
will be highlighted here. Synaptic activation of NMDARs
activates a signaling cascade that includes ERK activation via
MEKI [29, 30], but activation of synaptic and extrasynaptic
NMDARs promotes activation followed by inactivation of
ERK signaling [31, 32]. The mechanism includes activation
through ERK phosphorylation by synaptic stimulation of
NMDARs, or ERK dephosphorylation and inactivation by
stimulation of extrasynaptic NMDARs [28]. Activation of
ERK through synaptic NMDARs [27, 29] induces phospho-
rylation and activation of the transcription factor CREB
[33]. The calcium influx through synaptic NMDARs involves
MEKI activation and finally ERK1/2 activation [32]. In
contrast, extrasynaptic NMDARs stimulation inhibits the
CREB pathway through dephosphorylation of its activation
site [34]. Additionally, only synaptic NMDAR stimulation is
associated with the activation of the PI3K/akt kinase signaling
pathway [35].

On the other hand, inactivation of ERK (by extrasynaptic
NMDA receptor stimulation) is associated with calpain
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TABLE 1: Proteins involve in location-dependent NMDAR signaling activation.
Location of NMDA receptor Closest partners
Protein stimulated NMDA activation induces b Reference
upstream
receptor Tor|
CBP phosphorylation
42,4
CREB Syn T by CaMKIV [42,43]
CREB
Extrasyn l dephosphorylation by (39]
Jacob
ERK 1/2 (MEK phosphorylation) Syn ! Ras-GTP (32, 44]
Extra l Ras-GDP by SynGAP
Svn 1 Increase in Ca®*
b Ras-GTP
Ras 2 [32, 44]
Extrasynaptic 1 Less Ca
ynap Ras-GDP
FOXO01/3
Syn | phqsphorylatlon by [35]
FOXO1/FOXO3 (transcription akt inducing nuclear
factor, apoptosis inducer) export
FOXO3a nuclear
i 45
Extrasynaptic ! translocation [45]
. . Calpain Ca®*
46
Calpain Extrasynaptic T activated [46]
STEP Extrasynaptic T STEP cleayed by (36]
calpain
NCX3 Extrasynaptic T NEX3 clea.ved by [21]
calpain
Akt/PI3K activated
35,47, 48
Akt/PI3K Syn T through IRS-1 [ ]
SynGap Syn 1 Activated by CamKII [49]
CaMKII Syn 1 Increase in Ca®* (50]

activation and STEP cleavage [36]. Ca** influx through
extrasynaptic NMDARs involves binding of the phosphatase
STEP to the channel, with direct inhibition of ERK 1/2.
Another key player, CaMKII, appears to have a role in
the activation of both pathways (synaptic and extrasynaptic
NMDARs activation) in part because of its multifunctional
properties [37]. An interesting target for ERK 1/2 is the
protein known as Jacob [38]. Jacob works by translocating to
the nucleus in a phosphorylated or nonphosphorylated form.
However, only the phosphorylated form is associated with an
elevated level of phosphorylated form of CREB (p-CREB),
Arc 3.1, and BDNF while the nonphosphorylated form of
Jacob is associated with low levels of a transcriptionally active
form of CREB, p-CREB [38, 39]. Jacob is phosphorylated by
ERKI1 at Ser 180 after induction of synaptic activity, including
LTP (but not LTD). Translocation of the nonphosphorylated
form of Jacob to the nucleus is associated with the deleterious
events in the synapse that subsequently cause cell death in rat
brain [38]. In the last few years a unified hypothesis placed
in tandem “subunit hypothesis” (GluN2B subunits associated
toxicity) with the “localization hypothesis” (extrasynaptic
NMDARs associated with toxicity) to link controversial
results [40]. A good example for this point is experiments
in neuronal culture and transgenic mice where C-terminal

of GluN2 subunits (A and B) were swapped to determine the
participation of this domain in NMDA-induced toxicity, with
C-terminal of GluN2B (other domains of GluN2A) exhibiting
stronger physical/functional coupling to the PSD-95-nNOS
pathway, suppressing protective CREB activation [41].

2. Role of NMDARSs in Traumatic Brain Injury
and Other Acute Damage

2.1. Traumatic Brain Injury, Relevance, and Mechanism: Gluta-
matergic Role. TBI is the result of mechanical external force
including contusion, fast acceleration, and expansive waves
that produces temporal or permanent cognitive damage
and triggers physical and psychosocial alterations including
headache, memory problems, attention deficits, difficulty
thinking, mood swings, and frustration [51, 52]. On the global
level, TBI is a critical health problem, constituting a major
cause of death and disability among young adults [52], with
a high cost to society due to long years of disability or death.
In the USA, it is estimated that around 1.7 million of cases
of TBI occur annually [53]. In Europe, TBI is among the top
three causes of injury-related medical costs [54]. The number
of cases of TBI is rising sharply and the main reason is due



to increasing motor-vehicle use in less developed countries
[55]. In more developed countries, the majority of cases of
TBI are caused by falls in older adults [56]. TBI is a complex
conditions where structural and functional damage is a result
of both primary and secondary injury [57]. The primary
injury occurs as a result of external force and can result in
hemorrhage, tissue, and axonal damage. The secondary lesion
progresses from minutes to months after the primary lesion,
generating activation of metabolic cascades including cellular
and molecular changes such as excitotoxicity, inflammation,
oxidative damage, and synaptic injury [58, 59].

An important cause of damage leading to the secondary
injury is neuroinflammation due to the loss of astrocytes,
which regulate the availability of glutamate at the synapse.
Glutamate transporters GLT-1 and GLAST present in glial
cells regulate the extracellular glutamate and limit excitotox-
icity by clearing off excess glutamate [60]. Part of the loss
of functionality of astrocytes is triggered by inflammatory
cytokines including TNF-«, which is found at high levels
in cerebrospinal fluid within 24h of brain trauma [61].
Astrocytes control the excess of glutamate from spillover, and
when their functionality is compromised, the effect of exci-
totoxicity is exacerbated after TBI. Astrocytes also influence
and regulate neuronal excitability [62], neurotransmission
[63, 64], and plasticity in glutamatergic synapses [60], but
the mechanisms underlying their role in TBI have not been
explored.

The central mechanism underlying TBI is glutamate exci-
totoxicity (or toxicity induced by glutamate) and intracellular
calcium overload that triggers biochemical cascades that
lead to synaptic damage and neuronal death [65-67]. TBI
induces an increase in the expression of GluN1, GluN2A,
and GluN2B subunits of NMDARs in the hippocampus of
mice [68]. However, whether these NMDARs are synaptic
or extrasynaptic was not explored. There is no functional
or in vivo evidence of the role of extrasynaptic NMDARs
in TBI. However, a recent study found that extrasynaptic
NMDARs are overactivated as a result of stretch injury
in cortical cell culture [69], suggesting that extrasynaptic
NMDAR activation may be potential therapeutic targets for
preventing secondary lesions in TBL

In addition to excitotoxic and inflammatory conse-
quences of TBI, the oxidative stress associated with secondary
damage has important consequences on the functionality
of neurons [65] with an important role of mitochondrial
dysfunction [70]. Oxidative stress could have consequences
not only for neuronal survival but also because synaptic
plasticity is affected under oxidative conditions [71, 72],
becoming another interesting target of intervention in TBL

Neuronal loss and synaptic alterations are common
characteristics in a wide spectrum of neurological diseases,
including PD and AD where the most striking symptom
is memory loss. Thus, it is not surprising that the brain
areas that are essential for learning and memory, such as
the hippocampus and neocortex [73], are affected in these
pathological conditions. TBI shares with these diseases the
decrease in neuronal population and the number of synapses:
cortical contusion results in a decline in the number of total
synapses and the total neurons in the hippocampus of rats
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subjected to TBI [74]. In mice, moderate TBI is able to
decrease the measure of dendritic branching three days after
impact [67]. TBI also induces a deficit in spatial learning that
lasts for the 90 days of the experiment as measured by escape
latency (using water maze) at 7, 30, 60, and 90 days after TBI
[75].

The levels of excitatory amino acids, especially glutamate,
increase in the extracellular space after TBI [76] activating the
toxic mechanisms of excitotoxicity. Functional consequences
in TBI models include an impairment in synaptic plasticity
measured by the inability to induce long-term potentiation
(LTP) in rat hippocampal slices [77, 78] and cognitive
impairment in spontaneous exploration and spatial memory
[79-83]. Alterations in NMDARs caused by neuronal injury
make the system more vulnerable to damage induced by
glutamate [84-86] by a mechanism dependent on Ca®**
concentration. The dynamic of alterations of NMDARs has
two stages: the level of receptors is transiently diminished in
the hippocampus after TBI [87], but cultured neurons show
an increase in extrasynaptic GluN2B-containing NMDARs
after mechanical stretch [69]. Thus, it is possible that TBI
could alter the neuronal Ca** dynamics primarily through
extrasynaptic NMDAR stimulation.

The ionotropic glutamate receptor AMPA is also compro-
mised in TBI conditions. After TBI, a reduction in AMPARs
desensitization is observed [88, 89]. Other lines of evi-
dence shows that TBI promotes GluR2 phosphorylation and
internalization and enhances expression of Ca**-permeable
AMPARSs in the hippocampus [88, 89]. The phosphatase and
tensin homolog (PTEN) target for inhibition attenuates the
death of hippocampal neurons after injury by decreasing the
translocation of GluR2 subunits to the membrane, similar to
effect of blocking GluR2-lacking AMPARs, both in vitro [90].
The same PTEN is activated by stimulation of extrasynaptic
NMDARs [91]. It is possible to find direct cross-talk between
the effects of TBI on both AMPARs and NMDARs expanding
the glutamatergic target of TBIL

3. Ischemia/Reperfusion

Ischemia/reperfusion injury is the tissue damage caused
when the blood supply returns to tissue following a period of
ischemia. The reintroduction of molecular O, into ischemic
tissue upon reperfusion leads to the overproduction of
reactive oxygen species (ROS). A cascade of ROS formation
is initiated by the generation of O**~, which is generated by
NADPH oxidase (NOX). NO and O*~ may react together
to produce significant amounts of a much more oxidative
active molecule, peroxynitrite (ONOO™), which is a potent
oxidizing agent that causes posthypoxic cellular injury [92].
ONOO7, formed from the diffusion-controlled reaction of
O™ with NO, is a highly toxic ROS. It has been proposed
that a number of the toxic effects of NO are due to the
subsequent generation of ONOO™ [93] (Figure 1). ONOO™
is cytotoxic via several mechanisms, including the initiation
of lipid peroxidation, the direct inhibition of mitochondrial
respiratory chain enzymes, the inactivation of membrane
sodium channels, the modifications of oxidative proteins,
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FIGURE 1: Implications of NMDAR in acute damage, ischemia/reperfusion. During ischemia, the overactivation of STEP induces the
internalization of NMDARSs, principally of GluN2B subunits, and the activation of extrasynaptic NMDAR triggers an excess of Ca** influx and
excitotoxic events related to decreases in CREB activation and increases in calpain activity. During reperfusion, injury induces the generation
of ROS and ONOO™. The increase of ONOO™ alters the activity of glutamate transporter in astrocytes. The excess glutamate leads to the

overactivation of NMDAR:s.

and the inhibition of antioxidant enzymes [94]. Due to its
toxic nature, ONOO™ may be involved in a number of
inflammatory conditions [95, 96], cardiovascular diseases
[97], and neurodegenerative diseases [98]. ONOQO™ has been
implicated in several pathophysiological pain processes, such
as thermal hyperalgesia associated with inflammation and
nerve injury [99], opioid-induced hyperalgesia and antinoci-
ceptive tolerance [100], and spinal activation of NMDARs
[101]. Increased NMDAR activity in the spinal cord, as
detected by increased phosphorylation of the GluN1 subunit,
is critically involved in the development of central sensiti-
zation of chronic pain [102, 103]. Furthermore ONOO™ is
thought to contribute to central sensitization through the
alteration of NMDAR activation by nitrating proteins that
are important in the maintenance of normal nociceptive
processing, such as MnSOD [104], glutamate transporters,
and glutamine synthase [105, 106]. The ONOO™-mediated
nitration of SOD inactivates the enzyme, which results in
increased O, and ONOQ™ levels, leading to enhanced post-
synaptic neuronal responsiveness that contributes to central
sensitization [101, 107]. Nitration of glutamate transporters
and glutamine synthase disrupts glutamate homeostasis and
increases glutamate neurotransmission, and the resulting
signaling events underlie central sensitization [105]. When
glutamate transporters are nitrated by ONOO™, their inac-
tivation results in increased glutamate concentrations and
altered synaptic transmission [105] (Figure1). Glutamine
synthase, which catalyzes the conversion of glutamate and
ammonia to glutamine, is also inactivated via nitration by
ONOO™ [106]. Thus, ONOO™ is critically involved in the

pathogenesis of ischemia/reperfusion injury-induced neu-
ropathy, which is formed in the spinal cord in response to
NMDAR activation and contributes to the development of
central sensitization.

4. Stroke

Stroke is a major cause of death and disability in developed
countries. Because neuronal death in the brain following
stroke is an active and prolonged process [108], understand-
ing the underlying death-signaling mechanisms can lead
to therapeutics that minimize stroke damage even when
administered several hours to days after a stroke. There are
probably many mechanisms that underlie stroke damage,
with NMDARs-mediated excitotoxicity being a primary fac-
tor [109, 110]. Not only has excessive NMDARs activation
been considered a common pathological event leading to
neuronal death in many neurological disorders [111], it also
has a central role in ischemic neuronal death following stroke.
Indeed, NMDAR blockers protect neurons from ischemic
neuronal injuries in both in vitro and in vivo models [109, 111,
112].

In the adult forebrain, where stroke most frequently
occurs, GluN2A receptors and GluN2B receptors are prefer-
entially localized at synaptic and extrasynaptic sites, respec-
tively [6, 113-115]. The “NMDAR location” and “NMDAR
subtype” hypotheses are highly correlated [88, 89]. Notably,
stimulating synaptic and extrasynaptic NMDARs would pre-
dominantly activate GluN2A receptors-dependent neuronal
survival and GIluN2B-mediated neuronal death pathways,



respectively. Normal synaptic transmission activates predom-
inantly GluN2A receptors, resulting in the maintenance of
neuronal survival via the activation of the neuronal survival-
signaling complex (NSC) immediately downstream of these
receptors such as the cyclic-AMP response element-binding
protein (CREB) signaling pathway [116-118], phosphoinosi-
tide 3-kinase (PI3K) [119], and kinase-D-interacting substrate
of 220 kDa (Kidins220) [120].

In hippocampal slices in which ischaemia was induced
pharmacologically, glutamate surges were observed as a
result of the reverse operation of the glutamate transporters
[121]. Glutamate spillover to extrasynaptic sites preferentially
stimulates GIuN2B-containing receptors that mediate death
by the activation of the neuronal death-signaling complex
(NDC) associated with these receptors In this complex,
PSD95 acts as a scaffolding protein to bring nNOS (neuronal
nitric oxide synthase) into close proximity to the channel pore
of GluN2B-containing receptors. This allows the efficient
activation of nNOS by Ca®" influx entering the channel pore,
resulting in the NMDAR-mediated production of the highly
neurotoxic molecule NO [122-126]. Other proteins that have
been identified in the NDC include death-associated protein
kinase 1 (DAPKI), a death-signaling protein [127] that is
recruited to the NDC via its interaction with GluN2B follow-
ing stroke challenge [128], PTEN [129], a well-characterized
cell death-promoting molecule that was recently identified
as a crucial component of the NDC [91, 130], and finally
calpains, a family of Ca**-activated cysteine proteases that
plays a major role in translating the Ca** influx of NMDARs
into neuronal damage [120, 131, 132] (components shown
in Figure 2). Here, we loosely define the NSC and NDC to
include all neuronal survival- and death-signaling proteins
that closely associate with the NMDAR channel pore either
through spatial compartmentalization at the synapse, in
extrasynaptic sites, or through direct or indirect protein-
protein interactions with NMDARs [113]. Considering that
some of these signaling pathways are activated downstream of
NMDAR activation, interventions that target these pathways
may provide a longer therapeutic window for stroke treat-
ment.

5. TBI as a Risk Factor for Neurological
Disease: Role of NMDARs

It is possible to make a distinction between chronic traumatic
encephalopathy (CTE) where a progressive neurodegener-
ative disease occurs in association with repeated trauma
(examples include athletes and military personnel) and a
single acute event of brain trauma (usually due to accidents).
Here we will focus on how single traumatic events are able
to accelerate the progression of chronic mental conditions.
Several neurological conditions and how TBI contributes to
these conditions will be described. Not all of the conditions
are associated with TBI, but all of these pathologies share a
common mechanism of toxicity mediated by glutamate. A
wide range of evidence indicates that TBI is a risk factor
associated with the onset and progression of AD and PD,
but other neurodegenerative diseases such as HD and ALS
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have very few clinical reports of an aggravating event [88, 89,
133]. The secondary damage associated with TBI shares the
molecular mechanism of damage associated with this group
of neurological diseases. More general characteristics of TBI
have been described earlier in this review.

5.1. Alzheimers Disease. AD is the most common form of
dementia and the most prevalent neurodegenerative disease
in the elderly population [134]. AD progression has been
associated with the selective loss of neurons in the hippocam-
pus and neocortex, brain areas involved in memory and
cognition. AD is characterized by synaptic loss, abnormal
amyloid-beta peptide (Af) processing of Af precursor pro-
tein (APP), and hyperphosphorylation of tau, a microtubule
associated protein. High levels of intracellular A and the
accumulation of the secreted form are believed to be a
central causative factor for neurodegeneration in AD [135].
One of the neurotransmitter systems most affected in AD
is the glutamatergic system and specially the transmission
mediated by NMDARSs [136]. Several reports indicate that the
activation of NMDARs by Af8 accumulation may occur at
early stages of the disease [137]. A recent study demonstrated
that A oligomeric species specifically activate GluN2B-
containing NMDARs causing an immediate rise in calcium
in cultured cortical neurons, producing unbalance of calcium
homeostasis [138] (Figure 2(a)). Pharmacological inhibition
of GluN2B-containing NMDARs by ifenprodil demonstrates
that increases in Ca®", induced by A oligomers, are mainly
mediated by this subunit [138]. One of the pharmaco-
logical treatments for AD approved by the Federal Drug
Admin (FDA), memantine, is a noncompetitive open chan-
nel NMDAR blocker and has been primarily prescribed
as a memory-preserving drug for moderate- to late-stage
AD patients [139]. Memantine binds NMDARs with low
affinity, which preferentially antagonizes NMDARs that have
been excessively activated. Due to its relatively fast off-
rate memantine does not substantially accumulate in the
channel to interfere with synaptic transmission. Importantly,
memantine has been shown to be well tolerated and safer
than other nonselective NMDAR antagonists. Extrasynaptic
NMDARs have been largely associated with NMDAR exci-
totoxicity in AD which may explain the therapeutic effects
of memantine, which targets extrasynaptic NMDARs rather
than synaptic NMDARs in the same neuron. This may also
explain why memantine is well tolerated. Interestingly, it has
been reported that Mg®", an endogenous NMDARs blocker
that binds near the memantine binding site at physiological
concentrations, decreases memantine-mediated inhibition
of GIuN2A and GIluN2B-containing receptors, while it has
no effect on memantine-mediated inhibition of GluN2C
and GluN2D-containing receptors. This suggests that the
hypothesized mechanism of action for memantine should be
reviewed in order to reconsider potential roles of GluN2C
and GIluN2D subunits [140]. However, taking into account
that the NMDARs in the brain areas affected in AD are
mainly composed of GluN2A and GluN2B subunits, this
last observation may not be so relevant for the action of
this compound in AD [136]. The use of memantine as
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with neurodegenerative disease (purple line).



an FDA-approved pharmacological therapy for AD demon-
strates the success of treatments that regulate glutamatergic
transmission and indicates that other antagonists that target
NMDARs may be used to treat symptoms of AD; for example,
ifendropil, a selective GIluN2B subunit antagonist, could be
used to prevent synaptic dysfunction in AD models [141, 142].
Supporting this idea, ifenprodil and MK-801 (a pore channel
NMDAR inhibitor) were able to prevent downregulation
of PSD-95 and synaptophysin levels induced by Ap1-42
oligomers treatment [141], demonstrating that a selective
pharmacological regulation of glutamatergic transmission is
a good start in the search for a drug target to treat AD.

Recent studies have shown that long-term survivors of
just a single moderate-to-severe TBI exhibited abundant and
widely distributed neurofibrillary tangles (NFTs) and Af
plaques in approximately one-third of the cases, but this was
exceptionally rare in uninjured controls [143]. Surprisingly,
the plaques found in TBI patients are strikingly similar to
those observed in the early stages of AD [144]. Such findings
demonstrate the long-term consequences of a single TBI
event [145]. Another study where TBI patients underwent
minimental state examination, apolipoprotein E genotyping,
and amyloid-PET found an increase of amyloid accumulation
and allele frequency of APOE4 in the mild TBI patients with
cognitive impairment [146]. In transgenic mice models of
AD, several studies have investigated A5 after experimental
brain injury in transgenic mice, reporting both increased
and decreased plaque loads [147, 148]. Other additional main
players in neurodegeneration observed in AD are the intra-
cellular aggregates formed by the hyperphosphorylated form
of tau [149]. Tau is critical for Af3 neurotoxicity [150]. Af is
unable to induce toxicity in the absence of tau [150]. The rela-
tionship of Af toxicity mediated by tau through NMDARs
was determined in organotypic hippocampal cultures from
A transgenic mice combined with viral expression of human
wild type-tau protein (hTau) [151]. A3 mice express human
APP with the combined Swedish and Arctic mutation [152]
and show intracellular A3 deposit and behavioral deficit in
Y-maze and water maze [152]. Overexpression of hTau in
Ap slices increases the synaptic damage observed in Apf
animals [151]. The deleterious synaptic effects in arcAf3 ani-
mals overexpressing hTau are prevented using the GluN2B-
containing NMDAR antagonist ifenprodil. In contrast, the
antagonist PEAQX (for GluN2A-containing NMDARs) does
not prevent synaptotoxicity [151].

In terms of NMDAR distribution and whether synaptic
or extrasynaptic stimulation is associated with AD, the phos-
phorylation of Jacob is inhibited and the nonphosphorylated
form is translocated to the nucleus after A treatment
[39]. This effect is associated with a decrease in CREB
phosphorylation and BDNF levels [38]. Using the antagonist
ifenprodil in hippocampal cell cultures treated with Ap, the
amyloid toxicity is prevented, modulating Jacob-CREB sig-
naling [142], indicating that GluN2B-containing NMDARs
play a central role in the pathology of A8 neurotoxicity.

In AD and other chronic mental conditions, the imbal-
ance in Ca** homeostasis is controlled by the dynamics of
NMDARs. Internal risk (genetic) factors, but also external
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modulators (diet, exposition to toxic environment, or acci-
dents) could affect this tight regulation. Acute conditions,
including traumatic brain injury, are able to dysregulate
Ca®" homeostasis and increase susceptibility to present these
conditions (Figure 2(a)). A study with 649 participants found
that self-reported head injury is associated with earlier onset
of and increased risk for cognitive impairment and dementia,
the presence of AD-type pathological changes, and increased
risk of mortality [153]. Accumulation of A is mediated by
TBI which was shown in a study of 152 postmortem TBI
brains in a wide range of ages (8 weeks-85 years old) and
time after the TBI events (4 hours to 2.5 years) compared
with a control group (51 to 80 years old). The presence of Af3
positive cases was higher for the TBI group with a 30% of the
cases (46 of 152). Patients older than 60 years made up 50%
of positive cases for A3 in control conditions but this number
increases to 70% in injured patients [154]. Tau pathology is
also increased in TBI: in a study with 39 cases of TBI (death
between 1 and 47 years after injury) compared with 47 control
cases showed that 34% of patients under 60 affected by brain
injury had tau pathology compared to only 9% of controls
[143] (Figure 2).

5.2. Schizophrenia. Schizophrenia is a debilitating mental
disorder affecting approximately 1% of the global popula-
tion. The disorder has three clinical symptoms: episodic
psychosis (hallucination, delusion), chronic withdrawal (neg-
ative symptoms), and pervasive cognitive deficits. There are
also psychophysical abnormalities that may be the under-
pinnings of these clinical symptoms. Psychosis is treated
with a broad class of antipsychotic medications that act by
inhibiting the dopamine receptor, but this treatment causes
severe motor and behavioral side effects and does not prevent
the cognitive deficits [155].

Deficits in cognitive performance and behavioral mani-
festations (social withdrawal, increased motor stereotypy, and
locomotor activity) of schizophrenia in human and animal
models are associated with altered NMDAR trafficking and
NMDAR hypofunction in the limbic system. This has been
partly supported by evidence of decreased expression of
NMDAR subunits and associated proteins in the brains of
schizophrenic patients relative to controls [156, 157]. Thus, the
dysregulation of NMDAR trafhicking might contributes to the
etiology of schizophrenia [140, 158].

Several genes associated with schizophrenia regulate
NMDAR trafficking or activation. These genes include neu-
regulin, PP2B calcineurin y-subunit, N-acetyl aspartyl glu-
tamate- (NAAG-) related genes, glutamate carboxypepti-
dase II (GCPII), and metabotropic glutamate receptor 3
(mGluR3). Neuregulin-1 (NRGI), a growth factor genetically
linked to schizophrenia in humans, promotes rapid inter-
nalization of NMDARs from the cell surface by a clathrin-
dependent mechanism in prefrontal pyramidal neurons [159,
160]. NRGI acts at its receptor, ErbB4, to modulate NMDAR
signaling [161]. In human prefrontal cortex, NRGI stimula-
tion causes a stronger suppression of NMDAR activation in
patients with schizophrenia, due to an enhanced interaction
between ErbB4 and PSD-95 [161]. Moreover, overactivation
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of the ErbB4 receptor by neuregulin suppresses tyrosine
phosphorylation of GluN2A in the prefrontal cortex of
patients with schizophrenia and could suppress NMDAR
activity, eliciting schizophrenia-like symptoms [161].

Another candidate schizophrenia gene, calcineurin PP2B
y-subunit (PPP3CC), promotes NMDAR internalization via
STEP [161-163]. This gene, located at 8p21.3, was identified
in families affected with schizophrenia [161-163]. In the
caudate nucleus of postmortem schizophrenia patients, tissue
immunoreactivity for calcineurin is increased with respect
to control patients [164]. Studies examining biomarkers
for schizophrenia, specifically in whole blood, have found
increased RNA expression of calcineurin in patients with
schizophrenia. Calcineurin has therefore become an effective
predictor for progression of this disease [165].

Several studies have demonstrated that the expression
of NAAG-related genes, GCPII and mGluR3, are reduced
in the dorsolateral prefrontal cortex and hippocampus in
schizophrenia. NAAG is an endogenous mGluR agonist and
NMDAR antagonist. NAAG is a peptide neurotransmitter
found in high concentrations in the mammalian brain. It
is concentrated in synaptic vesicles, released upon depo-
larization in a calcium-dependent manner and metabolized
by GCPII, a membrane-bound peptidase. Thus, a reduction
in GCPII expression would result in an increase in NAAG
in hippocampal cells of patients or models schizophrenia.
NAAG has been shown to preferentially affect NMDARs.
In rodent CAl pyramidal neurons, increasing the concen-
tration of NAAG resulted in a significant reduction in
the NMDAR component of evoked excitatory postsynaptic
currents (EPSCs) [166, 167].

Pharmacologically, the relationship between NMDARs
and schizophrenia is demonstrated in recent studies where
phencyclidine (PCP), a noncompetitive antagonist of
NMDARs, has been used as a pharmacological model of
schizophrenia in rats/rodents. PCP binds to a site within the
pore of the channel that is only accessible when the channel is
open; therefore, the antagonism is “use-dependent.” PCP was
first developed as a surgical anesthetic. Despite its efficacy
as an anesthetic, widespread clinical use was not possible
because, after surgery, patients experienced hallucinations,
disordered speech, delirium, agitation, and disoriented
behavior similar to symptoms reported in patients with schiz-
ophrenia. Indeed, evidence suggests that PCP can be used in
rodents to produce a pattern of metabolic, neurochemical,
and behavioral changes similar to those seen in patients
with schizophrenia [168]. This has given considerable
insight into the processes that underlie the etiology of the
disease, highlighting the potential importance of NMDAR
hypofunction.

A study investigating the relationship between TBI and
schizophrenia showed that patients with TBI exhibited symp-
toms of psychotic disorders easily confused with schizophre-
nia following injury [169]. In general, patients with psychotic
disorders triggered by a TBI event show fewer negative
symptoms and also show a positive finding in MRI/CT
studies (lesions are more localized) [169]. In these cases,
family history of schizophrenia is a risk factor, particularly in
males [169]. However, similar to other conditions described,

the mechanism underlying the relationship between the
chronic pathology and the acute event is unknown.

5.3. Parkinson’s Disease. PD is the most common movement
disorder characterized by resting tremor, rigidity, bradykine-
sia, and postural instability. These clinical features are thought
to result from reduced dopaminergic input to the striatum,
which is caused by the loss of dopaminergic neurons in
the substantia nigra [170]. The occurrence of PD is largely
sporadic, but familial PD has been linked to mutations in
at least 5 distinct genes («a-synuclein, parkin, DJ-1, PINK]I,
and LRRK2). Parkin, DJ-1, and PINKI gene products are
mitochondrial proteins required to protect neurons from
reactive oxygen species (ROS) and have been shown to be
necessary to protect against dopamine-mediated oxidative
stress [171]. Because dopamine induces oxidative stress in
neurons, the loss of neuroprotective proteins can render
dopaminergic neurons particularly vulnerable to oxidative
stress [172].

PD pathophysiology is linked to a widespread process
of degeneration of dopamine-secreting neurons in the sub-
stantia nigra pars compacta, with the consequent loss of the
neurons projecting to the striatum [173, 174]. In the striatum
as well as in other brain areas, LTP requires activation of
NMDARs [175]. Interestingly, it has become increasingly
evident that, in striatal spiny neurons, the NMDAR complex
is also profoundly altered in experimental preclinical PD
animal models (rats and mice) [176]. Early studies evaluated
NMDAR abundance, composition, and phosphorylation in
models of PD. In the dopamine-denervated striatum, a
decreased level of GIuNI and GIuN2B subunits has been
found in striatal membranes, while the abundance of GluN2A
was unchanged [176, 177]. Moreover, binding of GluN2B
to SAP102 and SAP97 (MAGUKSs proteins, which regulate
the delivery of the NMDAR subunit to the membrane) is
significantly reduced in dopamine-denervated rats leading to
the reduction of GluN2B protein levels in the postsynaptic
density [176, 177].

It is well established that the phosphorylation state of
NMDARs regulates their functional characteristics, sub-
cellular distribution, and anchoring to the plasma mem-
brane in physiological and pathological conditions. CaMKII
(Ca**/calmodulin-dependent protein kinase IT), crucial for
synaptic plasticity, and tyrosine-dependent phosphorylation
of NMDARSs increases after nigrostriatal denervation, lead-
ing to receptor sensitization [178, 179]. Moreover, NMDAR
subunits GluN2A and GluN2B interact with membrane-
associated guanylate kinases (MAGUK); this interaction
governs their trafficking and clustering at synaptic sites [180].
In a model of L-DOPA-induced dyskinesia, PSD-95, SAP97,
and SAP102 are reduced in the postsynaptic compartment
in rats with Parkinson-like pathology compared with sham-
operated rats [181]. These animals have significantly higher
levels of GluN2A subunits in the postsynaptic site, and the
levels of GluN2B subunits are significantly reduced. This
evidence suggests that the trafficking of GluN2 subunits may
be altered in early stages of PD. Using a peptide to disrupt
the interaction between GluN2B and MAGUK proteins,
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the localization of GluN2B-containing NMDAR is altered
and allows modulating the dyskinetic motor behavior in an
animal model of dyskinesia [181]. Thus, developing therapies
that regulate the trafficking of GluN2 may alleviate PD
symptoms. It is possible to have a combination of genetic
and external factors contributing to the onset of PD. It
has been found that patients with high levels of synuclein
prior to experiencing head trauma initiate and/or accelerate
neurodegeneration observed in PD [182] but the molecular
mechanisms behind these events are unknown.

There is evidence that TBI can contribute to disease
development and/or progression of PD. A study with 52,393
TBI patients and 113,406 control patients showed that TBI
is associated with a 44% risk of developing PD over 5
to 7 years after injury [183]. Another study, analyzing the
medical record of 196 subjects who developed PD (between
1976 and 1995), found that the PD group had significantly
more events of head trauma than controls [184]. In this
study the authors proposed three different alternatives to the
genesis of PD after a single brain trauma: first, the neuronal
loss in the substantia nigra could produce a predisposition
to later development of PD; second, brain trauma could
disrupt the blood-brain barrier allowing the introduction of
immunological mediators; third, head trauma could trigger
the expression and later deposition of misfolding proteins in
Lewy bodies, similar to what occurs with A in AD [184].
More recently, a meta-analysis reviewing literature indicates
that a history of head trauma, resulting in contusion, is
associated with higher risk of developing PD [185]. Research
in twins showed that mild-moderate closed-head injury may
increase the risk for PD even decades after the brain injury
episode [186]. It is possible to apply the model in Figure 2(b)
for the onset of PD. Here, TBI accelerates the progression of
neurodegeneration causing the appearance of symptoms at an
earlier age.

5.4. Huntingtons Disease. HD is a progressive neurological
disorder caused by an autosomal dominant mutation. Symp-
toms of HD include abnormal writhing, dance-like move-
ments, cognitive disturbances, and disorders of mood, many
of which precede onset of the motor abnormalities [187].
HD is characterized by striatal dysfunction and neurodegen-
eration that is caused by a polyglutamine expansion in the
protein huntingtin (Htt) [188]. The CAG repeat expansion in
the gene encoding the protein Htt produces 35 polyglutamine
repeats or more leading to HD, with longer repeats being
associated with earlier disease onset. Both Htt and mutant Htt
(mHtt) are ubiquitously expressed in the brain; the highest
levels are found in the cerebellum, a region spared in HD,
whereas levels in the striatum are comparatively low [189].
Cognitive disturbances present in HD patients long
before the onset of overt motor manifestations [190]. Further-
more, neuronal and synaptic dysfunction precede cell death
by many years in humans and occur long before [191, 192],
or in the absence of, cell death in HD animal models [193].
NMDAR currents, surface expression, and excitotoxicity are
enhanced between 9 and 11 weeks in HD transgenic mice
[194], and the function and traflicking of NMDARs that con-
tain the GIuN2B subunit are altered [195]. Synaptic NMDARs
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activate prosurvival pathways, while extrasynaptic NMDARs
trigger cell death [34]. A shift in the balance of synaptic to
extrasynaptic NMDAR signaling contributes to HD pathol-
ogy, as chronic extrasynaptic NMDAR blockade attenuates
mHtt-induced striatal atrophy and motor learning deficits
in YACI128 mice, transgenic mice that express the human
huntingtin protein containing a 128 CAG repeat expansion
(195, 196]. Furthermore, along with elevated extrasynaptic
NMDARS activity, intracellular Ca** signaling pathways that
couple to survival or death are also deregulated early in HD.
Activity of the Ca®"-dependent protease calpain is elevated
in striatal tissue of postmortem HD human brains and
presymptomatic 1-2-month-old YACI128 mice [197, 198]. In
brief, calpain potentiates HD-associated striatal degenera-
tion by cleaving mHtt into toxic fragments and triggering
proapoptotic cascades in parallel with caspases [199, 200].
In addition, activity of the prosurvival transcription factor
CREB is reduced in striatal tissue of 1- and 4-month-
old YACI128 mice [195]. While synaptic NMDAR signaling
promotes CREB activity, extrasynaptic NMDARs trigger
dephosphorylation and inactivation of CREB [34]. Addi-
tionally, CREB signaling is restored by chronic suppression
of extrasynaptic NMDAR activity in YAC128 mice [195],
suggesting a link between extrasynaptic NMDARs and CREB
inactivation. Both increased extrasynaptic NMDAR activity
and deregulated intracellular signaling could contribute to
mHtt-induced striatal degeneration.

Pharmacologically, Dimebon has been proposed as a tool
in the treatment of neurological diseases including HD [201].
One of the possible mechanisms of action of Dimebon is to
inhibit NMDAR activity [201].

While there are no reports of an association between
HD and TBI, the glutamatergic hypothesis fits with the
mechanism underlying HD, and it is possible that TBI could
be an aggravating event in those with a risk for developing
HD.

5.5. Amyotrophic Lateral Sclerosis. ALS is a fatal neurodegen-
erative disease characterized by muscle atrophy, weakness,
and fasciculation indicative of a disease of the upper and
lower motor neurons (MNs). Lateral sclerosis refers to the
hardness of the spinal cord lateral columns in autopsy speci-
mens, due to the massive gliosis caused by the degeneration of
corticospinal tracts [202]. ALS occurs in both familial (fALS,
10%) and sporadic (sALS, 90%) forms that are clinically
indistinguishable. A growing number of ALS-causing genes
have been identified and are under investigation [203].
The ubiquitously expressed enzyme Cu®*/Zn** superoxide
dismutase (SOD) was the first of such genes to be associated
with ALS [204]. SOD1 mutations are common in both fALS
and sALS and have been studied in the most depth. Over 150
SODI mutations have been linked to fALS and are typically
present in about 20% of such cases and are present in the 7%
of SALS cases [205]. Other genes identified in fALS are alsin
(ALS2) [206], senataxin (ALS4) [207], and vesicle associated
membrane protein associated protein B (VAPB, ALS8), to
name a few [208]. The animal models of ALS are transgenic
mice carrying mutant SOD1 (mSODI); these animals have
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been a valuable tool to study the pathological mechanism
underlying the disease progression and the degeneration of
MNs [209].

The first indication that glutamate neurotransmission
was linked to the pathogenesis of ALS was the discovery of
elevated glutamate levels in the plasma and cerebrospinal
fluid (CSF) of ALS patients compared to healthy controls
[210]. Following these first observations, a decrease in the
maximal velocity of transport for the high affinity glutamate
uptake in spinal cord synaptosome preparations from ALS
patients was described [211]. In physiological conditions,
motor neurons, surrounded by resting astrocytes, receive
synaptic glutamatergic inputs by the descending fibers. Glu-
tamate released by the presynaptic neuron stimulates its
receptors on the postsynaptic neuron generating excitatory
postsynaptic potentials, contributing to neuronal plasticity.
The action of the neurotransmitters is ultimately terminated
by the intervention of the glial glutamate transporters that
then take up glutamate into astrocytes [212, 213]. In ALS,
presynaptic hyperexcitability generates excessive glutamate
release from the presynaptic neuron [214]. In addition, the
simultaneous occurrence of a reduced expression of the glial
glutamate transporter GLAST/GLT1 determines a patholog-
ical increase in the extracellular concentrations of glutamate
in the synaptic cleft [215]. This produces an overstimulation
of the glutamate receptors on the postsynaptic neurons with a
consequent cellular excitotoxicity (see mechanism below) on
top of concurrent factors such as mitochondrial failure and
endoplasmic reticulum stress [216, 217]. The occurrence of all
these events leads to cell death.

Studies of spinal neuronal excitability in ALS thus far
have been restricted to cell culture and neonates and have
quite exclusively looked at AMPAR-mediated currents and
neuronal hyperexcitability mainly mediated by Na* currents.
However, the contribution of NMDARs to ALS pathology
was demonstrated in mSODI mice in a study investigating
whether NMDARs play a role in the increased bursting
activity generated by spinal interneurons [218]. Their results
indicate that NMDARSs on spinal interneurons are a potential
source of overexcitation of MNs as the disease progresses.
The overactivation of NMDARs results in mitochondrial
membrane depolarization and opening of the mitochondrial
permeability transition pore (mPTP), ROS production, and
caspase activation [219]. Mitochondrial Ca®" accumulation
and the subsequent release is a critical step in acute gluta-
mate excitotoxicity [216, 220], leading to failure to maintain
intraneuronal Ca®* concentrations. Excessive Ca** influx
through NMDARs impacts mitochondria which then trigger
apoptosis cascades that result in ALS-related MN death [221,
222]. Mitochondria-mediated apoptosis has been linked to
MN degeneration and the involvement of the mPTP has been
shown to be an active player in the mechanisms of MN death
in ALS [223, 224]. Accordingly, mPTP-driven glutamatergic
excitotoxicity has been observed in both spinal glycinergic
interneurons and MNs and has been associated with ALS
neurodegeneration [225]. The Ca®"-mediated excitotoxicity
in neurofilament aggregate-bearing MNs in vitro is primar-
ily an NMDAR-dependent process and requires caspase-3
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activation [226]. The sequential activation of caspase-1 and
caspase-3 has been observed in MNs and astrocytes bearing
the mSODI forms [227]. These observations support the
model for a glutamatergic/excitotoxic mechanism in ALS.

A meta-analysis of the relationship between ALS and
head trauma found that repetitive head injury was related
to a higher risk of ALS in the American population [228]
though a recent study did not find an association between
head injury and ALS. In this study, a linear regression was
performed to determine if head injury was a predictor for
the mean monthly decline of ALS using the Functional
Rating Scale-Revised (ALSFRS-R) [229]. In this study, 24
ALS patients with TBI and 76 ALS control patients were
compared. Described brain lesions for tau pathology and AD
also show not differences between groups [229], generating
controversial results. Another very recent report found after
a meta-analysis that mild TBI is associated with development
of neurological diseases including ALS [230]. More studies
will be needed to examine the relationship between TBI and
neurological diseases.

5.6. Major Depressive Disorder. Major depressive disorder
(MDD) is a psychiatric disorder that affects millions of
people worldwide. Individuals battling this disorder com-
monly experience high rates of relapse, persistent residual
symptoms, functional impairment, and diminished well-
being. Depressed patients have high susceptibility for sui-
cide, in part due to complications arising from stress [231].
Medications have important utility in stabilizing moods and
daily functions of many individuals. However, only one-third
of patients show considerable improvement with a standard
antidepressant after two months and these medications are
associated with a number of side effects [232, 233].

Current medications for depression increase the level of
biogenic amines such as norepinephrine (NE), dopamine
(DA), and serotonin (5-HT) by a variety of mechanisms
including inhibiting the degradation or blocking reuptake
of the neurotransmitters [231, 234, 235]. NMDARs have
received special attention because of their critical role in
psychiatric disorders [236]. Antidepressant-like effects have
been demonstrated by several types of NMDAR antago-
nists in different animal models [237]. These antagonists
include competitive and noncompetitive antagonists and
partial agonists at strychnine insensitive glycine receptors,
and antagonists acting at polyamine binding sites. MK-
801 (a use-dependent channel blocker or noncompetitive
antagonist) and CGP 37849 (a competitive antagonist) have
shown antidepressant properties in preclinical studies, either
alone or combined with traditional antidepressants [236, 238,
239]. Furthermore, ketamine is noncompetitive NMDARs
antagonist and a derivative of PCP which was found to
produce rapid, robust, and persistent antidepressant effects
clinically [240, 241]. Therefore, it appears that NMDAR
antagonists may be key to developing a new generation of
improved treatments for major depression.

Several studies in children who have suffered from head
trauma show several disorders even in adulthood [242].
The spectrum of disorders includes hyperactivity, conduct
problems, and social and emotional issues such as anxiety and
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depression [243, 244]. Several studies have identified TBI as
a risk factor for developing depressive disorders [245, 246].
Some pharmacological approaches have been used [247-249]
but the cellular mechanism underlying the brain alterations
has not been addressed.

6. Conclusions and Remarks

In this review, we have discussed the current literature on the
consequences of TBI in the context of several neurological
conditions. Though little is known about the cellular mecha-
nisms involved, the contribution of NMDARSs to disease pro-
gression seems to link these diverse diseases with common
consequences given the role of NMDARs in excitotoxicity,
neuronal, and synaptic damage. The majority of information
available focuses on AD and PD, but research highlighting the
role of glutamatergic transmission has identified associations
with the glutamate hypothesis to several other diseases.

The paradoxical contribution of NMDARs to phys-
iopathological events, the balance between the beneficial and
deleterious effects, appears to be a very attractive focus in the
search for molecular target for several neurological diseases.

In this review, we focused our attention on represen-
tative chronic and acute conditions where NMDARs and
glutamatergic transmission have a role controlling the final
destination of injured neurons highlighting the common
mechanism of toxicity of acute conditions and chronic
pathologies (Figure 2(a)). We have reviewed the biomedical
background to demonstrate that traumatic brain injury is
able to generate damage that contributes to the early onset
of subjacent chronic diseases (Figure 2(b)). We propose that
NMDAR distribution plays a key role in the aggravation
of these chronic diseases. Alteration in the distribution of
NMDARs in AD, PD, HD, and ALS is the precipitates of
the extensive damage after TBI. Extrasynaptic NMDARSs are
avaijlable in high amounts ready to be activated by gluta-
mate spillover leading to calcium overload associated with
excitotoxicity, neuronal damage, and death. The signaling
implicated in intermediate steps is also altered, specifically
signaling mediated by calcium and the crosstalk with multiple
pathways, providing a battery of putative therapeutic targets
to modulate the neurotoxicity mediated by NMDARs.

Competing Interests

The authors declare that there are no competing interests.

Acknowledgments

This work was supported through grant from Fondo Nacional
de Desarrollo Cientifico, Tecnolégico (Fondecyt) 11121206 to
WC and Proyecto Asociativo CONICYT (anillo ACT1411)
and predoctoral fellowship from CONICYT to FJC.

References

(1] S. Cull-Candy, S. Brickley, and M. Farrant, “‘NMDA receptor

subunits: diversity, development and disease,” Current Opinion
in Neurobiology, vol. 11, no. 3, pp. 327-335, 2001.

Neural Plasticity

[2] A. Barria and R. Malinow, “NMDA receptor subunit com-
position controls synaptic plasticity by regulating binding to
CaMKII,” Neuron, vol. 48, no. 2, pp. 289-301, 2005.

[3] E Gardoni, E Polli, F. Cattabeni, and M. Di Luca, “Calcium-
calmodulin-dependent protein kinase IT phosphorylation mod-
ulates PSD-95 binding to NMDA receptors,” European Journal
of Neuroscience, vol. 24, no. 10, pp. 2694-2704, 2006.

[4] X. Fan, W. Y. Jin, and Y. T. Wang, “The NMDA receptor com-
plex: a multifunctional machine at the glutamatergic synapse,”
Frontiers in Cellular Neuroscience, vol. 8, article 160, 2014.

[5] M. R.Hynd, H. L. Scott, and P. R. Dodd, “Glutamate-mediated
excitotoxicity and neurodegeneration in Alzheimer’s disease,”
Neurochemistry International, vol. 45, no. 5, pp. 583-595, 2004.

[6] S.E Traynelis, L. P. Wollmuth, C. J. McBain et al., “Glutamate
receptor ion channels: structure, regulation, and function,
Pharmacological Reviews, vol. 62, no. 3, pp. 405-496, 2010.

[7] T. Papouin, L. Ladépéche, J. Ruel et al., “Synaptic and extrasy-
naptic NMDA receptors are gated by different endogenous
coagonists,” Cell, vol. 150, no. 3, pp. 633-646, 2012.

[8] L. Groc, L. Bard, and D. Choquet, “Surface trafficking of N-
methyl-D-aspartate receptors: physiological and pathological
perspectives,” Neuroscience, vol. 158, no. 1, pp. 4-18, 2009.

[9] K. Yashiro and B. D. Philpot, “Regulation of NMDA receptor
subunit expression and its implications for LTD, LTP, and
metaplasticity,” Neuropharmacology, vol. 55, no. 7, pp. 1081-1094,
2008.

[10] E. D. Kirson, C. Schirra, A. Konnerth, and Y. Yaari, “Early
postnatal switch in magnesium sensitivity of NMDA receptors
in rat CAl pyramidal cells,” The Journal of Physiology, vol. 521,
part 1, pp. 99-111, 1999.

[11] H. Monyer, N. Burnashev, D. J. Laurie, B. Sakmann, and P.
H. Seeburg, “Developmental and regional expression in the
rat brain and functional properties of four NMDA receptors,”
Neuron, vol. 12, no. 3, pp. 529-540, 1994.

[12] G. Nase, J. Weishaupt, P. Stern, W. Singer, and H. Monyer,
“Genetic and epigenetic regulation of NMDA receptor expres-
sion in the rat visual cortex,” European Journal of Neuroscience,
vol. 11, no. 12, pp. 4320-4326, 1999.

[13] E. M. Quinlan, D. H. Olstein, and M. E Bear, “Bidi-
rectional, experience-dependent regulation of N-methyl-D-
aspartate receptor subunit composition in the rat visual cortex
during postnatal development,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 96, no.
22, pp. 12876-12880, 1999.

[14] L. Groc and D. Choquet, “AMPA and NMDA glutamate
receptor trafficking: multiple roads for reaching and leaving the
synapse,” Cell and Tissue Research, vol. 326, no. 2, pp. 423-438,
2006.

[15] A. Barria and R. Malinow, “Subunit-specific NMDA receptor
trafficking to synapses,” Neuron, vol. 35, no. 2, pp. 345-353, 2002.

[16] D. R. Lucas and J. P. Newhouse, “The toxic effect of sodium
L-glutamate on the inner layers of the retina,” Archives of
Ophthalmology, vol. 58, no. 2, pp. 193-201, 1957.

[17] J. W. Olney, “Brain lesions, obesity, and other disturbances in
mice treated with monosodium glutamate,” Science, vol. 164, no.
3880, pp. 719-721, 1969.

[18] S. Rothman, “Synaptic release of excitatory amino acid neu-
rotransmitter mediates axonic neuronal death,” The Journal of
Neuroscience, vol. 4, no. 7, pp. 1884-1891, 1984.

[19] M. P. Goldberg, J. H. Weiss, P.-C. Pham, and D. W. Choi, “N-
methyl-D-aspartate receptors mediate hypoxic neuronal injury



Neural Plasticity

[20]

[25]

(26]

(27]

(28

(30]

(31]

(32]

(33]

in cortical culture,” Journal of Pharmacology and Experimental
Therapeutics, vol. 243, no. 2, pp. 784-791, 1987.

R. J. White and L. J. Reynolds, “Mitochondria and Na®/Ca*"
exchange buffer glutamate-induced calcium loads in cultured
cortical neurons,” The Journal of Neuroscience, vol. 15, no. 2, pp.
1318-1328, 1995.

D. Bano, K. W. Young, C. J. Guerin et al., “Cleavage of the plasma
membrane Na*/Ca** exchanger in excitotoxicity;” Cell, vol. 120,
no. 2, pp. 275-285, 2005.

M. Tymianski, M. P. Charlton, P. L. Carlen, and C. H. Tator,
“Secondary Ca”" overload indicates early neuronal injury which
precedes staining with viability indicators,” Brain Research, vol.
607, no. 1-2, pp. 319-323,1993.

S. M. Goebel-Goody, K. D. Davies, R. M. Alvestad Linger,
R. K. Freund, and M. D. Browning, “Phospho-regulation of
synaptic and extrasynaptic N-methyl-d-aspartate receptors in
adult hippocampal slices,” Neuroscience, vol. 158, no. 4, pp.
1446-1459, 2009.

F Xu, M. R. Plummer, G.-W. Len et al., “Brain-derived
neurotrophic factor rapidly increases NMDA receptor chan-
nel activity through Fyn-mediated phosphorylation,” Brain
Research, vol. 1121, no. 1, pp. 22-34, 2006.

K. W. Roche, S. Standley, J. McCallum, C. Dune Ly, M. D.
Ehlers, and R. J. Wenthold, “Molecular determinants of NMDA
receptor internalization,” Nature Neuroscience, vol. 4, no. 8, pp.
794-802, 2001.

T.-H. Nguyen, J. Liu, and P. J. Lombroso, “Striatal enriched
phosphatase 61 dephosphorylates Fyn at phosphotyrosine 420,
Journal of Biological Chemistry, vol. 277, no. 27, pp. 24274-24279,
2002.

G. E. Hardingham, E J. L. Arnold, and H. Bading, “A calcium
microdomain near NMDA receptors: on switch for ERK-
dependent synapse-to-nucleus communication,” Nature Neuro-
science, vol. 4, no. 6, pp- 565-566, 2001.

A. Ivanov, C. Pellegrino, S. Rama et al., “Opposing role of
synaptic and extrasynaptic NMDA receptors in regulation of
the extracellular signal-regulated kinases (ERK) activity in
cultured rat hippocampal neurons,” Journal of Physiology, vol.
572, no. 3, pp. 789-798, 2006.

L. J. Chandler, G. Sutton, N. R. Dorairaj, and D. Norwood,
“N-methyl D-aspartate receptor-mediated bidirectional control
of extracellular signal-regulated kinase activity in cortical neu-
ronal cultures,” Journal of Biological Chemistry, vol. 276, no. 4,
pp. 26272636, 2001.

S. Papadia, P. Stevenson, N. R. Hardingham, H. Bading, and
G. E. Hardingham, “Nuclear Ca®* and the cAMP response
element-binding protein family mediate a late phase of activity-
dependent neuroprotection,” Journal of Neuroscience, vol. 25,
no. 17, pp. 4279-4287, 2005.

H. Bading and M. E. Greenberg, “Stimulation of protein tyro-

sine phosphorylation by NMDA receptor activation,” Science,
vol. 253, no. 5022, pp. 912-914, 1991.

J. K. Myung, A. W. Dunah, T. W. Yu, and M. Sheng, “Differential
roles of NR2A- and NR2B-containing NMDA receptors in Ras-
ERK signaling and AMPA receptor trafficking,” Neuron, vol. 46,
no. 5, pp. 745-760, 2005.

G. E. Hardingham, E J. L. Arnold, and H. Bading, “Nuclear
calcium signaling controls CREB-mediated gene expression
triggered by synaptic activity; Nature Neuroscience, vol. 4, no.
3, pp. 261-267, 2001.

[34]

(37]

(38]

[40]

[41]

[42]

(43]

[44]

13

G. E. Hardingham, Y. Fukunaga, and H. Bading, “Extrasynaptic
NMDARs oppose synaptic NMDARs by triggering CREB shut-
off and cell death pathways,” Nature Neuroscience, vol. 5, no. 5,
pp. 405-414, 2002.

S. Papadia, E X. Soriano, E. Léveillé et al., “Synaptic NMDA
receptor activity boosts intrinsic antioxidant defenses,” Nature
Neuroscience, vol. 11, no. 4, pp. 476-487, 2008.

J. Xu, P. Kurup, Y. Zhang et al., “Extrasynaptic NMDA receptors
couple preferentially to excitotoxicity via calpain-mediated
cleavage of STEP, The Journal of Neuroscience, vol. 29, no. 29,
Pp. 9330-9343, 2009.

T. R. Soderling, B. Chang, and D. Brickey, “Cellular Signaling
through Multifunctional Ca**/calmodulin-dependent Protein
Kinase II,” The Journal of Biological Chemistry, vol. 276, no. 6,
pp. 3719-3722, 2001.

A. Karpova, M. Mikhaylova, S. Bera et al, “Encoding and
transducing the synaptic or extrasynaptic origin of NMDA
receptor signals to the nucleus;” Cell, vol. 152, no. 5, pp. 1119-
1133, 2013.

D. C. Dieterich, A. Karpova, M. Mikhaylova et al., “Caldendrin-
Jacob: a protein liaison that couples NMDA receptor signalling
to the nucleus,” PLoS Biology, vol. 6, no. 2, pp. 286-306, 2008.
M. P. Parsons and L. A. Raymond, “Extrasynaptic NMDA
receptor involvement in central nervous system disorders;
Neuron, vol. 82, no. 2, pp. 279-293, 2014.

M.-A. Martel, T. J. Ryan, K. E S. Bell et al,, “The subtype
of GluN2 C-terminal domain determines the response to
excitotoxic insults,” Neuron, vol. 74, no. 3, pp. 543-556, 2012.

J. C. Chrivia, R. P. S. Kwok, N. Lamb, M. Hagiwara, M. R.
Montminy, and R. H. Goodman, “Phosphorylated CREB binds
specifically to the nuclear protein CBP, Nature, vol. 365, no.
6449, pp. 855-859, 1993.

R.P.S.Kwok, J. R. Lundblad, J. C. Chrivia et al., “Nuclear protein
CBP is a coactivator for the transcription factor CREB,” Nature,
vol. 370, no. 6486, pp. 223-226, 1994.

G. M. Thomas and R. L. Huganir, “MAPK cascade signalling
and synaptic plasticity,” Nature Reviews Neuroscience, vol. 5, no.
3, pp. 173-183, 2004.

O. Dick and H. Bading, “Synaptic activity and nuclear calcium
signaling protect hippocampal neurons from death signal-
associated nuclear translocation of FoxO3a induced by extrasy-
naptic N-methyl-p-aspartate receptors,” The Journal of Biologi-
cal Chemistry, vol. 285, no. 25, pp. 19354-19361, 2010.

P. S. Vosler, C. S. Brennan, and J. Chen, “Calpain-mediated sig-
naling mechanisms in neuronal injury and neurodegeneration,”
Molecular Neurobiology, vol. 38, no. 1, pp. 78-100, 2008.

M. Lafon-Cazal, V. Perez, ]J. Bockaert, and P. Marin, “Akt
mediates the anti-apoptotic effect of NMDA but not that
induced by potassium depolarization in cultured cerebellar
granule cells,” European Journal of Neuroscience, vol. 16, no. 4,
pp. 575-583, 2002.

H.Dudek, S. R. Datta, T. F. Franke et al., “Regulation of neuronal
survival by the serine-threonine protein kinase Akt,” Science,
vol. 275, no. 5300, pp. 661-665, 1997.

J. S. Oh, P. Manzerra, and M. B. Kennedy, “Regulation of
the neuron-specific Ras GTPase-activating protein, synGAP, by
Ca®*/calmodulin-dependent protein kinase 11 The Journal of
Biological Chemistry, vol. 279, no. 17, pp. 17980-17988, 2004.

P. De Koninck and H. Schulman, “Sensitivity of CaM kinase II
to the frequency of Ca** oscillations.” Science, vol. 279, no. 5348,
pp. 227-230, 1998.



14

(51]

[56]

(57]

(58]

(59]

(63]

A. 1. Maas, N. Stocchetti, and R. Bullock, “Moderate and severe
traumatic brain injury in adults,” The Lancet Neurology, vol. 7,
no. 8, pp. 728-741, 2008.

B. Roozenbeek, A. I. R. Maas, and D. K. Menon, “Changing
patterns in the epidemiology of traumatic brain injury,” Nature
Reviews Neurology, vol. 9, no. 4, pp. 231-236, 2013.

M. X. L. Faul, M. M. Wald, and V. G. Coronado, Traumatic
Brain Injury in the United States: Emergency Department Visits,
Hospitalizations and Deaths 2002-2006, Centers for Disease
Control and Prevention,National Center for Injury Prevention
and Control, Atlanta, Ga, USA, 2010.

S. Polinder, W. J. Meerding, M. E. van Baar, H. Toet, S. Mulder,
and E. F. van Beeck, “Cost estimation of injury-related hospital
admissions in 10 European countries;,” The Journal of Trauma,
vol. 59, no. 6, pp. 1283-1290, 2005.

D. A. Redelmeier, R. J. Tibshirani, and L. Evans, “Traffic-law
enforcement and risk of death from motor-vehicle crashes: case-
crossover study, The Lancet, vol. 361, no. 9376, pp. 2177-2182,
2003.

H. J. Thompson, W. C. McCormick, and S. H. Kagan, “Trau-
matic brain injury in older adults: epidemiology, outcomes, and
future implications,” Journal of the American Geriatrics Society,
vol. 54, no. 10, pp. 1590-1595, 2006.

B. E. Masel and D. S. DeWitt, “Traumatic brain injury: a disease
process, not an event,” Journal of Neurotrauma, vol. 27, no. 8, pp.
1529-1540, 2010.

A. E. Davis, “Mechanisms of traumatic brain injury: biome-
chanical, structural and cellular considerations,” Critical Care
Nursing Quarterly, vol. 23, no. 3, pp. 1-13, 2000.

E. Schwarzbach, D. P. Bonislawski, G. Xiong, and A. S. Cohen,
“Mechanisms underlying the inability to induce area CA1 LTP
in the mouse after traumatic brain injury;” Hippocampus, vol. 16,
no. 6, pp. 541-550, 2006.

C. Alvarez-Ferradas, J. C. Morales, M. Wellmann et al,
“Enhanced astroglial Ca** signaling increases excitatory synap-
tic strength in the epileptic brain,” Glia, vol. 63, no. 9, pp. 1507-
1521, 2015.

T. Hayakata, T. Shiozaki, O. Tasaki et al., “Changes in CSF S100B
and cytokine concentrations in early-phase severe traumatic
brain injury;” Shock, vol. 22, no. 2, pp. 102-107, 2004.

G. Carmignoto and T. Fellin, “Glutamate release from astrocytes
as a non-synaptic mechanism for neuronal synchronization in
the hippocampus,” Journal of Physiology-Paris, vol. 99, no. 2-3,
pp. 98-102, 2006.

C. Bonansco, A. Couve, G. Perea, C. A. Ferradas, M. Roncagli-
olo, and M. Fuenzalida, “Glutamate released spontaneously
from astrocytes sets the threshold for synaptic plasticity,
European Journal of Neuroscience, vol. 33, no. 8, pp. 1483-1492,
2011.

A. Panatier, J. Vallée, M. Haber, K. K. Murai, J.-C. Lacaille, and
R. Robitaille, “Astrocytes are endogenous regulators of basal
transmission at central synapses,” Cell, vol. 146, no. 5, pp. 785-
798, 2011.

M. Arundine and M. Tymianski, “Molecular mechanisms of
glutamate-dependent neurodegeneration in ischemia and trau-
matic brain injury;” Cellular and Molecular Life Sciences, vol. 61,
no. 6, pp. 657-668, 2004.

J. Y. Ding, C. W. Kreipke, P. Schafer, S. Schafer, S. L. Speirs, and J.
A. Rafols, “Synapse loss regulated by matrix metalloproteinases
in traumatic brain injury is associated with hypoxia inducible
factor-lo expression,” Brain Research, vol. 1268, pp. 125-134,
20009.

Neural Plasticity

[67] X. Gao, P. Deng, Z. C. Xu, and J. Chen, “Moderate traumatic
brain injury causes acute dendritic and synaptic degeneration in
the hippocampal dentate gyrus,” PLoS ONE, vol. 6, no. 9, article
€245606, 2011.

[68] J. Schumann, G. A. Alexandrovich, A. Biegon, and R. Yaka,
“Inhibition of NR2B phosphorylation restores alterations in
NMDA receptor expression and improves functional recovery
following traumatic brain injury in mice,” Journal of Neuro-
trauma, vol. 25, no. 8, pp. 945-957, 2008.

[69] C. R. Ferrario, B. O. Ndukwe, J. Ren, L. S. Satin, and P.
B. Goforth, “Stretch injury selectively enhances extrasynaptic,
GluN2B-containing NMDA receptor function in cortical neu-
rons,” Journal of Neurophysiology, vol. 110, no. 1, pp. 131-140,
2013.

[70] J. B. Hiebert, Q. Shen, A. R. Thimmesch, and J. D. Pierce, “Trau-
matic brain injury and mitochondrial dysfunction,” American
Journal of the Medical Sciences, vol. 350, no. 2, pp. 132-138, 2015.

[71] B. M. McGahon, C. A. Murray, D. E Horrobin, and M. A.
Lynch, “Age-related changes in oxidative mechanisms and LTP
are reversed by dietary manipulation,” Neurobiology of Aging,
vol. 20, no. 6, pp. 643-653, 1999.

[72] A. Kamsler and M. Segal, “Hydrogen peroxide modulation of
synaptic plasticity,” The Journal of Neuroscience, vol. 23, no. 1,
pp. 269-276, 2003.

[73] Y. Dudai and R. M. Morris, “Memorable trends,” Neuron, vol.
80, no. 3, pp. 742-750, 2013.

[74] S. W.Scheff, D. A. Price, R. R. Hicks, S. A. Baldwin, S. Robinson,
and C. Brackney, “Synaptogenesis in the hippocampal CAl field
following traumatic brain injury,” Journal of Neurotrauma, vol.
22, no. 7, pp. 719-732, 2005.

[75] O. Zohar, S. Schreiber, V. Getslev, J. P. Schwartz, P. G. Mullins,
and C. G. Pick, “Closed-head minimal traumatic brain injury
produces long-term cognitive deficits in mice,” Neuroscience,
vol. 118, no. 4, pp. 949-955, 2003.

[76] A.I.Faden, P. Demediuk, S. S. Panter, and R. Vink, “The role of
excitatory amino acids and NMDA receptors in traumatic brain
injury;” Science, vol. 244, no. 4906, pp. 798-800, 1989.

[77] M.]J. Sanders, T. J. Sick, M. A. Perez-Pinzon, W. D. Dietrich, and
E. J. Green, “Chronic failure in the maintenance of long-term
potentiation following fluid percussion injury in the rat,” Brain
Research, vol. 861, no. 1, pp. 69-76, 2000.

[78] T. M. Reeves, B. G. Lyeth, and J. T. Povlishock, “Long-term
potentiation deficits and excitability changes following trau-
matic brain injury,” Experimental Brain Research, vol. 106, no.
2, pp. 248-256,1995.

[79] S. W. Scheff, S. A. Baldwin, R. W. Brown, and P. J. Kraemer,
“Morris water maze deficits in rats following traumatic brain
injury: lateral controlled cortical impact,” Journal of Neuro-
trauma, vol. 14, no. 9, pp. 615-627,1997.

[80] A. E. Kline, J. L. Massucci, D. W. Marion, and C. E. Dixon,
“Attenuation of working memory and spatial acquisition deficits
after a delayed and chronic bromocriptine treatment regimen in
rats subjected to traumatic brain injury by controlled cortical
impact,” Journal of Neurotrauma, vol. 19, no. 9, pp. 415-425,
2002.

[81] D. H. Smith, K. Okiyama, M. J. Thomas, B. Claussen, and T.
K. McIntosh, “Evaluation of memory dysfunction following
experimental brain injury using the Morris water maze,” Journal
of Neurotrauma, vol. 8, no. 4, pp. 259-269, 1991.

[82] Y. Xiong, A. Mahmood, and M. Chopp, “Animal models of
traumatic brain injury;” Nature Reviews Neuroscience, vol. 14, no.
2, pp. 128-142, 2013.



Neural Plasticity

[83] M. Kilbourne, R. Kuehn, C. Tosun et al., “Novel model of frontal
impact closed head injury in the rat,” Journal of Neurotrauma,
vol. 26, no. 12, pp. 2233-2243, 2009.

[84] C. L. Osteen, C. C. Giza, and D. A. Hovda, “Injury-induced
alterations in N-methyl-D-aspartate receptor subunit composi-
tion contribute to prolonged 45calcium accumulation following
lateral fluid percussion,” Neuroscience, vol. 128, no. 2, pp. 305-
322,2004.

[85] M. Arundine, M. Aarts, A. Lau, and M. Tymianski, “Vulner-
ability of central neurons to secondary insults after in vitro
mechanical stretch,” The Journal of Neuroscience, vol. 24, no. 37,
pp. 8106-8123, 2004.

[86] M. Arundine, G. K. Chopra, A. Wrong et al., “Enhanced
vulnerability to NMDA toxicity in sublethal traumatic neuronal
injury in vitro,” Journal of Neurotrauma, vol. 20, no. 12, pp. 1377-
1395, 2003.

[87] A.Kumar, L. Zou, X. Yuan, Y. Long, and K. Yang, “N-methyl-D-
aspartate receptors: transient loss of NRI/NR2A/NR2B subunits
after traumatic brain injury in a rodent model Journal of
Neuroscience Research, vol. 67, no. 6, pp. 781-786, 2002.

[88] J. D. Bell, E. Park, J. Ai, and A. J. Baker, “PICKl-mediated
GluR2 endocytosis contributes to cellular injury after neuronal
trauma,” Cell Death and Differentiation, vol. 16, no. 12, pp. 1665—
1680, 2009.

[89] J. M. Spaethling, D. M. Klein, P. Singh, and D. FE. Meaney,
“Calcium-permeable AMPA receptors appear in cortical neu-
rons after traumatic mechanical injury and contribute to neu-
ronal fate,” Journal of Neurotrauma, vol. 25, no. 10, pp. 1207-1216,
2008.

[90] Y. Liu, L. Wang, Z.-Y. Long et al., “Inhibiting PTEN protects
hippocampal neurons against stretch injury by decreasing
membrane translocation of AMPA receptor GluR2 subunit,”
PLoS ONE, vol. 8, no. 6, Article ID e65431, 2013.

[91] K. Ning, L. Pei, M. Liao et al., “Dual neuroprotective signaling
mediated by downregulating two distinct phosphatase activities
of PTEN;” The Journal of Neuroscience, vol. 24, no. 16, pp. 4052
4060, 2004.

[92] J. S. Beckman, T. W. Beckman, J. Chen, P. A. Marshall, and
B. A. Freeman, “Apparent hydroxyl radical production by
peroxynitrite: implications for endothelial injury from nitric
oxide and superoxide;” Proceedings of the National Academy of
Sciences of the United States of America, vol. 87, no. 4, pp. 1620-
1624, 1990.

J. Rodrigo, A. P. Ferndndez, J. Serrano, M. A. Peinado, and A.

Martinez, “The role of free radicals in cerebral hypoxia and

ischemia,” Free Radical Biology and Medicine, vol. 39, no. 1, pp.

26-50, 2005.

[94] C. Szabd, “Multiple pathways of peroxynitrite cytotoxicity;,”
Toxicology Letters, vol. 140-141, pp. 105-112, 2003.

[95] J. G. Mabley, A. Rabinovitch, W. Suarez-Pinzon et al., “Inosine
protects against the development of diabetes in multiple-low-
dose streptozotocin and nonobese diabetic mouse models of
type 1 diabetes,” Molecular Medicine, vol. 9, no. 3-4, pp. 96-104,
2003.

[96] S. Cuzzocrea, E. Mazzon, R. Di Paola et al, “A role for
nitric oxide-mediated peroxynitrite formation in a model of
endotoxin-induced shock;” Journal of Pharmacology and Exper-
imental Therapeutics, vol. 319, no. 1, pp. 73-81, 2006.

[97] P. Pacher, J. S. Beckman, and L. Liaudet, “Nitric oxide and

peroxynitrite in health and disease;” Physiological Reviews, vol.

87, no. 1, pp. 315-424, 2007,

(93

(98]

[99]

[100]

[101]

(102]

(103]

(104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

(112]

[113]

[114]

15

F. Torreilles, S. Salman-Tabcheh, M.-C. Guérin, and J. Torreilles,
“Neurodegenerative disorders: the role of peroxynitrite,” Brain
Research Reviews, vol. 30, no. 2, pp. 153-163, 1999.

T. Liu, K. R. Knight, and D. J. Tracey, “Hyperalgesia due to nerve

injury-role of peroxynitrite,” Neuroscience, vol. 97, no. 1, pp. 125-
131, 2000.

C. Muscoli, S. Cuzzocrea, M. M. Ndengele et al., “Therapeutic
manipulation of peroxynitrite attenuates the development of
opiate-induced antinociceptive tolerance in mice,” Journal of
Clinical Investigation, vol. 117, no. 11, pp. 3530-3539, 2007.

C. Muscoli, V. Mollace, J. Wheatley et al, “Superoxide-
mediated nitration of spinal manganese superoxide dismutase:
a novel pathway in N-methyl-D-aspartate-mediated hyperalge-
sia,” Pain, vol. 111, no. 1-2, pp. 96-103, 2004.

W. Guo, S. Zou, Y. Guan et al., “Tyrosine phosphorylation
of the NR2B subunit of the NMDA receptor in the spinal
cord during the development and maintenance of inflammatory
hyperalgesia,” The Journal of Neuroscience, vol. 22, no. 14, pp.
6208-6217, 2002.

X. Zou, Q. Lin, and W. D. Willis, “Enhanced phosphorylation
of NMDA receptor 1 subunits in spinal cord dorsal horn
and spinothalamic tract neurons after intradermal injection of
capsaicin in rats,” The Journal of Neuroscience, vol. 20, no. 18, pp.
6989-6997, 2000.

R. Radi, “Nitric oxide, oxidants, and protein tyrosine nitration,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 101, no. 12, pp. 4003-4008, 2004.

D. Trotti, D. Rossi, O. Gjesdal et al., “Peroxynitrite inhibits
glutamate transporter subtypes,” The Journal of Biological
Chemistry, vol. 271, no. 11, pp. 5976-5979, 1996.

B. Gorg, M. Wettstein, S. Metzger, F Schliess, and D.
Héussinger, “Lipopolysaccharide-induced tyrosine nitration
and inactivation of hepatic glutamine synthetase in the rat;
Hepatology, vol. 41, no. 5, pp. 1065-1073, 2005.

D. Salvemini, J. W. Little, T. Doyle, and W. L. Neumann, “Roles
of reactive oxygen and nitrogen species in pain,” Free Radical
Biology and Medicine, vol. 51, no. 5, pp. 951-966, 2011.

U. Dirnagl, C. Iadecola, and M. A. Moskowitz, “Pathobiology of
ischaemic stroke: an integrated view;” Trends in Neurosciences,
vol. 22, no. 9, pp. 391-397, 1999.

S. M. Rothman and J. W. Olney, “Excitotoxicity and the NMDA
receptor—still lethal after eight years,” Trends in Neurosciences,
vol. 18, no. 2, pp. 57-58, 1995.

J.-M. Lee, G. J. Zipfel, and D. W. Choi, “The changing landscape
of ischaemic brain injury mechanisms,” Nature, vol. 399, pp. A7-
Al4,1999.

S. A. Lipton and P. A. Rosenberg, “Excitatory amino acids as
a final common pathway for neurologic disorders,” The New
England Journal of Medicine, vol. 330, no. 9, pp. 613-622, 1994.

M. Chen, T.-J. Lu, X.-J. Chen et al., “Differential roles of NMDA
receptor subtypes in ischemic neuronal cell death and ischemic
tolerance,” Stroke, vol. 39, no. 11, pp. 3042-3048, 2008.

Y. Liu, P. W. Tak, M. Aarts et al., “NMDA receptor subunits have
differential roles in mediating excitotoxic neuronal death both
in vitro and in vivo,” The Journal of Neuroscience, vol. 27, no. 11,
Pp. 2846-2857, 2007.

K. R. Tovar and G. L. Westbrook, “The incorporation of
NMDA receptors with a distinct subunit composition at nascent

hippocampal synapses in vitro,” The Journal of Neuroscience, vol.
19, no. 10, pp. 4180-4188, 1999.



16

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122

[123]

[124]

[125]

(126]

[127]

[128]

[129]

(130]

(131]

A. Z. Harris and D. L. Pettit, “Extrasynaptic and synaptic
NMDA receptors form stable and uniform pools in rat hip-
pocampal slices,” Journal of Physiology, vol. 584, no. 2, pp. 509—-
519, 2007.

G. E. Hardingham and H. Bading, “Synaptic versus extrasynap-
tic NMDA receptor signalling: implications for neurodegener-
ative disorders,” Nature Reviews Neuroscience, vol. 11, no. 10, pp.
682-696, 2010.

E Léveillé, E El Gaamouch, E. Gouix et al., “Neuronal viability
is controlled by a functional relation between synaptic and
extrasynaptic NMDA receptors,” The FASEB Journal, vol. 22, no.
12, pp. 4258-4271, 2008.

S.-J. Zhang, M. N. Steijaert, D. Lau et al., “Decoding NMDA
receptor signaling: identification of genomic programs speci-
fying neuronal survival and death,” Neuron, vol. 53, no. 4, pp.
549-562, 2007.

E J. S. Lee, S. Xue, L. Pei et al, “Dual regulation of NMDA
receptor functions by direct protein-protein interactions with
the dopamine D1 receptor,” Cell, vol. 111, no. 2, pp. 219-230, 2002.
C. Lopez-Menéndez, S. Gascon, M. Sobrado et al,
“Kidins220/ARMS downregulation by excitotoxic activation
of NMDARSs reveals its involvement in neuronal survival and
death pathways,” Journal of Cell Science, vol. 122, no. 19, pp.
3554-3565, 2009.

D. J. Rossi, T. Oshima, and D. Attwell, “Glutamate release in
severe brain ischaemia is mainly by reversed uptake,” Nature,
vol. 403, no. 6767, pp. 316-321, 2000.

R. Sattler, Z. Xiong, W.-Y. Lu, M. Hafner, J. E MacDonald, and
M. Tymianski, “Specific coupling of NMDA receptor activation
to nitric oxide neurotoxicity by PSD-95 protein,” Science, vol.
284, no. 5421, pp. 1845-1848, 1999.

M. Aarts, Y. Liu, L. Liu et al.,, “Treatment of ischemic brain
damage by perturbing NMDA receptor-PSD-95 protein inter-
actions,” Science, vol. 298, no. 5594, pp. 846-850, 2002.

T. W. Lai and Y. T. Wang, “Fashioning drugs for stroke,” Nature
Medicine, vol. 16, no. 12, pp. 1376-1378, 2010.

L. Zhou, E. Li, H. B. Xu et al., “Treatment of cerebral ischemia
by disrupting ischemia-induced interaction of nNOS with PSD-
95, Nature Medicine, vol. 16, pp. 1439-1443, 2010.

S. K. Florio, C. Loh, S. M. Huang et al., “Disruption of
nNOS-PSD95 protein-protein interaction inhibits acute ther-
mal hyperalgesia and chronic mechanical allodynia in rodents,”
British Journal of Pharmacology, vol. 158, no. 2, pp. 494-506,
2009.

S. Bialik and A. Kimchi, “The death-associated protein kinases:
structure, function, and beyond,” Annual Review of Biochem-
istry, vol. 75, pp. 189-210, 2006.

W. Tu, X. Xu, L. Peng et al., “DAPKI interaction with NMDA
receptor NR2B subunits mediates brain damage in stroke,” Cell,
vol. 140, no. 2, pp- 222-234, 2010.

S. J. Baker, “PTEN enters the nuclear age,” Cell, vol. 128, no. 1,
pp. 25-28, 2007.

Q.-G. Zhang, D.-N. Wu, D. Han, and G.-Y. Zhang, “Critical
role of PTEN in the coupling between PI3K/Akt and JNK1/2
signaling in ischemic brain injury;” FEBS Letters, vol. 581, no. 3,
pp. 495-505, 2007.

M. N. DeRidder, M. J. Simon, R. Siman, Y. P. Auberson, R.
Raghupathi, and D. F. Meaney, “Traumatic mechanical injury
to the hippocampus in vitro causes regional caspase-3 and
calpain activation that is influenced by NMDA receptor subunit
composition,” Neurobiology of Disease, vol. 22, no. 1, pp. 165-176,
2006.

[132]

(133]

[134]

(135]

[136]

[137]

[138]

[139]

(140]

(141

(142]

(143]

(144]

[145]

(146]

(147]

Neural Plasticity

A. Koumura, Y. Nonaka, K. Hyakkoku et al., “A novel cal-
pain inhibitor, ((1S)-1((((1S)-1-benzyl-3-cyclopropylamino-2,3-
di-oxopropyl)amino)carbonyl)-3-methylbutyl) carbamic acid
5-methoxy-3-oxapentyl ester, protects neuronal cells from cere-
bral ischemia-induced damage in mice,” Neuroscience, vol. 157,
no. 2, pp. 309-318, 2008.

R. E. Amariglio, J. A. Becker, J. Carmasin et al., “Subjective
cognitive complaints and amyloid burden in cognitively normal
older individuals,” Neuropsychologia, vol. 50, no. 12, pp. 2880-
2886, 2012.

A. Kumar, A. Singh, and Ekavali, “A review on Alzheimer’s
disease pathophysiology and its management: an update,” Phar-
macological Reports, vol. 67, no. 2, pp. 195-203, 2015.

A. Lloret, T. Fuchsberger, E. Giraldo, and J. Vifa, “Molecular
mechanisms linking amyloid 8 toxicity and Tau hyperphos-
phorylation in Alzheimers disease,” Free Radical Biology and
Medicine, vol. 83, pp. 186-191, 2015.

S. I. Mota, I. L. Ferreira, and A. C. Rego, “Dysfunctional
synapse in Alzheimer’s disease—a focus on NMDA receptors,”
Neuropharmacology, vol. 76, pp. 16-26, 2014.

K. Parameshwaran, M. Dhanasekaran, and V. Suppiramaniam,
“Amyloid beta peptides and glutamatergic synaptic dysregula-
tion,” Experimental Neurology, vol. 210, no. 1, pp. 7-13, 2008.

I. L. Ferreira, L. M. Bajouco, S. I. Mota, Y. P. Auberson, C.
R. Oliveira, and A. C. Rego, “Amyloid beta peptide 1-42 dis-
turbs intracellular calcium homeostasis through activation of
GluN2B-containing N-methyl-p-aspartate receptors in cortical
cultures,” Cell Calcium, vol. 51, no. 2, pp. 95-106, 2012.

E E de Oliveira, P. H. E Bertolucci, E. S. Chen, and M.
D. A. C. Smith, “Pharmacological modulation of cognitive
and behavioral symptoms in patients with dementia due to
Alzheimer’s disease,” Journal of the Neurological Sciences, vol.
336, no. 1-2, pp. 103-108, 2014.

C. G. Lau and R. S. Zukin, “NMDA receptor trafficking
in synaptic plasticity and neuropsychiatric disorders,” Nature
Reviews Neuroscience, vol. 8, no. 6, pp. 413-426, 2007.

J. Liu, L. Chang, E. Roselli et al., “Amyloid- induces caspase-
dependent loss of PSD-95 and synaptophysin through NMDA
receptors,” Journal of Alzheimer’s Disease, vol. 22, no. 2, pp. 541-
556, 2010.

R. Ronicke, M. Mikhaylova, S. Ronicke et al., “Early neuronal
dysfunction by amyloid  oligomers depends on activation
of NR2B-containing NMDA receptors,” Neurobiology of Aging,
vol. 32, no. 12, pp. 2219-2228, 2011.

V. E. Johnson, W. Stewart, and D. H. Smith, “Widespread tau
and amyloid-beta pathology many years after a single traumatic
brain injury in humans,” Brain Pathology, vol. 22, no. 2, pp. 142—
149, 2012.

M. D. Ikonomovic, K. Uryu, E. E. Abrahamson et al,
“Alzheimer’s pathology in human temporal cortex surgically
excised after severe brain injury,” Experimental Neurology, vol.
190, no. 1, pp. 192-203, 2004.

B. D. Jordan, “Chronic traumatic encephalopathy and other
long-term sequelae,” Continuum: Lifelong Learning in Neurol-
ogy, vol. 20, no. 6, pp. 1588-1604, 2014.

S.-T. Yang, L-T. Hsiao, C.-]. Hsieh et al., “Accumulation of
amyloid in cognitive impairment after mild traumatic brain
injury;” Journal of the Neurological Sciences, vol. 349, no. 1-2, pp.
99-104, 2015.

Y. Nakagawa, M. Nakamura, T. K. McIntosh et al., “Traumatic
brain injury in young, amyloid-beta peptide overexpressing



Neural Plasticity

[148]

(149]

(150]

(151

[152]

[153]

[154]

(155

[156]

[157]

(158]

[159]

[160]

[161]

[162]

[163]

transgenic mice induces marked ipsilateral hippocampal atro-
phy and diminished Abeta deposition during aging,” Journal of
Comparative Neurology, vol. 411, no. 3, pp. 390-398, 1999.
K. Uryu, B. . Giasson, L. Longhi et al., “Age-dependent
synuclein pathology following traumatic brain injury in mice,”
Experimental Neurology, vol. 184, no. 1, pp. 214-224, 2003.

B. Frost, J. G6tz, and M. B. Feany, “Connecting the dots between
tau dysfunction and neurodegeneration,” Trends in Cell Biology,
2014.

M. Rapoport, H. N. Dawson, L. I. Binder, M. P. Vitek, and A.
Ferreira, “Tau is essential to $-amyloid-induced neurotoxicity;,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 99, no. 9, pp. 6364-6369, 2002.

C. Tackenberg, S. Grinschgl, A. Trutzel et al., “NMDA receptor
subunit composition determines beta-amyloid-induced neu-
rodegeneration and synaptic loss,” Cell Death and Disease, vol.
4, article e608, 2013.

M. Knobloch, U. Konietzko, D. C. Krebs, and R. M. Nitsch,
“Intracellular A and cognitive deficits precede f-amyloid
deposition in transgenic arcAf mice;” Neurobiology of Aging,
vol. 28, no. 9, pp- 1297-1306, 2007.

E.L. Abner, P. T. Nelson, E A. Schmitt et al., “Self-reported head
injury and risk of late-life impairment and AD pathology in an
AD center cohort,” Dementia and Geriatric Cognitive Disorders,
vol. 37, no. 5-6, pp. 294-306, 2014.

G. W. Roberts, S. M. Gentleman, A. Lynch, L. Murray, M.
Landon, and D. I. Graham, “f Amyloid protein deposition
in the brain after severe head injury: implications for the
pathogenesis of Alzheimer’s disease,” Journal of Neurology,
Neurosurgery and Psychiatry, vol. 57, no. 4, pp. 419-425, 1994.
K. T. Mueser and S. R. McGurk, “Schizophrenia,” The Lancet,
vol. 363, no. 9426, pp. 2063-2072, 2004.

J. T. Noga, T. M. Hyde, M. M. Herman et al, “Glutamate
receptors in the postmortem striatum of schizophrenic, suicide,
and control brains,” Synapse, vol. 27, no. 3, pp. 168-176, 1997.

B. P. Sokolov, “Expression of NMDARI, GluRl, GluR7, and
KALl glutamate receptor mRNAs is decreased in frontal cortex
of ‘neuroleptic-free’ schizophrenics: evidence on reversible up-
regulation by typical neuroleptics,” Journal of Neurochemistry,
vol. 71, no. 6, pp. 2454-2464, 1998.

D. C. Goff and J. T. Coyle, “The emerging role of glutamate
in the pathophysiology and treatment of schizophrenia,” The
American Journal of Psychiatry, vol. 158, no. 9, pp. 1367-1377,
2001.

A. Sawa and S. H. Snyder, “Schizophrenia: diverse approaches
to a complex disease,” Science, vol. 296, no. 5568, pp. 692-695,
2002.

H. Stefansson, E. Sigurdsson, V. Steinthorsdottir et al., “Neureg-
ulin 1 and susceptibility to schizophrenia,” American Journal of
Human Genetics, vol. 71, no. 4, pp. 877-892, 2002.

C.-G. Hahn, H.-Y. Wang, D.-S. Cho et al., “Altered neuregulin
1-erbB4 signaling contributes to NMDA receptor hypofunction
in schizophrenia,” Nature Medicine, vol. 12, no. 7, pp. 824-828,
2006.

D. J. Gerber, D. Hall, T. Miyakawa et al., “Evidence for asso-
ciation of schizophrenia with genetic variation in the 8p2l1.3
gene, PPP3CC, encoding the calcineurin gamma subunit,”
Proceedings of the National Academy of Sciences of the United
States ofAmerica, vol. 100, no. 15, pp. 8993-8998, 2003.

S. P. Braithwaite, M. Adkisson, J. Leung et al., “Regulation of
NMDA receptor trafficking and function by striatal-enriched

[164]

[165]

(166]

[167]

(168]

(169]

[170]

[171]

(172]

(173]

[174]

(175]

[176]

(177

[178]

(179]

17

tyrosine phosphatase (STEP),” European Journal of Neuro-
science, vol. 23, no. 11, pp. 2847-2856, 2006.

A. Wada, Y. Kunii, K. Ikemoto et al., “Increased ratio
of calcineurin immunoreactive neurons in the caudate
nucleus of patients with schizophrenia,” Progress in Neuro-
Psychopharmacology and Biological Psychiatry, vol. 37, no. 1, pp.

8-14, 2012.

M. Murata, M. Tsunoda, T. Sumiyoshi et al., “Calcineurin
A gamma and B gene expressions in the whole blood in
Japanese patients with schizophrenia,” Progress in Neuro-
Psychopharmacology and Biological Psychiatry, vol. 32, no. 4, pp.
1000-1004, 2008.

R. Bergeron, J. T. Coyle, G. Tsai, and R. W. Greene, “NAAG
reduces NMDA receptor current in CAl hippocampal pyrami-
dal neurons of acute slices and dissociated neurons,” Neuropsy-
chopharmacology, vol. 30, no. 1, pp. 7-16, 2005.

S. Ghose, R. Chin, A. Gallegos, R. Roberts, J. Coyle, and C. Tam-
minga, “Localization of NAAG-related gene expression deficits
to the anterior hippocampus in schizophrenia,” Schizophrenia
Research, vol. 111, no. 1-3, pp. 131-137, 2009.

B. J. Morris, S. M. Cochran, and J. A. Pratt, “PCP: from
pharmacology to modelling schizophrenia,” Current Opinion in
Pharmacology, vol. 5, no. 1, pp. 101-106, 2005.

D. Fujii and D. C. Fujii, “Psychotic disorder due to traumatic
brain injury: analysis of case studies in the literature,” Journal
of Neuropsychiatry and Clinical Neurosciences, vol. 24, no. 3, pp.
278-289, 2012.

A. D. Korczyn, “Mild cognitive impairment in Parkinson’s
disease,” Journal of Neural Transmission, vol. 120, no. 4, pp. 517-
521, 2013.

M. W. Dodson and M. Guo, “Pinkl, Parkin, DJ-1and mitochon-

>

drial dysfunction in Parkinson’s disease,” Current Opinion in
Neurobiology, vol. 17, no. 3, pp. 331-337, 2007.
D. Sulzer, “Multiple hit hypotheses for dopamine neuron loss in

Parkinson’s disease,” Trends in Neurosciences, vol. 30, no. 5, pp.
244-250, 2007.

A. E. Lang and A. M. Lozano, “Parkinson’s disease,” The New
England Journal of Medicine, vol. 339, no. 15, pp. 1044-1053,
1998.

A. E. Lang and A. M. Lozano, “Parkinson’s disease: second of
two parts,” The New England Journal of Medicine, vol. 339, no.
16, pp. 1130-1143, 1998.

P. Calabresi, R. Maj, N. B. Mercuri, and G. Bernardi, “Coactiva-
tion of D1 and D2 dopamine receptors is required for long-term
synaptic depression in the striatum,” Neuroscience Letters, vol.
142, no. 1, pp. 95-99, 1992.

K. A. Johnson, P. J. Conn, and C. M. Niswender, “Glutamate
receptors as therapeutic targets for Parkinson’s disease,” CNS
and Neurological Disorders—Drug Targets, vol. 8, no. 6, pp. 475-
491, 2009.

V. Bagetta, V. Ghiglieri, C. Sgobio, P. Calabresi, and B. Picconi,
“Synaptic dysfunction in Parkinson’s disease,” Biochemical Soci-
ety Transactions, vol. 38, no. 2, pp. 493-497, 2010.

E Gardoni, L. H. Schrama, A. Kamal, W. H. Gispen, E
Cattabeni, and M. Di Luca, “Hippocampal synaptic plastic-
ity involves competition between Ca*"/calmodulin-dependent
protein kinase II and postsynaptic density 95 for binding to
the NR2A subunit of the NMDA receptor;” The Journal of
Neuroscience, vol. 21, no. 5, pp- 1501-1509, 2001.

B. Picconi, F. Gardoni, D. Centonze et al., “Abnormal Ca’'-
calmodulin-dependent protein kinase II function mediates



18

synaptic and motor deficits in experimental parkinsonism,” The
Journal of Neuroscience, vol. 24, no. 23, pp. 5283-5291, 2004.

[180] E. Kim and M. Sheng, “PDZ domain proteins of synapses,”
Nature Reviews Neuroscience, vol. 5, no. 10, pp. 771-781, 2004.

[181] E. Gardoni, B. Picconi, V. Ghiglieri et al., “A critical interaction
between NR2B and MAGUK in L-DOPA induced dyskinesia,”
Journal of Neuroscience, vol. 26, no. 11, pp. 2914-2922, 2006.

[182] S. M. Goldman, F. Kamel, G. W. Ross et al., “Head injury, alpha-
synuclein Repl, and Parkinson’s disease,” Annals of Neurology,
vol. 71, no. 1, pp. 40-48, 2012.

[183] R. C. Gardner, J. F. Burke, J. Nettiksimmons, S. Goldman, C.
M. Tanner, and K. Yaffe, “Traumatic brain injury in later life
increases risk for Parkinson disease,” Annals of Neurology, vol.
77, no. 6, pp. 987-995, 2015.

[184] J. H. Bower, D. M. Maraganore, B. J. Peterson, S. K. McDonnell,
J. E. Ahlskog, and W. A. Rocca, “Head trauma preceding PD:
a case-control study;” Neurology, vol. 60, no. 10, pp. 1610-1615,
2003.

S.Jafari, M. Etminan, E Aminzadeh, and A. Samii, “Head injury
and risk of Parkinson disease: a systematic review and meta-
analysis,” Movement Disorders, vol. 28, no. 9, pp. 1222-1229,
2013.

S. M. Goldman, C. M. Tanner, D. Oakes, G. S. Bhudhikanok, A.
Gupta, and J. W. Langston, “Head injury and Parkinson’s disease
risk in twins,” Annals of Neurology, vol. 60, no. 1, pp. 65-72,
2006.

E. B. D. Clabough, “Huntington’s disease: the past, present, and
future search for disease modifiers,” Yale Journal of Biology and
Medicine, vol. 86, no. 2, pp. 217-233, 2013.

[188] J. Labbadia and R. I. Morimoto, “Huntington’s disease: under-
lying molecular mechanisms and emerging concepts,” Trends in
Biochemical Sciences, vol. 38, no. 8, pp. 378-385, 2013.

S. Mahalingam and L. M. Levy, “Genetics of huntington
disease,” American Journal of Neuroradiology, vol. 35, no. 6, pp.
1070-1072, 2014.

J. S. Paulsen, D. R. Langbehn, J. C. Stout et al., “Detection of
Huntington’s disease decades before diagnosis: The Predict-HD
Study;” Journal of Neurology, Neurosurgery and Psychiatry, vol.
79, 10. 8, pp. 874-880, 2008.

M. Orth, S. Schippling, S. A. Schneider et al., “Abnormal
motor cortex plasticity in premanifest and very early manifest
Huntington disease,” Journal of Neurology, Neurosurgery and
Psychiatry, vol. 81, no. 3, pp. 267-270, 2010.

S. Schippling, S. A. Schneider, K. P. Bhatia et al., “Abnormal
motor cortex excitability in preclinical and very early Hunting-
ton’s disease,” Biological Psychiatry, vol. 65, no. 11, pp. 959-965,
2009.

A.J. Milnerwood, D. M. Cummings, G. M. Dallérac et al., “Early
development of aberrant synaptic plasticity in a mouse model of
Huntington’s disease,” Human Molecular Genetics, vol. 15, no. 10,
pp. 16901703, 2006.

D. M. Cummings, A. J. Milnerwood, G. M. Dallérac, S. C.
Vatsavayai, M. C. Hirst, and K. P. S. J. Murphy, “Abnormal
cortical synaptic plasticity in a mouse model of Huntington’s
disease,” Brain Research Bulletin, vol. 72, no. 2-3, pp. 103-107,
2007.

A. J. Milnerwood, C. M. Gladding, M. A. Pouladi et al,
“Early increase in extrasynaptic NMDA receptor signaling and
expression contributes to phenotype onset in Huntingtons
disease mice,” Neuron, vol. 65, no. 2, pp. 178-190, 2010.

[185

(186]

[187]

(189]

[190]

[191]

(192

[193]

[194]

[195]

Neural Plasticity

[196] S.-I. Okamoto, M. A. Pouladi, M. Talantova et al., “Balance
between synaptic versus extrasynaptic NMDA receptor activity
influences inclusions and neurotoxicity of mutant huntingtin,”
Nature Medicine, vol. 15, no. 12, pp. 1407-1413, 2009.

C. M. Cowan, M. M. Y. Fan, J. Fan et al., “Polyglutamine-
modulated striatal calpain activity in YAC transgenic hunting-
ton disease mouse model: impact on NMDA receptor function
and toxicity,” Journal of Neuroscience, vol. 28, no. 48, pp. 12725-
12735, 2008.

C. M. Gladding, M. D. Sepers, J. Xu et al., “Calpain and
STriatal-Enriched protein tyrosine Phosphatase (STEP) activa-
tion contribute to extrasynaptic NMDA receptor localization
in a huntington’s disease mouse model,” Human Molecular
Genetics, vol. 21, no. 17, Article ID dds154, pp. 3739-3752, 2012.
J. Gafni, E. Hermel, J. E. Young, C. L. Wellington, M. R. Hayden,
and L. M. Ellerby, “Inhibition of calpain cleavage of Huntingtin
reduces toxicity: accumulation of calpain/caspase fragments in
the nucleus,” The Journal of Biological Chemistry, vol. 279, no. 19,
pp. 20211-20220, 2004.

Y. J. Kim, Y. Yi, E. Sapp et al., “Caspase 3-cleaved N-terminal
fragments of wild-type and mutant huntingtin are present
in normal and Huntington’s disease brains, associate with
membranes, and undergo calpain-dependent proteolysis,” Pro-
ceedings of the National Academy of Sciences of the United States
of America, vol. 98, no. 22, pp. 12784-12789, 2001.

J. Wu, Q. Li, and I. Bezprozvanny, “Evaluation of Dimebon in
cellular model of Huntington’s disease;” Molecular Neurodegen-
eration, vol. 3, no. 1, article 15, 2008.

(197]

(198]

[199]

[200]

[201]

[202] L. P. Rowland and N. A. Shneider, “Amyotrophic lateral sclero-
sis,” The New England Journal of Medicine, vol. 344, no. 22, pp.

1688-1700, 2001.

A. Al-Chalabi, A. Jones, C. Troakes, A. King, S. Al-Sarraj,
and L. H. van den Berg, “The genetics and neuropathology of
amyotrophic lateral sclerosis,” Acta Neuropathologica, vol. 124,
no. 3, pp. 339-352, 2012.

D. R. Rosen, T. Siddique, D. Patterson et al., “Mutations in
Cu/Zn superoxide dismutase gene are associated with familial
amyotrophic lateral sclerosis,” Nature, vol. 362, no. 6415, pp. 59-
62,1993.

M. A. van Es, C. Dahlberg, A. Birve, J. H. Veldink, L. H. van
den Berg, and P. M. Andersen, “Large-scale SOD1 mutation
screening provides evidence for genetic heterogeneity in amy-
otrophic lateral sclerosis,” Journal of Neurology, Neurosurgery
and Psychiatry, vol. 81, no. 5, pp. 562-566, 2010.

Y. Yang, A. Hentati, H. X. Deng et al., “The gene encoding
alsin, a protein with three guanine-nucleotide exchange factor
domains, is mutated in a form of recessive amyotrophic lateral
sclerosis,” Nature Genetics, vol. 29, no. 2, pp. 160-165, 2001.
Y.-Z. Chen, C. L. Bennett, H. M. Huynh et al., “DNA/RNA
helicase gene mutations in a form of juvenile amyotrophic
lateral sclerosis (ALS4),” American Journal of Human Genetics,
vol. 74, no. 6, pp. 1128-1135, 2004.

A. L. Nishimura, M. Mitne-Neto, H. C. A. Silva et al, “A
mutation in the vesicle-trafficking protein VAPB causes late-
onset spinal muscular atrophy and amyotrophic lateral sclero-
sis,” American Journal of Human Genetics, vol. 75, no. 5, pp. 822
831, 2004.

P. 1. Joyce, P. Fratta, E. M. C. Fisher, and A. Acevedo-Arozena,
“SOD1 and TDP-43 animal models of amyotrophic lateral
sclerosis: recent advances in understanding disease toward the
development of clinical treatments,” Mammalian Genome, vol.
22, no. 7-8, pp. 420-448, 2011.

[203]

[204]

[205]

[206]

[207]

[208]

[209]



Neural Plasticity

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

(224

[225]

J. D. Rothstein, G. Tsai, R. W. Kundl et al., “Abnormal excitatory
amino acid metabolism in amyotrophic lateral sclerosis,” Annals
of Neurology, vol. 28, no. 1, pp. 18-25, 1990.

J. D. Rothstein, L. J. Martin, and R. W. Kuncl, “Decreased
glutamate transport by the brain and spinal cord in amyotrophic
lateral sclerosis,” The New England Journal of Medicine, vol. 326,
no. 22, pp. 1464-1468, 1992.

T. Rauen, G. Jeserich, N. C. Danbolt, and B. I. Kanner, “Com-
parative analysis of sodium-dependent l-glutamate transport
of synaptosomal and astroglial membrane vesicles from mouse
cortex,” FEBS Letters, vol. 312, no. 1, pp. 15-20, 1992.

Y. Zhou and N. C. Danbolt, “GABA and glutamate transporters
in brain,” Frontiers in Endocrinology, vol. 4, article 165, 2013.
M. Arundine and M. Tymianski, “Molecular mechanisms of
calcium-dependent neurodegeneration in excitotoxicity;” Cell
Calcium, vol. 34, no. 4-5, pp. 325-337, 2003.

E. Foran and D. Trotti, “Glutamate transporters and the excito-
toxic path to motor neuron degeneration in amyotrophic lateral
sclerosis,” Antioxidants and Redox Signaling, vol. 11, no. 7, pp.
1587-1602, 2009.

Y. Kambe, N. Nakamichi, T. Takarada et al., “A possible pivotal
role of mitochondrial free calcium in neurotoxicity mediated
by N-methyl-d-aspartate receptors in cultured rat hippocampal
neurons,” Neurochemistry International, vol. 59, no. 1, pp. 10-20,
2011.

A. Ruiz, C. Matute, and E. Alberdi, “Endoplasmic reticulum
Ca®' release through ryanodine and IP, receptors contributes
to neuronal excitotoxicity,” Cell Calcium, vol. 46, no. 4, pp. 273-
281, 2009.

C. J. Heckman, C. Mottram, K. Quinlan, R. Theiss, and J.
Schuster, “Motoneuron excitability: the importance of neuro-
modulatory inputs,” Clinical Neurophysiology, vol. 120, no. 12,
pp. 2040-2054, 2009.

N. M. Ashpole, W. Song, T. Brustovetsky et al., “Calcium/
calmodulin-dependent protein kinase IT (CaMKII) inhibition
induces neurotoxicity via dysregulation of glutamate/calcium
signaling and hyperexcitability;” The Journal of Biological Chem-
istry, vol. 287, no. 11, pp. 8495-8506, 2012.

D. G. Nicholls, L. Johnson-Cadwell, S. Vesce, M. Jekabsons,
and N. Yadava, “Bioenergetics of mitochondria in cultured
neurons and their role in glutamate excitotoxicity,” Journal of
Neuroscience Research, vol. 85, no. 15, pp. 3206-3212, 2007.

T.-I. Peng, M.-]. Jou, S.-S. Sheu, and J. T. Greenamyre, “Visu-
alization of NMDA receptor-induced mitochondrial calcium
accumulation in striatal neurons,” Experimental Neurology, vol.
149, no. 1, pp. 1-12, 1998.

D. Nguyen, M. V. Alavi, K.-Y. Kim et al., “A new vicious
cycle involving glutamate excitotoxicity, oxidative stress and
mitochondrial dynamics,” Cell Death and Disease, vol. 2, no. 12,
article €240, 2011.

M. Shrivastava, S. Vivekanandhan, U. Pati, M. Behari, and T.
K. Das, “Mitochondrial perturbance and execution of apoptosis
in platelet mitochondria of patients with amyotrophic lateral
sclerosis,” International Journal of Neuroscience, vol. 121, no. 3,
pp. 149-158, 2011.

P. Cassina, A. Cassina, M. Pehar et al., “Mitochondrial dys-
function in SOD1G93A-bearing astrocytes promotes motor
neuron degeneration: prevention by mitochondrial-targeted
antioxidants,” The Journal of Neuroscience, vol. 28, no. 16, pp.
4115-4122, 2008.

L. J. Martin, “An approach to experimental synaptic pathol-
ogy using green fluorescent protein-transgenic mice and gene

[226]

[227]

[228]

[229]

[230]

[231]

[232]

[233]

[234]

[235]

[236]

(237]

[238]

[239]

[240]

19

knockout mice to show mitochondrial permeability transition
pore-driven excitotoxicity in interneurons and motoneurons,’
Toxicologic Pathology, vol. 39, no. 1, pp. 220-233, 2011.

T. Sanelli, W. Ge, C. Leystra-Lantz, and M. J. Strong, “Calcium
mediated excitotoxicity in neurofilament aggregate-bearing
neurons in vitro is NMDA receptor dependant,” Journal of the
Neurological Sciences, vol. 256, no. 1-2, pp. 39-51, 2007.

M. Li, V. O. Ona, M. Chen et al, “Functional role and
therapeutic implications of neuronal caspase-1 and -3 in a
mouse model of traumatic spinal cord injury;” Neuroscience, vol.
99, no. 2, pp. 333-342, 2000.

H. Chen, M. Richard, D. P. Sandler, D. M. Umbach, and
E Kamel, “Head injury and amyotrophic lateral sclerosis;’
American Journal of Epidemiology, vol. 166, no. 7, pp. 810-816,
2007.

C. N. Fournier, M. Gearing, S. R. Upadhyayula, M. Klein, and
J. D. Glass, “Head injury does not alter disease progression or
neuropathologic outcomes in ALS,” Neurology, vol. 84, no. 17,
pp. 1788-1795, 2015.

D. C. Perry, V. E. Sturm, M. J. Peterson et al., “Association
of traumatic brain injury with subsequent neurological and
psychiatric disease: a meta-analysis,” Journal of Neurosurgery,
vol. 124, no. 2, pp. 511-526, 2016.

S. Rosenzweig-Lipson, C. E. Beyer, Z. A. Hughes et al., “Dif-
ferentiating antidepressants of the future: efficacy and safety,”
Pharmacology and Therapeutics, vol. 113, no. 1, pp. 134-153, 2007.

A. J. Rush, M. H. Trivedi, S. R. Wisniewski et al., “Acute and
longer-term outcomes in depressed outpatients requiring one
or several treatment steps: a STAR*D report,” The American
Journal of Psychiatry, vol. 163, no. 11, pp. 1905-1917, 2006.

M. H. Trivedi, A. J. Rush, S. R. Wisniewski et al., “Factors
associated with health-related quality of life among outpatients
with major depressive disorder: a STAR*D report,” Journal of
Clinical Psychiatry, vol. 67, no. 2, pp. 185-195, 2006.

M. Fava, A. J. Rush, S. R. Wisniewski et al., “A comparison of
mirtazapine and nortriptyline following two consecutive failed
medication treatments for depressed outpatients: a STAR*D
report,” American Journal of Psychiatry, vol. 163, no. 7, pp. 1161~
1172, 2006.

D. T. Monaghan, M. W. Irvine, B. M. Costa, G. Fang, and D. E.
Jane, “Pharmacological modulation of NMDA receptor activity
and the advent of negative and positive allosteric modulators,”
Neurochemistry International, vol. 61, no. 4, pp. 581-592, 2012.

Z. Ates-Alagoz and A. Adejare, “NMDA receptor antagonists for
treatment of depression,” Pharmaceuticals, vol. 6, no. 4, pp. 480-
499, 2013.

D. C. Mathews, I. D. Henter, and C. A. Zarate, “Targeting
the glutamatergic system to treat major depressive disorder:
rationale and progress to date,” Drugs, vol. 72, no. 10, pp. 1313-
1333, 2012.

J. Maj, Z. Rogdz, G. Skuza, and H. Sowinska, “The effect of
antidepressant drugs on the locomotor hyperactivity induced
by MK-801, a non-competitive NMDA receptor antagonist,”
Neuropharmacology, vol. 31, no. 7, pp. 685-691, 1992.

J. Maj, Z. Rogoz, G. Skuza, and H. Sowinska, “The effect
of CGP 37849 and CGP 39551, competitive NMDA receptor
antagonists, in the forced swimming test,” Polish Journal of
Pharmacology and Pharmacy, vol. 44, no. 4, pp. 337-346, 1992.
Y. Tizabi, B. H. Bhatti, K. E. Manaye, J. R. Das, and L. Akin-
firesoye, “Antidepressant-like effects of low ketamine dose is



20

[241]

[242)

[243]

[244]

[245]

[246]

[247]

[248]

[249]

associated with increased hippocampal AMPA/NMDA recep-

tor density ratio in female Wistar-Kyoto rats,” Neuroscience, vol.
213, pp. 72-80, 2012.

R. T. Owen, “Glutamatergic approaches in major depressive
disorder: focus on ketamine, memantine and riluzole,” Drugs
of Today, vol. 48, no. 7, pp. 469-478, 2012.

V. Anderson, S. Brown, H. Newitt, and H. Hoile, “Long-term
outcome from childhood traumatic brain injury: intellectual
ability, personality, and quality of life,” Neuropsychology, vol. 25,
no. 2, pp. 176-184, 2011.

C. L. Karver, S. L. Wade, A. Cassedy et al., “Age at injury and
long-term behavior problems after traumatic brain injury in
young children;” Rehabilitation Psychology, vol. 57, no. 3, pp.
256-265, 2012.

J. E. Max, R. J. Schachar, J. Landis et al., “Psychiatric disorders
in children and adolescents in the first six months after mild
traumatic brain injury;,” Journal of Neuropsychiatry and Clinical
Neurosciences, vol. 25, no. 3, pp. 187-197, 2013.

J. S. Kreutzer, R. T. Seel, and E. Gourley, “The prevalence and
symptom rates of depression after traumatic brain injury: a
comprehensive examination,” Brain Injury, vol. 15, no. 7, pp.
563-576, 2001.

S. Barker-Collo, A. Jones, K. Jones et al., “Prevalence, natural
course and predictors of depression 1 year following traumatic
brain injury from a population-based study in New Zealand,”
Brain Injury, vol. 29, no. 7-8, pp. 859-865, 2015.

T. A. Ashman, J. B. Cantor, W. A. Gordon et al., “A randomized
controlled trial of sertraline for the treatment of depression
in persons with traumatic brain injury, Archives of Physical
Medicine and Rehabilitation, vol. 90, no. 5, pp. 733-740, 2009.
H. Lee, S.-W. Kim, L-S. Shin, S.-J. Yang, and J.-S. Yoon,
“Comparing effects of methylphenidate, sertraline and placebo
on neuropsychiatric sequelae in patients with traumatic brain
injury;” Human Psychopharmacology, vol. 20, no. 2, pp. 97-104,
2005.

A. Ansari, A. Jain, A. Sharma, R. S. Mittal, and I. D. Gupta,
“Role of sertraline in posttraumatic brain injury depression and
quality-of-life in TBL,” Asian Journal of Neurosurgery, vol. 9, no.
4, pp. 182-188, 2014.

Neural Plasticity



