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In the last 5 years there has been a renewed interest in the
role of metabolism in supporting brain function. Much of
this interest is based on the development of functional posi-
tron emission tomography (PET) and magnetic resonance
imaging (MRI). Although often incorrectly described as di-
rectly mapping neuronal activity, both functional PET and
MRI actually measure changes in either glucose metabolism
or physiologic parameters coupled to glucose metabolism
such as blood flow and volume (1). A major limitation in
interpreting functional imaging is that the relationship be-
tween neuronal activity and the neuroenergetic processes
supported by glucose metabolism is poorly defined (2,3).
The term neuronal activity applies to a spectrum of energy-
requiring processes including action potential propagation,
neurotransmitter release and uptake, vesicular recycling, and
maintenance of membrane potentials (4). All of these pro-
cesses are involved in short-term neuronal information
transfer, and the relative distribution of energy among them
remains an open question. There is also uncertainty as to
how the different classes of neurons in a region contribute
to the overall energy consumption. While an increase in the
imaging signal is usually assigned to an increase in neuronal
excitation, this interpretation is confounded by both inhibi-
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tory and excitatory neuronal function requiring energy. Ob-
servation of a regional increase or decrease of the functional
imaging signal is not sufficient to distinguish these possibili-
ties. Glia also requires energy, and the relationship between
its energy demands and neuronal activity remains to be es-
tablished. Given these uncertainties about the meaning of
the signal at a neuronal level, the validity of functional imag-
ing as a tool for studying mental processes has been largely
established based on agreement with prior expectation from
psychological paradigms (3,5).
An alternative approach for imaging brain function,

which has the potential of directly measuring metabolic
pathways involved in excitatory and inhibitory neurotrans-
mission, is in vivomagnetic resonance spectroscopy (MRS).
MRS uses technology similar to that of the more familiar
MRI. It differs by allowing the measurement of the concen-
trations and synthesis rates of individual chemical com-
pounds within precisely defined regions in the brain. The
basis of its chemical specificity is that the resonance fre-
quency of an MRS active nucleus depends not only on the
local magnetic field strength, but also on its chemical envi-
ronment, a phenomenon referred to as chemical shift. MRS
measurements of the 1H nucleus are the most commonly
used for in vivo studies due to 1H being the most sensitive
nucleus present in biological systems. Metabolites that can
be measured by 1H MRS include aspartate, �-aminobutyric
acid (GABA), glucose, glutamate, glutamine, and lactate.
These metabolites play critical roles in neuroenergetics,
amino acid neurotransmission, and neuromodulation. An-
other nucleus of importance for in vivo MRS studies is the



Neuropsychopharmacology: The Fifth Generation of Progress316

A

B

C

FIGURE 25.1. Schematic representations of the glutamate/glutamine cycle between neurons and
astrocytes and the detoxification pathway of glutamine synthesis. A: The glutamatine/glutamate
cycle between neurons and astrocytes. Released neurotransmitter glutamate is transported from
the synaptic cleft by surrounding astrocytic end processes. Once in the astrocyte, glutamate is
converted to glutamine by glutamine synthetase. Glutamine is released by the astrocyte, trans-
ported into the neuron, and converted to glutamate by phosphate-activated glutaminase (PAG),
which completes the cycle. B: Including the ammonia detoxification (or anaplerotic) pathway of
glutamine synthesis. The net rate of glutamine synthesis reflects both neurotransmitter cycling
(Vcycle) and anaplerosis (Vana). The stoichiometric relationships required by mass balance between
the net balance of ammonia and glutamine and Vana are given in Eq. 2. C: An alternative model
for neuronal glutamate repletion in which the astrocyte repletes the lost neuronal glutamate by
providing the neuron with �-ketoglutarate [or equivalently other tricarboxylic acid cycle (TCA)
intermediates] (32–34). �-Ketoglutarate is converted back to glutamate by neuronal glutamate
dehydrogenase. Glc, glucose; a-KG, �-ketoglutarate: Vtrans, net rate of net ammonia transport
into the brain (VNH4 in the text); Vefflux, rate of glutamine efflux from the brain; Vana, anaplerotic
flux; Vcycle, rate of the glutamate/glutamine cycle; Vgln, rate of glutamine synthesis. Using [2-13C]
glucose (27) and [2-13C] acetate precursors these pathways may now be distinguished.
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13C nucleus. The natural abundance of the 13C isotope is
1.1% so that in conjunction with the infusion of 13C-
enriched substrates the rates of isotopic incorporation into
brain metabolites can be measured. Substrates labeled with
the nonradioactive, stable, 13C isotope have been employed
in vivo to study metabolic flux, enzyme activity, and meta-
bolic regulation in the living brain of animals and humans
(6–39). Enhanced sensitivity may be achieved by measuring
the 13C enrichment of a molecule through indirect detection
through 1H MRS. From these measurements the flux
through specific metabolic pathways may be calculated (17,
18).
This chapter covers the recent development of in vivo

MRS to study neuronal glutamate and GABA metabolism
and the relationship of amino acid metabolism to functional
neuroenergetics. The brain pools of GABA, glutamate, and
glutamine have been shown to be localized within gluta-
matergic neurons, GABAergic neurons, and glia, respec-
tively (under nonpathologic conditions). Under nonfasting
conditions glucose is the almost exclusive source of energy
for the brain. By following the flow of 13C label from glu-
cose into these metabolites, MRS has been used to deter-
mine the separate rates of glucose oxidation in these cell
types. The metabolism of glutamatergic neurons, GABAer-
gic neurons, and glia is coupled by neurotransmitter cycles.
In the glutamate/glutamine cycle, glutamate released from
nerve terminals (by either vesicular release or transport re-
versal) is transported into surrounding glial cells, and con-
verted to glutamine. Glutamine in then transported out of
the glia and into the neurons, where it is converted back
to glutamate, thereby completing the cycle (Fig. 25.1). By
following the flow of 13C label from glutamate into gluta-
mine, the rate of the glutamate/glutamine cycle may be
determined using MRS. Through a similar strategy the
GABA/glutamine cycle may be measured.
The application of MRS to study brain glutamate and

GABA metabolism and the coupling of neurotransmitter
cycling to neuroenergetics have provided several new and
controversial insights into the relationship of brain metabo-
lism and function. Contrary to the previous view of a sepa-
rate metabolic and neurotransmitter pool of glutamate, glu-
tamate release and recycling have been shown to be a major
metabolic pathway. MRS studies of GABA metabolism in
the rodent and human brain have suggested that there is
also an important role of the metabolic pool of GABA in
inhibitory function. Another key finding is that the gluta-
mate/glutamine cycle in the cerebral cortex is coupled in a
close to 1:1 ratio to neuronal (primarily glutamatergic) glu-
cose oxidation above isoelectricity. This finding, in combi-
nation with cellular studies, has led to a model for the coup-
ling between functional neuroenergetics and glutamate
neurotransmission. The coupling between neurotransmis-
sion and neuroenergetics provides a linkage between the
functional imaging signal and specific neuronal processes.

This chapter reviews these findings and discusses some of
their implications for functional imaging.
MRS is a low spatial resolution method, with a resolution

for studying neurotransmitter systems of approximately 1
to 4 mm3 in animal models and 7 to 40 mm3 in human
brain. Even in the best case the MRS signal is the sum of
the signal from a large number of neurons and glia including
many different subtypes. Fortunately, nature has localized
key enzymes and metabolites involved in neurotransmitter
cycling in specific cell types, which greatly simplifies the
interpretation of the MRS measurements. The evidence of
the cellular compartmentalization of metabolism largely de-
rives from invasive methods with cellular and subcellular
resolution, which are reviewed here. As with any new tech-
nique there are still uncertainties due to methodologic is-
sues. Studies performed to validate the MRS measurements
will be reviewed, and present limits in measurement accu-
racy and interpretation delineated.

IN VIVO 13C MRS MEASUREMENTS OF THE
PATHWAYS OF GLUCOSE OXIDATION:
FINDINGS AND VALIDATION

This section reviews studies in which MRS was used to
measure the pathways of glucose oxidation in the cerebral
cortex. Glucose oxidation under nonfasting conditions is
almost the exclusive source of energy for the brain. The
localization of key enzymes involved in GABA and gluta-
mate metabolism in specific cell types provides the capabil-
ity for MRS to study their separate neuroenergetic require-
ments. As shown in Fig. 25.2, which is a 13CMRS spectrum
obtained by Gruetter and co-workers (35) at 4 T, the chemi-
cal specificity of MRS allows the flow of 13C label from
glucose to be followed into several metabolites in the brain
coupled to energy metabolism including aspartate, GABA,
glutamate, and glutamine. The major finding of these stud-
ies is that in normal conditions in nonactivated human cere-
bral cortex and in rodent models, glucose oxidation in gluta-
matergic neurons accounts for between 60% and 80% of
cerebral cortex energy consumption. The remaining 20%
to 40% is primarily distributed between GABAergic neu-
rons and glia.

MRS Measurement of the Rate of Glucose
Oxidation in Glutamatergic Neurons

The initial use of MRS to study brain metabolism was to
measure glucose oxidation by following the flow of 13C
isotope from [1-13C] glucose into the C4 position of gluta-
mate (2,6). Figure 25.3 diagrams the flow of 13C label from
a [1-13C] glucose precursor to C4-glutamate and subse-
quently C4-glutamine. Glucose is metabolized to pyruvate
by the glycolytic pathway, which labels C3-pyruvate. The
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FIGURE 25.2. 13C magnetic resonance spectroscopy (MRS) spec-
trum in the occipital/parietal lobe at 4 T. The figure shows a 50-
minute accumulation 13C MRS spectrum obtained at 4 T approxi-
mately 60 minutes after the start of a 1-13C glucose infusion. The
spectrum was obtained from a 72-mL volume centered on the
midline in the occipital/parietal lobe. The top trace is an expan-
sion of regions of the bottom trace. Labeled resonances include
the C2, C3, and C4 positions of glutamate, glutamine, aspartate,
and �-aminobutyric acid (GABA) and the C3 position of lactate.
As described in the text (see In Vivo 13C MRS Measurements of
the Pathways of Glucose Oxidation: Findings and Validation), the
localization of the synthetic enzymes and pools of GABA and
glutamine to GABAergic neurons and glia, respectively, and the
localization of the majority of the glutamate pool to gluta-
matergic neurons, allows the relative rates of glucose oxidation
in these cell types to be determined from the flow of 13C label
into these pools. (From Gruetter R, Seaquist ER, Kim S, et al. Local-
ized in vivo 13C-NMR of glutamate metabolism in the human
brain: initial results at 4 tesla.DevNeurosci 1999;20:380–388, with
permission.)

label is then transferred to the tricarboxylic acid cycle (TCA)
by the actions of pyruvate dehydrogenase (PDH) and citrate
synthase. When the label reaches C4-�-ketoglutarate it is
transferred to the large neuronal glutamate pool by the high
activity exchange reactions of the amino acid transaminases
and mitochondrial/cytosolic transporters. The large gluta-
mate pool was first identified in 14C tracer studies (40).
Based on kinetic and immunohistochemical staining stud-
ies, it is believed to correspond to the glutamate pool of
glutamatergic neurons (18,41,42). Due to the rate of these
exchange reactions being many times faster than the TCA
cycle the glutamate pool acts as a label trap for isotope that
enters the neuronal TCA cycle via pyruvate dehydrogenase
(17,18). 13C MRS may be used to measure the accumula-
tion of 13C label into the trapping glutamate pool, and the
kinetic curves analyzed by metabolic modeling to calculate
the rate of the neuronal TCA cycle (18). The trapping pool
assumption is not essential to determine the rate of the
TCA cycle because subsequent labeling in the C3 position
of glutamate can be measured to allow calculation of the
label exchange rate (17,18). Because glucose is the primary
fuel for neuronal oxidation, the measurements of the TCA
cycle may be converted to measurements of glucose oxida-
tion using known stoichiometries (17,18).

The rate of neuronal glucose oxidation has been deter-
mined in several studies from 13C MRS and 1H-13C MRS
measurements of cerebral cortex glutamate turnover from
a [1-13C] glucose precursor in animal models (2,14–17,
21,22,25–27) and humans (12,13,18,19,29,31,35,43,44).
Comparison of the rates of neuronal glucose oxidation mea-
sured in these studies with conventional arteriovenous (AV)
difference and PET measurements of total glucose con-
sumption found that the majority (between 70% and 90%)
of total glucose oxidation in the rat and human brain is
associated with the large glutamate pool, believed to reflect
glutamatergic neurons, measured by MRS. In two recent
13C MRS studies of resting awake human occipital parietal
cortex, in which other pathways of glucose metabolism were
directly measured, a similar range of between 60% (35) and
80% (29) of total glucose oxidation was calculated for the
large glutamate pool. The large percentage of cortical syn-
apses that are glutamatergic and the high electrical activity
of glutamatergic pyramidal cells (4,45) may explain why
such a large fraction of total glucose oxidation is associated
with glutamatergic neurons.
A caveat to the interpretation of the glutamate turnover

measurement is that glutamate is present in all brain cells.
Based on the sensitivity limitations of staining methods and
kinetic studies in measuring glutamate levels in glia and
other neuron types, particularly GABAergic, the assignment
of the fraction of glucose oxidation occurring in gluta-
matergic neurons may be overestimated by up to 20%. In
the future, the fraction of glutamate in glia may be measured
more accurately through dynamic 13C MRS measurements
of glutamate and glutamine labeling during the infusion of
labeled acetate that is incorporated into the brain selectively
in the glia (28,38,39).

MRS Measurements of the Rate Glucose
Oxidation in GABAergic Neurons

GABA is the major inhibitory neurotransmitter and may
represent over 30% of the synapses in the cerebral cortex (4,
46,47). GABA is synthesized from glutamate in GABAergic
neurons by the enzyme glutamic acid decarboxylase (GAD).
GABA may then be returned to the TCA cycle through
successive action of the GABA shunt enzymes, GABA-trans-
aminase, and succinic semialdehyde dehydrogenase, or re-
leased from the neuron. Almost all of the brain GABA pool
is localized to GABAergic neurons under normal condi-
tions. The labeling of the GABA pool from [1-13C] glucose
provides a minimum estimate of the rate of glucose oxida-
tion in the GABAergic neuron. The estimate is a minimum
because label may bypass GABA and continue from �-keto-
glutarate/glutamate into the TCA cycle directly. In vitro
MRS analysis of cerebral cortex from extracts of rats infused
with [1-13C] glucose has been used to measure the time
course of labeling in the GABA and glutamate pools (24,
48). The isotopic labeling results of the Manor et al. (24)
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FIGURE 25.3. Isotopic labeling of C4-glutamine by the glutamate/glutamine cycle from a [1-13C]
glucose precursor. Infused [1-13C] glucose labels neuronal C3-pyruvate. This label is then incorpo-
rated via the combined action of pyruvate dehydrogenase and the TCA cycle into �-ketoglutarate,
which is in rapid exchange with glutamate due to the action of several transaminases. The large
glutamate pool in the neuron acts as a label trap with [4-13C]-glutamate accumulating at the rate
of the neuronal TCA cycle. Released [4-13C] glutamate from the nerve terminal is taken up by
glial transport and the 13C label is transferred to [4-13C] glutamine through the action of glutamine
synthetase at the rate of the glutamate/glutamine cycle. Interpretation of glutamine labeling is
complicated by 13C label entering by the astrocyte pyruvate dehydrogenase reaction. MRS studies
using 15N ammonia, [2-13C] glucose, and [2-13C] acetate, as well as comparison with traditional
measurements of the uptake of net glutamine precursors, have shown that the majority of labeling
in glutamine from [1-13C] glucose is from the glutamate/glutamine cycle (27,36–39).

study were analyzed with a metabolic model to determine
the relative rates of glucose oxidation in the glutamate and
GABA pool. Under conditions of �-chloralose anesthesia
the rate of glucose oxidation in GABAergic neurons was
estimated to be between 10% and 20% of total neuronal
glucose oxidation. This value is similar to previous estimates
obtained using isotopic methods and by inhibiting the de-
gradative enzyme GABA transaminase (24). It should be
noted that determination of the rate of GABA synthesis
from isotopic methods depends on the assumption that the
glutamate precursor pool for GABA is severalfold lower in

concentration than GABA, an assumption that is consistent
with findings using cellular staining (41,42). In the recent
studies of human cerebral cortex (13,29,35), the rate of
GABA synthesis, and by inference glucose oxidation in the
GABAergic pool, was estimated to be on the order of 10%
of total glucose oxidation, although no rates were given. In
the future, with the higher sensitivity available using inverse
MRS methods in combination with the development of
ultrahigh field magnets for human studies, measurements
of the rate of glucose oxidation in GABAergic neurons
should be possible in humans.
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In Vivo MRS Measurements of the Rate
of Glucose Oxidation in Glia

A long-term controversy in brain metabolism studies has
been the rate of glucose oxidation in glial cells. Early esti-
mates range from 10% to over 50% of glucose oxidation
(49). MRS may be used to measure the rate of glial glucose
oxidation based on the localization of the enzyme glutamine
synthetase in the glia (50). This localization allows the rate
of the glial TCA cycle to be calculated from the labeling of
glutamine from glial glutamate. The most quantitative early
findings were by Van den Berg and co-workers (40), who,
using 14C isotopic labeling strategies, assigned a rate to glial
pyruvate dehydrogenase, which they referred to as the small
glutamate pool, of 15% to 25% of total pyruvate dehydro-
genase (neuronal � glial) activity. The pyruvate dehydro-
genase rate is equal to the rate of complete glucose oxidation
by the TCA cycle plus the rate of net glial anaplerosis. These
measurements were performed using extract analysis of
whole brains. Two recent 13C MRS measurements of hu-
mans have measured glial pyruvate dehydrogenase as ac-
counting for between 8% (29) and 15% (35) of total pyru-
vate dehydrogenase activity in the occipital parietal lobe. A
limitation of these studies is that they did not measure the
rate of the glial TCA cycle, only the pyruvate dehydrogenase
step, and therefore the total oxidative energy produced in
the glia was not calculated. In a preliminary study in human
cerebral cortex using [2-13C] acetate, which is exclusively
incorporated into the astrocyte (28), as a tracer Lebon et
al. (38) found that the glial TCA cycle accounts for approxi-
mately 15% of total glucose oxidation.

Summary and Remaining Questions

In vivoMRS measurements of nonactivated cerebral cortex
in rats and humans have found that from 60% to over 80%
of glucose oxidation is associated with the large glutamate
pool, reflecting primarily glutamatergic neurons. The re-
mainder is primarily distributed between GABAergic neu-
rons and glia. The development of new labeling strategies
such as [2-13C] acetate and higher sensitivity MRSmeasure-
ments should allow the contributions of these cell types to
be more accurately determined. Within the error of the
MRS measurements, and the contribution of glutamate
pools in other neuronal classes to the glucose oxidation mea-
surement, there may be up to 10% of total glucose oxidation
available for other cell types such as dopaminergic and sero-
toninergic nerve terminals. An objection that has been raised
to these findings is the possibility that small highly metaboli-
cally active pools may be missed by the MRS method.
Under nonstimulated conditions the good agreement of the
MRS measurement with AV difference and PET measure-
ments of total glucose consumption indicate that the contri-
bution of these small pools is not large. MRS measurements
of glucose metabolism during cortical activation will be re-

viewed below (see In VivoMRSMeasurements of Neuroen-
ergetics During Functional Activation).

IN VIVO MRS MEASUREMENTS OF THE
RATE OF THE GLUTAMATE/GLUTAMINE
CYCLE: FINDINGS AND VALIDATION

The function of the glutamate/glutamine cycle is to prevent
depletion of the nerve terminal glutamate pool by synaptic
release. Glial cells have a high capacity for transporting glu-
tamate from the synaptic cleft in order to maintain a low
ECF (extracellular fluid) concentration of glutamate (50,
51). In vivo and in vitro studies indicate that glutamate
released by the neuron is taken up by the glia and converted
to glutamine by glutamine synthetase (53,54), an enzyme
found exclusively in glia (52). Glutamine is transported
from the glia into the ECF where it is taken up by neurons
and converted back to glutamate through the action of
phosphate-activated glutaminase (PAG) (55). Based on ex-
tensive data from isotopic labeling studies, immunohisto-
chemical staining of cortical cells for specific enzymes, iso-
lated cell, and tissue fractionation studies, it has been
proposed that glutamate (as well as GABA) taken up by the
glia from the synaptic cleft may be returned to the neuron in
the form of glutamine (40,56–58). The generally accepted
model of the glutamate/glutamine neurotransmitter cycle is
shown in Fig. 25.1A.
Despite a wealth of evidence from enzyme localization

and isolated cell studies, the rate of the glutamate/glutamine
cycle and its importance for brain function have been con-
troversial due to difficulties in performing measurements in
the living brain. Because the neurotransmitter glutamate is
packaged in vesicles (59,60), controversy has arisen about
the fraction of glutamate actually involved in the cycle, lead-
ing to the concept of a small ‘‘transmitter’’ versus a large
‘‘metabolic’’ glutamate pool. Supporting the concept that
glutamate neurotransmitter flux is a small fraction of total
glucose metabolism are findings in isolated cells and nonac-
tivated brain slices of a low rate of label incorporation from
[1-13C] glucose (61). The concept of a metabolically inac-
tive neurotransmitter pool was brought into question in
1995, when, using 13C nuclear magnetic resonance (NMR),
we measured a high rate of glutamine labeling from [1-13C]
glucose in the occipital/parietal lobe of human subjects (12).
A high rate of glutamine synthesis was calculated from these
data (18). At the time of the initial 13C NMR study, the
rate of the glutamate/glutamine cycle could not be calcu-
lated due to the lack of a model for distinguishing isotopic
labeling from this cycle from other sources of glutamine
labeling, most significantly removal of cytosolic ammonia
produced by metabolism and uptake of plasma ammonia
(62). Net ammonia removal requires the de novo glutamine
synthesis via the anaplerotic pathway in the glia. In addition,
several other pathways, including the glial TCA cycle, have
been proposed as providing significant precursors for gluta-
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mine synthesis (61,62). To calculate the rate of the gluta-
mate/glutamine cycle, Sibson et al. (25) developed a meta-
bolic model for separating the pathways of glutamine syn-
thesis.
This section reviews 13C MRS measurements of the glu-

tamate/glutamine cycle, emphasizing studies performed to
validate the MRS technique. The important and surprising
result of these studies is that the glutamate/glutamine cycle
is a major metabolic flux, far exceeding de novo glutamine
synthesis. The rate of the glutamate/glutamine cycle in the
awake resting human cerebral cortex is between 60% and
80% of total glucose oxidation.

Development of a Two-Compartment
Metabolic Model of Glutamine
Metabolism to Separately Determine the
Rate of the Glutamate/Glutamine Cycle
and Anaplerotic Glutamine Synthesis

The rate of the glutamate/glutamine cycle is calculated from
the time course 13C labeling of glutamine relative to the
labeling of its precursor neuronal glutamate. If neuronal
glutamate were the only precursor of glutamine, the calcula-
tion would be straightforward. Unfortunately, the calcula-
tion is complicated by label from [1-13C] glucose entering
both the neuronal and glial TCA cycles via pyruvate dehy-
drogenase. Glutamate in both cell types will be labeled in
the C4 position by exchange with �-ketoglutarate in the
TCA cycle (Fig. 25.3). The flow of label from C4-glutamate
into C4-glutamine is proportional to the total rate of gluta-
mine synthesis. However, unless the relative flow of 13C
label into the glial glutamate pool from the glial pyruvate
dehydrogenase and neuronal glutamate are distinguished,
the fraction of glutamine synthesis due to the glutamate/
glutamine cycle cannot be calculated. To determine the rate
of the glutamate/glutamine cycle from a [1-13C] glucose
precursor, we developed a metabolic model to constrain the
rate of glutamine labeling from glial pyruvate dehydro-
genase.
Glutamine production via glutamine synthetase requires

two substrates, glutamate and ammonia. As shown in the
flow diagram of Fig. 25.1A, glutamine synthesis receives
precursor glutamate from both glial uptake of released neu-
rotransmitter glutamate and glial anaplerosis. A mathemati-
cal model was developed to interpret isotopic data in order
to separate these pathways (25,27,29,36). The model ex-
tends previous formulations by imposing mass balance con-
straints on the brain glutamate and glutamine pools that
relate the rate of de novo glutamine synthesis to the net
uptake of anaplerotic precursors from the blood. Glutamine
efflux is the primary source of nitrogen removal from the
brain (49,62). Nitrogen must be removed from the brain
in order to maintain low concentrations of ammonia, which
when elevated will interfere with brain function (62). Be-
cause at steady state the concentration of glutamine remains

constant, loss of glutamine by efflux (Vefflux) must be com-
pensated for by de novo synthesis of glutamine by an-
aplerosis (Vana). For de novo synthesis by anaplerosis, pyru-
vate derived from glucose is converted by CO2 fixation
(VCO2) to oxaloacetate by the enzyme pyruvate carboxylase,
which is active only in the glia (54). Through the action of
the TCA cycle oxaloacetate is converted to �-ketoglutarate,
which may be converted to glutamate either by ammonia
fixation via glia glutamate dehydrogenase or alternatively
through transamination with other amino acids (37). Glial
glutamate is then converted to glutamine by glutamine syn-
thetase. One or two ammonia molecules are fixed per gluta-
mine molecule synthesized through anaplerosis, depending
on the relative fluxes of NH4

� fixation versus transamina-
tion. Applying nitrogen mass balance constraints leads to
the relationship VNH4 � (1 to 2)Vefflux at steady state. The
additional requirement of carbon mass balance leads to the
following relationship:

Vana � Vefflux � VCO2 � (1⁄2 to 1)VNH4� [1]

Total glutamine synthesis is then related to synthesis for
ammonia detoxification (Vana) and the glutamate/glutamine
cycle (Vcycle) by the following expression:

Vgln � Vcycle � Vana [2]

Note that VCO2 may be higher than Vana if anaplerosis is
needed to replace TCA cycle intermediates lost by oxidative
processes or pyruvate recycling (63,64).
Examination of Eq. 2 indicates that Vcycle may be derived

from a measurement of Vgln from a 13C MRS experiment
in combination with a measurement of any of the rates
linked by mass balance considerations to anaplerotic gluta-
mine synthesis. A limitation of isotopic measurements of
flux is that isotopic exchange cannot be distinguished from
net flux. The linkage between the labeling of glutamine
through glial pyruvate dehydrogenase and the brain an-
aplerosis flux allows the validation of isotopic measurements
of glutamine 13C and 15N labeling against traditional AV
difference measurements.
The glutamate/glutamine cycle measurement using a

[1-13C] glucose precursor also includes contributions from
the GABA/glutamine cycle (34,57,65). GABA is the main
inhibitory neurotransmitter, and has been measured by in
vivo 1H and 13C MRS in animals and humans (12,13,24,
29,35,66) (see In Vivo MRS Studies of GABA Metabolism
and the Effects of Disease and Pharmacologic Treatment
on Human GABAMetabolism, below). The glutamate/glu-
tamine and GABA/glutamine pathway may be distin-
guished using [2-13C] glucose and [2-13C] acetate as precur-
sors as described below and in the section In Vivo MRS
Studies of GABA Metabolism.

13C NMR Studies of the Glutamate/
Glutamine Cycle in Rat Cerebral Cortex

To determine the rate of glutamine synthesis, rats were stud-
ied under �-chloralose anesthesia in a 7-T modified Bruker
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Biospec spectrometer. A small 13C surface coil was used for
transmission and reception. The spectroscopic volume was
localized primarily to the motor and somatosensory cortices.
The rats were infused with [1-13C] glucose, and the time
course of label incorporation into the C4 positions of gluta-
mate and glutamine was measured. The time courses were
fitted using differential equations describing the proposed
model of glutamate/glutamine cycle. The rate of the neu-
ronal TCA cycle as measured from label incorporation into
the C4-glutamate was 0.46 � 0.12 �mol/g-min [mean �
standard deviation (SD), n � 5]. The rate of glutamine
synthesis (Vgln) was 0.21 � 0.04 �mol/g-min (n � 5),
which was nearly half the rate of the TCA cycle (25). These
results indicate that glutamine synthesis is a major metabolic
pathway in the rat cerebral cortex.

Validation of the Metabolic Model by
Comparison of the Increase in the Rate
of Glutamine Synthesis During
Hyperammonemia with Independent
Measures of Net Ammonia Uptake, CO2

Uptake, and Glutamine Efflux

Elevated plasma ammonia increases the rate of the anaple-
rotic pathway of glutamine synthesis (62) in order to remove
ammonia from the brain. The metabolic model predicts
that under conditions of elevated plasma ammonia the in-
crease in the rate glutamine synthesis is stoichiometrically
coupled to the increase in the uptake of the anaplerotic
substrates CO2 and ammonia and the efflux of glutamine
from the brain (�Vgln � �Vana � �Vefflux � �VCO2 �
1⁄2�VNH4s). To test the 13C MRS measurement, glutamine
synthesis in rat cerebral cortex was measured under normal
and elevated plasma ammonia concentrations. Rats were
made hyperammonemic (0.35 � 0.08 mM plasma ammo-
nia vs. basal levels of 0.05� 0.01 mM) by a primed contin-
uous infusion of ammonia and studied after 4 hours of
hyperammonemia to ensure metabolic steady state. The
neuronal TCA cycle rate was not significantly increased
under these conditions relative to the control condition,
which suggests that brain electrical activity and by inference
the glutamate/glutamine cycle were not substantially al-
tered. The rate of glutamine synthesis under hyperammo-
nemic conditions increased by 0.11 � 0.03 �mol/g-min
relative to the rate under normal plasma ammonia levels.
The increase in the rate of glutamine efflux (Vefflux) mea-
sured by AV difference under similar conditions was 0.10
�mol/g-min (67), in good agreement with �Vgln. Studies
that have used 14C isotope to measure the increase in VCO2
with hyperammonemia found a rate of �0.15 �mol/min-
g (68), which is slightly higher than measured by 13C MRS,
possibly due to the need for additional incorporation of
CO2 to replace TCA cycle intermediates lost by oxidation.
As described below, both AV difference and direct isotope
incorporation measurements of ammonia fixation into glu-

tamine under hyperammonemic conditions are also consis-
tent with the predictions of the model. The agreement be-
tween the increase in Vgln determined by 13C MRS and the
increase measured by conventional methods in anaplerotic
substrate utilization and glutamine efflux predicted by Eq.
2 provides strong experimental support for the ability to
determine Vcycle under normal physiologic conditions.

15N MRS Studies to Test the Relationship
Between Anaplerotic Glutamine
Synthesis and Ammonia Detoxification
15N MRS is a useful method for both in vitro and in vivo
study of cerebral glutamate/glutamine metabolism under
hyperammonemic conditions based on the measurement of
[5-15N] glutamine and [2-15N] glutamate/glutamine (69,
70). Incorporation of 15N labeled ammonia into the N5
position of glutamine may be analyzed to calculate the flux
through glutamine synthetase. In the absence of label ex-
change, the rate of incorporation of labeled ammonia into
the N2 position of glutamate� glutamine may be analyzed
to calculate the rate of glutamate dehydrogenase.
The relationships in Eq. 2, which were used in the mod-

eling of the 13C MRS data to deconvolute 13C labeling in
C4-glutamine from neuronal glutamate and glial PDH, are
based on mass balance and previous AV difference and am-
monia trapping studies. To further test the relationship of
Eq. 2 between the rate of ammonia uptake in the cerebral
cortex (VNH4�) and anaplerotic glutamine synthesis (Vana),
total ammonia uptake was calculated from the time course
of the sum of 15N labeled N5 glutamine and N2 glutamate
� glutamine in rat cerebral cortex during infusion of 15N
ammonia. These were the only compounds into which ap-
preciable 15N label incorporation was observed, which
agrees with previous findings that the major flows of ammo-
nia in the brain involve these metabolites (62). The calcu-
lated VNH4� from these data was 0.13 � 0.02 �mol/g-
min (n� 6). Based on the stoichiometric relationship of the
model of 1⁄2�VNH4 � �Vana, a rate of anaplerotic glutamine
formation of 0.065 � 0.01 �mol/g-min was predicted.
From this measurement an increase in the cerebral gluta-
mine pool during the infusion of 0.065 �mol/min/g �
180 min � 11.7 �mol/g of glutamine was predicted. This
calculation is in excellent agreement with the measured in-
crease in glutamine concentration at the end of the study
of 11.1 � 0.4 �mol/g (36).

13C MRS Determination of the Rate of the
Glutamate/Glutamine Neurotransmitter
Cycle Under Normal Physiologic
Conditions

To determine the rate of the glutamate/glutamine cycle
from a [1-13C] glucose precursor under physiologic condi-
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tions, Sibson et al. (25) measured Vgln and calculated Vana
using Eq. 2 and previously published measurements (62,
71). The value of Vana calculated in this manner ranged
from 0.00 to 0.04 �mol/g-min. Comparison with the 13C
MRS measurement of Vgln of 0.21 � 0.04 �mol/g-min,
yields a Vcycle that is 80% to 90% of the rate of glutamine
synthesis. A similar high percentage of Vcycle was calculated
using measurements of the net incorporation of 14CO2 into
the cerebral cortex (72). The CO2 measurement is coupled
to total brain anaplerosis, which may be higher than an-
aplerosis used for net glutamine synthesis, and therefore
represents the maximum estimate of this flux.

Validation of the Measurement of
Glutamine Synthesis by Comparison of
Rates Calculated from 15N MRS and 13C
MRS Results

To obtain an independent measurement of Vgln and Vana,
15N MRS was used to measure the rate of 15N-labeled am-
monia incorporation into the N5 position of glutamine and
the unresolved resonance of N2 glutamate plus glutamine
(36). A mathematical analysis based on the model was used
to derive Vgln from the MRS measurement of the time
course of [5-15N]glutamine and [2-15N] glutamate� gluta-
mine. The labeling in the first hour was almost exclusively
within the N5 position of glutamine, which is consistent
with the delayed onset of anaplerosis previously reported
under these conditions (73) and previous measurements
using 13N and 15N labeled ammonia (62,69). The low ini-
tial rate of anaplerosis allows the rates determined from the
15N NMR study to be compared with the rates measured
by 13C NMR under normal physiologic conditions. The
measured Vgln of 0.20 � 0.06 �mol/g-min (mean � SD,
n � 6) from these studies (36) is in excellent agreement
with the results from the 13C NMR measurement of 0.21
� 0.04 �mol/g-min (25).

Validation of the 13C MRS Measurement
of the Glutamate/Glutamine Cycle, and
Assessment of Alternate Models of
Neuronal/Glial Trafficking, Through
Comparison of Results Using [1-13C]
Glucose, [2-13C] Glucose, 15NH4, and
[2-13C] Acetate as Precursors

Several alternative models to the glutamate/glutamine cycle
(Fig 25.1A,B) have been proposed. In one alternative model
the 13C labeling of glutamine represents an internal glial
glutamate/glutamine cycle as opposed to trafficking be-
tween the neuron and glia. Label enters C4-glutamine from
[1-13C] glucose in this model through exchange in the glial
cell between glutamate and glutamine catalyzed either
through the reverse reaction of glutamine synthetase, or al-

ternatively via glial phosphate activated glutaminase. Re-
leased neuronal glutamate in this model is taken up directly
by the nerve terminal. In another alternate model, dia-
grammed in Fig. 25.1C, the glia releases �-ketoglutarate,
or equivalently citrate or malate, to the neuron to replace
the carbon skeleton of released glutamate (32,34,64). In
support of this pathway, which is referred to here as the
glutamate/�-ketoglutarate cycle, several TCA cycle interme-
diates including malate, �-ketoglutarate, and citrate are re-
leased from glia in cell culture and may be taken up by
synaptosomes and cultured neurons (32–34).
The two pathways of glutamate trafficking shown in Fig.

25.1 cannot be distinguished on the basis of a 13C MRS
study using [1-13C] glucose as the label source. As described
above, [1-13C] glucose will label both the glial and neuronal
glutamate pools directly via pyruvate dehydrogenase. An
alternative strategy is to use isotopic precursors that exclu-
sively introduce label into the glia. Analysis of the flow of
isotope from the glia into the neuronal glutamate pool yields
the rate of total neuronal/glial glutamate trafficking. Com-
parison with the rate calculated using [1-13C] glucose gives
the fraction of neuronal/glutamate trafficking due to the
glutamate/glutamine cycle (27,36).
The initial use with MRS of the strategy of glial selective

precursors to calculate the fraction of glutamate trafficking
due to the glutamate/glutamine cycle measurement was by
Shen et al. (36), who calculated the relative fraction of the
glutamate/glutamine cycle and glutamate/�-ketoglutarate
cycle, using 15NMRS measurement of the labeling in gluta-
mine and glutamate from 15NH4�. Under hyperammo-
nemic conditions the rate of 15N ammonia incorporation
into the N5 and N2 position of glutamine is the same in
the glutamate/�-ketoglutarate cycle because only the an-
aplerotic pathway of glutamine synthesis is present. In con-
trast, in the glutamate/glutamine cycle, there is additional
incorporation of 15N label into the N5 position of gluta-
mine selectively in the glia (due to the localization of gluta-
mine synthetase) due to the cycle. To distinguish these
models, the endpoint 15N enrichment of the N2 positions
of glutamate and glutamine were calculated relative to the
glutamine N5 position for each model using the N5 gluta-
mine labeling curve as an input and compared with experi-
mental values. As shown in Fig. 25.4, the low 15N fractional
enrichment of the N2 position of glutamine and glutamate
relative to glutamine N5 at the end of the study strongly
supports the glutamate/glutamine cycle as the primary path-
way of neuronal glutamate repletion.
An additional test of the glutamate/glutamine cycle

model was recently performed using 2-13C] glucose as an
isotopic precursor (27). Label from [2-13C] glucose enters
the inner positions of glutamate and glutamine only
through pyruvate incorporation into the TCA cycle by py-
ruvate carboxylase, which is localized to the glia (27,74).
The initial flow of label from this precursor is into the glial
TCA cycle intermediates, and then glial glutamate and glu-
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FIGURE 25.4. Calculated 15N2/15N5 fractional enrichment ratios
of glutamine and glutamate for three models of glial glutamine
synthesis. Three models of neuronal glutamate completion were
compared with experimental results in which the time course of
[5-15N] glutamine and [2-15N] glutamine and glutamate were
measured by 15N nuclear magnetic resonance (NMR) in the cortex
of a rat infused with 15N-labeled ammonia at 7 T (36). The mea-
sured ratio at the end of the infusion is in excellent agreement
with the ratio predicted if the glutamate/glutamine cycle is the
major pathway of astrocytic repletion of released neuronal gluta-
mate (model a, which is diagrammed in Fig 25.1A,B). If instead
the cycle was internal to the astrocyte the N2/N5 glutamine rela-
tive 15N enrichment would be two times higher than measured
and no labeling would have been observed in N2 glutamate
(model b). If glutamate neurotransmitter repletion took place
through the astrocytes providing the neurons with �-ketogluta-
rate (model c, which is diagrammed in Fig 25.1C), the rate of
anaplerotic and total glutamine synthesis would be similar and
the N5/N2 ratio of glutamine would be close to 1.0 as opposed to
the measured ratio of 0.25. A similar labeling strategy has recently
been used with [2-13C] glucose and [2-13C] acetate, both sub-
strates that selectively label glutamine through glial specific path-
ways, and has put an upper limit of the rate of the �-ketogluta-
rate/glutamate cycle at 20% of the total rate of glutamate
trafficking, the remainder being due to the glutamate/glutamine
cycle (27,38).

tamine (27). Subsequently, neuronal/glial cycling moves the
label to the neuron where it labels the large glutamate pool.
The labeling measured in the glutamate pool is the sum of
all trafficking pathways from the glia. In contrast the rate
of labeling of glutamine from a [1-13C] glucose precursor
is a measure of the glutamate/glutamine cycle. In vivo and
in vitro 13C MRS at 7 T was recently used to measure
the labeling time course of glutamate and glutamine in the
cerebral cortex of rats under hyperammonemic and nor-
moammonemic conditions during infusion of either
[1-13C] or [2-13C] glucose (27). The rate calculated for the
neuronal/glial glutamate cycle was similar, with both labels
indicating that the glutamate/glutamine cycle is the major
pathway of neuronal/glial glutamate trafficking accounting
for between 80% and 100% of total glutamate trafficking. A
similar conclusion was recently reported for human cerebral
cortex using [2-13C] acetate as a precursor (38), which selec-
tively introduces label into glutamate and glutamine
through glial pyruvate dehydrogenase.

The Effect of Glutamate Oxidation on the
Glutamate/Glutamine Cycle
Measurement and Estimates of Its Rate
In Vivo

An alternate pathway of neuronal/glial glutamate trafficking
is glial glutamate oxidation (10,63,64). In this pathway glu-
tamate taken up by the glial cell is transaminated into �-
ketoglutarate and enters the TCA cycle. Reactions in the
TCA cycle convert �-ketoglutarate to oxaloacetate, which
is then converted to pyruvate by the action of malic enzyme.
The pyruvate formed from glutamate is oxidized in the TCA
cycle through the action of pyruvate dehydrogenase. Gluta-
mate lost to the brain by this pathway is then replaced by
anaplerosis through pyruvate carboxylase. Evidence of this
pathway is derived primarily from isolated cell cultures. It
has been proposed that the fraction of glutamate going
through this pathway increases with brain electrical activity
(64).
The major effect of the glutamate oxidation pathway on

the MRS measurement of the glutamate/glutamine cycle is
to cause the fraction of glutamine synthesis of net an-
aplerosis to be overestimated and Vcycle to be consequently
underestimated, because the labeling of the internal posi-
tions of glutamine from the two pathways from [1-13C]
and [2-13C] glucose is similar. The unambiguous in vivo
determination of glutamate oxidation requires the 13C label
flow from glutamate to pyruvate to be measured (10,63).
This measurement is complicated by other metabolic path-
ways that produce similar labeling patterns, including
scrambling of isotopic labeling into other positions of glu-
cose in the liver (23,27,63,75), and as a consequence gluta-
mate oxidation has not been definitively demonstrated in
vivo under normal physiologic conditions. Suggestive evi-
dence of this pathway is the finding in several studies that
the rate of anaplerosis under normal ammonia conditions
calculated from labeling of glutamine by 13C labeled glucose
is approximately two to three times higher than that pre-
dicted from measurements of brain glutamine efflux (27).
An alternate possibility is that rather than glutamate oxida-
tion this extra labeling reflects cycling between oxaloacetate
and pyruvate to generate reduced nicotinamide adenine di-
nucleotide phosphate (NADPH) reducing equivalents in
the glia, a pathway that has been shown to be highly active
in the liver (75).

Validation of the 13C MRS Glutamate/
Glutamine Cycle Measurement by
Correlation with Brain Electrical Activity

If the 13C labeling measured in glutamine by 13C MRS is
due to the glutamate/glutamine cycle, then the calculated
rate of this pathway should correlate with brain electrical
activity. Neuronal glutamate release is known to increase
with neuronal depolarization associated with action poten-
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tials. To test this prediction, 13C MRS was used to measure
the rates of neuronal glucose oxidation and the glutamate/
glutamine cycle in the rat cerebral cortex at three levels of
cortical electrical activity: isoelectric EEG induced by high-
dose pentobarbital anesthesia, and at two milder levels of
anesthesia (26). During isoelectric conditions, under which
minimal glutamate release takes place, almost no glutamine
synthesis was measured, consistent with the conclusion that
the 13CMRSmeasurement of glutamine synthesis primarily
reflects the glutamate/glutamine cycle. Above isoelectricity,
the rates of the glutamate/glutamine cycle and neuronal
glucose oxidation both increased with higher electrical activ-
ity. The relationship measured in this study between the
rate of the glutamate/glutamine cycle and neuronal glucose
oxidation is described below (see Determination of the In
Vivo Coupling Between the Rate of the Glutamate/Gluta-
mine Neurotransmitter Cycle and Neuronal Glucose Oxi-
dation).

13C MRS Measurements of the Rate of
the Glutamate/Glutamine Cycle in Human
Cerebral Cortex

In 1994 we first demonstrated that in vivo 13C NMR may
be used to measure the rate of glutamine labeling (12,18)
from [1-13C] glucose in human occipital/parietal cortex.
These studies showed clearly that glutamine is labeled rap-
idly from [1-13C] glucose in the human cerebral cortex.
However, the rate of the glutamate/glutamine cycle was not
uniquely determined in the initial experiments due to the
inability to distinguish the glutamate/glutamine cycle from
other sources of glutamine labeling. To determine whether
there is a similar high rate of the glutamate/glutamine cycle
in human cerebral cortex as in the rat, we (29) and Gruetter
and co-workers (13,35) have determined this rate from 13C
MRS measurements in the human occipital/parietal lobe.
A time course from the study of Shen and co-workers

(29) showing the rapid labeling of C4-glutamine and C4-
glutamate from [1-13C] glucose in a single subject is shown
in Fig. 25.5. A best fit of the metabolic model is plotted
through the data. A lag is clearly shown in the labeling of
C4-glutamine relative to C4-glutamate, which is consistent
with the large neuronal glutamate pool being the main pre-
cursor for glutamine synthesis. The combination of the met-
abolic model validated in the rodent and improved MRS
sensitivity allowed the rate of the glutamate/glutamine cycle,
the neuronal TCA cycle, the glial TCA cycle, and anaple-
rotic glutamine synthesis to be calculated from the 13CMRS
data. The analysis gave a total TCA cycle rate of 0.77 �
0.05 �mol/min/g (mean � SD, n � 6), a neuronal TCA
cycle rate of 0.71 � 0.02 �mol/min/g, a glial TCA cycle
rate of 0.06 � 0.02 �mol/min/g, a glutamate-glutamine
cycle rate of 0.32 � 0.04 �mol/min/g (mean � SD, n �
6), an anaplerotic glutamine synthesis rate of 0.04 � 0.02,
and a glucose oxidation rate of 0.39 � 0.03 �mol/min/g

FIGURE 25.5. In vivo 13C NMR time course of the human occipi-
tal/parietal lobe: the time course from one subject of the concen-
trations of [4-13C] glutamate and [4-13C]glutamine during a
[1-13C ] glucose infusion, and the best fit of the two-compartment
model to these data. At time 0 on the plot an intravenous infusion
of [1-13C] glucose was started. The model is shown to provide an
excellent fit to the data. The rise of [4-13C] glutamine is clearly
seen to lag the labeling of [4-13C] glutamate, consistent with neu-
ronal glutamate being the main precursor for glutamine synthesis
via the glutamate/GABA/glutamine cycle. *, glutamate; �, gluta-
mine. (From Shen J, Petersen KF, Behar KL, et al. Determination
of the rate of the glutamate-glutamine cycle in the human brain
by in vivo 13C NMR. Proc Natl Acad Sci USA 1999;96:8235–8240,
with permission.)

(mean � SD, n � 6). In agreement with studies in rat
cortex, the glutamate/glutamine cycle is a major metabolic
flux in the resting human brain with a rate approximately
80% of the rate of total glucose oxidation.
In a study performed at 4 T, Gruetter and co-workers

(13) measured rapid labeling of glutamate and glutamine
from infused [1-13C] glucose using 13C MRS. A high rate
of the glutamate/glutamine cycle was measured using a two-
compartment model, similar to the model used by Shen
and co-workers (29). The improved spectroscopic resolu-
tion provided by the higher field strength at 4 T allowed
the additional positions of the C2 and C3 resonances of
aspartate, glutamate, and glutamine to be incorporated into
the modeling. More recently Gruetter and co-workers (35)
studied six subjects using localized 13C MRS measurements
of a 45-mL volume in the occipital lobe. The main differ-
ences from the rates derived from the Shen et al. (29) study
are a higher rate of anaplerosis, approximately 25% of total
glutamine synthesis as opposed to 11% in the Shen et al.
study and a somewhat lower rate of the neuronal TCA cycle
of 0.62� 0.05�mol/min/g. The lower calculated neuronal
TCA cycle rate was due to a lower rate of neuronal mito-
chondrial �-ketoglurate/glutamate exchange calculated
from the data than in a previous study by Mason and co-
workers (18). The lower exchange rate was due to the assign-
ment of a higher concentration of aspartate in the gluta-
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matergic neuron and glutamate in the astrocyte in the meta-
bolic model of Gruetter and co-workers. The higher
anaplerosis rate also reflects differences in which the isotopic
data was modeled. In the Shen et al. study anaplerosis was
calculated primarily from the labeling kinetics of C4-gluta-
mine and C4-glutamate, whereas in the Gruetter et al. (35)
study it was calculated primarily from the measurement of
the time course of the differential 13C labeling of the C2,
C3, and C4 glutamate and glutamine resonances. Both ap-
proaches suffer from needing to deconvolute 13C label en-
tering these carbon positions from pyruvate dehydrogenase
from the label entering via pyruvate carboxylase. In the fu-
ture these differences should be reconcilable by using label-
ing strategies such as [2-13C] glucose, which labels glutamate
and glutamine internal positions only by pyruvate carboxyl-
ase. If the anaplerotic pathway is due to glutamate oxidation
(see Validation of the 13C MRS Glutamate/Glutamine
Cycle Measurement by Correlation with Brain Electrical
Activity, above) as opposed to ammonia detoxification, the
rate of the glutamate/glutamine cycle reported in both stud-
ies is an underestimate by the calculated rate of anaplerosis.
The differences in the anaplerotic flux calculated in these
studies should not obscure the major point of agree-
ment—that the glutamate/glutamine cycle is major meta-
bolic pathway with a rate accounting for between 60% and
80% of total glucose oxidation in the cerebral cortex.

Cellular and Molecular Evidence that
Astroglia have a Major Role in the
Uptake of Glutamate Released from
Neurons

The high rate of the glutamate/glutamine cycle indicates
that astroglial uptake of glutamate and GABA plays a key
role in maintaining the low extracellular levels of these neu-
rotransmitters needed for proper receptor-mediated func-
tions. There is considerable evidence from several lines of
research that support this conclusion. Overstimulation of
glutamate receptors can lead to excitotoxicity (76,77). Stud-
ies of glutamatergic synapses have shown them to be closely
surrounded by glial end processes possessing high densities
of glutamate transporters (78). Glutamate and GABA trans-
porters are sodium dependent and electrogenic and are pres-
ent on both neurons and glia (58,78–80). Glutamate trans-
porters have an affinity, Km, of 1 to 3 �M (80), which is
in the range of normal estimated ECF glutamate concentra-
tions. Immunohistochemical studies have showed that the
glutamate transporters GLT-1 and GLAST (glutamate as-
trocytic transporter) are localized primarily in astrocytes (48,
81–83), whereas EAAC1 is found on neurons (51). Anti-
sense oligonucleotides directed against the astrocytic gluta-
mate transporters GLT-1 or GLAST in vivo results in ele-
vated ECF glutamate in vivo and excitotoxicity (84,85). The
majority of glutamate uptake after its release appears to be
either postsynaptic or astroglial (86,87), although an elec-

trophysiologic study of the hippocampal slice suggests that
astroglial uptake dominates (88).

Summary and Remaining Questions

MRS allows the glutamate/glutamine cycle to be measured
from the labeling of glutamate and glutamine by 13C and
15N labeled precursors. The major complications in deter-
mining the rate of the glutamate/glutamine cycle from iso-
topic measurements are separating the labeling of glutamine
from the glutamate/glutamine cycle from alternate path-
ways of glutamine synthesis and isotopic exchange, and dis-
tinguishing different pathways of neuronal/glial glutamate
trafficking. To overcome these obstacles the metabolic mod-
eling of the glutamate/glutamine cycle has been extended
to include ammonia detoxification, alternate pathways of
glutamate trafficking, and glutamate oxidation (27). The
MRS rate measurement has been validated by several strate-
gies including (a) comparison of the rate of glutamine syn-
thesis measured under different ammonia levels with mea-
surements of anaplerotic substrates by AV difference and
isotopic trapping methods (25); (b) comparison of the rates
of glutamine synthesis and the glutamate/glutamine cycle
calculated from the isotopic labeling from [1-13C] glucose,
[2-13C] glucose, 15N ammonia, and [2-13C] acetate (27,35,
36,39); and (c) measurement of the rate of the glutamate/
glutamine cycle as a function of brain electrical activity (26,
37). The results of these studies indicate that the glutamate/
glutamine cycle is the major pathway of glutamine synthesis
and neuronal/glial glutamate trafficking under normal con-
ditions, with a rate similar to the rate of neuronal glucose
oxidation under conditions of high electrical activity. Mea-
surements in awake nonstimulated human cerebral cortex
have found that the rate of the glutamate/glutamine cycle
is between 60% and 80% of total glucose oxidative metabo-
lism (29,35).
Objections have been raised to the MRS measurement of

the glutamate/glutamine cycle for having neglected alternate
pathways of glutamate trafficking and the need for compari-
son with direct measurements of neuronal glutamate release.
As described above, isotopic strategies have been developed
to assess these pathways and under physiologic conditions
they were found to account for less than 20% of glutamate
trafficking. However, under pathologic conditions such as
seizure the rate of these pathways may be much higher.
Glutamate oxidation may have a significant contribution
to total neuronal/glial glutamate trafficking. However, the
unambiguous in vivo measurement of glutamate oxidation
will require strategies for eliminating isotopic labeling from
other pathways. Although direct measurement of bulk neu-
ronal release of glutamate for comparison with 13C MRS
is presently not possible, advances in molecular and cellular
methods for studying glutamate transport indicate that neu-
rotransmission is the major, if not exclusive, pathway of
glutamate release from glutamatergic neurons and the vast
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majority of this flux is taken up by astroglia in the cerebral
cortex. Correlation of the MRS glutamate/glutamine cycle
with indirect measures of neuronal glutamate release such
as microdialysis and nerve terminal labeling would be highly
desirable, as would further studies better defining the rele-
vant pool sizes and enzyme distribution in glia and gluta-
matergic neurons, particularly in regions other than the ce-
rebral cortex.

DETERMINATION OF THE IN VIVO
COUPLING BETWEEN THE RATE OF THE
GLUTAMATE/GLUTAMINE
NEUROTRANSMITTER CYCLE AND
NEURONAL GLUCOSE OXIDATION

This section presents evidence from MRS and other studies
for a model of the coupling between the glutamate/gluta-
mine cycle and glial glucose uptake and subsequent neu-
ronal oxidation. The model is based on work in cellular
systems primarily by Magistretti and co-workers (90) and
recent findings, using 13C MRS in rat cortex, that the gluta-
mate/glutamine cycle (a) increases in rate with increasing
brain electrical activity in a near 1:1 stoichiometry with
neuronal glucose oxidation (26), and (b) is 60% to 80% of
the rate of total glucose oxidation in the awake nonstimu-
lated cerebral cortex (13,26,29,35,37). Several comprehen-
sive reviews of the evidence from molecular and cellular
studies supporting glial localization of glucose uptake re-
lated to functional neuroenergetics have been published by
Magistretti and co-workers (52,89) and are not duplicated
here. The focus of this section is on the evidence from in
vivo studies that support the model and key tests that remain
to be performed.

Determination by 13C MRS of the
Relationship Between the Glutamate/
Glutamine Cycle and Neuronal Oxidative
Glucose Consumption

To determine the relationship between the glutamate/gluta-
mine cycle and cerebral cortex neuroenergetics, 13C MRS
was used to measure the rate of neuronal glucose oxidation
and the glutamate/glutamine cycle in rat cortex under con-
ditions of isoelectric EEG induced by high-dose pentobarbi-
tal anesthesia, and at two milder levels of anesthesia (26).
The rate of neuronal glucose oxidation and the glutamate/
glutamine cycle was calculated using a two-compartment
metabolic model from the isotopic turnover of C4-gluta-
mate and C4-glutamine. Under isoelectric conditions, at
which minimal glutamate release takes place, almost no glu-
tamine synthesis was measured, consistent with the conclu-
sion that the 13C MRS measurement of glutamine synthesis
primarily reflects the glutamate/glutamine cycle. Above iso-
electricity, the rates of the glutamate/glutamine cycle and

FIGURE 25.6. An approximately 1:1 correlation between the
rate of oxidative glucose consumption and the rate of the gluta-
mate glutamine cycle. The rate of neuronal glucose oxidation
(CMRglc(ox)) and the glutamate/glutamine cycle (Vcycle) was mea-
sured by 13C MRS at 7 T in the rat somatosensory cortex at differ-
ent levels of cortical activity induced by anesthesia. A significant
positive correlation (p �.001) was found between CMRglc(ox) and
Vcycle. The regression line shown is y� 1.04x� 0.10 with a Pearson
product-moment correlation coefficient, r, of 0.94. (From Sibson
NR, Dhankhar A, Mason GF, et al. Stoichiometric coupling of brain
glucose metabolism and glutamatergic neuronal activity. Proc
Natl Acad Sci USA 1998;95:316–321, with permission.)

neuronal glucose oxidation both increased with increasing
electrical activity. The results, shown in Fig 25.6, indicate
an approximately 1:1 relationship between the increase in
the rates of the glutamate/glutamine cycle and neuronal
glucose oxidation with brain activity. Under the highest
cortical activity studied, the glutamate/glutamine cycle rate
was approximately 80% of the rate of neuronal glucose oxi-
dation. A similar ratio of the rate of the glutamate/glutamine
cycle to the rate of neuronal glucose oxidation has been
reported for measurements of awake nonstimulated human
cerebral cortex (13,29,35).

A Model for the Stoichiometric Coupling
of the Glutamate/Glutamine Cycle to
Neuronal Glucose Oxidation

Figure 25.7 shows a model that provides a mechanistic ex-
planation for the observed ratio of the rates of the glutamate/
glutamine cycle to neuronal glucose oxidation (26,37,90).
The model is an extension of the model proposed by Magis-
tretti and co-workers that nonoxidative glial glycolysis is
coupled to glutamate uptake due to the preference of the
glia to use glycolytic adenosine triphosphate (ATP) to pump
out the cotransported three Na� ions (52,90,91). The pyru-
vate and lactate formed by glial glycolysis would then be
transported to the neuron where it is oxidized. Prior to the
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FIGURE 25.7. A metabolic model coupling the glutamate/gluta-
mine cycle to oxidative glucose consumption. In this model the
two molecules of adenosine triphosphate (ATP) required by the
astrocyte to take up one molecule of glutamate (Glu) and convert
it through glutamine synthetase to glutamine (Gln) are provided
by nonoxidative glycolysis of one molecule of glucose (Glc). The
lactate produced by nonoxidative glycolysis is then released from
the astrocyte and taken up by the neuron for oxidative glycolysis.
Glc, glucose; Lac, lactate; Vgln, rate of glutamine synthesis; Vcycle,
rate of the glutamate/glutamine cycle. (From Sibson NR, Dhan-
khar A, Mason GF, et al. Stoichiometric coupling of brain glucose
metabolism and glutamatergic neuronal activity. Proc Natl Acad
Sci USA 1998;95:316–321, with permission.)

in vivo 13C MRS studies, the evidence for the model was
primarily from enzyme localization studies and isolated cell
studies (see refs. 89 and 90 for reviews of these studies).
Both lines of evidence of localization have been criticized
based on the presence of the enzymes required for glucose
transport and glycolysis in the neurons, and the strong de-
pendence of glutamate-stimulated glial glucose metabolism
on cell culture conditions (92).

Comparison of the In Vivo 13C MRS
Results with the Stoichiometry Predicted
by the Model

The ambiguities in the determination of the relative rates
of metabolic pathways from enzymatic localization and
measurements of isolated cells are not unexpected. Meta-
bolic control analysis has shown that the total activity of
an enzyme within a metabolic pathway does not determine
the flux through the pathway (93). Extrapolation to in vivo
rates from studies of cell cultures is complicated by the diffi-
culty of reproducing the complex cellular interactions that
occur in vivo (64). To compare the results of the in vivo
measurement with the predictions of the model, Sibson et
al. (26) calculated the stoichiometric relationship between
the glutamate/glutamine cycle and neuronal oxidative glu-
cose consumption. Glutamate is cotransported into the glia
with two to three Na� ions, with one K� ion countertrans-
ported (60,78,94). Transport of three Na� ions out of the

glia by the Na�/K� adenosine triphosphatase (ATPase) on
the glial end process membrane requires approximately one
ATP molecule (91). Synthesis of glutamine from glutamate
through glutamine synthetase requires one ATP molecule
per glutamine molecule synthesized (53). If the ATP for
this process were derived entirely from glycolysis, then a
1:1 stoichiometry is predicted between glial nonoxidative
glucose consumption and the glutamate/glutamine neuro-
transmitter cycle. Provided that the lactate formed is re-
leased to the neurons for oxidation, then this predicted stoi-
chiometry is in excellent agreement with the in vivo 13C
MRS findings.
If the model is correct, it may account for a substantial

fraction of total glucose consumption in the awake nonstim-
ulated cerebral cortex. Based on the measurements of the
rate of the glutamate/glutamine cycle and total glucose oxi-
dation in human cerebral cortex (13,29), between 60% and
80% of total brain glucose oxidation may be accounted for
by this mechanism.

Additional In Vivo Evidence of the Model

The model (90) has been criticized for not leaving room
for other energy consuming processes in the cerebral cortex.
Within the error of the measurements, approximately 10%
of total glucose oxidation is available for other neuronal
systems such as dopaminergic or serotoninergic. The finding
of the large majority of glucose oxidation in the cerebral
cortex being associated with glutamatergic and GABAergic
neurons and their surrounding astrocytes is not surprising,
because cell staining studies have shown that the vast major-
ity of synapses and neurons in the cerebral cortex are either
glutamatergic or GABAergic (4).
A prediction of the model is that a large fraction of glu-

cose uptake and phosphorylation is localized in the cerebral
cortex to the glial end sheaths surrounding the synapses of
glutamatergic neurons. In agreement with this prediction
studies using 14C-deoxyglucose autoradiography indicate
that the majority of brain glucose uptake is used to support
synaptic activity. Increased glucose uptake in response to
functional stimulation in peripheral neurons and in cortex
is primarily localized in dendritic and nerve terminal cortical
layers (where there are associated glial end processes) and
not in layers associated with cell bodies (1,95–97).
The rapid incorporation of 13C label into glutamine by

the glutamate/glutamine cycle indicates that the vesicular
glutamate pool is rapidly turning over and is in dynamic
equilibrium with cytosolic glutamate. This conclusion is in
contradiction to the traditional view that the small vesicular
pool is metabolically isolated from cellular glutamate metab-
olism (60,61). However, these studies were performed in
cellular and tissue preparations, which have a low rate of
synaptic metabolism relative to intact cerebral cortex. In
support of this conclusion Conti and Minelli (42) showed
that inhibition of PAG, which is enriched in nerve terminals
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(55) and has been proposed to primarily replete the vesicular
pool of glutamate (34), results in a similar rapid depletion
of both synaptic and whole cell glutamate in the rat cerebral
cortex.
Further support for the coupling between glial glycolysis

and the glutamate/glutamine cycle is provided from studies
performed looking at glutamine synthesis in mice in which
the astrocytic TCA cycle was inhibited by injection with
fluoroacetate (28). In these studies mice were given fluoro-
acetate and injected with a combination of [1,2-13C] acetate
and [1-13C] glucose. From measurements of the isotopomer
distribution in glutamate and glutamine, the labeling from
glucose and acetate was distinguished. The labeling from
acetate in glutamate and glutamine was greatly reduced by
fluoroacetate administration, which the authors interpreted
as resulting from the near-complete inhibition of the glial
TCA cycle. Despite this inhibition, there was still a substan-
tial amount of glutamine labeling from [1-13C] glucose,
approximately one-third to one-half the labeling found in
the control mice. The only mechanism by which this label-
ing of glutamine from glucose could occur is the glutamate/
glutamine cycle, because glutamate labeling in the astrocyte
from glucose was completely blocked. The ability to main-
tain a high glutamate/glutamine cycle flux, despite the near-
complete inhibition of glial mitochondrial ATP generation,
has been interpreted by Bachelard (98) as supporting the
importance of the glutamate/glutamine cycle as well as the
potential coupling to glycolytic ATP production: ‘‘This sin-
glet labeling of the C4 of glutamine, which can only be
derived from [1-13C] glucose metabolism in the neurones,
also quite clearly demonstrates that even though the glial
TCA cycle is blocked by the toxin, the glia are still capable
of participating in the glutamate-glutamine cycle, taking up
glutamate from the neurones and converting it to gluta-
mine.’’
Another testable prediction of the model is that if another

substrate is supplied for neuronal oxidation, the decrease in
glucose oxidation will be greater than the decrease in glucose
consumption, due to the remaining need for glycolytic ATP
to fuel the clearance of glutamate. Consistent with this pre-
diction, an AV difference study of the anesthetized rat brain
found that infusion of �-hydroxybutyrate, which is an alter-
nate fuel for brain oxidative ATP production, led to a two-
to threefold greater decrease in glucose oxidation than in
glucose consumption, with the difference accounted for by
a large increase in the efflux of lactate from the brain (99).
Consistent with this finding, Pan et al. (100) measured an
increase in brain lactate in 3-day-fasted human subjects with
elevated plasma ketone concentrations,

Summary and Remaining Questions

The linear relationship and stoichiometry found using 13C
MRS of the rates of the glutamate/glutamine cycle and neu-
ronal glucose oxidation support a direct mechanistic coup-

ling between the glutamate/glutamine cycle and glial glu-
cose uptake. This mechanismmay account for between 60%
and 80% of the rate of total glucose oxidation in awake
nonstimulated human cerebral cortex, and possibly an even
larger fraction of the increment in glucose oxidation with
stimulation (5,90). However, there are alternate potential
explanations for the in vivo results that need to be tested.
Most importantly, it will be necessary to devise strategies for
directly distinguishing glial glucose uptake from neuronal
glucose uptake and phosphorylation in the intact cerebral
cortex. In addition, the stoichiometry between neuronal
glucose oxidation and the glutamate/glutamine cycle re-
mains to be measured under conditions of sensory stimula-
tion, and in different brain regions.

IN VIVO MRS STUDIES OF GABA
METABOLISM AND THE EFFECTS OF
DISEASE AND PHARMACOLOGIC
TREATMENT ON HUMAN GABA
METABOLISM

GABA is the major inhibitory neurotransmitter in the cere-
bral cortex (46,47). It is synthesized from glutamate in spe-
cialized cells called GABAergic neurons. The release of
GABA by a GABAergic neuron inhibits the electrical activ-
ity of adjacent neurons. Extensive studies in animals and
isolated brain cells and slices have shown that GABAergic
function is altered in a variety of models of neurologic and
psychiatric disease (46,101,102). Several antiepileptic and
psychiatric drugs are targeted at the GABAergic system.
GABA is overlapped in the in vivo 1H MRS spectrum by
the more intense resonances of macromolecules (103), glu-
tathione, and creatine. The development of 1H MRS spec-
tral editing of GABA in animals and humans (6,66,104,
105) has provided a new window on studying GABAmetab-
olism and GABAergic function in animals and humans.
Several of the main findings using MRS to study alterations
in GABAmetabolism in disease and the effect of pharmaco-
logic treatment on GABA metabolism are reviewed below.

MRS Studies of the Effect of the
Antiepileptic Drug Vigabatrin on GABA
Metabolism

Vigabatrin irreversibly inhibits the enzyme GABA transami-
nase (GABA-T). GABA-T catalyzes the breakdown of
GABA in GABAergic neurons and in astrocytes. By inhibit-
ing GABA-T, the drug leads to an elevation in GABA con-
centration. The ability of 1H MRS editing to measure
GABA elevated by GABA-T inhibitors was first demon-
strated in the rat brain (106,107). Subsequent MRS editing
studies of vigabatrin action on patients have made several
new observations relevant to optimum administration of
the drug including (a) chronic dosing above 3 g per day
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FIGURE 25.8. In vivo 1H MRS spectra of total edited GABA from
the occipital lobe of a patient with epilepsy before and after
treatment with vigabatrin. The 1H MRS spectra were obtained
using spectral editing (112) from a 14-cm3 volume centered on the
midline in the visual cortex. Chronic treatment with vigabatrin led
to an over twofold increase in the concentration of total edited
GABA, which is the sum of GABA and homocarnosine.

fails to additionally increase GABA concentration (108), (b)
GABA concentration reaches a maximum level within 2
hours of initial drug administration (109), (c) the effective-
ness of vigabatrin in controlling seizures depends on elevat-
ing GABA concentration above the mean level found in
nonepileptic subjects (108), (d) GABA concentration is in-
creased by over two times the predrug concentration within
2 hours of an acute dose of 3 g of vigabatrin and remains
elevated over 48 hours after a single dose of vigabatrin (109),
and (5) there is no down-regulation of GABA-A receptors
during chronic dosing with vigabatrin (see refs. 110 and
111 for a review of these studies). Figure 25.8 shows two
edited spectra of total GABA obtained from the visual cortex
before and after chronic vigabatrin treatment of a patient
of epilepsy (108,112).

Cortical GABA Synthesis Is Reduced
Following Prolonged GABA-Transaminase
Inhibition

An initial finding in 1H MRS studies of vigabatrin action
in epilepsy patients was that the drug failed to raise GABA
above a dose of 3 g/day (108). The enzymatic mechanisms
controlling GABA levels in vivo are complex, involving
short-term regulation of GAD by modulators (e.g., ATP,
Pi) that affects the binding of cofactor pyridoxal phosphate,
longer-term regulation involving enzyme protein levels,
availability of glutamate precursors and their pathways (e.g.,
GABA-glutamine cycling), and postsynaptic and astroglial

catabolic pathways. GAD exists as two major isoforms
(GAD67 and GAD65) in the brain; each is the product of
separate genes (113,114) and each has distinct kinetic prop-
erties (114,115). GAD67 is distributed throughout the cyto-
plasm of GABAergic neurons, whereas GAD65 is associated
with synaptic terminals. Recently, it was shown that the 67-
kd isoform of GAD protein is reduced in response to ele-
vated levels of GABA in vitro and in vivo (116,117). Differ-
ential control of the GAD isoforms suggests that they may
mediate different fluxes. To investigate the effects of ele-
vated GABA on GABA synthesis and quantitatively assess
the role of the GAD isoforms in GABA synthesis, rates of
turnover of cortical glutamate and GABA were determined
in anesthetized rats during an infusion of [1-13C] glucose
after administration of the GABA-transaminase inhibitor
vigabatrin (500 mg/kg, i.p.), to increase GABA levels (24).
GABA concentration was increased twofold at 24 hours.
Tricarboxylic acid cycle flux was not affected by vigabatrin
treatment compared to nontreated rats despite the increased
GABA level. An analysis of the turnover data revealed a
�70% decrease in the rate of GABA synthesis following
vigabatrin-treatment (control, 0.14 �mol/g/min; vigaba-
trin-treated, 0.04 �mol/g/min). The reduction in GABA
synthesis concomitant with the selective inhibition of
GAD67 suggests that GAD67 accounts for the major fraction
of GABA synthesis in the rat cerebral cortex under anesthe-
tized nonstimulated conditions. This conclusion is sup-
ported by studies of GAD67 and GAD65 in knockout mice
(118,119), which have found an order of magnitude greater
reduction in GABA concentration in the mice with a
GAD67 knockout. The isoform composition of human
brain is presently unknown.

Elevation of GABA by Other Antiepileptic
Drugs
1HMRS studies have found that several antiepileptic drugs,
with no known metabolic mechanisms of action on the
GABAergic system, also lead to a rapid elevation of GABA
concentration. These drugs include GABApentin, topiri-
mate, and lamotragine (120–124). The elevation of GABA
may be an important mechanism in the effectiveness of these
medications as antiepileptic compounds. In addition, these
findings provide evidence that the regulation of GABA
metabolism is tightly integrated with the regulation of
GABAergic function. Figure 25.9 shows a time course of
the elevation of GABA after administration of an acute dos-
age of topirimate. As with vigabatrin, the concentration of
GABA reaches a maximum of two times the predrug con-
centration within 2 hours of drug administration. A similar
rapid elevation of GABAwas measured after an acute dosage
of GABApentin (122,124). The ability of 1H MRS to track
the response of the GABAergic system to pharmacologic
therapy may potentially be useful for developing optimum
dosing strategies.
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FIGURE 25.9. A time course of GABA plus homocarnosine con-
centration after administration of topiramate. Topiramate at 3
mg/kg was administered to six volunteers without epilepsy. 1H
MRS spectral editing measurements were performed at 4 T (123).
GABA levels were measured to peak within 3 hours after adminis-
tration of topiramate at approximately two times the predrug
levels. A study looking at the acute effect of topiramate on GABA
levels of epileptic patients found that the increase was almost
entirely due to GABA (121). The GABA plus homocarnosine con-
centrations are normalized to a creatine concentration of 9 �mol/
g for comparison with measurements by Petroff and co-workers
(111), and the predrug concentrations are in excellent agreement.
(Redrawn from Kuzniecky RI, Hetherington HP, Ho S, et al. Topira-
mate increases cerebral GABA in healthy humans. Neurology
1998;51:627–629.)

Effects of Neurologic and Psychiatric
Disease on GABA Concentration

Impaired GABAergic function has been implicated in the
etiology of epilepsy (101). Consistent with this proposal,
1H MRS editing studies have found decreased GABA in
adult epilepsy (111,125) and pediatric epilepsy (126). In
epilepsy the release of cytosolic GABA has been proposed
as an important mechanisms for seizure suppression (127,
128). The finding that a low GABA concentration was
strongly associated with poor seizure control in epilepsy sup-
ports this proposal. Further support for a role of cytosolic
GABA concentration in inhibiting cortical excitability
comes from the finding that the improvement in seizure
control of subjects administered vigabatrin chronically de-
pended on the elevation of cerebral cortex GABA concentra-
tion (108).
In addition to epilepsy, reduced GABA concentration

has been found in unipolar depression (129), alcohol with-
drawal, and hepatic encephalopathy (130). These disorders
are associated with an alteration in inhibitory GABAergic
function. The finding of low GABA associated with these
disorders is additional evidence that the brain metabolic
GABA pool has an important role in GABAergic function.
The finding in unipolar depression appears paradoxical be-
cause the condition is not associated with enhanced cortical
excitability. A potential explanation of this finding is that

the low GABA concentration in this disease is a compensa-
tion for the reduction in excitatory glutamatergic activity
(129).

Parsing the Edited GABA Resonance

The edited GABA resonance consists of GABA and the
GABA derivative homocarnosine, which is a condensation
product of GABA and histidine. Homocarnosine is a neuro-
modulator present in a specific subclass of GABAergic neu-
rons in the primate brain. Short TE 1H MRS with macro-
molecule suppression may be used to measure the
homocarnosine histidine proton resonances in the down-
field region of the short TE spectrum (103,112). Combin-
ing the homocarnosine measurement and the total GABA
editing measurements has allowed the separate measure-
ment of homocarnosine and GABA. Through modification
of the editing selectivity, the GABA derivative pyrolidinone
may also be measured in the edited spectrum (131). It was
recently shown that GABA, homocarnosine, and pyrolidi-
none have different time courses in response to a first-time
challenge with vigabatrin (109).

Estimate of the GABA/Glutamine Cycle in
Nonstimulated Human Cerebral Cortex

The in vivo 13C MRS measurement may potentially be ex-
tended to study the rate of GABA synthesis and the GABA/
glutamine cycle (34,65). However, the ability to directly
measure GABA synthesis at 2.1 T is limited by the
[2-13C] GABA resonance being overlapped at 2.1 T by the
isotopomer sideband of the [4,3-13C] glutamate resonance.
Due to the entry of GABA into the glial TCA cycle at
the level of succinate, the labeling kinetics of C4-glutamine
derived from GABA are indistinguishable from label enter-
ing through anaplerosis. From the results of Shen et al. (29),
the maximum estimate of the rate of the GABA/glutamine
cycle, obtained by assuming that Vana, is entirely due to
GABA, would be approximately 10% of the rate of gluta-
mine synthesis (29). In the 4-T studies of Gruetter et al.
(13,35), the C2 resonance of GABA was resolved (Fig.
25.2), which indicates that direct quantitation of the rate
of GABA synthesis and the GABA/glutamine cycle will be
possible in human cerebral cortex at higher field strengths.

Summary and Remaining Questions

The ability of 1H MRS to measure regional levels of GABA
and GABA derivatives has provided a new window on the
GABAergic system in neurologic and psychiatric disease.
Reduced levels of cerebral cortex GABA have been found
in patients with adult and pediatric epilepsy, depression,
and alcohol withdrawal. Studies have found that several of
the new generation of antiepileptic drugs raise GABA levels,
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and GABA elevation may be related to their effectiveness
in seizure depression. The recently demonstrated ability to
perform GABA spectroscopic imaging (105) opens up the
potential for using regional variations in GABA level diag-
nostically and to track the effectiveness of drugs targeted at
the GABAergic system.
Two important questions are raised by these findings:

What is the relationship between GABA levels and the rate
of the GABA/glutamine cycle? What is the relationship be-
tween the GABA/glutamine cycle and cortical excitability?
A preliminary study has recently demonstrated the ability
to use isotopic labeling strategies, similar to those developed
to measure the glutamate/glutamine cycle, to measure the
rate of the GABA/glutamate cycle (39). This strategy, in
combination with the manipulation of GABA levels either
pharmacologically or through transgenic methods, may pro-
vide significant insight into how the regulation of GABA
concentration affects GABAergic function.

IN VIVO MRS MEASUREMENTS OF
NEUROENERGETICS DURING FUNCTIONAL
ACTIVATION

Under physiologic conditions brain oxygen and glucose
consumption are tightly coupled (49), with between 90%
and 95% of glucose uptake being completely oxidized. The
tightness of this coupling during brain activation was ques-
tioned when Fox and co-workers (132) measured by PET
a mean increase of 51% in CMRglc in the primary visual
cortex of humans during stimulation by a flashing checker-
board pattern accompanied by only a 5% increase in oxygen
consumption (CMRO2). This finding was surprising be-
cause of the 16- to 18-fold lower ATP production from
nonoxidative glycolysis compared with the complete oxida-
tive consumption of glucose. It was concluded from these
results that the energy for supporting electrical activity de-
rives primarily from nonoxidative glycolysis as opposed to
glucose oxidation (132,133). More recently, the greater in-
crease in cerebral blood flow than oxygen consumption that
leads to the BOLD (blood oxygenation level dependent)
effect has been taken as evidence of the hypothesis of stimu-
lated neuronal activity requiring little energy (134).
The apparently minimal need for energy from glucose

oxidation to support stimulated neuronal activity is para-
doxical because of the considerable evidence that the major-
ity of energy consumption in the nonstimulated brain,
which primarily uses glucose oxidation, is to support neu-
ronal electrical activity. This evidence includes the critical
dependence of brain function on oxygen delivery, the 50%
to 70% reduction of brain energy requirements under iso-
electric conditions (133), and the 13C MRS findings of a
high activity of the glutamate/glutamine cycle in the resting
awake brain and the linear coupling of this rate to neuronal
glucose oxidation (see the above sections In VivoMRSMea-

surements of the Rate of the Glutamate/Glutamine Cycle:
Findings and Validation, and Determination of the In Vivo
Coupling Between the Rate of the Glutamate/Glutamine
Neurotransmitter Cycle and Neuronal Glucose Oxidation).
Furthermore, there is no cellular evidence that stimulated
and nonstimulated neuronal activity have different energetic
requirements. As discussed below (see Implications of MRS
Studies for Understanding Brain Function), the ambiguity
created by the variable degree of uncoupling between glu-
cose consumption and oxidation hinders the interpretation
of the functional imaging signal quantitatively in terms of
changes in neuronal activity.
MRS provides a powerful tool for studying the question

of metabolic coupling between glucose and oxygen by allow-
ing measurements of the rates of nonoxidative glycolysis
and glucose oxidation. MRS experiments have shown that
under stimulated conditions the majority of energy for func-
tional activity is from glucose oxidation (14,15,135). They
have also confirmed the presence of metabolic uncoupling
at high levels of brain activity (136–138). A model has been
proposed to explain the uncoupling of glucose consumption
and oxidation during certain types of stimulation as an ex-
tension of the normal energetic processes used to support
the glutamate/glutamine cycle (139).

MRS Studies of Lactate Generation and
Glucose Oxidation During Sensory
Stimulation

A prediction of the presence of uncoupling of the increase
of glucose consumption and oxidation during visual activa-
tion is that there will be an elevation of lactate in the visual
cortex. Several laboratories have found an increase in lactate
concentration (136–138) during visual stimulation of the
human visual cortex by 1H MRS of approximately 0.2 to
4 �mol/g-min within 2 to 6 minutes of activation. The
small increase in lactate is consistent with earlier findings
in animal models (40).
The degree of mismatch between the increase in glucose

consumption and oxidation during sensory stimulation was
studied by Hyder and co-workers (14,15) using forepaw
stimulation of an anesthetized rat measured the rate of in-
crease in neuronal glucose oxidation from the 13C isotopic
turnover of glutamate using POCE (proton observe carbon
edit) heteronuclear editing. These studies found a large in-
crease in the rate of glucose oxidation during sensory stimu-
lation (Fig. 25.10). This increase was in good agreement
with previous measurements of the increase in total glucose
consumption (140). While within the accuracy of the mea-
surements there was room for a significant rate of nonoxida-
tive glycolysis, the contribution of nonoxidative glycolysis
to total cerebral ATP production during activation would
be minor due to the much greater number of ATPmolecules
produced by the complete oxidation of glucose (32–36)
than by nonoxidative glycolysis to lactate (2).
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FIGURE 25.10. Time course of C4 glutamate labeling in the ipsi- and contralateral somatosensory
cortex of a rat during single forepaw electrical stimulation. In vivo 1H-13C MRS spectra were ob-
tained from two 24-�L volumes, positioned in the ipsi- and contralateral somatosensory cortex
of rats at 7 T. The spectroscopic volumes are superimposed on a coronal image. The time courses
on the right shows the labeling of C4-glutamate during the infusion of a control rat. The time
courses on the left were obtained during single forepaw electrical stimulation. The lighter region
on the image obtained during stimulation is the superposition of the blood oxygenation level
dependent (BOLD) functional MRI (fMRI) obtained during the study. The rate of labeling on the
contralateral side to the stimulation is observed to increase to approximately two times the rate
of the ipsilateral side. The rates on the figure are the calculated rates of the TCA cycle from the
group of rats studied in the contra- and ipsilateral volumes. (Redrawn with data from Hyder F,
Rothman DL, Mason GF, et al. Oxidative glucose metabolism in rat brain during single forepaw
stimulation: a spatially localized 1H[13C] NMR study. J Cereb Blood Flow Metab 1999;17:
1040–1047.)

Calculation of the Relative Contributions
of Glucose Oxidation and Nonoxidative
Glycolysis to the Incremental Energy
Production During Brain Activation

Two recent papers reviewed the increase in glucose oxida-
tion during cognitive and sensory reported in a large num-
ber of studies, and concluded that in almost all reports the
majority of incremental energy production is from glucose
oxidation (131,141). Table 25.1 presents the measured frac-
tional change in the rate of total glucose consumption (cere-
bral metabolic rate of glucose metabolism, CMRglc) and
oxidation (cerebral metabolic rate of oxygen, CMRO2) in
the human visual cortex during visual stimulation. The
studies tabulated used either PET or quantitative functional
MRI (fMRI) (142–149). In most cases the increase in
CMRO2 is greater than reported by Fox et al. (132), and
the increase in CMRglc is less. These differences have been
attributed to differences in stimulation paradigms, with
greater uncoupling from simple stimuli and almost com-
plete coupling from complex stimuli (142,149). As shown
in the table, even in the most extreme reports of uncoupling
the fraction of the increment in total ATP production sup-
plied by glucose oxidation is larger than that supplied by
nonoxidative glycolysis.

A limitation of both the PET and quantitative fMRI
measurements of oxygen consumption is that they depend
on assumptions about blood flow/oxygen delivery coupling
in order to derive rates (131). The measurement of glucose
oxidation by MRS gets around the requirement of detailed
knowledge, or calibration, of this parameter by directly mea-
suring the flow of labeled glucose into the TCA cycle. The
recent demonstration of high spatial resolution POCEmea-
surements of glucose oxidation in human visual cortex at 4
T indicate that this method is ready to address this question
in the human visual and other sensory systems (31,44).

The Glycogen Shunt, a Model of the
Mismatch Between Glucose Consumption
and Oxidation During Stimulated
Neuronal Activity

The results tabulated in Table 25.1 show that the degree
of mismatch between the increment in glucose consumption
and glucose oxidation is the greatest for stroboscopic stim-
uli, which require alternate periods of intense activation
followed by a quiescent period. For example, in visual stim-
ulation the greatest mismatch was reported for a flashing
red dot matrix (132), while no mismatch was found for
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TABLE 25.1. NEUROENERGETIC YIELD WITH STIMULATION

Energy Yield (%)

Stimulation ∆CMRglc (%) ∆CMRO2 (%) (non-ox)CMRglc (ox)CMRglc Reference

Visual 51 5 38 62 Fox et al. (132)
28 28 6 94 Marrett and Gjedde (142)
29 29 7 93 Marrett and Gjedde (142)

(31) 16 (10) 90 Davis et al. (143)
23 (20) 6 (94) Chen et al.
24 (20) 6 (94) Reivich et al. (144)

(31) 25 (7) 93 Hoge et al. (145)
(31) 30 (6) 94 Kim et al. (146)
(31) 5 (27) 73 Kim and Ugurbil (147)

Average 31 20 8 92
Seizure 400 267 8 92 Borgstrom et al.

Tabulated are the reported increments in CMRglc and CMRO2 from studies using positron emission tomography (PET) or quantitative functional
magnetic resonance imaging (MRI) to measure these parameters. The increase in adenosine triphosphate (ATP) production was calculated for each
study using a value of 2 ATP molecules produced per glucose molecule consumed in the glycolytic pathway, and 32 additional ATP molecules 
produced when glucose is completely oxidized. The energy yield is expressed as the percent of the total increase in ATP production from 
nonoxidative glycolysis [(non-ox)CMRglc] and the oxidative breakdown of glucose in the TCA cycle [(ox)CMRglc]. As shown in the table, even in the
most extreme reported cases of uncoupling between CMRglc and CMRO2 the majority of ATP production is from glucose oxidation due to the
greater ATP yield. CMR, cerebral metabolic rate.

the increase from a colored alternating radial checkerboard,
which produces a continuous level of stimulation (142,149).
The largest sustained mismatch between glucose consump-
tion and oxidation occurs in bicuculline-induced status epi-
lepticus where total glucose consumption increases to four-
fold the prestatus value, whereas oxidation is increased
twofold (49,148). In bicuculline-induced status epilepticus,
brain cerebral cortex electrical activity is characterized by a
burst of intense firing followed by a suppressed period of
little electrical activity.
We have proposed a model to explain these observations

based on the requirement for ATP from glial glycolysis to
supply the ATP needed for glial glutamate clearance and
glutamine synthesis (see Determination of the In Vivo
Coupling Between the Rate of the Glutamate/Glutamine
Neurotransmitter Cycle and Neuronal Glucose Oxidation,
above). In this model the majority of glucose required to fuel
the pumping of glutamate from the synaptic cleft during
the intense bursts of neuronal firing induced by sensory
stimulation is provided by brain glycogen (150,151). Glyco-
gen phosphorylase is kinetically well suited for rapid in-
creases in activity through its regulation by signaling path-
ways and phosphorylation. There is in vivo evidence that
brain glycogen may be rapidly mobilized to support func-
tion including in status epilepticus (49) and in physiologic
brain activation (152–154). In the glycogen shunt model,
after an initial period of glycogen depletion during intense
stimulation, a steady state is reached in which the glycogen
used to rapidly generate ATP for the transport of glutamate
into the glial cell and conversion to glutamate during bursts
of intense activity is resynthesized during the interim quies-
cent periods. Only one ATP molecule is produced per glu-

cose moiety used by this pathway, instead of the two pro-
duced by glycolysis, and therefore the stoichiometry
between the glutamate/glutamine cycle and glial glucose up-
take changes to 1:1 from 1:2. The 1:2 ratio is approximately
the ratio measured during status epilepticus, in which al-
most all cortical electrical activity is involved in a burst and
suppress pattern. The presence of simultaneous synthesis
and breakdown of glycogen has been demonstrated in the
exercising muscle (155), and more recently in the cerebral
cortex of the stimulated and anesthetized rat (152). Figure
25.11 describes the model schematically.

Summary and Remaining Questions

In vivoMRS studies have made significant contributions to
the understanding of functional neuroenergetics. The mea-
surement of the glutamate/glutamine cycle under different
levels of electrical activity (see the above sections In Vivo
MRS Measurements of the Rate of the Glutamate/Gluta-
mine Cycle: Findings and Validation, and Determination
of the In VivoCoupling Between the Rate of the Glutamate/
Glutamine Neurotransmitter Cycle and Neuronal Glucose
Oxidation) has shown that the majority of brain energy
production in even the nonstimulated state supports neu-
ronal activity. Several MRS studies have provided insight
into the mismatch between glucose consumption and oxida-
tion during sensory stimulation. Lactate elevation during
visual stimulation provided direct validation of the findings
using PET (132) of the mismatch between oxygen con-
sumption and glucose consumption (136–138). Although
there is a significantly greater increase in glucose consump-
tion than oxidation in certain stimulated states, studies of
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FIGURE 25.11. A schematic diagram of the glycogen shunt
model. Glucose taken up by the glia can flow through two path-
ways after phosphorylation to glucose 6-phosphate. In the stan-
dard pathway (left arrow), which occurs during normal electrical
activity, glucose 6-phosphate is directly converted to lactate by
glycolysis producing two ATP molecules per glucose molecule.
The stoichiometry between glucose uptake and glutamate trans-
port and conversion to glutamine is 1:1 in this pathway. The ma-
jority of lactate is subsequently oxidized in the neuron. In the
glycogen shunt pathway (right arrow), which occurs during in-
tense repeated bursts of electrical activity, such as in seizures or
intense sensory stimulation, glucose is synthesized into glycogen
first before being converted to lactate. An ATP molecule is used in
the synthesis of glycogen, resulting in a reduction in the energetic
yield from the pathway to one ATP molecule per glucose mole-
cule. The stoichiometry between glucose uptake and glutamate
transport is increased to 2:1 in this pathway. The extra lactate
produced in the shunt pathway is not required for neuronal en-
ergy metabolism and eventually leaves the brain.

the rate of neuronal glucose oxidation during sensory stimu-
lation in the rat cerebral cortex have shown that neuronal
glucose oxidation provides the majority of energy produc-
tion in the stimulated state (14,15). The conclusion derived
from the MRS studies is consistent with PETmeasurements
of the mismatch when the much greater efficiency of ATP
production from glucose oxidation is taken into account
(135), as shown in Table 25.1. A potential explanation of
the mismatch has been proposed based on the requirement
for rapid glycolytic energy generation to clear glutamate
from the synaptic cleft during the bursts of intense neuronal
firing associated with stimulated neuronal activity (151). In
this glycogen shunt model, the power required is provided
by rapid glycogen breakdown. The glycogen is resynthesized
during the inter-burst periods resulting in a reduction in
the normal stoichiometry between glutamate transport into
the glia and glial glucose uptake from 1:1 to 1:2.
Several major questions remain to be addressed on the

neuroenergetic support of functional activity. Paramount
among these is the need for a measurement of the glutamate/
glutamine cycle during sensory stimulation. In addition,
although themajority of the increase in energy consumption
during stimulation is associated with glutamatergic neurons
(15,156), the relative contributions of glia and GABAergic
neurons are not known. At present there are only minimal
data from brain studies supporting the glycogen shunt
model of the mismatch between glucose consumption and
oxidation. Studies measuring glycogen turnover directly

under these conditions (30) may be able to directly test
this hypothesis, and better establish the role of glycogen in
functional neuroenergetics.

IMPLICATIONS OF MRS STUDIES FOR
UNDERSTANDING BRAIN FUNCTION

The stoichiometry of the rate of the glutamate/glutamine
cycle and oxidative glucose metabolism has implications for
connecting models of brain function at the macroscopic
level, as studied by functional imaging, with neurobiological
studies at the level of synapses and networks of neurons.
This section reviews work in which this relationship was
used to calibrate the PET and fMRI signals and neuroener-
getic signals, which are either indirectly or directly measures
of functional glucose metabolism, with neurotransmitter cy-
cling (5,139,157). Some implications of this calibration for
the interpretation of brain functional imaging are explored.

Calibration of the Relationship Between
the Glutamate/Glutamine Cycle and the
PET and BOLD MRI Functional Imaging
Signal

At present, functional PET and fMRI are not quantitated in
terms of specific neuronal processes involved in information
transfer. The functional imaging signal in PET and fMRI is
either directly or indirectly coupled to the change in glucose
oxidation with activation (1,2,134). The tight coupling be-
tween the glutamate/glutamine cycle and neuronal glucose
oxidation in the rat cerebral cortex (26,90) provides a rela-
tionship for calibrating the functional imaging signal to the
specific neuronal process of glutamate release and recycling
(5).
The similarity of the ratio of the rates of the glutamate/

glutamine cycle to neuronal glucose oxidation in human
cerebral cortex and the rat cerebral cortex supports a similar
relationship holding for the awake nonstimulated human
cerebral cortex. Although studies are needed to establish
the exact stoichiometry during sensory or other external
stimulation, it is reasonable to extrapolate a positive (and
possibly stoichiometric) relationship between changes in the
rate of neuronal glucose oxidation and the glutamate/gluta-
mine cycle during activation. Using this relationship, the
functional imaging signal may be converted to a first order
to changes in the rate of glutamate/glutamine neurotrans-
mitter cycle (5). The advantage of performing this calibra-
tion over the direct MRS measurement of the glutamate/
glutamine cycle is that several orders of magnitude of higher
spatial and temporal resolution is possible with the MRI
measurement.
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Estimate of the Total Neuroenergetics
Used to Support Functional Neuronal
Activity During Sensory Stimulation

An assumption in the conventional interpretation of func-
tional imaging is that the increment in neuronal activity
during brain activation is sufficient to support the incre-
mental mental processes in a region during sensory stimula-
tion or a cognitive task (5). This interpretation is trivially
valid if there is insignificant neuronal activity in the non-
stimulated state. The high rate of the glutamate/glutamine
neurotransmitter cycle found by 13CMRS in the nonstimu-
lated brain raises the question of whether the incremental
neuronal activity is sufficient for mental processing or if the
total regional neuronal activity is needed. This question was
addressed by analyzing previous studies that measured the
change in glucose consumption during stimulation in the
sensory cortices of animals stimulated under anesthetized
and awake conditions. The studies chosen used anesthetics
that interfere minimally with the electrical response to sen-
sory stimulation (157). During anesthesia, the baseline glu-
cose consumption was reduced by as much as two- to three-
fold. Based on the standard paradigm, a constant increment
of neuronal activity, and by inference glucose consumption,
during stimulation would be expected regardless of whether
the animal was anesthetized or awake. In contrast, if the
majority of regional neuronal activity was required for sen-
sory processing, then the glucose consumption required
during stimulation would be similar whether the animal was
awake or anesthetized. The prediction of these twomodels is
diagrammed in Fig. 25.12. Results from a number of studies
indicated that a similar level of cortical activity was reached
during stimulation, independent of the degree of suppres-
sion of resting glucose consumption by the anesthesia (139,
157). These results were supported by the MRS studies that
found a large increment in glucose oxidation with somato-
sensory stimulation under �-chloralose anesthesia (15,156).
This finding supports the view that during stimulation the
total neuronal activity in sensory regions is required to sup-
port brain function. Results of this literature survey have
recently been reinforced by similar results using quantitative
MRI to measure changes in oxygen consumption in the
same animal at two different levels of anesthesia (158).

Implications of the Calibration of the
Functional Imaging Signal on the
Standard Interpretations of Functional
Imaging Studies

The goal of many functional imaging studies is to determine
the anatomic location of brain regions involved in perform-
ing mental processes. To achieve this goal, subjects are given
cognitive or motor tasks to perform, or exposed to sensory
stimulation, while being scanned. The degree of involve-
ment of a region in the performance of a task is determined

FIGURE 25.12. Schematic representation of possible increase in
the functional imaging signal, as measured by neuroenergetics,
upon sensory stimulation for an animal that is nonanesthetized
(A) and anesthetized (B,C). The difference in the magnitude of
the functional imaging signal, as quantified by glucose oxidation,
between stimulated and nonstimulated states is represented by
the shaded rectangles. In functional imaging these increments
are commonly used to identify focally activated regions. The re-
maining signal, which is represented by white rectangles, is re-
moved by fMRI analysis methods. 13C MRS studies have shown
that a large fraction of the total signal is from neuroenergetic
processes coupled to neuronal activity. If the neuronal activity
needed to perform the task was the same as the increment from
the awake state, then the increase in the signal upon stimulation
would be the same for the anesthetized or awake states (compare
A and C). If instead a large fraction of the total neuronal activity in
the region supports the sensory processing, then the incremental
signal from anesthesia would be much larger (compare A and B).
A survey of results in the literature showed that in most cases,
when anesthetics such as �-chloralose that do not block stimu-
lated electrical activity are used, the total glucose consumption
and oxidation rises to the same absolute level during stimulation
independent of the initial awake state. These results support the
magnitude of the neuronal activity required to support a task (B)
being substantially larger than the increment in neuronal activity
over the resting awake state (C). (From Shulman RG, Rothman
DL, Hyder F. Stimulated changes in localized cerebral energy con-
sumption under anesthesia. Proc Natl Acad Sci USA 1999;96:
3245–3250, with permission.)

by the increment in the magnitude of the imaging signal
relative to the signal when the subject is in a resting state,
or performing some other task. An implicit assumption in
this analysis often used is that the size of the increment
of the signal is proportional to the total neuronal activity
recruited by these mental processes (3,5,159).
As described above, MRS studies have shown that the

total neuronal activity in a region, as quantified by the gluta-
mate/glutamine cycle, is much larger than the incremental
increase with functional activation. The impact on interpre-
tation of knowing the total magnitude of, as opposed to
the incremental, neuronal activity associated with the pro-
cessing of a stimulus or task may be illustrated through a
simple example. Consider a hypothetical experiment in
which two subjects perform a cognitive task. In one subject
the regional increment in the functional imaging signal in
the frontal lobe, quantified as the change in the rate of
glucose oxidation, is 1% of the resting rate of total glucose
oxidation. In the second subject the same task induces a
signal/rate increment of 2%. In the standard interpretation,
the second subject recruited twice the neuronal activity to
perform the task as the first subject. If instead these incre-
ments are calibrated as increments in the glutamate/gluta-
mine cycle the relative difference in neuronal activity is only
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a few percent. This example shows that knowing the total
size of the signal associated with neuronal activity is impor-
tant in cases where inferences are being made about differ-
ences in the level of neuronal activity, such as when func-
tional imaging is used to study the effects of drugs or disease
on brain function (139,160). It is also important in the
interpretation of functional imaging data to locate a mental
process or function (5).

Implications for Studies of Brain
Function

The prevailing theory used to interpret functional imaging
studies, particularly of cognitive processes, is based on cog-
nitive psychology (3,139,159,161). In the cognitive psy-
chology model of the brain, complex mental processes are
broken down using information theory into component
processes, sometimes called modules. Functional imaging
is used to locate these postulated modules. The search for
specialized functional areas has been facilitated by analysis
methods such as statistical parametric mapping. These
methods identify regional changes in the imaging signal
based on the statistical significance of the temporal correla-
tion of the signal changes with the mental processes postu-
lated by the investigator (which are expressed in the design
matrix) involved in performing a task (162). In the statistical
representation of brain activity, the magnitude of the re-
gional neuronal activity is often ignored in favor of a binary
representation as ‘‘active’’ and ‘‘inactive.’’ Statistical meth-
ods have been widely adopted to analyze fMRI data. A key
assumption often used in the statistical representation of
brain function is that the regional neuronal activity used
for performing a mental process is independent and separa-
ble from the activity of other regions (162,163), as well
as the neuronal activity recruited by other processes being
supported within the same region.
The use of MRS to calibrate neuroimaging provides the

potential for examining complex regional brain interactions
that do not fulfill the strict modular criteria of indepen-
dence. Several lines of experiments have shown that parallel
regional brain functions interact, and alter the magnitude
of the neuronal activity used in processing a stimulus or
task (163–165). An example are the studies by Desimone’s
group (164) on the effect of attention upon the neuronal
activity, as measured by the distribution of single neuron
firing rates in a region, associated with visual perception.
An illustrative set of experiments used two closely spaced
visual signals within the same receptor field of a particular
region of the striate cortex. The change in neuronal firing
rate obtained from one stimulus was found to depend criti-
cally on the degree of attention paid to the nearby stimulus.
Consistent with this result, an effect of attention on the
magnitude fMRI BOLD signal in the human extrastriate
cortex has been reported (165,166). The calibration of the
functional imaging signal in terms of the glutamate/gluta-

mine cycle will extend these studies by allowing these inter-
actions between regions to be described quantitatively in
terms of neuronal activity changes, as is presently is done
only in electrophysiology studies of animal cerebral cortex.
This quantitation should allow the exploration of these
complex interactions in much finer detail in humans than
is presently possible.
In addition to providing enhanced capability to under-

stand horizontal interactions between brain regions, the cali-
bration of neuroimaging by MRS also allows a vertical di-
mension of neuronal activity to be explored. The MRS
finding of a high rate of the glutamate/glutamine cycle even
under nonstimulated conditions is consistent with recent
experimentally based proposals that maintaining a constant
high level of neuronal activity is critical for brain function.
Two recent experiments support this hypothesis. The need
for substantial unfocused neuronal activity for the service
of even sensory responses was suggested by a recent experi-
ment of Grinvald’s group (167). Starting with the recogni-
tion that ‘‘cortical neurons are spontaneously active in the
absence of external input even in primary sensory areas,’’
the authors studied the correlation between single-unit re-
cordings and real-time optical imaging, which provided a
measure of total neuronal activity in the region. They con-
cluded by suggesting that ‘‘in the absence of stimulation
the cortical network wanders through various states repre-
sented by coherent firing of different neuronal assemblies,’’
and that a stimulus pushes the network into a state repre-
senting the stimulus. Analogously, Singer (168) measured
the temporal synchronization of neuronal responses and
concluded, ‘‘Of the many responses of V1 those that be-
come synchronized best will be particularly effective in in-
fluencing neurons in higher areas.’’ These studies both sup-
port the presence of a large amount of neuronal activity in
the unstimulated state and suggest a role for this activity
in brain function. The results from MRS studies provide
quantitative measures of the total amount of stimulated and
unstimulated activity in a region, and thereby can provide
a quantitative basis for analysis.

SUMMARY AND CONCLUSIONS

Below is a summary of the major findings of MRS studies
of the glutamate/glutamine cycle, GABA/glutamine cycle,
and functional neuroenergetics, and some of the implica-
tions of these findings for understanding brain function.
Approximately 60% to 80% of total glucose oxidation

(and energy consumption) in the nonstimulated cerebral
cortex is by glutamatergic neurons, with most of the remain-
der in GABAergic neurons and glia (13,18,24,26,27,29,35,
38).
The energetic needs of glutamatergic and GABAergic

neurons and glia dominate cerebral cortex energy require-
ments.
In the awake nonstimulated cerebral cortex of humans
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and rats, the rate of the glutamate/glutamine cycle is 60%
to 80% of total glucose oxidation (13,26,29,35):

1. Glutamate release and recycling is a major metabolic
pathway.

2. Glutamate metabolism and neurotransmission can no
longer be conceptually separated.

3. The nonstimulated awake brain has a high level of neu-
ronal activity, most likely greater than the increment in
activity with external stimulation.

The rate of the glutamate/glutamine cycle increases line-
arly with neuronal glucose oxidation in a close to 1:1 stoichi-
ometry (26):

1. Energy metabolism in cortical glutamatergic neurons is
tightly coupled to glutamate release and recycling.

2. The stoichiometry supports a model in which astrocyte
glucose uptake is coupled mechanistically to the gluta-
mate/glutamine cycle (90) through the need for glyco-
lytic ATP to transport glutamate into the astrocyte and
synthesize glutamine.

3. The increase in glucose consumption measured during
functional activation may be directly coupled to the glu-
tamate/glutamine cycle, providing a calibration for the
functional imaging signal.

The GABA level in human cerebral cortex is reduced in
epilepsy, alcohol withdrawal, and depression and is raised
by several pharmacologic treatments (111,129):

1. The concentration of the metabolic pool of brain GABA
may play a critical role in inhibitory GABAergic func-
tion.

2. Measuring cerebral cortex GABA level provides a useful
index of brain GABAergic function and the effectiveness
of certain antiepileptic drugs.

Reduction in the activity of GAD67 by elevation of
GABA leads to a major reduction in the rate of GABA
synthesis under nonstimulated conditions (24):

1. GAD67 is the major enzyme controlling nonstimulated
GABA synthesis in the rate cerebral cortex.

2. Through regulation of GABA concentration GAD67

may play a key role in the etiology and pharmacology of
epilepsy and other neurologic and psychiatric disorders.

3. The ability of 13C MRS to measure the rate of GABA
synthesis in combination with GABA/glutamine neuro-
transmitter cycling (39) may allow the functional roles
of GAD65 and GAD67 isoforms to be distinguished
quantitatively.

The glycogen shunt model provides a mechanistic expla-
nation for the apparent uncoupling of glucose consumption
and oxidation during sensory stimulation (151).
The majority of energy to support incremental and total

neuronal activity during sensory stimulation is provided by
neuronal oxidative glucose metabolism (14,131,156):

1. The total as opposed to incremental neuronal activity is
required to support brain function during sensory stimu-
lation (143).

2. A large amount of unfocused neuronal activity in the
nonstimulated state is required for brain function.
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