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Abstract: Brain insults are characterized by a multitude of complex processes, of which
glutamate release plays a major role. Deleterious excess of glutamate in the brain’s
extracellular fluids stimulates glutamate receptors, which in turn lead to cell swelling,
apoptosis, and neuronal death. These exacerbate neurological outcome. Approaches aimed
at antagonizing the astrocytic and glial glutamate receptors have failed to demonstrate
clinical benefit. Alternatively, eliminating excess glutamate from brain interstitial fluids by
making use of the naturally occurring brain-to-blood glutamate efflux has been shown to
be effective in various animal studies. This is facilitated by gradient driven transport across
brain capillary endothelial glutamate transporters. Blood glutamate scavengers enhance this
naturally occurring mechanism by reducing the blood glutamate concentration, thus
increasing the rate at which excess glutamate is cleared. Blood glutamate scavenging is
achieved by several mechanisms including: catalyzation of the enzymatic process involved
in glutamate metabolism, redistribution of glutamate into tissue, and acute stress response.
Regardless of the mechanism involved, decreased blood glutamate concentration is
associated with improved neurological outcome. This review focuses on the physiological,
mechanistic and clinical roles of blood glutamate scavenging, particularly in the context of
acute and chronic CNS injury. We discuss the details of brain-to-blood glutamate efflux,
auto-regulation mechanisms of blood glutamate, natural and exogenous blood glutamate
scavenging systems, and redistribution of glutamate. We then propose different applied
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methodologies to reduce blood and brain glutamate concentrations and discuss the
neuroprotective role of blood glutamate scavenging.
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Growth Factor; RBC: Red Blood Cells; HIV: Human Deficiency Virus; ALS: Amytrophic Lateral
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1. Introduction

Glutamate, a known excitatory neurotransmitter in the central nervous system (CNS), is a non-essential
amino acid, and is the most abundant free amino acid in the CNS, accounting for approximately 60 percent
of total neurotransmitter activity in the brain. Glutamate has several important roles in the development
and function of normal brain activities, amongst them: regulation of the communication process
between neurons, development of plasticity in the CNS, and serving as an energy reserve [1-5].
Activation of N-Methyl D-Aspartate (NMDA) receptors by glutamate is vital for brain function. They
are central to many of the activity-dependent changes in synaptic strength and connectivity that are
thought to underlie the formation of memory and learning. There is growing evidence that
physiological levels of synaptic NMDA receptor activation promote survival of many types of neurons
or render them more resistant to trauma [6]. The beneficial effects of glutamate are greatly dependent
on strict homeostasis, maintaining brain extracellular fluid (ECF) glutamate at concentrations below
their toxic range. The low concentration (0.3-2 uM/L) [1] of glutamate in the brain’s ECF is maintained
by a well-established mechanism of compartmentalization of glutamate. Glutamate released from neurons
as a neurotransmitter stimulates glutaminergic receptors (ionotropic NMDA and AMPA receptors or
metabotropic glutamate receptors). Excessive activation of ionotropic receptors leads to the opening of
receptor-coupled ionophores, including calcium channels, which are of particular importance. Efflux
of calcium into neurons, which activates plasmatic proteolytic enzymes, results in neuronal death via
apoptosis or necrosis [7-11]. Animal models and human clinical studies reveal the association of
pathologically elevated ECF glutamate levels and several acute and chronic neurodegenerative
disorders, including stroke [12], traumatic brain injury (TBI) [13], intracerebral hemorrhage [14],
meningitis, brain hypoxia [15], amyotrophic lateral sclerosis (ALS) [16], glaucoma [17], HIV
dementia [18], glioma [19] and many others. These states are characterized by a several hundred-fold
elevation of glutamate concentration in the brain’s ECF facilitated by blood brain barrier (BBB)
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breakdown, permitting free movement of glutamate between plasma and ECF, along its
concentration gradient.

Mechanisms counteracting glutamate-induced excitotoxicity include a large family of Na'
dependent glutamate transporters known as excitatory amino acid transporters (EAATs). They are
localized on cell membranes of neurons, astrocytes and the endothelium of the BBB [1,8]. Glutamate
released as a transmitter at the synapse is taken up by surrounding astrocytes and amidated to
glutamine, a non-neuroexcitatory amino acid, which is then transferred back to neurons to be
converted back to glutamate [20,21].

Alternative mechanisms exist as well. Glutamate has been found to move unidirectionaly from
brain into blood, a process facilitated by the presence of glutamate transporters on the abluminal
membrane of brain endothelial cells. These glutamate transporters include: EAAT1, EAAT2 and
EAATS3, enabling high affinity, sodium-dependent glutamate transport into the endothelial cells [22-25].
They also harbor glutamine transporters that take up glutamine at the abluminal side of the membrane.
In endothelial cells, glutamine is transformed into glutamate via glutaminase, resulting in glutamate
build up, eventually reaching an endothelial cell concentration which is much higher than that of
plasma. Glutamate is then transported into blood via facilitated diffusion, down an electrochemical
gradient, reaching an average blood plasma concentration of 40 uM/L. This mechanism principally allows
the efflux of glutamate from brain-to-blood despite the very unfavorable brain-to-blood glutamate
concentration gradient. A low capacity glutamate carrier exists on the luminal membrane of endothelial
cells. The transport capacity for influx of glutamate from blood into brain is quite low, reaching 80%
saturation at normal plasma concentrations. This results in a non-significant rate of glutamate influx
into the brain [26-28].

Despite their role in brain glutamate regulation, little attention has been given to the glutamate
transporters present on brain blood vessels [25,29]. Their role in controlling brain extracellular
glutamate has been generally ignored as an important glutamate removal mechanism [30]. Recently,
the brain-to-blood glutamate efflux has attracted renewed interest. In rats, glutamate injected into
cerebrospinal fluid is removed into the blood within a relatively short time period. Eighty percent of
radio-labeled glutamate injected into the cisterna magna was detected in rats’ peripheral blood within a
few minutes after injection [31]. This demonstrates the capacity of glutamate transporters on the
choroid epithelium forming the CSF-blood barrier to remove excess glutamate. These glutamate
transporters, which are involved in removing the excess glutamate, are thought to exist both on the
vascular endothelium forming the blood—brain barrier within the brain interstitial compartment, and on
the choroid epithelium forming the blood—cerebrospinal fluid (CSF) barrier [24,28]. Other studies,
investigating the removal of glutamate from brain parenchyma to blood through the ISF-blood barrier
confirm this finding [32]. Removal of glutamate from brain ECF into blood is attributed to the
existence of the abluminal glutamate transporters, and the highly vascularized nature of the brain,
which is comprised of an extensive network of capillary blood vessels, with an average
capillary-to-capillary distance of 19 + 4 pm, a total capillary surface of 12 m* and an average capillary
distance of 820 pum. This vascular network accounts for the proportionally high cerebral blood
(reaching 20% of total cardiac output), which allows this mechanism to be effective [33-35].

Recent research applies different strategies for minimizing the toxic effects of glutamate in the
context of ischemic stroke and traumatic brain injury (TBI). This provides neuroprotection, including:
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inhibiting glutamate synthesis, blocking its release from presynaptic terminals, antagonizing its actions
on postsynaptic receptors, and accelerating its reuptake from the synaptic cleft. While animal models
of ischemia [36] have provided evidence supporting the role of NMDA receptor antagonists in
neuroprotection, clinical trials using NMDA receptor antagonists following stroke and TBI have failed
to provide significant neurological improvement. In some instances they have been shown to be
harmful, deteriorating neurological outcomes and increasing the mortality rate [36-39]. NMDA
receptor antagonists, which do not discriminate between the different actions of the receptor interfere
with both the negative and positive effects of this signaling [6,39]. Their effect extends beyond the
brain: They antagonize extra-cerebral glutamate transporters such as those in the pancreas [40—44] and
affect the metabolic regulation of glutamate.

Alternative treatment modalities that focus on elimination of the excess toxic glutamate, rather than
antagonizing the receptors have been developed. Teichberg et al., postulated that excess of glutamate
in the brain’s ECF may be safely and effectively removed into the plasma via the endothelial
transporter systems [45,46]. Under normal circumstances, plasma glutamate concentration is
5-100 uM/L [1], the whole blood concentration is 150-300 uM/L [47,48] while in the brain’s ECF it
is only 0.3-2 uM/L. Removal of excess glutamate from the brain to the blood involves overcoming
significant concentration gradients. Decreasing the plasma/blood glutamate concentration reduces this
unfavorable gradient, and facilitates efflux of glutamate from the brain into the blood, which is termed
“neuroprotection by blood glutamate scavenging”. Compounds capable of reducing blood glutamate
levels are designated “blood glutamate scavengers”. The activity of blood glutamate scavengers in
stimulating brain-to-blood glutamate efflux is self-limiting, since the process slows down and stops
when the excess glutamate levels have decreased to concentrations below the threshold of activation of
the brain vasculature glutamate transporters (i.e., below their Km values) which mediates the glutamate
efflux into the blood. Thus, blood glutamate scavengers should preserve the physiological effects of
glutamate in regulating the metabolic and electrolyte balance, maintaining neuronal function.
Supplementary Figure S1 graphically summarizes the homeostasis of glutamate in brain
extracellular fluids.

2. Relationship between Blood/Plasma and ECF Glutamate Levels

Berl et al., [30] were the first to show the existence of a brain-to-blood glutamate efflux following
intracisternal administration of [14C]-glutamate. Within 1 min, 25% of the injected [14C]-glutamate was
found in the plasma. This was later confirmed by Davson et al., [49] and by Al-Sarraf et al., [S0] who
demonstrated a concomitant decrease in CSF glutamate and rise in plasma, following ventriculo-cisternal
administration of radio-labeled glutamate. Gottlieb et al. reproduced this effect, showing an immediate
appearance in blood and enhanced disappearance from the CSF, following a decrease of blood
glutamate levels [31]. Other studies, demonstrated clearance of glutamate from brain parenchyma to
blood through the ISF-blood barrier as well [32]. This brain-to-blood glutamate efflux was shown to be
accelerated by expanding the glutamate concentration gradient between the cerebrospinal
fluid/capillary endothelial cell and the blood plasma. These results were later confirmed using
dual-probe brain microdialysis demonstrating accelerated elimination of excess glutamate from the
brain parenchyma following intravenous administration of blood glutamate scavengers, and
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decelerated elimination following intravenous administration of glutamate [46]. Using functional
magnetic resonance imaging (MRI) in a rat model of stroke, Campos and colleagues showed that
decreasing plasma glutamate levels with blood glutamate scavengers was associated with a significant
decrease of glutamate in the brain [51] correlated with neurological improvement. Abu Fanne and
colleagues reported that the reduction of glutamate concentration in plasma was associated with a
decrease of glutamate in CSF after middle cerebral artery occlusion (MCAO) in rats [52] and after TBI
in mice [53]. Clinical studies in healthy volunteers and neurosurgical patients showed a close
correlation between plasma glutamate concentrations and CSF concentrations [54,55]. Similar results
were seen in different neurodegenerative disorders including stroke, HIV dementia [18,56], and
migraine [17]. In human stroke, Castillo ef al., showed that lower plasma glutamate levels correlated with
lower concentrations of glutamate in patients’ cerebrospinal fluid (CSF) [12,57]. Some studies seem to
question this correlation [58]. These discrepancies may be at least partially resolved by the distinct
methodology used in the studies (functional MRI and collection of plasma samples within a one
week interval).

3. Effect of Blood Glutamate Levels on Neurological Outcome and Their Association with
Different Neurodegenerative Disorders

Extensive data reveals a relationship between blood glutamate levels and different
neurodegenerative conditions, possibly reflecting the role of blood glutamate as an etiological factor
rather than a result of disease.

3.1. TBI (Traumatic Brain Injury)

Blood glutamate levels have been shown to inversely correlate with neurological outcomes in rat
models of traumatic brain injuriy (TBI), while administration of scavengers-oxaloacetate, pyruvate,
GOT and GPT has been shown to significantly improve neurological outcomes [46,59-63].
Conversely, artificial elevation of blood glutamate concentration deteriorated neurological
outcome [59,61]. An ongoing brain-to-blood glutamate efflux in comatose TBI patients has been
indicated by an increase in arterio-venous jugular glutamate differentials [64].

3.2. Stroke

In rat models of permanent middle cerebral artery occlusion (MCAO), the neurological outcome
inversely correlated with blood [65] or plasma [51] glutamate levels. A three-fold increase of plasma
glutamate compared with baseline values has been shown to begin 4—-6 h after ischemic induction,
reaching peak values at 824 h and returning to pre-ischemic values by 48—72 h [66]. Human plasma
glutamate levels during the first 24 h of stroke were shown to correlate with the volume of ischemic
lesion on CT scans or MRI and neurological outcomes [12,57,67,68].

3.3. Chronic Renal Failure (CRF)

Plasma and whole blood glutamate levels have been shown to be significantly elevated in patients
with chronic renal failure (CRF) [69-71]. Insulin like growth factor binding protein (IGFBP) is
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elevated in patients with end stage renal failure, resulting in reduced bioactivity of insulin like growth
factor (IGF-1) [72]. IGF-1 has been shown to significantly decrease blood glutamate levels. This effect
is more pronounced in healthy patients compared with patients suffering from chronic renal failure
(CRF) [72]. Elevated levels of IGFBP promote elevation of plasma glutamate levels. CRF, which is
known to be associated with elevated levels of IGFBP, results in very high concentrations of glutamate
in both plasma and whole blood of the patients with CRF. In conditions involving wasting of muscle
mass, muscle glutamate has been shown to be the only amino acid to inversely correlate with RBC
glutamate. Blood glutamate remains elevated in patients with CRF and has been shown to decrease
following hemodialysis, correlating with a decrease in urea [73]. Thus, elevated glutamate levels found
in blood of patients with CRF and ARF may contribute to uremic encephalopathy [74,75].

3.4. Depression

Several studies associate major depression with elevated blood glutamate levels compared with
healthy controls [76-79]. Antidepressants promoted decrease of blood glutamate levels, though they did
not descend to normal values [77].

3.5. Dementia

Patients suffering from HIV dementia were shown to have elevated plasma glutamate levels, which
correlated with the clinical severity of dementia [18,56]. Antiviral treatment with azydodeoxythymidine
leads to a decrease of plasma glutamate levels compared with non-treated patients [80].

3.6. Schizophrenia

Data available is inconsistent. While some publications demonstrate similar plasma glutamate
levels in schizophrenics and controls, others report that plasma glutamate levels are significantly
higher in schizophrenic patients, particularly in those resistant to neuroleptics [81,82].

3.7. Epilepsy

In the single study performed, no difference in plasma glutamate levels was found between patients
and controls. However, responders to the antiepileptic drug Lamotrigine had significantly lower
plasma glutamate levels compared with non-responders [83].

3.8. Amyotrophic Lateral Sclerosis (ALS)

Some studies find significant elevation of plasma glutamate levels in patients with amyotrophic
lateral sclerosis (ALS), which correlated with the duration but not severity of the disease. Others
demonstrated this correlation only in spinal but not bulbar forms of ALS [16,84-86].

3.9. Other Disease States

Plasma glutamate has been shown to be elevated in patients with rheumatoid arthritis with
temporal-mandibular joint crepitus [87,88]. Levels of glutamate in plasma were significantly elevated
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in patients with motor neuron disease [89], in patients with alcoholic liver disease [90], and
Parkinson’s disease [86].

4. The Contribution of Blood Glutamate Reduction to Neuroprotection

Autoregulatory mechanisms stabilize plasma glutamate levels in different circumstances, maintaining
glutamate in a relatively narrow range. Several complex and poly-component mechanisms participate
in this process.

4.1. Oxaloacetate, Pyruvate, GOT and GPT

Liver delivered plasma resident enzymes glutamate-oxaloacetate transaminase (GOT) and
glutamate-pyruvate transaminase (GPT) in the presence of their co-substrates, oxaloacetate and
pyruvate, convert glutamate into 2-ketoglutarate, aspartate and alanine [31]. Gottlieb et al., showed in vivo
that 1 mM pyruvate injected intravenously was capable of decreasing blood glutamate levels by 30%.
In addition, 1 mM oxaloacetate injected intravenously decreased glutamate in blood by 40%, and the
combination of the two decreased glutamate as much as by 60% below baseline levels [31]. Subsequently,
blood glutamate rose with a decrease in CSF glutamate, reflecting the movement from CSF to blood.
This capacity was demonstrated in vitro as well, and has been repeated in various pathological states
such as TBI and stroke [51,52,59-61,65], and correlated closely with neurological outcome.
Interestingly, blood glutamate scavenging activity has been shown to be dose-related. When injected
intravenously as a continuous infusion of 30 min duration starting 60 min after TBI or stroke,
oxaloacetate had a maximal effect in 1 M solutions, with a gradually decreasing effect with lower
doses until the effect disappeared at a dose of 0.01 M [60]. Pyruvate showed a similar dose-response
pattern [61]. In a model of stroke, the neuroprotective effect was maximal at 0.25 M, decreasing
thereafter [65]. Previous studies have also suggested a N-shape dose-response curve for pyruvate,
where pyruvate loses its efficacy at doses higher than 250 mg/kg [91]. The discrepancy between
oxaloacetate and pyruvate leads to a conclusion that pyruvate-induced neuroprotection is at least
partially mediated via mechanisms not related to blood glutamate scavenging activity [51,61,65].
Oxaloacetate effectively improved short- and long-term neurological outcomes after moderate to
severe TBI, reduced the extent of brain edema and improved survival of neurons in different regions of
the hippocampus [59,60,92]. Pyruvate demonstrated similar results both in TBI and stroke, with
improved neurological outcomes, reduced mortality rate, decreased BBB permeability, smaller lesions
on brain histological examination, and increased neuronal survival [60,61,92].

The neuroprotective role of oxaloacetate and pyruvate may be related to several additional
mechanisms, including the activation of pyruvate dehydrogenase to restore cellular ATP levels. It acts
as a direct antioxidant, reacts with H,O, to form water and carbon dioxide, scavenges hydroxyl
radicals, has the ability to stimulate NADPH-dependent peroxide scavenging systems, inhibits
poly(ADP-ribose) polymerase activity, and has the capacity to serve as an alternative source of energy
thereby improving the brain’s energetic and redox status [93—96]. Several rather compelling arguments
support the contention that oxaloacetate and pyruvate exert their neuroprotective effects mainly via
blood glutamate scavenging.
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(a) Neurological recovery after TBI is not observed in rats treated with a combination of oxaloacetate
and glutamate or pyruvate and glutamate. This finding is in line with the view that the presence of
excess glutamate in blood prevents oxaloacetate or pyruvate to effectively exert its blood glutamate
scavenging action, which is necessary for a therapeutic enhanced efflux of excess glutamate from brain
into blood. If oxaloacetate and pyruvate were to exert their therapeutic effect in the brain itself, it is not
clear why this action would be prevented by intravenous excess of glutamate, since the entrance of
oxaloacetate or pyruvate first from the blood into the brain and then further into neurons takes place
via dicarboxylate transporters such as the NaDC-3 which are not inhibited by glutamate [97,98]. One
can further argue that the glutamate induced neutralization of the therapeutic effect of oxaloacetate or
pyruvate must be exerted within the blood and not within the brain since glutamate does not significantly
penetrate from blood into brain neither in normal physiological conditions [99] nor after the breakdown of
the blood brain barrier [100].

(b) The oxaloacetate- and pyruvate-induced neurological recovery after TBI takes place following
the administration of oxaloacetate or pyruvate within the time frame of elevated glutamate in the brain,
i.e., up to 2 h post TBI [101-106]. If the actions of oxaloacetate or pyruvate were unrelated to blood
glutamate scavenging but rather to an improvement of mitochondrial energetics, the observation that the
therapeutic effect of oxaloacetate and pyruvate is limited to two hours post TBI cannot be easily reconciled
with the observation that mitochondrial dysfunction is observed for several hours after TBI [107—109].

(c) Neurological recovery after TBI and stroke has been shown to be dependent on two related
determinants: oxaloacetate + GOT and pyruvate + GPT, while the actions of oxaloacetate and pyruvate
were found to be dose dependent. Neurological recovery of rats subjected to TBI and treated IV with
5 nmol/100 g pyruvate (i.e., at a dose which by itself has no detectable therapeutic effect and produces
no decrease of blood glutamate levels) is significantly increased by the of 60 pg GPT/100 g rat,
suggesting the involvement of blood GPT and of its blood glutamate scavenging activity in the
neurological recovery. The fact that GPT alone causes a decrease in blood glutamate levels and is
neuroprotective can be attributed to the fact that the endogenous blood pyruvate concentration is about
0.15 mM and close to the pyruvate/GPT Km value [61,65]. Studies with oxaloacetate reached similar
conclusions. Sub-therapeutic doses of oxaloacetate did not exert any scavenging or neuroprotective
activity, while the addition of 0.14 nmol recombinant GOT/100 g rat completely restored the glutamate
scavenging and neuroprotective activity of oxaloacetate [59]. The tight therapeutic synergism between
blood oxaloacetate and GOT as well as pyruvate and GPT is also difficult to reconcile with the
suggestion of an intraparenchymal site of action, as both oxaloacetate/GOT and pyruvate/GPT would
need to be translocated from blood into brain to exert their beneficial effects. The respective kinetics of
intraparenchymal entry of oxaloacetate (which is specifically transported via a dicarboxylate
transporter) and GOT (which cannot gain access into the brain via an intact BBB) are probably
incompatible with a synergy of action since the BBB opening that begins at the time of the trauma is
transient, and lasts no more than 30 min [110], while GOT is administered after 60—90 min post trauma.

(d) Administration of oxaloacetate in the presence of maleate, a GOT inhibitor, abolished the
oxaloacetate-induced improvement in the neurological severity score (NSS, a motor—behavioral score)
as well as the oxaloacetate-induced decrease of blood glutamate concentration. If the neuroprotective
effect of oxaloacetate would be related to any mechanism different from blood glutamate scavenging,
blockade of GOT with maleate could not prevent neuroprotection by oxaloacetate [60].
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In contrast to rat models of stroke and TBI, treatment of humans with oxaloacetate potentially has
serious limitations. The required dosage of oxaloacetate in humans, corresponding to that used in rats,
may be toxic. The average human has 5 liters of blood, and the 1 mL solution that is likely to be injected
into stroke patients should contain, as in rats, about 1 mmol of oxaloacetate. As this solution ought to
be at a neutral pH, about 2 mmol NaOH are added to neutralize the acidity of oxaloacetate. Thus, the
injected solution should be 10~ mmol. This would require 5 M/L of Oxaloacetate and 10 M/L NaCl,
which will obviously not be tolerated by the patient. Nevertheless, following the Michaelis-Menten
enzyme rate equation supplementing the solution with GOT may relieve the need for high oxaloacetate
concentrations [111].

Treatment with intravenous GOT is unlikely to carry unwanted pathological consequences. Plasma
glutamate fluctuates by 50% during the circadian cycle [112], most likely due to the accumulation of
glutamate in brain fluids during intense neuronal activity or the REM phases of sleep. GOT may transiently
increase several hundred-fold, such as in hepatitis, without any known sequel-transient or permanent.

GOT and GPT concentrations in rodent plasma are significantly higher than in human plasma
(GOT 132 £36 IU/L vs. 24 £ 4 TU/L, GPT 59 + 12 TU/L vs. 27 + 9 IU/L) [47]. This striking difference
may partially explain the excellent blood glutamate scavenging capacity and be at least partially
responsible for the better and more complete neurological recovery after TBI and stroke in animal models.

4.2. Stress and Activation of > Adrenergic Receptors

In animal models, a spontaneous decrease of blood glutamate levels is noticed between 60 and 120 min
after infliction of TBI [59—63]. Thomassen ef al., reported a significant decrease in plasma glutamate in
the initial six hours of myocardial infarction in humans. This decrease was accompanied by a long lasting
elevation of alanine, the end product of glutamate biotransformation, reflecting accelerated breakdown
of glutamate [113]. This decrease is hypothesized to be part of a hypothalamo-pituitary-adrenal stress
response typically seen after TBI, stroke, SAH and myocardial infarction. Adrenaline and
noradrenaline blood levels increase following TBI; their circulatory levels can rise up to 500-fold and
100-fold, respectively [114], and remain elevated several days after injury [115]. Attempts were made
to establish the specific components of stress response responsible for glutamate-reducing effect and
neuroprotection. Pretreatment with propranolol (a non-selective B-antagonist) completely prevented
the stress-induced glutamate decrease and abolished the spontaneous partial neurological improvement
typically seen at 24-48 h after TBI [62,63]. Corticotrophin releasing factor (CRF) and adrenaline
significantly and consistently decreased blood glutamate levels in naive rats, while adrenocorticotrophic
hormone (ACTH) and noreadrenaline had no effect [62]. Antalarmine (a selective type-1 CRF receptor
antagonist) occluded the CRF-mediated decrease in blood glutamate levels. Treatment with
isoproterenol (a P;-selective adrenoreceptor agonist) produced a marked sustained decrease in blood
glutamate levels. These results suggest that stress induces a decrease of blood glutamate levels partly
via the activation of peripheral CRF receptors and the activation of the B-adrenoreceptors [62]. Using a
combination of different non-selective and selective f adrenergic agonists and antagonists we showed
that activation of 3, receptors plays an important role in the homeostasis of glutamate, decreasing its
levels in rat blood and promoting neuroprotection. Conversely, activation of ; adrenergic receptors
causes moderate elevation of glutamate in blood [47,62,63,116]. The precise mechanism by which
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B> receptors cause this effect remains unclear. At least two possible mechanisms may be involved.
First, redistribution of unchanged glutamate from the blood into peripheral tissues, such as skeletal
muscle, gut and liver may be enhanced. Those tissues have been shown to be responsible for
absorption of 90% of glutamate injected into the bloodstream within 10 min [117]. The second
mechanism may be due to activation of endogenous GOT and GPT as part of the stress response,
eventually leading to conversion of glutamate into 2-ketoglutarate, alanine and aspartate [118].

Stress after injury is known to activate an adaptive response, which allows the body to marshal its
forces to confront a threat and provide protection. Although a late surge of catecholamines may be
detrimental [119], the stress-related release of adrenaline may serve to reduce brain injury by limiting
the increase of glutamate in the brain’s fluids after head injury.

4.3. Insulin and Glucagon

The effect of insulin and glucagon on amino acid and glucose metabolism was studied extensively.
Aoki et al., showed on healthy volunteers that insulin increased uptake of glutamate into muscle [120].
The authors measured glutamate concentrations separately in plasma and whole blood and showed that
insulin had a very limited effect on glutamate concentration in plasma, but it significantly reduced
glutamate concentration in whole blood. This effect could be explained by a concomitant shift of glutamate
from red blood cells (RBC) as an attempt to maintain a stable concentration of glutamate in plasma
while a 9 k plasma-to-muscle glutamate shift takes place [120]. Leweling and colleagues found that
plasma glutamate levels are decreased in patients with hepatic failure and hyperammonemia, which is
known to be a potent activator of insulin secretion. The authors suggested that lower glutamate levels seen
in patients with hepatic failure were a sequence of hyperinsulinemia. Alanine (a metabolite of glutamate
breakdown) is also decreased in those patients, suggesting that glutamate is decreased as a result of its
shift into skeletal muscle or slower synthesis of glutamate [121]. IGF-1 has been shown to
significantly decrease blood glutamate levels.

Glucose, insulin and glucagon have all been shown to significantly reduce blood glutamate levels [116].
The glucose induced glutamate reducing effect is probably related to the stimulating effect of glucose
on insulin secretion [122]. In turn, elevated insulin promotes inflow of glutamate from plasma into
skeletal muscle [123]. In contrast, elevated glutamate probably initiates secretion of both insulin and
glucagon as part of a positive feedback mechanism, returning glutamate towards normal values.
Previous studies have shown that glutamate stimulates both glucagon [124,125] and insulin
release [123,126—128] by acting on a glutamate receptor of the AMPA subtype in the pancreas to lower
glutamate back to normal levels. It has been further described that glutamate exerts a much weaker
stimulation for the secretion of glucagon than it does for the secretion of insulin [124]. Despite having
similar glutamate-scavenging properties, insulin and glucagon exhibit different glutamate reducing
patterns. Administration of insulin led to an immediate and transient decrease in blood glutamate levels,
while glucagon led to a delayed but long-lasting decrease in blood glutamate levels. Abu Fanne et al.,
showed that both insulin and glucagon treatments effectively reduce plasma and CSF glutamate levels
in rats submitted to MCAO and in this way improved neurological outcome [52]. Glucagon induced
hyperglycemia did not exacerbate neurological outcome in this study, despite the controversial clinical
and experimental data suggesting that hyperglycemia is associated with a worse neurological outcome
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(although recent data does not support this notion) [129,130]. The same group observed a significant
neuroprotective effect in mice treated with glucagon prior to or after TBI [53]. This neurological
improvement correlated with lower plasma and CSF glutamate concentrations. The authors postulated
that the neuroprotective effects of both insulin and glucagon were due to their blood and ECF
glutamate scavenging effect.

4.4. Estrogen and Progesterone

There is substantial biologic evidence for the importance of the role of estrogen and progesterone in
the development, growth, differentiation, maturation, and function of various tissues throughout the
body, including the peripheral and central nervous systems [131]. These hormones have been found to
possess significant neuroprotective properties in various neurodegenerative conditions [132—-135]. Estrogen
treatment [133,136—-141] was found effective in decreasing neurological sequel following MCAO and
reduced the incidence of Alzheimer’s disease in postmenopausal women [133,142]. Progesterone has been
proposed to possess neuroprotective properties in both ischemic stroke [138] and TBI in rats [143-147].
Despite the prevailing evidence of estrogen and progesterone acting as a neuroprotective agent, the
mechanism by which estrogens exert their neuroprotective actions is unknown, with a plethora of cellular
and extracellular actions being suggested.

Estrogen and progesterone may at least partially, mediate their neuroprotective properties via a
glutamate-related mechanism. Several recent findings support this hypothesis. In human volunteers, of all
factors examined (age, time elapsed from the last meal or drink, gender, daily physical activity, recent
coffee consumption etc.) only female gender was associated with significantly lower blood glutamate
levels [47]. Stover and Kempski found that following isoflurane anesthesia in neurosurgical
procedures, glutamate concentrations were more prominently elevated in male patients than in females
[54]. Furthermore, it has been shown that female patients suffering from ALS [16,85] have
significantly lower plasma glutamate concentrations than males. Estrogen and progesterone have been
found to inversely correlate with plasma glutamate concentrations along the course of the female
menstrual cycle [48]. As the menstrual cycle begins, plasma estrogen and progesterone levels are very
low [148,149] with relatively elevated glutamate (above baseline), which still remains lower than in
males. Later during the cycle, blood glutamate decreases, coinciding with rising plasma estrogen and
progesterone levels. At the hormonal peak, blood glutamate levels drop to almost half the initial
values. In another study, pregnancy related elevation of female hormones led to blood glutamate levels
during the 2nd and 3rd trimesters that were significantly lower than in the 1st trimester [48]. A recent
study in a rat model of TBI demonstrated the effect of estrogen treatment and pretreatment on
glutamate levels and outcomes in male rats injected with estrogens, which lead to significant and
sustained decrease of blood glutamate levels in all the groups, correlating with improved neurological
outcomes [150].

4.5. Extracorporeal Methods of Glutamate Elimination

Extracorporeal methods of glutamate elimination (hemodialysis, hemofiltration and peritoneal dialysis)
have several important advantages. First and foremost, these methods definitively eliminate, rather than
redistribute or reversibly converse, excess glutamate from different compartments. Second, considering
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that the majority of pharmacological options listed above cannot be used for treatment in humans,
since those options have not yet undergone the required safety trials, extracorporeal methods that have been
widely used in many conditions in ICU patients may therefore be applied for this indication. Extracorporeal
removing systems, such as hemodialysis effectively remove many amino acids including glutamate,
improving the amino acid profile towards the norm [69—71,151]. Similar extracorporeal removing
systems may be usefully applied precisely for elimination of glutamate excess in different
neurodegenerative conditions and to provide neuroprotection. Unfortunately, hemodialysis may have
several limitations: Firstly, a significant proportion of the patients who are admitted suffer from
hemodynamic instability, particularly hypovolemia, or are in shock. Secondly, anticoagulation, which may
be detrimental for patients suffering from multiple trauma or isolated head injury because of the risk of
bleeding, is preferred for hemodialysis procedures in order to prevent clot formation in the set’s tubing.
Continuous hemofiltration may circumvent some of these limitations.

4.6. Hypothermia

Hypothermia is a controversial treatment modality in different neurological disorders including
TBI, stroke and global ischemia [152—-160], which may or may not be associated with improved
neurological outcomes. Several mechanisms may be involved in hypothermia induced neuroprotection
including: decreased cerebral metabolic rate, decreased cerebral blood flow and lower intracranial
pressure, limited free oxygen radical formation, and decreased glutamate release in brain [161].
Recently we examined the effect of moderate hypothermia (30°-32° Celsius) on blood glutamate
levels in naive rats. This led to a 40% reduction of glutamate, and lasted up to 9 h. This process was
accompanied by elevation of plasma GOT and GPT levels which may contribute to the decrease of
blood glutamate levels via facilitated conversion of glutamate into 2-ketoglutarate by those enzymes.
Previous cold exposure was shown to lead to multifold elevation of plasma GOT and GPT activity in
rats [118]. Overall, a plethora of methods utilizing different mechanisms have been shown to decrease
blood and ECF glutamate concentrations in experimental settings. Thus, decreased blood glutamate
concentration may be associated with improved neurological outcomes irrespective of the precise
process, which was involved in reducing glutamate concentration. Although some may be promising as
treatment modalities, human clinical trials yet need to be performed in order to establish glutamate
scavenging as an acceptable treatment.

5. Factors Elevating Blood Glutamate Levels

Elevated blood glutamate levels may interfere with normal brain-to-blood glutamate efflux and may
therefore worsen neurological outcome under different neurological conditions [59-61,162]. Thus,
factors elevating blood glutamate levels should be avoided in situations where glutamate has been
shown to exhibit its neurotoxic properties. Meals rich in monosodium glutamate have been shown to
elevate circulating blood and muscle glutamate levels in both humans and animals [128,163]. Interestingly,
ingested glutamate increases plasma but not RBC concentration, since glutamate is not transferred into
RBC, but is rather formed in the RBC from glutamine by glutaminase [112]. Ordinary meals, not enriched
with monosodium glutamate, do not significantly influence blood or plasma glutamate levels due to a
very fast first pass metabolism in gut and liver [128]. An elevated aspartate concentration in this study
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reflected enhanced breakdown of glutamate. Physical exercise may be a powerful stimulus to elevate
glutamate concentration in the blood in both animals [164] and humans. Studies in athletes and laymen
submitted to extreme physical exercise found a pattern of initial elevation of glutamate and alanine,
followed by a decrease in blood levels throughout the recovery process [165-168]. Glutamate
concentration in skeletal muscle has been shown to be 100 times higher than in plasma [72]. This may
be of importance in clinical scenarios such as in cases of multi-trauma, crush injuries, compartment
syndrome, severe hyperthermia, heat stroke and rhabdomyolisis where extensive muscle damage may
accompany brain injury.

Severe hyperthermia was associated with a multifold elevation of blood glutamate in rats submitted
to severe hyperthermia by external heating. We postulated that this elevation was a heat-mediated
sequence of muscle injury [169]. This idea was supported by a significant elevation of markers of muscular
damage, myoglobin and CPK. In the circumstance of uncontrolled massive shifting of glutamate from
damaged muscle, blood glutamate scavengers, oxaloacetate and pyruvate were ineffective in decreasing
blood glutamate levels. It cannot be ruled out that a worse neurological outcome associated with
hyperthermia after brain insults may be at least partially determined by elevation of glutamate [169].
Long lasting immobilization stress in rats has been shown to elevate their plasma glutamate levels [170].

Several hormones have been associated with elevation of plasma glutamate levels. Both
hydrocortisone [62,171] and thyroid [62,171] hormones were shown to elevate plasma glutamate
concentration in rats. In humans, hyperthyroidism also raises blood glutamate levels, but
hypothyroidism has no blood glutamate reducing effect [171]. In patients with growth hormone
deficiency, blood glutamate levels were increased [172].

6. Neuroprotective Role of the Placenta

Birth asphyxia is a leading cause of neurological pathology and death in newborns [173]. Elevated
glutamate concentrations in the fetal brain’s extracellular fluids (ECF) are associated with a worse
neurological outcome after fetal asphyxia [173—175]. The placenta has an abundance of glutamate
transporters and is capable of removing an excess of glutamate by active transport from the fetal to
maternal blood [176,177]. Amino acid concentrations in the fetus are higher compared with maternal
concentrations [177,178]. Glycine is transported from the mother into the fetal circulation by active
transport and is converted to glutamate predominantly in the fetal liver. When excess glutamate is present
in the fetal circulation, the glutamate is transported to the placenta, which is responsible for the
metabolism of as much as 80 percent of fetal glutamate [176,177], thus preventing glutamate-induced
neurotoxicity. The glutamate transporters EAAT1, EAAT 2, and EAAT 3 located in the placenta, are key
components of the glutamate-glutamine cycle responsible for glutamate transport across cell
membranes [176]. Considering that the placenta has a well-developed system of transporters for
glutamate elimination, it seems plausible that one may create a favorable chain of glutamate
concentration gradients that would ultimately lead to the elimination of excess glutamate from the fetal
brain. This chain would start with the reduction of glutamate concentrations in the maternal blood
compartment, thereby creating a favorable glutamate gradient between the maternal and fetal blood. This
would lead to a placenta-mediated efflux of glutamate from the fetal to maternal blood. Decreases in
fetal blood glutamate concentrations should then facilitate the efflux of excess of glutamate from the
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fetal brain’s ECF compartment, thereby preventing its neurotoxic effects. Such an approach may offer
new therapeutic insights into fetal blood glutamate reduction in utero by way of reducing maternal
glutamate levels.

7. Conclusion

Elevated brain interstitial glutamate is associated with a wide variety of brain insults, while the
reduction of excess glutamate has been shown to minimize secondary injury and improve neurological
outcomes. Eliminating excess glutamate from the brain by increasing its removal into the blood has
been a target of numerous recent studies. Scavenging glutamate from the blood, irrespective of the means,
increases the blood-to-brain glutamate gradient, thus enhancing its removal from brain to blood.
Experimental models have shown that utilizing this pathway is beneficial and improves neurological
outcomes. Further studies investigating these pathways are needed in order to clarify the specific
mechanisms involved and to pave the way towards human clinical studies and, further on, to practical
use in treatment.

References

1.  Hawkins, R.A. The blood-brain barrier and glutamate. Am. J. Clin. Nutr. 2009, 90, 867S—874S.

2. Nakanishi, S. Molecular diversity of glutamate receptors and implications for brain function.
Science 1992, 258, 597-603.

3. Matsui, K.; Jahr, C.E.; Rubio, M.E. High-concentration rapid transients of glutamate mediate
neural-glial communication via ectopic release. J. Neurosci. 2005, 25, 7538-7547.

4.  Filosa, A.; Paixao, S.; Honsek, S.D.; Carmona, M.A.; Becker, L.; Feddersen, B.; Gaitanos, L.;
Rudhard, Y.; Schoepfer, R.; Klopstock, T.; et al. Neuron-glia communication via EphA4/ephrin-A3
modulates LTP through glial glutamate transport. Nat. Neurosci. 2009, 12, 1285-1292.

5. Hedberg, T.G.; Stanton, P.K. Long-term plasticity in cingulate cortex requires both NMDA and
metabotropic glutamate receptor activation. Eur. J. Pharmacol. 1996, 310, 19-27.

6. Hardingham, G.E.; Bading, H. The Yin and Yang of NMDA receptor signalling. Trends
Neurosci. 2003, 26, 81-89.

7. Richards, D.A.; Tolias, C.M.; Sgouros, S.; Bowery, N.G. Extracellular glutamine to glutamate
ratio may predict outcome in the injured brain: A clinical microdialysis study in children.
Pharmacol. Res. 2003, 48, 101-109.

8. Hawkins, R.A.; Mokashi, A.; Dejoseph, M.R.; Vina, J.R.; Fernstrom, J.D. Glutamate
permeability at the blood-brain barrier in insulinopenic and insulin-resistant rats. Metabolism
2010, 59, 258-266.

9. Rossi, D.J.; Oshima, T.; Attwell, D. Glutamate release in severe brain ischaemia is mainly by
reversed uptake. Nature 2000, 403, 316-321.

10. Jensen, A.M.; Chiu, S.Y. Differential intracellular calcium responses to glutamate in type 1 and
type 2 cultured brain astrocytes. J. Neurosci. 1991, 11, 1674—1684.

11. Kato, B.M.; Lachica, E.A.; Rubel, E.W. Glutamate modulates intracellular Ca>" stores in brain
stem auditory neurons. J. Neurophysiol. 1996, 76, 646—650.



Int. J. Mol. Sci. 2012, 13 10055

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

Castillo, J.; Davalos, A.; Naveiro, J.; Noya, M. Neuroexcitatory amino acids and their relation to
infarct size and neurological deficit in ischemic stroke. Stroke 1996, 27, 1060—1065.

Zauner, A.; Bullock, R.; Kuta, A.J.; Woodward, J.; Young, H.F. Glutamate release and cerebral
blood flow after severe human head injury. Acta Neurochir. Suppl. 1996, 67, 40—44.

Castillo, J.; Davalos, A.; Alvarez-Sabin, J.; Pumar, J.M.; Leira, R.; Silva, Y.; Montaner, J.; Kase, C.S.
Molecular signatures of brain injury after intracerebral hemorrhage. Neurology 2002, 58,
624-629.

Johnston, M.V.; Trescher, W.H.; Ishida, A.; Nakajima, W. Neurobiology of hypoxic-ischemic
injury in the developing brain. Pediatr. Res. 2001, 49, 735-741.

Andreadou, E.; Kapaki, E.; Kokotis, P.; Paraskevas, G.P.; Katsaros, N.; Libitaki, G.;
Petropoulou, O.; Zis, V.; Sfagos, C.; Vassilopoulos, D. Plasma glutamate and glycine levels in
patients with amyotrophic lateral sclerosis. In Vivo 2008, 22, 137—-141.

Bunting, H.; Still, R.; Williams, D.R.; Gravenor, M.; Austin, M.W. Evaluation of plasma
glutamate levels in normal tension glaucoma. Ophthalmic Res. 2010, 43, 197-200.

Espey, M.G.; Basile, A.S.; Heaton, R.K.; Ellis, R.J. Increased glutamate in CSF and plasma of
patients with HIV dementia. Neurology 2002, 58, 1439—-1440.

Takano, T.; Lin, J.H.; Arcuino, G.; Gao, Q.; Yang, J.; Nedergaard, M. Glutamate release
promotes growth of malignant gliomas. Nat. Med. 2001, 7, 1010-1015.

Hassel, B.; Bachelard, H.; Jones, P.; Fonnum, F.; Sonnewald, U. Trafficking of amino acids
between neurons and glia in vivo. Effects of inhibition of glial metabolism by fluoroacetate.
J. Cereb. Blood Flow Metab. 1997, 17, 1230-1238.

Hertz, L.; Dringen, R.; Schousboe, A.; Robinson, S.R. Astrocytes: Glutamate producers for
neurons. J. Neurosci. Res. 1999, 57, 417—428.

Hutchison, H.T.; Eisenberg, H.M.; Haber, B. High-affinity transport of glutamate in rat brain
microvessels. Exp. Neurol. 1985, 87, 260—2609.

Lee, W.J.; Hawkins, R.A.; Vina, J.R.; Peterson, D.R. Glutamine transport by the blood-brain
barrier: A possible mechanism for nitrogen removal. Am. J. Physiol. 1998, 274, C1101-C1107.
O’Kane, R.L.; Martinez-Lopez, 1.; DeJoseph, M.R.; Vina, J.R.; Hawkins, R.A. Na+—dependent
glutamate transporters (EAATI1, EAAT2, and EAAT3) of the blood-brain barrier. A mechanism
for glutamate removal. J. Biol. Chem. 1999, 274, 31891-31895.

Cohen-Kashi-Malina, K.; Cooper, I.; Teichberg, V.I. Mechanisms of glutamate efflux at the
blood-brain barrier: Involvement of glial cells. J. Cereb. Blood Flow Metab. 2012, 32, 177-189.
Al-sarraf, H.; Preston, J.E.; Segal, M.B. Changes in the kinetics of the acidic amino acid brain
and CSF uptake during development in the rat. Brain Res. Dev. Brain Res. 1997, 102, 127-134.
Al-Sarraf, H.; Preston, J.E.; Segal, M.B. Acidic amino acid accumulation by rat choroid plexus
during development. Brain Res. Dev. Brain Res. 1997, 102, 47-52.

Helms, H.C.; Madelung, R.; Waagepetersen, H.S.; Nielsen, C.U.; Brodin, B. In vitro evidence for
the brain glutamate efflux hypothesis: Brain endothelial cells cocultured with astrocytes display a
polarized brain-to-blood transport of glutamate. Glia 2012, 60, 882—-893.

Danbolt, N.C. Glutamate uptake. Prog. Neurobiol. 2001, 65, 1-105.

Berl, S.; Lajtha, A.; Waelsch, H. Amino acid and protein metabolism of the brain. VI. Cerebral
compartments of glutamic acid metabolism. J. Neurochem. 1961, 7, 186—197.



Int. J. Mol. Sci. 2012, 13 10056

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Gottlieb, M.; Wang, Y.; Teichberg, V.I. Blood-mediated scavenging of cerebrospinal fluid
glutamate. J. Neurochem. 2003, 87, 119-126.

Hosoya, K.; Sugawara, M.; Asaba, H.; Terasaki, T. Blood-brain barrier produces significant
efflux of L-aspartic acid but not D-aspartic acid: /n vivo evidence using the brain efflux index
method. J. Neurochem. 1999, 73, 1206-1211.

Bickel, U.; Yoshikawa, T.; Pardridge, W.M. Delivery of peptides and proteins through the
blood-brain barrier. Adv. Drug Deliv. Rev. 2001, 46, 247-279.

Pawlik, G.; Rackl, A.; Bing, R.J. Quantitative capillary topography and blood flow in the
cerebral cortex of cats: An in vivo microscopic study. Brain Res. 1981, 208, 35-58.

Schlageter, K.E.; Molnar, P.; Lapin, G.D.; Groothuis, D.R. Microvessel organization and
structure in experimental brain tumors: Microvessel populations with distinctive structural and
functional properties. Microvasc. Res. 1999, 58, 312-328.

Buchan, A.M.; Lesiuk, H.; Barnes, K.A.; Li, H.; Huang, Z.G.; Smith, K.E.; Xue, D. AMPA
antagonists: Do they hold more promise for clinical stroke trials than NMDA antagonists? Stroke
1993, 24, 1148—1152.

Morris, G.F.; Juul, N.; Marshall, S.B.; Benedict, B.; Marshall, L.F. Neurological deterioration as
a potential alternative endpoint in human clinical trials of experimental pharmacological agents
for treatment of severe traumatic brain injuries. Executive Committee of the International
Selfotel Trial. Neurosurgery 1998, 43, 1369—1372.

Muir, K.W. Glutamate-based therapeutic approaches: Clinical trials with NMDA antagonists.
Curr. Opin. Pharmacol. 2006, 6, 53—60.

Ikonomidou, C.; Turski, L. Why did NMDA receptor antagonists fail clinical trials for stroke and
traumatic brain injury? Lancet Neurol. 2002, 1, 383—-386.

Bertrand, G.; Gross, R.; Puech, R.; Loubatieres-Mariani, M.M.; Bockaert, J. Evidence for a
glutamate receptor of the AMPA subtype which mediates insulin release from rat perfused
pancreas. Br. J. Pharmacol. 1992, 106, 354-359.

Gonoi, T.; Mizuno, N.; Inagaki, N.; Kuromi, H.; Seino, Y.; Miyazaki, J.; Seino, S. Functional
neuronal ionotropic glutamate receptors are expressed in the non-neuronal cell line MING6.
J. Biol. Chem. 1994, 269, 16989-16992.

Molnar, E.; Varadi, A.; Mcllhinney, R.A.; Ashcroft, S.J. Identification of functional ionotropic
glutamate receptor proteins in pancreatic beta-cells and in islets of Langerhans. FEBS Lett. 1995,
371,253-257.

Inagaki, N.; Kuromi, H.; Gonoi, T.; Okamoto, Y.; Ishida, H.; Seino, Y.; Kaneko, T.; Iwanaga, T.;
Seino, S. Expression and role of ionotropic glutamate receptors in pancreatic islet cells.
FASEB J. 1995, 9, 686—691.

Weaver, C.D.; Yao, T.L.; Powers, A.C.; Verdoorn, T.A. Differential expression of glutamate
receptor subtypes in rat pancreatic islets. J. Biol. Chem. 1996, 271, 12977-12984.

Teichberg, V.I. From the liver to the brain across the blood-brain barrier. Proc. Natl. Acad. Sci.
US4 2007, 104, 7315-7316.

Teichberg, V.I.; Cohen-Kashi-Malina, K.; Cooper, I.; Zlotnik, A. Homeostasis of glutamate in
brain fluids: An accelerated brain-to-blood efflux of excess glutamate is produced by blood



Int. J. Mol. Sci. 2012, 13 10057

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

38.

59.

60.

glutamate scavenging and offers protection from neuropathologies. Neuroscience 2009, 158,
301-308.

Zlotnik, A.; Ohayon, S.; Gruenbaum, B.F.; Gruenbaum, S.E.; Mohar, B.; Boyko, M.; Klin, Y.;
Sheiner, E.; Shaked, G.; Shapira, Y.; et al. Determination of factors affecting glutamate
concentrations in the whole blood of healthy human volunteers. J. Neurosurg. Anesthesiol. 2011,
23,45-49.

Zlotnik, A.; Gruenbaum, B.F.; Mohar, B.; Kuts, R.; Gruenbaum, S.E.; Ohayon, S.; Boyko, M.;
Klin, Y.; Sheiner, E.; Shaked, G.; et al. The effects of estrogen and progesterone on blood
glutamate levels: Evidence from changes of blood glutamate levels during the menstrual cycle in
women. Biol. Reprod. 2011, 84, 581-586.

Davson, H.; Hollingsworth, J.G.; Carey, M.B.; Fenstermacher, J.D. Ventriculo-cisternal
perfusion of twelve amino acids in the rabbit. J. Neurobiol. 1982, 13, 293-318.

Al-Sarraf, H.; Preston, J.E.; Segal, M.B. Acidic amino acid clearance from CSF in the neonatal
versus adult rat using ventriculo-cisternal perfusion. J. Neurochem. 2000, 74, 770-776.

Campos, F.; Sobrino, T.; Ramos-Cabrer, P.; Argibay, B.; Agulla, J.; Perez-Mato, M.;
Rodriguez-Gonzalez, R.; Brea, D.; Castillo, J. Neuroprotection by glutamate oxaloacetate
transaminase in ischemic stroke: An experimental study. J. Cereb. Blood Flow Metab. 2011, 31,
1378-1386.

Fanne, R.A.; Nassar, T.; Heyman, S.N.; Hijazi, N.; Higazi, A.A. Insulin and glucagon share the
same mechanism of neuroprotection in diabetic rats: Role of glutamate. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 2011, 301, R668—R673.

Fanne, R.A.; Nassar, T.; Mazuz, A.; Waked, O.; Heyman, S.N.; Hijazi, N.; Goelman, G.;
Higazi, A.A. Neuroprotection by glucagon: Role of gluconeogenesis. J. Neurosurg. 2010, 114,
85-91.

Stover, J.F.; Kempski, O.S. Anesthesia increases circulating glutamate in neurosurgical patients.
Acta Neurochir. (Wien.) 2005, 147, 847-853.

Alfredsson, G.; Wiesel, F.A.; Tylec, A. Relationships between glutamate and monoamine
metabolites in cerebrospinal fluid and serum in healthy volunteers. Biol. Psychiatry 1988, 23,
689-697.

Ferrarese, C.; Aliprandi, A.; Tremolizzo, L.; Stanzani, L.; de Micheli, A.; Dolara, A.; Frattola, L.
Increased glutamate in CSF and plasma of patients with HIV dementia. Neurology 2001, 57,
671-675.

Castillo, J.; Davalos, A.; Noya, M. Progression of ischaemic stroke and excitotoxic aminoacids.
The Lancet 1997, 349, 79-83.

Shulman, Y.; Grant, S.; Seres, P.; Hanstock, C.; Baker, G.; Tibbo, P. The relation between
peripheral and central glutamate and glutamine in healthy male volunteers. J. Psychiatry
Neurosci. 2006, 31, 406-410.

Zlotnik, A.; Gurevich, B.; Tkachov, S.; Maoz, I.; Shapira, Y.; Teichberg, V.I. Brain
neuroprotection by scavenging blood glutamate. Exp. Neurol. 2007, 203, 213-220.

Zlotnik, A.; Gruenbaum, S.E.; Artru, A.A.; Rozet, 1.; Dubilet, M.; Tkachov, S.; Brotfain, E.;
Klin, Y.; Shapira, Y.; Teichberg, V.I. The neuroprotective effects of oxaloacetate in closed head



Int. J. Mol. Sci. 2012, 13 10058

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

injury in rats is mediated by its blood glutamate scavenging activity: Evidence from the use of
maleate. J. Neurosurg. Anesthesiol. 2009, 21, 235-241.

Zlotnik, A.; Gurevich, B.; Cherniavsky, E.; Tkachov, S.; Matuzani-Ruban, A.; Leon, A,
Shapira, Y.; Teichberg, V.I. The contribution of the blood glutamate scavenging activity of
pyruvate to its neuroprotective properties in a rat model of closed head injury. Neurochem. Res.
2008, 33, 1044-1050.

Zlotnik, A.; Klin, Y.; Kotz, R.; Dubilet, M.; Boyko, M.; Ohayon, S.; Shapira, Y.; Teichberg, V.I.
Regulation of blood L-glutamate levels by stress as a possible brain defense mechanism.
Exp. Neurol. 2010, 224, 465-471.

Zlotnik, A.; Klin, Y.; Gruenbaum, B.F.; Gruenbaum, S.E.; Ohayon, S.; Boyko, M.; Sheiner, E.;
Aricha-Tamir, B.; Shapira, Y.; Teichberg, V.I. The activation of beta2-adrenergic receptors in
naive rats causes a reduction of blood glutamate levels: Relevance to stress and neuroprotection.
Neurochem. Res. 2011, 36, 732-738.

Vuille-Dit-Bille, R.N.; Ha-Huy, R.; Tanner, M.; Stover, J.F. Changes in calculated arterio-jugular
venous glutamate difference and SjvO, in patients with severe traumatic brain injury.
Minerva Anestesiol. 2011, 77, 870-876.

Boyko, M.; Zlotnik, A.; Gruenbaum, B.F.; Gruenbaum, S.E.; Ohayon, S.; Kuts, R.; Melamed, 1.;
Regev, A.; Shapira, Y.; Teichberg, V.I. Pyruvate’s blood glutamate scavenging activity
contributes to the spectrum of its neuroprotective mechanisms in a rat model of stroke. Eur. J.
Neurosci. 2011, 34, 1432—-1441.

Puig, N.; Davalos, A.; Adan, J.; Piulats, J.; Martinez, J.M.; Castillo, J. Serum amino acid levels
after permanent middle cerebral artery occlusion in the rat. Cerebrovasc. Dis. 2000, 10, 449-454.
Aliprandi, A.; Longoni, M.; Stanzani, L.; Tremolizzo, L.; Vaccaro, M.; Begni, B.; Galimberti, G.;
Garofolo, R.; Ferrarese, C. Increased plasma glutamate in stroke patients might be linked to
altered platelet release and uptake. J. Cereb. Blood Flow Metab. 2005, 25, 513-519.

Campos, F.; Sobrino, T.; Ramos-Cabrer, P.; Castellanos, M.; Blanco, M.; Rodriguez-Yanez, M.;
Serena, J.; Leira, R.; Castillo, J. High blood glutamate oxaloacetate transaminase levels are
associated with good functional outcome in acute ischemic stroke. J. Cereb. Blood Flow Metab.
2011, 31, 1387-1393.

Divino Filho, J.C.; Barany, P.; Stehle, P.; Furst, P.; Bergstrom, J. Free amino-acid levels
simultaneously collected in plasma, muscle, and erythrocytes of uraemic patients. Nephrol. Dial.
Transplant. 1997, 12, 2339-2348.

Ikizler, T.A.; Flakoll, P.J.; Parker, R.A.; Hakim, R.M. Amino acid and albumin losses during
hemodialysis. Kidney Int. 1994, 46, 830—837.

Choi, J.Y.; Yoon, Y.J.; Choi, H.J.; Park, S.H.; Kim, C.D.; Kim, I.S.; Kwon, T.H.; Do, J.Y.;
Kim, S.H.; Ryu, D.H.; et al. Dialysis modality-dependent changes in serum metabolites:
Accumulation of inosine and hypoxanthine in patients on haemodialysis. Nephrol. Dial.
Transplant. 2011, 26, 1304—1313.

Filho, J.C.; Hazel, S.J.; Anderstam, B.; Bergstrom, J.; Lewitt, M.; Hall, K. Effect of protein
intake on plasma and erythrocyte free amino acids and serum IGF-I and IGFBP-1 levels in rats.
Am. J. Physiol. 1999, 277, E693-E701.



Int. J. Mol. Sci. 2012, 13 10059

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

&3.

84.

85.

Rogachev, B.O.S.; Saad, A.; Vorobiovsky, V.; Gruenbaum, B.F.; Leibowitz, A.; Boyko, M.;
Shapira, Y.; Shnaider, A.; Zlotnik, M.; Azab, A.N.; et al. The effects of hemodialysis on blood
glutamate levels in chronic renal failure-implementation for neuroprotection. J. Crit. Care 2012,
in press.

Sumiyoshi, H.; Mantani, A.; Nishiyama, S.; Fujiwaki, S.; Ohta, S.; Masuda, Y.; Tomita, Y.;
Tarumoto, N.; Yamawaki, S. Yokukansan treatment in chronic renal failure patients with
dementia receiving hemodialysis: An open label study. Am. J. Geriatr. Psychiatry 2011, 19,
906-907.

Seifter, J.L.; Samuels, M.A. Uremic encephalopathy and other brain disorders associated with
renal failure. Semin. Neurol. 2011, 31, 139—-143.

Mitani, H.; Shirayama, Y.; Yamada, T.; Maeda, K.; Ashby, C.R., Jr.; Kawahara, R. Correlation
between plasma levels of glutamate, alanine and serine with severity of depression.
Prog. Neuropsychopharmacol. Biol. Psychiatry 2006, 30, 1155—-1158.

Kucukibrahimoglu, E.; Saygin, M.Z.; Caliskan, M.; Kaplan, O.K.; Unsal, C.; Goren, M.Z. The
change in plasma GABA, glutamine and glutamate levels in fluoxetine- or S-citalopram-treated
female patients with major depression. Eur. J. Clin. Pharmacol. 2009, 65, 571-577.

Mauri, M.C.; Ferrara, A.; Boscati, L.; Bravin, S.; Zamberlan, F.; Alecci, M.; Invernizzi, G.
Plasma and platelet amino acid concentrations in patients affected by major depression and under
fluvoxamine treatment. Neuropsychobiology 1998, 37, 124—129.

Altamura, C.; Maes, M.; Dai, J.; Meltzer, H.Y. Plasma concentrations of excitatory amino acids,
serine, glycine, taurine and histidine in major depression. Eur. Neuropsychopharmacol. 1995, 5
71-75.

Eck, H.P.; Mertens, T.; Rosokat, H.; Fatkenheuer, G.; Pohl, C.; Schrappe, M.; Daniel, V.;
Naher, H.; Petzoldt, D.; Drings, P.; et al. T4" cell numbers are correlated with plasma glutamate
and cystine levels: association of hyperglutamataemia with immunodeficiency in diseases with
different aetiologies. Int. Immunol. 1992, 4, 7-13.

Alfredsson, G.; Wiesel, F.A. Relationships between clinical effects and monoamine metabolites
and amino acids in sulpiride-treated schizophrenic patients. Psychopharmacology 1990, 101,
324-331.

Van der Heijden, F.M.; Tuinier, S.; Fekkes, D.; Sijben, A.E.; Kahn, R.S.; Verhoeven, W.M.
Atypical antipsychotics and the relevance of glutamate and serotonin. Eur. Neuropsychopharmacol.
2004, 14, 259-265.

Paraskevas, G.P.; Triantafyllou, N.I.; Kapaki, E.; Limpitaki, G.; Petropoulou, O.
Vassilopoulos, D. Add-on lamotrigine treatment and plasma glutamate levels in epilepsy:
Relation to treatment response. Epilepsy. Res. 2006, 70, 184—189.

Spreux-Varoquaux, O.; Bensimon, G.; Lacomblez, L.; Salachas, F.; Pradat, P.F.;
Le Forestier, N.; Marouan, A.; Dib, M.; Meininger, V. Glutamate levels in cerebrospinal fluid in
amyotrophic lateral sclerosis: A reappraisal using a new HPLC method with coulometric
detection in a large cohort of patients. J. Neurol. Sci. 2002, 193, 73-78.

Andreadou, E.; Kapaki, E.; Kokotis, P.; Paraskevas, G.P.; Katsaros, N.; Libitaki, G.; Zis, V.;
Sfagos, C.; Vassilopoulos, D. Plasma glutamate and glycine levels in patients with amyotrophic
lateral sclerosis: The effect of riluzole treatment. Clin. Neurol. Neurosurg. 2008, 110, 222-226.



Int. J. Mol. Sci. 2012, 13 10060

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Iwasaki, Y.; Ikeda, K.; Kinoshita, M. Plasma amino acid levels in patients with amyotrophic
lateral sclerosis. J. Neurol. Sci. 1992, 107, 219-222.

Hajati, A.K.; Alstergren, P.; Nasstrom, K.; Bratt, J.; Kopp, S. Endogenous glutamate in
association with inflammatory and hormonal factors modulates bone tissue resorption of the
temporomandibular joint in patients with early rheumatoid arthritis. J. Oral Maxillofac. Surg.
2009, 67, 1895-1903.

Hajati, A.K.; Nasstrom, K.; Alstergren, P.; Bratt, J.; Kopp, S. Temporomandibular joint bone
tissue resorption in patients with early rheumatoid arthritis can be predicted by joint crepitus and
plasma glutamate level. Mediators Inflamm. 2010, 2010, 627803.

Babu, G.N.; Bawari, M.; Mathur, V.N.; Kalita, J.; Misra, U.K. Blood glutamate levels in patients
with motor neuron disease. Clin. Chim. Acta 1998, 273, 195-200.

Tominaga, T.; Suzuki, H.; Mizuno, H.; Kouno, M.; Suzuki, M.; Kato, Y.; Sato, A.; Okabe, K.;
Miyashita, M. Clinical significance of measuring plasma concentrations of glutamine and
glutamate in alcoholic liver diseases. Alcohol Alcohol. Suppl. 1993, 14, 103—1009.

Yi, J.S.; Kim, T.Y.; Kyu Kim, D.; Koh, J.Y. Systemic pyruvate administration markedly reduces
infarcts and motor deficits in rat models of transient and permanent focal cerebral ischemia.
Neurobiol. Dis. 2007, 26, 94—104.

Zlotnik, A.; Sinelnikov, I.; Gruenbaum, B.F.; Gruenbaum, S.E.; Dubilet, M.; Dubilet, E.;
Leibowitz, A.; Ohayon, S.; Regev, A.; Boyko, M.; Shapira, Y.; Teichberg, V.I. Effect of
glutamate and blood glutamate scavengers oxaloacetate and pyruvate on neurological outcome
and pathohistology of the hippocampus after traumatic brain injury in rats. Anesthesiology 2012,
116, 73-83.

Desagher, S.; Glowinski, J.; Premont, J. Pyruvate protects neurons against hydrogen
peroxide-induced toxicity. J. Neurosci. 1997, 17, 9060-9067.

Crestanello, J.A.; Lingle, D.M.; Millili, J.; Whitman, G.J. Pyruvate improves myocardial
tolerance to reperfusion injury by acting as an antioxidant: A chemiluminescence study. Surgery
1998, 724, 92-99.

Varma, S.D.; Devamanoharan, P.S.; Ali, A.H. Prevention of intracellular oxidative stress to lens
by pyruvate and its ester. Free Radic. Res. 1998, 28, 131-135.

Mongan, P.D.; Capacchione, J.; Fontana, J.L.; West, S.; Bunger, R. Pyruvate improves cerebral
metabolism during hemorrhagic shock. Am. J. Physiol. Heart Circ. Physiol. 2001, 281, H854-H864.
Burckhardt, B.C.; Lorenz, J.; Kobbe, C.; Burckhardt, G. Substrate specificity of the human renal
sodium dicarboxylate cotransporter, hNaDC-3, under voltage-clamp conditions. Am. J. Physiol.
Renal Physiol. 2005, 288, F792—-F799.

Pajor, A.M.; Gangula, R.; Yao, X. Cloning and functional characterization of a high-affinity
Na'/dicarboxylate cotransporter from mouse brain. Am. J. Physiol. Cell Physiol. 2001, 280,
C1215-C1223.

Smith, Q.R. Transport of glutamate and other amino acids at the blood-brain barrier. J. Nutr.
2000, /30, 1016S-1022S.

Ronne Engstrom, E.; Hillered, L.; Enblad, P.; Karlsson, T. Cerebral interstitial levels of
glutamate and glutamine after intravenous administration of nutritional amino acids in
neurointensive care patients. Neurosci. Lett. 2005, 384, 7-10.



Int. J. Mol. Sci. 2012, 13 10061

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

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

Farooque, M.; Hillered, L.; Holtz, A.; Olsson, Y. Changes of extracellular levels of amino acids
after graded compression trauma to the spinal cord: An experimental study in the rat using
microdialysis. J. Neurotrauma 1996, 13, 537-548.

Guyot, L.L.; Diaz, F.G.; O’Regan, M.H.; McLeod, S.; Park, H.; Phillis, J.W. Real-time
measurement of glutamate release from the ischemic penumbra of the rat cerebral cortex using a
focal middle cerebral artery occlusion model. Neurosci. Lett. 2001, 299, 37-40.

Phillis, J.W.; Smith-Barbour, M.; O’Regan, M.H. Changes in extracellular amino acid
neurotransmitters and purines during and following ischemias of different durations in the rat
cerebral cortex. Neurochem. Int. 1996, 29, 115-120.

Rose, M.E.; Huerbin, M.B.; Melick, J.; Marion, D.W.; Palmer, A.M.; Schiding, J.K.;
Kochanek, P.M.; Graham, S.H. Regulation of interstitial excitatory amino acid concentrations
after cortical contusion injury. Brain Res. 2002, 943, 15-22.

Alves, O.L.; Bullock, R.; Clausen, T.; Reinert, M.; Reeves, T.M. Concurrent monitoring of
cerebral electrophysiology and metabolism after traumatic brain injury: An experimental and
clinical study. J. Neurotrauma 20085, 22, 733—749.

Singh, I.N.; Sullivan, P.G.; Deng, Y.; Mbye, L.H.; Hall, E.D. Time course of post-traumatic
mitochondrial oxidative damage and dysfunction in a mouse model of focal traumatic brain
injury: Implications for neuroprotective therapy. J. Cereb. Blood Flow Metab. 2006, 26,
1407-1418.

Takamatsu, H.; Kondo, K.; Ikeda, Y.; Umemura, K. Hydroxyl radical generation after the third
hour following ischemia contributes to brain damage. Eur. J. Pharmacol. 1998, 352, 165—169.
Xiong, Y.; Shie, F.S.; Zhang, J.; Lee, C.P.; Ho, Y.S. Prevention of mitochondrial dysfunction in
post-traumatic mouse brain by superoxide dismutase. J. Neurochem. 2005, 95, 732-744.

Barzo, P.; Marmarou, A.; Fatouros, P.; Corwin, F.; Dunbar, J. Magnetic resonance
imaging-monitored acute blood-brain barrier changes in experimental traumatic brain injury.
J. Neurosurg. 1996, 85, 1113—-1121.

Teichberg, V.I. GOT to rid the body of excess glutamate. J. Cereb. Blood Flow Metab. 2011, 31,
1376-1377.

Tsai, P.J.; Huang, P.C. Circadian variations in plasma and erythrocyte glutamate concentrations
in adult men consuming a diet with and without added monosodium glutamate. J. Nutr. 2000,
130, 1002S-1004S.

Thomassen, A.R.; Mortensen, P.T.; Nielsen, T.T.; Falstie-Jensen, N.; Thygesen, K.;
Henningsen, P. Altered plasma concentrations of glutamate, alanine and citrate in the early phase
of acute myocardial infarction in man. Eur. Heart J. 1986, 7, 773-778.

Rosner, M.J.; Newsome, H.H.; Becker, D.P. Mechanical brain injury: The sympathoadrenal
response. J. Neurosurg. 1984, 61, 76-86.

Clifton, G.L.; Ziegler, M.G.; Grossman, R.G. Circulating catecholamines and sympathetic
activity after head injury. Neurosurgery 1981, 8, 10-14.



Int. J. Mol. Sci. 2012, 13 10062

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Zlotnik, A.; Gruenbaum, B.F.; Klin, Y.; Gruenbaum, S.E.; Ohayon, S.; Sheiner, E.; Kuts, R.;
Boyko, M.; Bichovsky, Y.; Shapira, Y.; et al. The effects of insulin, glucagon, glutamate, and
glucose infusion on blood glutamate and plasma glucose levels in naive rats. J. Neurosurg.
Anesthesiol. 2011, 23, 323-328.

Klin, Y.; Zlotnik, A.; Boyko, M.; Ohayon, S.; Shapira, Y.; Teichberg, V.I. Distribution of
radiolabeled L-glutamate and D-aspartate from blood into peripheral tissues in naive rats:
Significance for brain neuroprotection. Biochem. Biophys. Res. Commun. 2010, 399, 694—698.
Arakawa, H.; Kodama, H.; Matsuoka, N.; Yamaguchi, I. Stress increases plasma enzyme activity
in rats: Differential effects of adrenergic and cholinergic blockades. J. Pharmacol. Exp. Ther.
1997, 280, 1296—-1303.

Woolf, P.D.; Hamill, RW.; Lee, L.A.; Cox, C.; McDonald, J.V. The predictive value of
catecholamines in assessing outcome in traumatic brain injury. J. Neurosurg. 1987, 66, 875-882.
Aoki, T.T.; Brennan, M.F.; Muller, W.A.; Moore, F.D.; Cahill, G.F., Jr. Effect of insulin on
muscle glutamate uptake. Whole blood versus plasma glutamate analysis. J. Clin. Invest. 1972,
51,2889-2894.

Leweling, H.; Breitkreutz, R.; Behne, F.; Staedt, U.; Striebel, J.P.; Holm, E.
Hyperammonemia-induced depletion of glutamate and branched-chain amino acids in muscle and
plasma. J. Hepatol. 1996, 25, 756-762.

Felig, P.; Wahren, J.; Sherwin, R.; Hendler, R. Insulin, glucagon, and somatostatin in normal
physiology and diabetes mellitus. Diabetes 1976, 25, 1091-1099.

Thomassen, A.; Nielsen, T.T.; Bagger, J.P.; Henningsen, P. Effects of intravenous glutamate on
substrate availability and utilization across the human heart and leg. Metabolism 1991, 40, 378-384.
Bertrand, G.; Gross, R.; Puech, R.; Loubatieres-Mariani, M.M.; Bockaert, J. Glutamate
stimulates glucagon secretion via an excitatory amino acid receptor of the AMPA subtype in rat
pancreas. Eur. J. Pharmacol. 1993, 237, 45-50.

Assan, R.; Attali, J.R.; Ballerio, G.; Boillot, J.; Girard, J.R. Glucagon secretion induced by
natural and artificial amino acids in the perfused rat pancreas. Diabetes 1977, 26, 300-307.
Floyd, J.C., Jr.; Fajans, S.S.; Conn, J.W.; Knopf, R.F.; Rull, J. Stimulation of insulin secretion by
amino acids. J. Clin. Invest. 1966, 45, 1487—1502.

Bertrand, G.; Puech, R.; Loubatieres-Mariani, M.M.; Bockaert, J. Glutamate stimulates insulin
secretion and improves glucose tolerance in rats. Am. J. Physiol. 1995, 269, ES51-E556.
Graham, T.E.; Sgro, V.; Friars, D.; Gibala, M.J. Glutamate ingestion: The plasma and muscle
free amino acid pools of resting humans. Am. J. Physiol. Endocrinol. Metab. 2000, 278,
E83-E&9.

Bomont, L.; MacKenzie, E.T. Neuroprotection after focal cerebral ischaemia in hyperglycaemic
and diabetic rats. Neurosci. Lett. 1995, 197, 53-56.

LeMay, D.R.; Gehua, L.; Zelenock, G.B.; D’Alecy, L.G. Insulin administration protects
neurologic function in cerebral ischemia in rats. Stroke 1988, 19, 1411-1419.

Behl, C.; Manthey, D. Neuroprotective activities of estrogen: An update. J. Neurocytol. 2000, 29,
351-358.



Int. J. Mol. Sci. 2012, 13 10063

132.

133.
134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Slooter, A.J.; Bronzova, J.; Witteman, J.C.; van Broeckhoven, C.; Hofman, A.; van Duijn, C.M.
Estrogen use and early onset Alzheimer’s disease: A population-based study. J. Neurol.
Neurosurg. Psychiatry 1999, 67, 779-781.

Behl, C. Oestrogen as a neuroprotective hormone. Neuroscience 2002, 3, 433—-442.

Tang, M.X.; Jacobs, D.; Stern, Y.; Marder, K.; Schofield, P.; Gurland, B.; Andrews, H.;
Mayeux, R. Effect of oestrogen during menopause on risk and age at onset of Alzheimer’s
disease. Lancet 1996, 348, 429-432.

Waring, S.C.; Rocca, W.A.; Petersen, R.C.; O’Brien, P.C.; Tangalos, E.G.; Kokmen, E.
Postmenopausal estrogen replacement therapy and risk of AD: A population-based study.
Neurology 1999, 52, 965-970.

Yang, S.H.; Shi, J.; Day, A.L.; Simpkins, J.W. Estradiol exerts neuroprotective effects when
administered after ischemic insult. Stroke 2000, 31, 745-749; discussion 749-750.

Green, P.S.; Simpkins, J.W. Neuroprotective effects of estrogens: Potential mechanisms of
action. Int. J. Dev. Neurosci. 2000, 18, 347-358.

Alkayed, N.J.; Murphy, S.J.; Traystman, R.J.; Hurn, P.D.; Miller, V.M. Neuroprotective effects
of female gonadal steroids in reproductively senescent female rats. Stroke 2000, 37, 161-168.
Wang, Q.; Santizo, R.; Baughman, V.L.; Pelligrino, D.A.; ladecola, C. Estrogen provides
neuroprotection in transient forebrain ischemia through perfusion-independent mechanisms in
rats. Stroke 1999, 30, 630—637.

Dubal, D.B.; Shughrue, P.J.; Wilson, M.E.; Merchenthaler, 1.; Wise, P.M. Estradiol modulates
bcl-2 in cerebral ischemia: A potential role for estrogen receptors. J. Neurosci. 1999, 19, 6385-6393.
Dubal, D.B.; Kashon, M.L.; Pettigrew, L.C.; Ren, J.M.; Finklestein, S.P.; Rau, S.W.; Wise, P.M.
Estradiol protects against ischemic injury. J. Cereb. Blood Flow Metab. 1998, 18, 1253—1258.
Rocca, W.A.; Bower, J.H.; Maraganore, D.M.; Ahlskog, J.E.; Grossardt, B.R.; de Andrade, M.;
Melton, L.J., II. Increased risk of cognitive impairment or dementia in women who underwent
oophorectomy before menopause. Neurology 2007, 69, 1074—-1083.

Wright, D.W.; Bauer, M.E.; Hoffman, S.W.; Stein, D.G. Serum progesterone levels correlate
with decreased cerebral edema after traumatic brain injury in male rats. J. Neurotrauma 2001,
18, 901-909.

Roof, R.L.; Duvdevani, R.; Heyburn, J.W.; Stein, D.G. Progesterone rapidly decreases brain
edema: Treatment delayed up to 24 hours is still effective. Exp. Neurol. 1996, 138, 246-251.
Stein, D.G. Progesterone exerts neuroprotective effects after brain injury. Brain Res. Rev. 2008,
57,386-397.

Roof, R.L.; Duvdevani, R.; Braswell, L.; Stein, D.G. Progesterone facilitates cognitive recovery
and reduces secondary neuronal loss caused by cortical contusion injury in male rats.
Exp. Neurol. 1994, 129, 64—69.

Roof, R.L.; Hall, E.D. Gender differences in acute CNS trauma and stroke: Neuroprotective
effects of estrogen and progesterone. J. Neurotrauma 2000, 17, 367-388.

Punnonen, R.; Nummi, S.; Ylikorkala, O.; Alapiessa, U.; Karvonen, P.; Vinikka, L. A composite
picture of the normal menstrual cycle. Acta Obstet. Gynecol. Scand. Suppl. 1976, 51, 63—70.



Int. J. Mol. Sci. 2012, 13 10064

149.

150.

I51.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Abraham, G.E.; Odell, W.D.; Swerdloff, R.S.; Hopper, K. Simultaneous radioimmunoassay of
plasma FSH, LH, progesterone, 17-hydroxyprogesterone, and estradiol-17 beta during the
menstrual cycle. J. Clin. Endocrinol. Metab. 1972, 34, 312-318.

Zlotnik, A.; Leibowitz, A.; Gurevich, B.; Ohayon, S.; Boyko, M.; Klein, M.; Knyazer, B.;
Shapira, Y.; Teichberg, V.I. Effect of estrogens on blood glutamate levels in relation to
neurological outcome after TBI in male rats. Intensive Care Med. 2012, 38, 137-144.

Koivusalo, A.M.; Teikari, T.; Hockerstedt, K.; Isoniemi, H. Albumin dialysis has a favorable
effect on amino acid profile in hepatic encephalopathy. Metab. Brain Dis. 2008, 23, 387-398.
Hachimi-Idrissi, S.; Corne, L.; Huyghens, L. The effect of mild hypothermia and induced
hypertension on long term survival rate and neurological outcome after asphyxial cardiac arrest
in rats. Resuscitation 2001, 49, 73-82.

Kollmar, R.; Schwab, S. Therapeutic hypothermia in neurological critical care. Dtsch Med.
Wochenschr 2010, 135, 2361-2365.

Maekawa, T.; Tateishi, A.; Sadamitsu, D.; Kuroda, Y.; Soejima, Y.; Kashiwagi, S.; Yamashita, T.;
Ito, H. Clinical application of mild hypothermia in neurological disorders. Minerva Anestesiol.
1994, 60, 537-540.

Maier, C.M.; Sun, G.H.; Kunis, D.; Yenari, M.A.; Steinberg, G.K. Delayed induction and long-term
effects of mild hypothermia in a focal model of transient cerebral ischemia: Neurological
outcome and infarct size. J. Neurosurg. 2001, 94, 90-96.

Moore, E.M.; Nichol, A.D.; Bernard, S.A.; Bellomo, R. Therapeutic hypothermia: Benefits,
mechanisms and potential clinical applications in neurological, cardiac and kidney injury. Injury
2011, 42, 843-854.

Polderman, K.H. Induced hypothermia and fever control for prevention and treatment of
neurological injuries. Lancet 2008, 371, 1955-1969.

Rees, K.; Beranek-Stanley, M.; Burke, M.; Ebrahim, S. Hypothermia to reduce neurological
damage following coronary artery bypass surgery. Cochrane Database Syst. Rev. 2001, CD002138.
Wennervirta, J.E.; Ermes, M.J.; Tiainen, S.M.; Salmi, T.K.; Hynninen, M.S.; Sarkela, M.O.;
Hynynen, M.J.; Stenman, U.H.; Viertio-Oja, H.E.; Saastamoinen, K.P.; et al
Hypothermia-treated cardiac arrest patients with good neurological outcome differ early in
quantitative variables of EEG suppression and epileptiform activity. Crit. Care Med. 2009, 37,
2427-2435.

Zeiner, A.; Holzer, M.; Sterz, F.; Behringer, W.; Schorkhuber, W.; Mullner, M.; Frass, M.;
Siostrzonek, P.; Ratheiser, K.; Kaff, A.; et al. Mild resuscitative hypothermia to improve
neurological outcome after cardiac arrest. A clinical feasibility trial. Hypothermia After Cardiac
Arrest (HACA) Study Group. Stroke 2000, 31, 86-94.

Zornow, M.H. Inhibition of glutamate release: A possible mechanism of hypothermic
neuroprotection. J. Neurosurg. Anesthesiol. 1995, 7, 148—151.

Stover, J.F.; Kroppenstedt, S.N.; Thomale, U.W.; Kempski, O.S.; Unterberg, A.W. Isoflurane
doubles plasma glutamate and increases posttraumatic brain edema. Acta Neurochir. Suppl.
2000, 76, 375-378.



Int. J. Mol. Sci. 2012, 13 10065

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Rutten, E.P.; Engelen, M.P.; Wouters, E.F.; Deutz, N.E.; Schols, A.M. Effect of glutamate
ingestion on whole-body glutamate turnover in healthy elderly and patients with chronic
obstructive pulmonary disease. Nutrition 2006, 22, 496-503.

Hackl, S.; van den Hoven, R.; Zickl, M.; Spona, J.; Zentek, J. The effects of short intensive
exercise on plasma free amino acids in standardbred trotters. J. Anim. Physiol. Anim. Nutr.
(Berl.) 2009, 93, 165—-173.

Blomstrand, E.; Essen-Gustavsson, B. Changes in amino acid concentration in plasma and type |
and type II fibres during resistance exercise and recovery in human subjects. Amino Acids 2009,
37, 629-636.

Newsholme, E.A.; Blomstrand, E. The plasma level of some amino acids and physical and
mental fatigue. Experientia 1996, 52, 413—415.

Blomstrand, E.; Celsing, F.; Newsholme, E.A. Changes in plasma concentrations of aromatic and
branched-chain amino acids during sustained exercise in man and their possible role in fatigue.
Acta Physiol. Scand. 1988, 133, 115-121.

Yan, B.AJ.; Wang, G.; Lu, H.; Huang, X.; Liu, Y.; Zha, W.; Hao, H.; Zhang, Y.; Liu, L.;
Gu, S.; et al. Metabolomic investigation into variation of endogenous metabolites in professional
athletes subject to strength-endurance training. J. Appl. Physiol. 2009, 106, 531-538.

Zlotnik, A.; Gurevich, B.; Artru, A.A.; Gruenbaum, S.E.; Dubilet, M.; Leibowitz, A.; Shaked, G.;
Ohayon, S.; Shapira, Y.; Teichberg, V.I. The effect of hyperthermia on blood glutamate levels.
Anesth. Analg. 2010, 111, 1497-1504.

De Cristobal, J.; Madrigal, J.L.; Lizasoain, I.; Lorenzo, P.; Leza, J.C.; Moro, M.A. Aspirin
inhibits stress-induced increase in plasma glutamate, brain oxidative damage and ATP fall in
rats. Neuroreport 2002, 13,217-221.

Mochizuki, A.; Lee, Y.P. Effects of thyroid hormone on amino acid and protein metabolism. 3.
Influence of hydrocortisone on blood plasma and tissue glutamate levels of the rat in various
thyroid hormone states. Endocrinology 1971, 89, 618—621.

Fernholm, R.; Thoren, M.; Hoybye, C.; Anderstam, B.; Pernow, Y.; Saaf, M.; Hall, K. Amino
acid profiles in adults with growth hormone (GH) deficiency before and during GH replacement
therapy. Growth Horm. IGF Res. 2009, 19, 206-211.

Khashaba, M.T.; Shouman, B.O.; Shaltout, A.A.; Al-Marsafawy, H.M.; Abdel-Aziz, M.M.;
Patel, K.; Aly, H. Excitatory amino acids and magnesium sulfate in neonatal asphyxia. Brain
Dev. 2006, 28, 375-379.

Jensen, A.; Garnier, Y.; Middelanis, J.; Berger, R. Perinatal brain damage—From
pathophysiology to prevention. Eur. J. Obstet. Gynecol. Reprod. Biol. 2003, 110, S7T0-S79.
Hagberg, H. Hypoxic-ischemic damage in the neonatal brain: Excitatory amino acids.
Dev. Pharmacol. Ther. 1992, 18, 139-144.

Noorlander, C.W.; de Graan, P.N.E.; Nikkels, P.G.J.; Schrama, L.H.; Visser, G.H.A. Distribution
of glutamate transporters in the human placenta. Placenta 2004, 25, 489-495.

Cetin, 1.; de Santis, M.S.N.; Taricco, E.; Radaelli, T.; Teng, C.; Ronzoni, S.; Spada, E.; Milani,
S.; Pardi, G. Maternal and fetal amino acid concentrations in normal pregnancies and in
pregnancies with gestational diabetes mellitus. Am. J. Obstet. Gynecol. 2005, 192, 610—617.



Int. J. Mol. Sci. 2012, 13 10066

178. Young, M.; Prenton, M.A. Maternal and fetal plasma amino acid concentrations during gestation
and in retarded fetal growth. J. Obstet. Gynaecol. Br. Commonw. 1969, 76, 333-334.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


