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Increasing evidence supports a crucial role for glial metabolism
in maintaining proper synaptic function and in the etiology of
neurological disease. However, the study of glial metabolism in
humans has been hampered by the lack of noninvasive meth-
ods. To specifically measure the contribution of astroglia to
brain energy metabolism in humans, we used a novel noninva-
sive nuclear magnetic resonance spectroscopic approach. We
measured carbon 13 incorporation into brain glutamate and
glutamine in eight volunteers during an intravenous infusion of
[2-'3C] acetate, which has been shown in animal models to be
metabolized specifically in astroglia. Mathematical modeling of
the three established pathways for neurotransmitter glutamate
repletion indicates that the glutamate/glutamine neurotransmit-

ter cycle between astroglia and neurons (0.32 = 0.07
umol - gm ™~ - min ") is the major pathway for neuronal gluta-
mate repletion and that the astroglial TCA cycle flux (0.14 =
0.06 wmol - gm ~"' - min ~") accounts for ~14% of brain oxygen
consumption. Up to 30% of the glutamine transferred to the
neurons by the cycle may derive from replacement of oxidized
glutamate by anaplerosis. The further application of this ap-
proach could potentially enlighten the role of astroglia in sup-
porting brain glutamatergic activity and in neurological and
psychiatric disease.
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Recent studies have established the crucial role of glial metabo-
lism for brain function. Astrocytes have been shown to be the
major pathway of uptake of the released neurotransmitter gluta-
mate (Waniewski and Martin, 1986; Rothstein et al., 1996). Nu-
clear magnetic resonance (NMR) studies have shown that the
uptake of glutamate by the astrocyte and the return to the neuron
as glutamine, a pathway referred to as the glutamate/glutamine
(Glu/Gln) cycle, is a major metabolic pathway in cerebral cortex
(Gruetter et al., 1998; Sibson et al., 1998; Shen et al., 1999). The
rate of the glutamatine/glutamate cycle has been shown to in-
crease with close to a 1:1 slope with neuronal glucose oxidation
with increasing neuronal activity (Sibson et al., 1998). It has also
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been proposed that astroglial glycolysis may account for the
majority of brain glucose uptake used to fuel functional neuroen-
ergetics through stoichiometric coupling of astroglial glutamate
uptake and conversion to glutamine (Magistretti et al., 1999).
Together, these findings suggest a redefining of brain glutamate
neurotransmitter release and recycling as a series of metabolic
interactions between glial cells and neurons.

Both *C and 'H{**C} NMR allows for noninvasive measure-
ment of metabolic fluxes in human brain based on the detection of
label incorporation into the large cerebral pools of glutamate and
glutamine (Rothman et al., 1992; Gruetter et al., 1998; Shen et al.,
1999; Bluml et al. 2001). Previous studies have derived metabolic
rates from infused [1-C] glucose. However because glucose is
metabolized in both neurons and glia, this approach requires
assumptions to separately determine metabolic flows in these two
different cell populations. These assumptions, based on animal
models and cellular studies, may not hold in the human brain
under all conditions.

Neuronal and glial metabolism may be more directly distin-
guished using acetate as a substrate, which, because of far greater
transport activity, is almost exclusively metabolized in astrocytes
(Waniewski and Martin, 1998), as has been validated in vivo
(Badar-Goffer et al., 1990; Hassel et al., 1995). This strategy has
been used in in vitro '>C NMR studies of animals (Kunnecke and
Cerdan, 1989; Cerdan et al., 1990; Hassel et al., 1995). In this study,
we used [2-'2CJ-labeled acetate to selectively measure the contri-
bution of astroglial oxidative metabolism to total substrate oxida-



1524 J. Neurosci., March 1, 2002, 22(5):1523-1531

tion and the rate of total glial/neuronal glutamate trafficking in
human brain by '*C NMR spectroscopy. Two models to describe
neuronal/astroglial substrate trafficking for repletion of neuronal
glutamate were tested along with the possibility of internal label
exchange (see Fig. 1). Estimates were made of glutamate oxidation
and pyruvate recycling. Our results indicate that astroglia contrib-
utes ~15% of the total oxidative metabolism and that the gluta-
mate/glutamine cycle is the major source of neuronal glutamate
repletion, with up to 30% of this flux contributed by anaplerosis
replacing oxidized glutamate. The further application of this
approach could potentially enlighten the role of astroglia in sup-
porting brain glutamatergic activity and in neurological and psy-
chiatric disease.

MATERIALS AND METHODS

Subjects. NMR studies were performed with eight healthy volunteers
(four males and four females; aged 29 * 6; mean = SD) at rest after a 12
hr overnight fasting. Informed written consent was obtained from all
subjects after the aims and potential risks were explained to them. The
protocol was approved by the Yale University School of Medicine Hu-
man Investigation Committee.

NMR acquisition. NMR data were acquired on a 2.1 T whole body
(1 m bore) magnet connected to a modified Bruker AVANCE spectrom-
eter (Bruker Instruments, Billerica, MA). Subjects remained supine in
the magnet with the head lying on top of a home-built radio-frequency
NMR probe, consisting of one "*C circular coil (8.5 cm diameter) and
two 'H quadrature coils for 'H acquisitions and decoupling. After
tuning, acquisition of scout images, shimming with the FASTERMAP
procedure (Shen et al., 1997), and calibration of the decoupling power,
13C NMR spectra were acquired for 10 min before and during a 160 min
[2-'3C] acetate infusion (350 mol/l sodium salt, 9% 'C enriched;
Isotec, Miamisburg, OH) at an infusion rate of 3 mg-kg '-min "
NMR spectra were acquired using an ISIS localized adiabatic '*C{'H}
polarization transfer sequence optimized for detection of glutamate and
glutamine in the C4 position (Shen et al., 1999). The spectroscopic voxel
was located in the parietal-occipital lobe. Its size was adapted to each
volunteer and was on average 96 * 3 ml.

NMR data processing. Amplitudes of glutamate C4 and C3 (34.3 and
27.7 ppm, respectively) and glutamine C4 and C3 (31.7 and 27.1 ppm,
respectively) were measured after Gaussian multiplication, Fourier trans-
formation, and baseline subtraction.

Glutamate C4 fractional enrichment was derived from the NMR signal
by comparison with the signal measured on a glutamate phantom under
the same experimental conditions, assuming gray and white matter glu-
tamate concentrations of 9 and 4.5 mM, respectively, based on previous
magnetic resonance spectroscopy and biopsy studies (Michaelis et al.,
1993; Gruetter et al., 1994). Glutamate C3 and glutamine C4 and C3
fractional enrichments were derived from NMR measurements using
glutamate C4 as a reference, assuming gray and white matter glutamine
concentrations of 4 and 2 mm, respectively, and using the gray/white
matter distribution measured by segmentation magnetic resonance im-
aging (MRI). Because of the minimal '*C label incorporated into white
matter, the calculated rates are influenced mainly by the concentration
ratio of glutamate and glutamine assumed for gray matter.

Measurement of gray/white matter distribution by segmentation MR1. The
gray and white matter content of a 96 ml voxel located in an identical
position to the spectroscopic voxel in the parietal-occipital lobe were
determined by segmentation MRI in eight healthy volunteers on the same
NMR system (G. F. Mason, personal communication). Sets of B; maps
and inversion-recovery images were acquired and processed to yield
quantitative images of T1, which were converted to segmented images of
gray matter, white matter, and CSF. The gray matter volume was 57 *
5% of tissue content in the voxel (mean = SD).

Blood sample processing. Fractional enrichments and plasma acetate
concentrations were measured from blood samples collected at 10 min
intervals and analyzed on a Hewlett-Packard (Palo Alto, CA) 5890 gas
chromatograph (HP-1 capillary column; 12 X 0.2 X 0.33 mm film
thickness) interfaced to a Hewlett-Packard 5971A mass selective detec-
tor operating in the electron impact ionization mode.

Glucose fractional enrichment was measured from the blood samples
collected at the end of the studies. Total fractional enrichment was
determined by gas chromatography—mass spectrometry. The distribution
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of 13C label among the six glucose carbon atoms was then determined by
high-resolution NMR using a 500 MHz vertical-bore spectrometer
(Bruker Instruments).

Absence of contribution from hepatic metabolism of acetate. The liver is
known to metabolize acetate so that some of the '*C label is incorpo-
rated into glucose by gluconeogenesis (Schumann et al., 1991). Contri-
bution of [2-*C] acetate to liver gluconeogenesis leads to the release of
glucose labeled in the C1, C2, C5, and C6 positions. Glucose being the
main substrate of brain metabolism and glucose C1 and C6 being incor-
porated in the TCA cycle the same way as acetate C2, the contribution of
13C-labeled glucose could alter our measurements. Therefore, the frac-
tional enrichment of plasma glucose at steady state was measured for
each carbon atom position. Fractional enrichments over natural abun-
dance were found to be 1.2 = 0.2% for C1, 1.1 + 0.2% for C2, 0.0 = 0.1%
for C3, 0.5 £ 0.2% for C4, 1.7 = 0.3% for CS5, and 1.3 *= 0.2% for C6. In
comparison, steady-state fractional enrichment of [2-'3C] acetate was
87.7 = 4.1%. Based on previous human studies using [1-'>C] glucose, the
contribution of '*C glucose is within the margin of error of our
measurements.

RESULTS

Metabolic models of neuronal/glial glutamate

repletion tested

Radioisotope labeling experiments performed almost 40 years
ago have suggested that cerebral metabolism is characterized by
two distinct metabolic compartments (Berl et al., 1962; Van den
Berg et al., 1969). The immunohistochemical localization of en-
zymes (Martinez-Hernandez et al., 1977; Yu et al., 1983) later led
to the two metabolic compartments being associated primarily
with neurons and glial cells. Over the last decade, two models of
repletion of neuronal glutamate by astrocytes have been proposed
(Fig. 1). These models, which are described below, as well as the
possibility of internal label exchange in the astroglia, were tested.

Model a: neuronallastroglial glutamate/glutamine cycle

In the Glu/Gln cycle (Fig. 1a), neuronal glutamate is first released
in the synaptic cleft, taken up by astrocytes, and converted to
glutamine by the astrocyte-specific enzyme glutamine synthetase
(Martinez-Hernandez et al., 1977). Glutamine is transported to
the extracellular fluid in which it is taken up by neurons and
converted back to glutamate by the enzyme phosphate-activated
glutaminase (PAG) (Erecinska and Silver, 1990). In addition to
glutamine synthesis arising from exogenous glutamate, a lesser
amount is produced de novo through anaplerosis to remove excess
ammonia derived from blood and/or brain metabolism (Sibson et
al., 1997). Figure la illustrates the label incorporation from
[2-13C] acetate into glial glutamate and glutamine expected to
arise via the glutamate/glutamine cycle model of glutamate re-
plenishment. [2-'C] acetate is converted into [2-'3C] acetyl
coenzyme A (CoA) in the glial compartment, which labels glial
TCA cycle intermediates and, subsequently, glutamate and glu-
tamine C4. The neuronal pool of glutamate C4 is subsequently
labeled from glutamine C4. After the second turn of the glial
TCA cycle, C2 and C3 of glutamate and glutamine become
labeled.

Model b: astroglial internal glutamate/glutamine exchange

An alternative explanation for the high rate of glutamine labeling
from [1-'>C] glucose is that it reflects label exchange between
glutamate and glutamine within astrocytes as opposed to gluta-
mate and glutamine movements between neurons and astrocytes.
Although there is no compelling evidence that a significant de-
gree of label exchange occurs, we believe it is important to
evaluate this possible explanation of the '*C labeling data from
[1-13C] glucose attributable to the presence of enzymes, which
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Figure 1. Incorporation of label from [2-'°C] acetate into the brain

glutamate and glutamine pools. Different models of neuronal glutamate
replenishment are presented: glutamate/glutamine cycle model (a), in-
ternal exchange model (b), and glutamate/a-ketoglutarate cycle model
(¢). For the sake of clarity, the carbon position labeled only in the first
TCA cycle turn (C4) is indicated. Acet, Acetate; Pyr, pyruvate; AcCoA,
acetyl coenzyme A; Cit, citrate; OAA, oxaloacetate; aKG, a-ketogluta-
rate; Glu, glutamate; Gin, glutamine; V,,, flux through the acetyl coen-
zyme A synthetase; V,,,,, anaplerotic flux; V,, glutamine efflux from the

brain (Veg = Vana )s VC;:Z , Glu/Gln cycle flux; V' ..., Glu/a-KG cycle flux;
Vrca,, neuronal TCA cycle rate; Vi A glial TCA cycle rate.

can catalyze this exchange. Activities of enzymes capable of
converting glutamine to glutamate (or a-ketoglutarate) exist
in astrocytes, as well as neurons. In addition to PAG (Cooper
and Plum, 1987; Hogstad et al., 1988), membrane-bound -
glutamyl transferase (7y-glutamyl transpeptidase) and enzymes of
the glutaminase II system (glutamine transaminase K/cysteine
S-conjugate B-lyase plus w-amidase) have been detected in astro-
cytes (Shine et al., 1981; Kvamme et al., 1985; Makar et al., 1994),
although the function of the later may be related more to kynure-
nine metabolism than glutamine (Okuno et al., 1991; Alberati-
Giani et al., 1995). Although glutamine formation from glutamate
and ammonia as catalyzed by glutamine synthetase is essentially
irreversible, isotopic exchange could potentially lead to label

J. Neurosci., March 1, 2002, 22(5):1523-1531 1525

GluC4 GluC3
GInC4 GInC3

T T T T T T T

§5 50 45 40 35 30 25

Figure 2. Steady-state '>C-NMR spectra obtained in the parietal-
occipital cortex of a volunteer during the infusion of *C-labeled sub-
strates. a, Spectrum acquired during an infusion of [2-'*C] acetate. b,
Spectrum obtained under identical experimental conditions during an
infusion of [1-"*C] glucose (Shen et al., 1999) in the same volunteer.
Differences between the two spectra reflect the compartmentation of
acetate metabolism in glia as opposed to glucose, which is mainly con-
sumed by neurons.

equilibration between them. Because of the glial compartmenta-
tion of the cycle, this model can be referred to as an internal
exchange (Fig. 1b). In this model, neuronal glutamate repletion
would be entirely through uptake by neuronal glutamate
transporters.

Model c: neuronallastroglial glutamate/a-ketoglutarate cycle

A third model for neuronal glutamate repletion is based on the
potential participation of a-ketoglutarate (Shank and Campbell,
1984; Schousboe et al., 1997) in terms of a glutamate/a-
ketoglutarate (Glu/a-KG) cycle between astrocytes and neurons.
In this cycle (Fig. 1c), glutamate derived from neurons is con-
verted to a-ketoglutarate (by oxidation or transamination) in
astroglia, in which it is released and taken up by neurons for
resynthesis of neurotransmitter glutamate.

Acetate and glucose are metabolized in distinct
compartments in human brain

Shortly after the onset of [2-'2C] acetate infusion, the fractional
enrichment (FE) of plasma acetate reached steady state (FE of
83 *+ 4% 10 min into the infusion; FE of 86 = 2% at the end of
infusion). Figure 2a shows a '*C NMR spectrum acquired in the
parietal-occipital lobe of one volunteer at steady state, during the
last 40 min of the [2-'3C] acetate infusion. Glutamate and glu-
tamine were significantly labeled in the C4, C3, and C2 positions,
demonstrating that acetate is taken up and metabolized by brain
at low plasma concentrations. The acetate concentrations
achieved during the infusion (from 0.11 = 0.06 to 0.61 = 0.14
mm) were within the physiological range of plasma acetate levels
observed in humans (Lundquist, 1962).

Figure 2b shows a spectrum acquired from the same volunteer
under identical experimental conditions over the last 40 min of a
[1-13C] glucose infusion reported previously by Shen et al. (1999).
The two spectra exhibit clear differences in labeling patterns,
reflecting cell-type specific metabolism: '*>C from acetate C2 is
incorporated predominantly into brain glutamine, whereas '*C
from glucose C1 leads to higher labeling of glutamate. This
observation is consistent with previous in vivo and ex vivo findings
from animal brain studies (Hassel et al., 1995; Bachelard, 1998)
that acetate and glucose are metabolized primarily in different
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Figure 3. Time course of [4-'*C] glutamine ( filled circles) and [4-">C]
glutamate (open squares) NMR signals measured in one subject during
[2-13C] acetate infusion. These curves are proportional to the concentra-
tions of *C over natural abundance in the C4 positions.

metabolic compartments in human brain, astroglia and neurons,
respectively.

Estimate of the contribution of labeled glutamine in
white matter

The time course of glutamine and glutamate C4 were measured
during the entire course of infusion in four volunteers (Fig. 3).
The summed time courses were analyzed to determine the frac-
tion of steady-state labeling arising from gray matter and white
matter. Because there should be no discernable neurotransmitter
glutamate cycling in white matter, glutamine C4 would be ex-
pected to be labeled in white matter through the de novo synthesis
of glutamine at the rate Vg, assuming that the small brain acetate
pool is rapidly labeled from blood acetate. A negligible delay in
the glutamine C4 labeling from brain acetate was assumed be-
cause of the fast isotopic turnover of the small glial glutamate
pool (Ottersen et al., 1992). In contrast to white matter, glutamine
C4 may be labeled through the Glu/Gln cycle in gray matter,
leading to a higher rate of labeling (Viyee + V)

To quantitatively compare '*C incorporation from acetate into
white matter (V,.wy) With '>C incorporation into gray matter
(Vasam)s the Glu/Gln cycle model (Fig. 1a) was partitioned into
two compartments representing gray and white matter using the
software Cwave (G. F. Mason). V,.wum and V, sy Were iterated
to fit the experimental glutamine C4 time course. The gray/white
matter content in the voxel of interest was assessed by segmen-
tation MRI. We used Vg of 0.04 pmol-gm ' min ", as re-
ported by Shen et al. (1999). The label incorporation into the
white matter glial TCA cycle, V,owwm, Was only 15 = 5% of the
gray matter value, V, gy Knowing that glutamine and glutamate
concentrations in white matter are typically twice as small as in
gray matter (Michaelis et al., 1993) and that our voxels of interest
contain a majority of gray matter, the contribution of white
matter to the measured signal does not exceed ~7%. Thus, the
NMR measurement primarily reflects gray matter metabolism
(~93%). The preponderance of labeling of glutamine in gray
matter by acetate, with minimal labeling of white matter, most
likely reflects the participation of the majority of glutamine syn-
thesis in the glutamate/glutamine cycle. It also reflects the lack of
the enzyme glutamine synthetase in oligodendrocytes, which are
the most abundant white matter glia (Norenberg and Martinez-
Hernandez, 1979).

Estimate of the glial glutamate pool size
The determination of the astroglial and neuronal glutamate en-
richment required calculation of the size of the astroglial gluta-
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Table 1. Differential equations describing '*C incorporation into gray
matter according to three different models of neurotransmitter
glutamate repletion

Glu/Gln cycle model

d[GIn,C4)/dt = (Veyare + Ver)'GlugCh — (Veyare + Veg)-GIn,C4
d[GIn,C4)/dt = V y4e'GIn,C4 — Vo °GIn,C4
d[Glu,C4)/dt = Vye1e'GIn,C4 — (Viyie + Vica,)'Glu,C4
d[Glu,C3J/dt = (VTCAg + V) OAA,C3 + V. 'Glu,C3

= Veyate + Ver + VTCAE)'GlugC3
d[GIn,C3)/dt = (Veyare + Ver)'GluC3 = (Veyae + Veg)GIn,C3
d[OAA,C3]/dt = 1> VTCAg'(GlugC3 + Glu,C4)

- (VTCAg + Ver)OAAC3

Internal exchange model
d[GlIn,C4}/dt = V Glu,C4 — V 4GIn,C4
Glu/aKG cycle model

d[GIn,C4)/dt = VGlu,C4 — V,4Gln,C4
d[Glu,C4Y/dt = Vi, Glu,Ch — (Viye + Viea ) Glu,Cé

Only the differential equations used to test the models and to derive metabolic fluxes
are given. [Glx,Cz] is the concentration of metabolite Glx (Glu or Gln) labeled in the
position z in the compartment y (glial or neuronal cells) of gray matter.

mate pool. The astroglial glutamate pool concentration was as-
sessed from a detailed analysis of the time course of glutamate
and glutamine C4. Because glutamate is significantly less concen-
trated in astrocytes than in neurons (Van den Berg and Garfinkle,
1971; Ottersen et al., 1992), the astroglial glutamate pool is
expected to reach steady state faster than the neuronal pool.
Moreover, if neuronal glutamate is labeled, then the '*C incor-
poration in this larger pool is delayed because of the transfer of
3C from the astroglial to the neuronal compartment. Based on
this and in accordance with earlier '*C acetate studies of rat brain
metabolism (Van den Berg and Garfinkle, 1971), we assumed that
astroglial glutamate reached isotopic steady state much earlier
than neuronal glutamate during the [2-'*C] acetate infusion. The
glutamate 'C labeling detected over the first 20 min of infusion
was considered as reflecting steady-state astroglial glutamate
only. Knowing that, at the end of infusion, total glutamine
reaches the same FE as astroglial glutamate (steady-state equi-
librium), steady-state glutamine FE (10.4% as measured on a
reference phantom) yielded the following: [Glu,] of 0.7 = 0.5 mm.

Determination of the dominant pathway for neuronal
glutamate repletion

A limitation of using [1-'*C] glucose to study neuronal/astroglial
glutamate trafficking in vivo is that it is difficult to distinguish
potential cycling pathways attributable to label entering both the
neuron and astrocyte. To determine what mechanism is dominant
in the human brain, the measured ratio of the concentrations of
[4-'3C] glutamate and [4-'>C] glutamine from acetate was com-
pared with the prediction of the models of glutamate repletion. The
[4-13C] glutamate concentration was expressed as the product of
glutamate fractional enrichment and the glutamate concentration
in the labeled compartment y (glia or neuron depending on the
model): [Glu'*C4] = Glu,C4 X [Glu,]. The corresponding expres-
sion for glutamine leads to the concentration ratio: [Glu'*C4]/
[GIn'*C4] = Glu,C4/GIn,C4 X [Glu,}/[Gln]. Steady-state solu-
tions of the differential equations describing each model allow for
prediction of the fractional enrichment ratio Glu,C4/Gln,C4 (Ta-
ble 1), and estimates of glutamate and glutamine concentrations
lead to the ratio [Glu,}/[Gln,].
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Figure 4. Ratio of glutamate '>C4 and glutamine '*C4 concentrations
measured and predicted by different models of glutamate replenishment.
As opposed to the internal exchange model, the glutamate/glutamine
cycle model is in excellent agreement with the experimental results.

For the internal exchange model (Fig. 1), the predicted frac-
tional enrichment ratio Glu,C4/Gln,C4 = 1, because the differ-
ential equations predict identical glutamate and glutamine frac-
tional enrichments in glia from [2-'°C] acetate at steady state,
with no labeling of neuronal glutamate. Using the concentration
of glial glutamate measured in the present study, which is consis-
tent with previous results using histochemical staining (Ottersen
et al.,, 1992) and '*C tracers (Van den Berg and Garfinkle, 1971)
leads to a maximum value of the concentration ratio: [Glu '*C4]/
[GIn'3C4] = 0.2. However, the measured concentration ratio
[Glu'*C4)/[GIn'3C4] = 0.63 * 0.07 is three times greater than the
predicted value based on this model, indicating that there is a large
transfer of '>C label from the astrocyte to the neuron (Fig. 4).

In the Glu/Gln cycle pathway, the '*C label is transferred from
glial glutamine to neuronal glutamate. The differential equations
describing this model predict the following relationship between
the fractional enrichments of glutamate and glutamine C4:

I/cycle/(I/TCAn + I/cycle)7 (1)

where Ve, is the neuronal TCA cycle flux, and V. is the rate
of neuronal glutamate repletion by the Glu/Gln cycle. V, eycle and
Vrca, have been measured previously in a similar region in the
human parietal-occipital cortex during an infusion of [1-'3C]
glucose, yielding values of 0.32 and 0.80 wmol - gm ' - min !,
respectively (Mason et al., 1999; Shen et al., 1999). Based on these
values, the predicted [Glu13C4]/[Gln 13C4] ratio for the Glu/Gln
cycle model is 0.61, showing an excellent agreement with the
measured ratio (0.63).

In the metabolic modeling of the glucose data, the flux of '*C
label from neuronal glutamate to astroglial glutamine was calcu-
lated to determine V, which does not include the contribution

cycle»

Glu,C4/GIn,C4 =

Table 2. Fractional enrichments (over natural abundance) of neuronal
glutamate and glutamine C4 and C3 in gray matter measured at steady
state during the [2-13C] acetate infusion (n = 8; mean = SD)

Gln C4 GIn C3 Glu C4 Glu C3
mean 10.4 34 2.9 2.1
SD 2.4 0.9 0.9 0.9
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Figure 5. Pyruvate recycling through malic enzyme or PEPCK (V,cy.)
and glutamate oxidation and cycling into the astroglial TCA cycle
(Vgiuox)- Combined with lactate transfer to neurons, these pathways could
potentlally alter the '3C distribution into brain glutamate and glutamine
described in Figure 1. However, it can be calculated that these fluxes do
not contribute significantly to glutamate and glutamine C4 labeling during
an infusion of [2-*C] acetate. Vepri, Glial pyruvate dehydrogenase flux;
Vpph,, neuronal pyruvate dehydrogenase flux; VPC , glial pyruvate carbox-
ylase "Alux Vana = Ve =V, = Vi “lactate efflux from the
brain.

ecyc )7 effluxlac>

through the Glu/a-KG cycle (at the rate V') because the later
does not label glutamine. Therefore, glucose-based measure-
ments of Glu/Gln cycling reflect V., whereas acetate-based
measurements reflect Ve + V' oyere- If the Glu/a-KG model is
taken into account, an additional cycle flux must be added be-
tween neuronal and glial glutamate pools (Fig. 1¢), leading to the
predicted fractional enrichment ratio:

GlunC4/GlngC4 = (chcle + Véycle)/(VTCA“ + chcle + Vt"ycle)’ (2)

Because the addition of V', would affect the prediction for the
steady-state [Glu'*C4]/[GIn *C4] ratio, our measurement rules out
the possibility of a major contribution of the Glu/a-KG cycle to
neuronal glutamate replenishment. Within measurement accuracy,
V' oyele 18 at most 10% of V., indicating a minor role for the
Glu/a-KG cycle under normal physiological conditions. Together,
these findings strongly support the glutamate/glutamine cycle as
being a major metabolic flux and glutamine as the pri-
mary source of neuronal glutamate replenishment in human brain.

Calculation of Ve and Vrca,

Based on the label distribution implied by the Glu/Gln cycle
model, glutamate and glutamine C4 and C3 NMR signals were
converted into gray matter fractional enrichments after correc-
tion for white/gray matter distribution and the respective concen-
trations of glutamate in neurons and astroglia (Table 2).

The differential equations describing **C incorporation accord-
ing to the Glu/Gln cycling model can be solved analytically under
steady-state conditions, leading to the following relationships
between Ve, VTCA, and Vica @

Veye = Vrea, X Glu,C4/(GIn,C4 — Glu,C4) 3)

VTCAE 2 X [(chcle + Vel) GlIl C3 cycle

- Glu,C3][GIn,C4 — GIn,C3], (4)
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where Vica, is the glial TCA cycle flux, and Glx,Cz is the
fractional enrichment (over natural abundance) of the metabohte
Glx in carbon atom position z, in cellular compartmenty (i.e., glial
or neuronal pool).

Equation 3 allows for calculation of the V. y./Vrca, ratio,
which reflects the contribution of neuronal/glial trafficking to
neuronal metabolism. We measured a V.,o/Vrca, ratio of 0.39 =
0.09.

Using Vica, of 0.80 wmol-gm™'-min~' and V4 of 0.04

pmol - gm “ min ' for gray matter as measured previously

in humans using [1-*C] glucose (Mason et al., 1999; Shen
et al., 1999), Equations 3 and 4 yielded Vycle of 0.32 =
0.07 pmol-gm '-min~"' and Vycs, of 014 * 006

pmol - gm ' min ',

DISCUSSION

The glutamate/glutamine cycle is the major pathway
of neuronal glutamate repletion in the human

cerebral cortex

Comparison of the measurement of rate of total neuronal/glial
glutamate trafficking, with a previous study using [1-*C] glucose
(Shen et al., 1999), which measured the glutamate/glutamine
cycle, indicates that the large majority of glutamate trafficking
under normal conditions is through the glutamate/glutamine cy-
cle. The value of the ratio V. q/Vrca, in the present study was
0.39 = 0.09, which is slightly lower than the value of 0.46 = 0.10
reported by Shen et al. (1999) using [1-'*C] glucose. This differ-
ence may be explained by the specificity of acetate for gray matter
in which TCA cycle flux is significantly higher than in white
matter (Mason et al., 1999). When the fluxes reported previously
are corrected for the small contribution from the white matter
TCA cycle, the value of the ratio (0.40 = 0.06) is not significantly
different from the value determined using [2-*C] acetate.

The determination of V_./Vrca, from the [2-'°C] acetate
data depends on an estimate of the partition of glutamate be-
tween glia and neurons. Using an approach pioneered by workers
using '*C acetate in animal models (Van den Berg and Garfinkel,
1971), we estimated the glial glutamate concentration based on
the relative labeling of glutamine and glutamate at a time point
early enough that neuronal glutamate labeling may be neglected
to a first order. Consistent with previous studies, we found a low
value of glial glutamate, ~0.7 mm. To the extent that there was
also neuronal glutamate labeling at the time point used, this value
would be an overestimate of the actual glutamate in the glia, and
the ratio Vyqc/Vrca, would be slightly underestimated.

The calculation of chcle from the acetate data (assuming Vs,
of 0.80 umol - gm ~! - min ~! as measured in human gray matter)
leads to 0.32 = 0.07 wmol - gm ~' - min ~'. This value is the same
as the one measured during [1- *C] glucose infusions (0.32 =+ 0.05
pmol - gm ' -min ') (Shen et al., 1999). The excellent agree-
ment with the studies that used labeled glucose validates the
NMR measurement of V. and indicates the Glu/GlIn cycle as
the major pathway of glutamate neuronal/glial trafficking in the
human cerebral cortex.

The astroglial TCA cycle accounts for 14% of the total
human brain TCA cycle flux

The ratio of the astroglial TCA cycle rate to the total TCA cycle
is consistent with previous studies of the mouse brain (0.17-0.19)
(Van den Berg and Garfinkel, 1971; Hassel et al., 1995) and
approximately two times higher than reported in humans by our
group previously using [1-'>C] glucose (Shen et al., 1999). The
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difference is primarily attributable to the relative insensitivity of
the [1-'2C] glucose experiment to this flux because of label entry
at both neuronal and glial pyruvate dehydrogenase (PDH) and
extensive mixing of label between these compartments by the
glutamate/glutamine cycle. The specificity of acetate entry into
the glial TCA cycle allowed a more accurate measure of VTCA
The value of Vyc,, is closer to the glial PDH flux of 0. 15
wmol - gm ! “min ' reported by Gruetter et al. (1998, 2001) in
human occipital cortex studied at 4 T using [1-'*C] glucose as a
label. However, in the Gruetter et al. studies, most of the rate of
glial PDH was coupled to pyruvate carboxylase and efflux from
the TCA cycle at a-ketoglutarate, whereas, in contrast, the find-
ings with acetate support most of the glial acetyl-CoA production
being involved in a complete TCA cycle. These findings may be
reconciled if most of the pyruvate carboxylase flux is coupled to
an “oxaloacetate/malate/pyruvate” recycling pathway operating
through malic enzyme and pyruvate carboxylase rather than net
anaplerosis and glutamine efflux. It has been suggested that there
is a need for this pathway for the replacement of glutamate lost in
the astrocyte to oxidation (Hertz et al., 1999; Lieth et al. 2001), as
is discussed further below. Alternatively, this pathway may be
used to generate NADPH in the glial cytosol. Indeed, malic
enzyme and pyruvate carboxylase have been detected in glia
(Shank et al., 1985; Kurz et al., 1993), and the importance of this
recycling pathway has been demonstrated in other human tissues
in which these enzymes are expressed (Petersen et al., 1995; Jones
et al., 1997).

Influence of glutamine efflux on the calculated
astroglial TCA cycle flux

As shown by Equation 4, the glutamine efflux Vg is required to
derive Vyc,, from the NMR measurement. We used a value of
V. 0f 0.04 wmol - gm ~! - min ~, as estimated in a previous study
of the human parietal-occipital lobe (Shen et al., 1999). However,
there is no real consensus on the value of glutamine efflux in
human brain, as reflected by the wide range of literature values
(0.003-0.08 wmol - gm ~* - min ~!). To assess the influence of Vg
on the calculated astroglial TCA cycle flux, Ve A, WS calculated
for the lowest possible Vg (assuming no glutamine efflux) and the
highest glutamine efflux reported in the literature (Gruetter et al.,
1998) in which it was assumed that all labeling through anaple-
rosis represents replacement of lost TCA cycle intermediates
through glutamine. For V_ 4 of 0 and 0.08 wmol - gm ~' - min ",
VTCAg was 0.10 = 0.06 and 0.18 * 0.07 wmol-gm ' min ",
respectively. If the measured anaplerotic flux instead represents
oxaloacetate (OAA) or pyruvate recycling and V_; is negligible,
then the lower value will hold.

Contributions to glutamate C4 labeling from

pyruvate recycling

The three models tested here do not take into account metabolic
pathways such as pyruvate recycling, glutamate oxidation, and
lactate transfer from glial to neuronal cells. A detailed diagram of
the astroglial compartment including these pathways is presented
in Figure 5. Under physiological conditions, pyruvate recycling
(Vieeye) through malic enzyme is considered to occur in the
astroglial compartment only (Haberg et al., 1998; Lieth et al.
2001; Sibson et al., 2001), although there may be direct neuronal
glutamate repletion through malic enzyme (Hassel and Brathe,
2000). Pyruvate produced by this pathway may be converted to
lactate and potentially transported to neurons and converted to
acetyl-CoA by PDH (Bouzier et al., 2000). Flux through this
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pathway may lead to an overestimate of the glutamate/glutamine
cycle by bringing additional label into neuronal glutamate C4.
Although the flux associated with pyruvate recycling cannot be
determined uniquely from the present data, it can be shown that
this flow insignificantly affects the '*C distribution of brain glu-
tamate and glutamine C4 labeling from [2-'*C] acetate. Indeed,
the FE of lactate C3 resulting from pyruvate recycling cannot
exceed 0.3% above natural abundance (see Appendix), which
does not significantly affect our calculations of glial/neuronal
glutamate trafficking. This conclusion is consistent with in vivo
studies in animal models using [2-'*C] acetate (Hassel et al., 1995,
Haberg et al., 1998) and [2-3C] glucose (Sibson et al. 2001).

Estimate of glutamate oxidation

In the glutamate oxidation pathway (V,0x), glutamate released by
the neuron is taken up by the glia, converted through glutamate
dehydrogenase or transamination to a-ketoglutarate, converted by
the glial TCA cycle to malate, converted from malate to pyruvate
through malic enzyme, and then oxidized by pyruvate dehydroge-
nase in the glia (Hertz et al., 1999; Lieth et al., 2001). Glutamate
lost to the system by oxidation is replaced by anaplerosis, starting
with the conversion by pyruvate carboxylase (Vpc) of pyruvate to
OAA. Glial glutamate formed by this pathway will then be cycled
back to the neuron as either glutamine or a-ketoglutarate. Thus,
the calculation of V_y./Vrca, from acetate will include this path-
way. Because glutamate in this pathway traverses the TCA cycle
from a-ketoglutarate to OAA, the upper limit of the rate of this
pathway is given by the astroglial TCA cycle, leading to Vijyox <
Virca, of 0.14 = 0.06 umol - gm ~!'-min "', Because the glutamate
oxidation flux cannot exceed the rate of anaplerosis, ~30% of the
glutamine transferred to the neurons by the cycle may derive from
replacement of oxidized glutamate by anaplerosis.

An alternate repletion source for the glutamate oxidation path-
way has been proposed previously (Hassel, 2000), in which neu-
rons use malic enzyme to directly replete glutamate. This path-
way would not be detected using [2-'°C] acetate as a label
precursor, so that the rate cannot be calculated. The in vivo rate
of this pathway is most likely small based on recent studies of the
rat brain using [2-'*C] glucose and ['*CO,] as a label source in
vivo, both of which would be incorporated by neuronal malic
enzyme. These studies found labeling consistent with glial a
naplerosis and the glutamate/glutamine cycle being the major
glutamate repletion pathway (Lieth et al. 2001; Sibson et al. 2001)

Conclusions and applications

The results demonstrate the ability of '>C NMR in combination
with selective astroglial labeling with [2-'*C] acetate to study glial
metabolism in humans. Astroglia contribute ~15% of the total
oxidative metabolism, and the glutamate/glutamine cycle is the
major source of neuronal glutamate repletion, with up to 30% of
this flux contributed by anaplerosis replacing oxidized glutamate
The high specificity of acetate for astroglial metabolism should
prove useful for exploring the role of astroglia in supporting
functional neuroenergetics, as well as alterations of neuronal/glial
trafficking under pathological conditions.

Appendix

Pyruvate recycling, glutamate oxidation, and lactate transport to
neurons were modeled as shown in Figure 5. Pyruvate recycling
may lead to the transfer of label from [2-'3C] acetate to neuronal
glutamate C4 by conversion of malate into [3-'C] pyruvate,
followed by conversion to lactate, transport to the neuron, and
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oxidation there by the TCA cycle. An upper estimate of the
contribution of these pathways to '>C labeling of glutamate C4
during [2-'°C] acetate infusion was calculated as follows. The
isotope balance equation for OAA,C3 in the astrocyte at steady
state is given by the following:

0 =12 - (GIn,C4 + GIn,C3) - (Vrca, + Veuor)
+ Lac,C3 - Voo, — OAA,C3
: [I/recyc + (VvPCg + VTCAE + Vgluox - Vrecyc)]

The second term in the brackets comes from mass balance
considerations and is the mass flow into citrate from OAA. This
leads to the following:

(A1)

0=1 - (GlngC4 + GlngC3) * (VTCAg + Vgluox)
+ Lac,C3 + Vpc, = OAA,C3 - (Vec, + Vica, T Veluox)
(A2)

The cancellation of V.. is attributable to OAA that is con-
verted to pyruvate and then back to OAA, as would be the case
for NADPH production via a malic enzyme/pyruvate carboxylase
futile cycle, not being a net flux out of the OAA pool.

For lactate (assuming glial and neuronal lactate are effectively
one pool, which is maximum transfer to neuron), we have the

following:
0 = OAAC3 - Vieeye — LacC3
* (Vepn, + Vepn, T Vesuxtae + Vo) (A3)

Substituting Equation A2 into Al to eliminate OAA,C3 as
follows:

0= V5 - (GIn,C4 + GIn,C3) - Vca, + Vo) + LacC3 - Ve,
— LacC3 - (Vepu, + Vepn, T Vesuxtae + Vec)

. (VPCg + VTCAg + Vgluox)/Vrecyc (A4)
If we assume that, under these conditions, malic enzyme is not
active in the neuron, then all of the label incorporation into
lactate C3 is in the astrocyte. A maximum estimate of lactate C3
labeling is under the conditions in which the astroglial and neu-
ronal lactate pool are in rapid equilibrium (or alternatively, most
of the lactate is made in the astrocyte first).

Because at metabolic steady state any carbon lost from the glial
TCA cycle by pyruvate recycling must be replenished by pyruvate
carboxylase, the maximum possible value for V.. is V, =

ecyc recyc

VPCg. Substituting and rearranging yields the following:
0 =12+ (GIn,C4 + GIn,C3) * (Vrca, + Vuox)
+ LacC3 - [Vpc, — (Vepn, + Vepn, T Vetutae + Vec,)

* Ve, + Vica, T Vuod/Vec,) (A5)

From [2-'°C] glucose and other labeling studies in animals
(Sibson et al., 2001), we know that at most Vpc, ~ 0.05-0.1 -
Vepn, + VPDHg). From the glutamine C4/C3 labeling patterns
observed in this study, we also know that Vi A T Vatuox =~ 0.1 -
Voo, + VPDHg). Ignoring lactate efflux to the first order yields
the following:
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0= Y2 + (GIn,C4 + GIn,C3) - 0.1+ (Vop, + Voo,
+ LacC3[0.1* (Vepn, + Veon,) — 1.1+ Vepn, + Vepm,) - 0.2+

(VPDHn + VPDHg)/ ©0.1- (VPDHn + VPDHg))]

from which the highest estimate of lactate C3 fractional enrich-
ment is as follows:

(A6)

LacC3 = a2+ (Gln,C4 + Gln,C3) (A7)

(A6) 0= -(GIngC4 + GIngC3)- 0.1 (VPDHn + 'PDHg)
The neuronal glutamate C4 enrichment from this lactate pool
is given by the following:

Glu,C4 = V4> - (GIn,C4 + GIn,C3) - DF (A8)

where the dilution factor DF refers to dilution of glutamate C4
relative to its lactate precursor, which, based on animal models
and human studies (Mason et al., 1999), is ~10-20% (DF of
0.8-0.9). Knowing that GIn,C4 and GIn,C3 are ~10 and 3%, we
obtain Glu,C4 ~ 0.3%, which makes the maximum label from
pyruvate recycling into glutamate C4 on the same order of mag-
nitude as the noise of our measurements.
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