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Proton MR Spectroscopy—Detectable Major
Neurotransmitters of the Brain: Biology and

review arTicL,e | Possible Clinical Applications
N. Agarwal SUMMARY: Neurotransmitters are chemical substances that, by definition, allow communication
P.F. Renshaw between neurons and permit most neuronal-glial interactions in the CNS. Approximately 80% of all

neurons use glutamate, and almost all interneurons use GABA. A third neurotransmitter, NAAG,
modulates glutamatergic neurotransmission. Concentration changes in these molecules due to defec-
tive synthetic machinery, receptor expression, or errors in their degradation and metabolism are
accepted causes of several neurologic disorders. Knowledge of changes in neurotransmitter concen-
trations in the brain can add useful information in making a diagnosis, helping to pick the right drug of
treatment, and monitoring patient response to drugs in a more objective manner. Recent advances in
"H-MR spectroscopy hold promise in providing a more reliable in vivo detection of these neurotrans-
mitters. In this article, we summarize the essential biology of 3 major neurotransmitters: glutamate,
GABA, and NAAG. Finally we illustrate possible applications of "H-MR spectroscopy in neuroscience

research.

ABBREVIATIONS: AD = Alzheimer disease; ALS = amyotrophic lateral sclerosis; AMPAR = a-ami-
no-3-hydroxyl-5-methyl-4-isoxazole-propionate receptors; ATP = adenosine triphosphate; CNS =
central nervous system; Cr = creatine; EAAT = excitatory amino acid transporter; EEG = electro-
encephalography; "®FDG-PET = ['8F]fluorodeoxyglucose—positron-emission tomography; GABA =
y-aminobutyric acid; GLAST = glutamate/aspartate transporter; 'H-MR = proton MR; NAA =
N-acetylaspartate; NAAG = N-acetyl aspartylglutamate; NMDAR = N-methyl D-aspartate; PAG =
phosphate-activated glutaminase; PD = Parkinson disease

RS is a rapidly developing noninvasive technique that
allows the clinician to assess the intact brain for neuro-
chemical changes in a given brain region of interest. In the past
25 years, MRS has been an important clinically productive
diagnostic tool. The detection of these molecules has been
valuable in understanding the presence of neuronal elements
(NAA), cell proliferation and degradation (choline), glial dis-
ease (myo-inositol), and energy states (Cr); but most changes
in metabolite concentrations tend to be rather nonspecific.
The 2 most abundant neurotransmitters in the human
brain are glutamate and GABA. More recently, there is emerg-
ing scientific interest in understanding the role of NAAG in
neurologic diseases. A variety of pathologic alterations may
arise from changes in the concentration of these neurotrans-
mitters. These may occur due to alterations at several levels,
including their synthesis, metabolism, and interaction with
receptors. At present, neurologists have access to a vast reper-
toire of drugs that modulate neurotransmitter activity in the
brain for the treatment of diseases such as epilepsy, motor
neuron diseases, and several chronic neurodegenerative disor-
ders. However, complete remission of signs and symptoms is
not consistently achieved.
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Glutamate, GABA, and NAAG are “visible” in 'H-MR
spectroscopy. However, routine 'H-MR spectroscopy se-
quences do not allow the unequivocal detection of these neu-
rotransmitters for several reasons: low spectral resolution, rel-
atively low concentrations, and spectral contamination from
other more dominant metabolites. To overcome these hur-
dles, specific “editing” methods at high magnetic fields
(>1.5T) are being developed and applied in clinical research,
which provide a more reliable way for quantifying neurotrans-
mitter levels in pathologic conditions. Because most acute and
chronic neurologic disorders are associated with an imbalance
of excitatory and inhibitory neurotransmission, it is exciting
to consider a future role of "H-MR spectroscopy in providing
a possible “biomarker” of disease and response to treatment.

The aim of this review is the following: 1) to highlight the
essential biology of 3 major neurotransmitters: glutamate,
GABA, and NAAG; and 2) to illustrate possible applications of
editing "H-MR spectroscopy techniques in neurologic dis-
eases, which can aid clinical practice, clinical trials, and neu-
roscience research.

Neurotransmitters

Glutamate

Almost 85% of all synapses in the brain are glutamatergic,
making glutamate a central molecule in the brain." Besides its
role in neurotransmission, glutamate is a key molecule in syn-
apse formation, dendrite pruning, cell migration, differentia-
tion, and death. In addition, glutamate acts as a precursor for
GABA in neurons and glutamine in astrocytes (Fig 1). Because
the blood-brain barrier prevents entry of peripheral glutamate
in the CNS, itis largely synthesized de novo in the neurons and
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Fig 1. Glutamatergic synapse: Glutamate determines neurotransmission by acting on postsynaptic receptors. EAATs, localized on the astrocytic membrane, rapidly terminate glutamatergic
activity. EAAT activity is tightly coupled to glucose consumption, causing transient increase in lactate levels. Increased lactate may be an important immediate source of energy to firing
neurons. Note the tight neuronal-astrocytic interaction, which is fundamental for the glutamate/glutamine coupling and the compartmentalization of glutamate. Glutamine synthesis in
astrocytes is an important mechanism of ammonia detoxification. Note:—Pyr indicates pyruvate; Lac = lactate; GS = glutamine synthetase.

astrocytes through 2 separate Krebs cycles, resulting in 2 glu-
tamate pools (Fig 1). The larger neuronal pool of glutamate is
characterized by a slow metabolic turnover, while the smaller
astrocytic pool is characterized by a faster metabolic turnover.
Glutamate released into the synaptic cleft is avidly taken up by
the specific sodium-dependent receptor, EAAT, on astrocyte
processes.

Astrocytic glutamate undergoes 2 metabolic steps. First, it
is rapidly converted to glutamine by a glial-specific ATP-de-
pendent enzyme, glutamine synthetase.” This glutamine is re-
leased into the extracellular space and is taken up by neurons
where neuron-specific PAG converts it back to glutamate.
This forms the basis of the glutamate/glutamine cycling. Thus,
opposite fluxes connect neurons and astrocytes, one transfer-
ring glutamate toward the smaller astrocytic pool and the
other transferring glutamine toward the large neuronal pool,
determining the directionality of glutamate transmission and
rapid removal of excessive glutamate. Some of the major de-
terminants of energy consumption by glutamatergic neurons
in the cerebral cortex are linked to the glutamate/glutamine
cycling.”> Any pathologic condition with energy synthesis fail-
ure such as a mitochondrial dysfunction is also likely to affect
glutamatergic neurotransmission.

Second, glutamate uptake triggers glycolysis in astrocytes
(aerobic glycolysis) and stimulates synthesis of lactate.* The
cerebral metabolic rate of glucose oxidation and glutamate
neurotransmitter cycling measured by using labeled carbon
13-MRS follows a stoichiometry of 1:1, suggesting a tight re-
lationship between glutamatergic neurotransmission and en-
ergy metabolism.” In fact, glutamatergic activity is energeti-
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cally expensive, resulting in approximately 70%—80% of total
glucose consumption.® Higher rates of neuronal firing and
rising concentrations of extracellular glutamate will cause
more astrocytic glutamate to convert to lactate. In the astro-
cyte-neuron-lactate shuttle hypothesis, the astrocyte-gener-
ated lactate is shuttled into the neurons, providing a fast and
preferential oxidative substrate during neuronal activity.”

Glutamate-mediated neurotransmission occurs largely
through 2 major receptor subtypes: ionotropic NMDAR and
AMPAR and metabotropic glutamate receptors. The NMDAR
is the most intensely studied glutamate receptor. Important
properties of clinical interest include the following: large sin-
gle-channel conductance, high calcium permeability, voltage-
dependent block by magnesium, and an obligatory glycine co-
activation. NMDAR has several subunits determined by
different gene families (NR1, NR2A, NR2B, NR2C, NR2D,
NR3A,and NR3B). The NR1 with 1 of 4 possible NR2 subtypes
and, in some cases, NR3 subtypes constitute the final func-
tional NMDAR. Glutamate binds with high affinity to the NR2
subunit. Of great interest are second-messenger-linked
metabotropic glutamate receptors. There are 3 groups of
metabotropic glutamate receptors: I, II, and III. Groups 11—
and IIT—type metabotropic glutamate receptors act as autore-
ceptors on glutamatergic neurons and have received maxi-
mum attention. Their activation causes decreased glutamate
release from neurons through mechanisms still largely un-
known.® Indeed, agonists of group IT metabotropic glutamate
receptors are considered neuroprotective agents in knock-out
mice.’

The term “excitotoxicity” refers to a multifaceted pathway
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Fig 2. GABAergic synapse. GABA is synthesized from glutamate by the action of GAD and is stored in vesicles by a vesicular neurotransmitter transporter. Once released in the synapse,
GABA acts on its receptors (GABA Rc) and shapes the inhibitory action potential. GABA activity is terminated by its uptake through GABA transporters by surrounding neurons and astrocytes.
GABA is metabolized through transamination into succinic semialdehyde catalyzed by GABA-transaminase (GABA shunt). Note:—GABA Rc = GABA receptors.

initiated by massive extracellular glutamate levels causing ex-
cessive calcium influx primarily through NMDAR, account-
ing for neuronal cell death in several neurologic diseases. Glu-
tamate is largely intracellular (5-10 mmol/kg wet weight
depending on the brain region), and only a tiny fraction is
present in the extracellular space (3—4 pwmol/L).'° The enor-
mous quantity of glutamate in the human brain and the dan-
gers of excessive extracellular glutamate, for powerful protec-
tive mechanisms such as rapid uptake of glutamate by
astrocytes are key for brain tissue vitality. High-affinity EAATSs
are transmembrane sodium-dependent receptors that involve
a cotransport of 3Na™ ions for each molecule of glutamate
uptake. This activity is linked to a Na™-K* adenosine triphos-
phatase to maintain transmembrane concentration gradients.
EAATI (also called GLAST) and EAAT2 (glutamate trans-
porter 1) are subtypes found on glial cells, whereas EAAT3
(also called EAAC) is found on neuronal cells.'"' EAATS play a
key role in maintaining excitatory glutamatergic neurotrans-
mission by the following: 1) avidly removing glutamate from
the synapse, 2) initiating glutamate/glutamine cycle, and 3)
increasing astrocytic glucose consumption and production of
lactate. In several neurodegenerative states, astrocytic control
of glutamate homeostasis is profoundly affected due to dimin-
ished EAAT activity or abnormal genetic splicing of their
genes.'!

GABA

GABA in mature mammalian brain acts primarily as an inhib-
itory neurotransmitter. GABA is synthesized in a single step
from its precursor glutamate by GAD, an enzyme found only
in GABAergic neurons (Fig 2). An alternative metabolic path-
way operating in these neurons is called the GABA shunt. In an
initial step, a-ketoglutarate formed from glucose metabolism

via the Krebs cycle, is transaminated by a-oxoglutarate
transaminase to form glutamate. GABA is metabolized by suc-
cessive transamination and oxidation to yield succinic semial-
dehyde and succinic acid, respectively.

The generation of GABA is unique because 2 isoforms of
rate determining GAD, GADg;, and GADy;, have been shown
to regulate its synthesis and contribute to GABA metabolic or
cytosolic and neurotransmitter or vesicular pools, respec-
tively. These enzymes are products of separate genes. GABA
produced from GADg; is largely cytoplasmic and acts as a
trophic factor for synaptogenesis and protects from neuronal
injury, whereas GABA produced from GADg; is used for neu-
rotransmission and is more ubiquitously found in the mam-
malian brain.'* GAD,; also assists in the vesicular transport of
GABA, ensuring efficient coupling between GABA synthesis
and packaging into synaptic vesicles."> GADy; in its inactive
form is bound to a cofactor, pyridoxal-phosphate, and can be
converted to its active form immediately, during neurotrans-
mission when additional GABA is required.'* As with gluta-
mate, both inotropic (GABA, and GABA_) and metabotropic
(GABAg) receptors for GABA neurotransmission have been
identified. These receptors are composed of several subunits,
and their diverse combination determines channel kinetics,
affinity for GABA and drug binding, and the rate of desensiti-
zation. GABA, and GABA_. respond to GABA binding by en-
hancing inward Cl~ current, causing neurons to hyperpolar-
ize. GABAj receptors are G-protein-coupled and mediate
both presynaptic and postsynaptic inhibition by suppressing
Ca™ influx (thus reducing neurotransmitter release) and by
activating K™ currents respectively.

GABA uptake is carried out by high-affinity Na*/Cl~ —de-
pendent transporters. Four GABA transporters have been in-
dentified: GAT1, GAT2, GAT3, and low-affinity BGT1. These
transporters exhibit different inhibitor sensitivities and are
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Fig 3. NAAG neurotransmission and neuromodulation. NAAG is synthesized in neurons via NAAG synthase. NAAG is co-released with glutamate from actively firing neurons. Intrasynaptic
NAAG binds as a weak antagonist on NMDAR and also to mGlu3 receptors inhibiting further release of glutamate (inhibitory feedback loop). NAAG is hydrolyzed to NAA and Glu by GCPII

enzyme on astrocytes.

differentially distributed within the CNS in both astrocytic
processes and in the neurons.'> GABA uptake is not associated
with ATP or glucose consumption in contrast to glutamate
recycling, which makes cortical inhibition less energy de-
manding.'® GABA transporters are fundamental in terminat-
ing GABA activity and contribute to shaping the inhibitory
postsynaptic potential.'” GATs may, in certain conditions, re-
lease GABA into the synapse. Because GABA release through
GABA transporters is ATP-independent, in physiologic con-
ditions of burst firing, GABA-transporters—mediated release
of GABA is more advantageous than ATP-dependent vesicular
GABA release.

NAAG

Because NAAG is a peptide and is not able to alter membrane
potential, at first it was considered to have only a metabolic
function. There is now substantial data showing that NAAG is
an important neurotransmitter that also serves as a neuropro-
tector by regulating glutamate concentration in the synapse
(Fig. 3). Absolute quantification of NAAG by using "H-MR
spectroscopy has shown that NAAG concentrations in the
brain approximate to around 1.5-2.7 mmol/L (white matter)
and 0.6-1.5 mmol/L (gray matter), making NAAG the most
abundant peptide in the brain.'® It is co-localized in most neu-
rons, and in particular glutamatergic but also GABAergic neu-
rons. The biosynthesis of NAAG has not yet been well-charac-
terized. Data available support the finding that NAAG
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synthesis is enzyme-mediated rather than posttranslational
and occurs between NAA and glutamate.'”” NAAG is co-
released with glutmate during neuronal depolarization.

NAAG has several functions. First, it is known to activate
group II metabotropic glutamate 3 receptors on presynaptic
neurons. Activation of these metabotropic glutamate 3 recep-
tors by NAAG dampens glutamate release during intense neu-
ronal firing.*® Second, a mixed agonist/antagonist action of
NAAG on NMDAR has been advocated.”' This negative mod-
ulatory effect of NAAG on NMDAR is likely to be important in
synaptic plasticity and in conferring neuroprotection against
excessive glutamatergic activity. Third, although not widely
documented, NAAG initiates astrocytic metabotropic gluta-
mate 3-receptor-mediated Ca** oscillations in the astrocytes.
This calcium wave results in a secondary astrocytic signal in-
tensity to smooth muscle cells of nearby blood vessels, trigger-
ing vasodilation and consequent hyperemia in locally acti-
vated neurons.*” Thus induced local hyperemia is evidence in
favor of the housekeeping role of NAAG in satisfying meta-
bolic demands in areas of neuronal firing and its direct rela-
tionship between energy metabolism (vasodilation) and cog-
nition (neuronal activity).*

NAAG is hydrolyzed to NAA and glutamate by an astrocyte
receptor complex made up of an astrocytic metabotropic glu-
tamate 3 receptor to which is bound glutamate carboxypepti-
dase I1.** Glutamate carboxypeptidase II inhibitors have been
shown to depress hyperemic responses in in vivo animal func-



tional MR imaging studies.”* Glutamate carboxypeptidase II
inhibitors represent molecules of considerable interest due to
their potential to increase local NAAG levels.

Clinical and Research Applications

Epilepsy. In the early 1950s, it was shown that glutamate
applied directly to the cerebral cortex induced seizures.” Sev-
eral factors may contribute to increased glutamate in epilepsy.
Decreased expression of GLT-1 and GLAST (such as in epilep-
tic syndromes); increased NMDAR, AMPAR, and kainate re-
ceptor activity; and altered metabotropic glutamate receptor
function have all been described as enhancing glutamatergic
activity in epilepsy.”® Astrocytes may also play an important
role in increasing local glutamate levels.”” Downregulation of
glutamine synthetase in sclerotic epileptic tissue may reduce
the glutamate/glutamine cycling, affecting glutamate clear-
ance. Abnormal Ca®" oscillations in astrocytes may contrib-
ute to glutamate release from astrocytes. These oscillations
have been related to synchronous EEG activity. Pathologic re-
versal of glutamate transport through EAATSs can contribute
to increased glutamate.

A vast body of 'FDG-PET studies has shown interictal
hypometabolism centered in the seizure focus.*® If astrocytic
glutamate uptake concomitantly stimulates glucose consump-
tion, then '"*FDG-PET—measured hypometabolic areas may
be interpreted in terms of glutamate dysregulation due to en-
ergy failure and resultant inadequate glutamate/glutamine
cycling.”

Potentiation of GABAergic neurotransmission is the main
mechanism of modern antiepileptic drugs.”® GABA interneu-
rons in the hippocampal cortex terminate sustained burst fir-
ing and limit lateral spread of electrical activity by creating
inhibitory surround. Besides classic benzodiazepines, several
compounds have been designed to specifically increase dispo-
sition of GABA so as to increase its inhibitory activity. New
antiepileptic drugs such as Vigabatrin inhibits GABA
transaminase, and tiagabine competes with GABA trans-
porter, thereby increasing local GABA levels.

A significant reduction of NAAGergic neurons has been
found in area CAl and in the subiculum of chronic epileptic
rats with respect to controls.”' Increased activity of glutamate
carboxypeptidase IT has also been shown in genetically epilep-
tic-prone rats, which leads one to believe that NAAG may be
degraded and may contribute to electrical instability in the
epileptic brain.*

GABA is reduced in patients with poor seizure control as
shown by using "H-MR spectroscopy,” and treatment with
vigabatrin has increased GABA levels and has improved sei-
zure control.”* Significant increases in total glutamate levels
have been found in the hippocampus in patients with negative
MR imaging findings with respect to those with hippocampal
sclerosis.”?® Other 'H-MR spectroscopy and epilepsy studies
are summarized in the Table. Histopathologic study of a large
group of focal cortical dysplastic tissues from patients treated
surgically for medically intractable epilepsy revealed a signifi-
cant paucity of EAAT1 and EAAT?2 receptors with respect to
control tissues, suggesting a decreased clearance of gluta-
mate.”” It is exciting to envision that neurotransmitters may
one day be quantified from spectra obtained from EEG-
guided specific voxels and that this quantification would be

useful in understanding the chemical underpinnings of med-
ically intractable epilepsy. It would be of particular interest in
patients with epilepsy and negative MR imaging findings and
would guide antiepileptic adjunctive therapy.

ALS. In ALS, one of the most accredited theories of neuro-
nal death is glutamate-induced excitotoxicity.3 8 Of note, the
only effective and US Food and Drug Administration—ap-
proved drug available to reduce disease progression in ALS is a
glutamate modulating drug, riluzole.>® 'H-MR spectroscopy
studies in animal models of familial ALS suggest changes in
glutamate concentrations in the motor cortex.*” One recent
study used a TE-averaged editing technique in 'H-MR spec-
troscopy and demonstrated that there is an increase in total
glutamate in the primary motor cortex of patients with ALS,
which correlated with disease severity in addition to low levels
of NAA/Cr.*' Astrocytes have a neuroprotective role and
maintain intrasynaptic low glutamate levels; however, patho-
logic astrocytes in patients with ALS may be responsible for
rapid disease progression.*

Upregulation of glutamate carboxypeptidase II in the mo-
tor cortex of postmortem ALS tissue, increased levels of
NAAG and glutamate in the CSF, and decreased concentra-
tions of NAAG in the ventral horns of the spinal cord of pa-
tients with ALS have all been reported.*** Low levels of
NAAG have been found in the primary motor cortex of pa-
tients with ALS in a recent "H-MR spectroscopy study (Agar-
wal et al, unpublished data).

Other Neurologic Diseases. There is some evidence by us-
ing in vivo "H-MR spectroscopy that glutamate levels are re-
duced in the hippocampus of patients with AD, which may be
responsible for memory and cognitive impairment in addition
to altered cholinergic neurotransmission.””> As disease pro-
gresses, glutamate levels determined by "H-MR spectroscopy
decrease in the hippocampus of animal models of AD.*® Glu-
tamate levels have been monitored by using 'H-MR spectros-
copy after specific therapy with memantine (glutamate mod-
ulating drug) and galantamine (cholinesterase inhibitor).*”*®
In PD, glutamate levels are lower than in AD, and low gluta-
mate levels have been suggested as likely biomarkers of PD.*

Longitudinal monitoring of metabolites by using in vivo
"H-MR spectroscopy in animal models of Huntington disease
demonstrates a gradual increase in striatal glutamate.’® In-
creased glutamate has also been reported in the basal ganglia
and striatum of patients with juvenile onset Huntington
disease.”!

There is evidence of some success in applying "H-MR spec-
troscopy techniques in neurodegenerative diseases to under-
stand the neurochemical underpinnings of the disease and to
provide a means of monitoring disease outcome with therapy

(Table).

Discussion

"H-MR spectroscopy has been widely used in neurology to
assess changes in common metabolites such as NAA, choline,
Cr, myo-inositol, lipids, and lactate. However, such informa-
tion represents only part of the complex chemical change that
occurs in neurologic diseases, and more often than not, such
findings are nonspecific. Because chemical neurotransmission
is key in neural communication, detecting changes in neu-
rotransmitter levels is of special interest in basic and clinical
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Selected studies reporting "H-MR spectroscopy-detected glutamate and GABA changes in the in vivo brains of patients with neurologic

disorders

Neurologic Disorders

Technique

Region of Interest

MRSI Findings

Reference

Epilepsy
MTS

MTS (MRI negative)

Idiopathic generalized
epilepsy

Tuberous sclerosis
complex

anti-GAD positive
epilepsy

Malformations of cortical
development

Juvenile myoclonic
epilepsy

Drugs and epilepsy
Levetiracetam
Vigabatrin
Topiramate
Gabapentin

Brain tumors

ALS

Migraine

AD

Drugs and AD
Galantamine

Memantine
PD

Short TE PRESS (GIx);

DQF (GABA)
Short TE PRESS

Short TE PRESS (GIx);

DQF (GABA)
MEGAPRESS

MEGAPRESS

Short TE PRESS (GIx);

DQF (GABA)
Short TE PRESS

MEGAPRESS
Difference editing

Difference editing
Difference editing
MRSI

TE-averaged PRESS

TE-averaged PRESS

Macromolecule
subtraction
68-ms TE PRESS
Short TE PRESS

Macromolecule
subtraction

MRSI

Short TE PRESS

TE averaged PRESS

STEAM

Hippocampus

Hippocampus

Frontal cortex

Cortical tubers

Primary sensorimotor cortex
Cortical malformations

Primary motor
cortex/cingulum/ medial
prefrontal cortex

Occipital cortex
Occipital cortex

Occipital cortex

Occipital cortex

Low-grade oligodendroglioma
vs low-grade astrocytoma

Primary motor cortex and
internal capsule

ACC and insula

Hippocampus

Posterior cingulate gyrus
Precuneus, posterior cingulate
cortex, parieto-occipital

white matter

Hippocampus

Bilateral hippocampi
Posterior cingulate gyrus
Lentiform nucleus
Substantia nigra

No change in Glx/Cr and GABA/Cr
before and after surgical resection
Non-significant increase in Glx/Cr

Increased GIx/NAA and Glx/ins in
patients, no changes in GABA

Increased GABA in tubers, no
change in Glx

Decreased GABA/NAA, no changes
in GIx/NAA

Increased GABA/Cr and Glx/Cr

Reduced Glx/Cr

Increased GABA/Cr in responders
Increased GABA/Cr in responders

Acute increase in GABA/Cr

Acute increase in GABA/Cr

Increased Glx in low-grade
oligodendrogliomas

Increased GlIx/Cr, increased Glu/Cr

Low NAAG/GIn in ACC of patients,
high NAAG/GIn in insula of
patients

Decreased Glu/NAA, Glu/Cr; Glu/ml

Reduced Glx/Cr
Decreased Glx/Cr in gray matter only

Increased Glu

Decreased Glu/Cr
Reduced Glu/Cr

No change in Glu
Increased GABA/Glu

Simister et al, 2009%

Woermann et al,
19993°

Simister et al, 2003*

Taki et al, 2009%°

Stagg et al, 2010°'

Simister et al, 2007

Lin et al, 2009%

Doelken, 2010%*
Mueller et al, 2001%:
Petroff et al, 1999
Petroff et al, 200166
Petroff et al, 1996
Rijpkema et al, 20037

Han and Ma, 2010*'

Prescot et al, 2009%

Rupsingh et al, 2011%°
Antuono et al, 20015
Hattori et al, 2002°

Penner et al, 2010%

Glodzik et al, 2008”"
Griffith et al, 2008%°
Kickler et al, 2007
0z et al, 20067

Note:—MTS indicates mesial temporal sclerosis; MRI, MR imaging; GAD, glutamic acid decarboxylase; PRESS, point-resolved spectroscopic sequence; Glx, glutamine/glutamate; DQF,

double-quantum filter; MEGAPRESS, MEGA point-resolved spectroscopy; MRSI, MR spectroscopy imaging; STEAM, short echo time stimulated echo acquisition mode; ACC, anterior

cingulate cortex; ins, inositol; Glu, glutamate; Gln, glutamine

neuroscience research. Knowledge of alterations in neu-
rotransmitters and their in vivo detection could provide added
information of the pathophysiology of neurologic diseases,
guide therapeutic interventions, monitor disease progression,
and evaluate changes with therapy. '"H-MR spectroscopy may
be the only imaging technique to identify progressive neuro-
chemical and neurotransmitter changes in degenerative dis-
ease that may require different therapeutic options in patients
during the early and later phases of the disease. Such attempts
have been applied in psychiatric diseases to better understand
the neurotransmitter alterations that are involved and how
these may be modified with therapy.>*>?

In the past 20 years, significant development in "H-MR
spectroscopy techniques has revolutionized our understand-
ing of the biologic behavior of neurotransmitters in the in vivo
human brain. However, the application of such methods in
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clinical neurologic practice is still relatively novel. Only a
handful of studies exist, and a comparison among these re-
mains challenging in the face of small sample sizes and variable
medication effects, illness durations, sex effects, different spec-
tral acquisition protocols, and methods for quantification of
neurochemicals.”® "H-MR spectroscopy is particularly sensi-
tive to magnetic field strength, and a high-resolution spectrum
requires a field strength of the =1.5T. In addition, a growing
concern is the validity of reported findings that use Cr as a
denominator because Cr has been reported to change in sev-
eral diseases.””® This heterogeneity of methodology used has
unfortunately done little to provide formal evidence-based
medicine reports that could support the utility of "H-MR
spectroscopy for the detection of neurotransmitter levels.
Detection of neurotransmitters in the intact brain may
provide invaluable information to neurologists. While neu-



rotransmitter imaging is attractive in daily practice, it is wise to
be aware that clinical application in single patients is not yet
possible. A certain degree of inter- and intrasubject variability
has been shown, and scanning the same subject twice could
reveal a coefficient of variation of 10%—12%, even when using
the same method.>” It is important to recognize the existence
of regional differences in neurotransmitter distribution as well
as variation between tissue types (gray matter, white matter,
and cerebrospinal fluid). Even the smallest voxel (8 mL) would
include signal intensity from different tissue types in the brain;
and without appropriate segmentation of the voxel into tissue
types, spurious changes in the quantification of metabolites
may occur. Furthermore, some regions of the brain may not be
accessible to spectroscopic techniques due to the close prox-
imity of the voxel to scalp lipids or to an air-tissue interface.
Standardization of software used for “fitting” "H-MR spec-
troscopy data must be established to provide normalized con-
centrations of neurotransmitters in the gray and the white
matter that can be compared with patient data. So far, the
Linear Combination LC Model (Steven Provencher, Oakville,
Ontario, Canada) has been considered a standard fitting pro-
gram for 1-dimensional 'H-MR spectroscopy data.”® There-
fore, to improve confidence in "H-MR spectroscopy, to make
it a financially reimbursable diagnostic tool, and to meet the
criteria of evidence-based medicine, development and stan-
dardization of methods are essential. Most MR imaging ven-
dors are now sensitive to the promise held by editing methods,
and high-field magnetic scanners are rapidly becoming more
widely available. In short, it is important when attempting to
“read” a spectrum, either in a clinical setting or when evaluat-
ing spectroscopic literature, to know the field strength, the
kind of "H-MR spectroscopy sequence, and the fitting method
used to obtain the spectrum.

Conclusions

The development and availability of noninvasive clinical and
research tools to assess the intact brain is an important quest.
Advancements in the application of "H-MR spectroscopy in
selectively identifying neurotransmitters in neurologic disor-
ders will shed some light on the neurochemical changes asso-
ciated with disease progression and on mechanisms by which
selective drugs work and will provide new treatment targets
for drug development.
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