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ABSTRACT To determine the relationship between cere-
bral Glc metabolism and glutamatergic neuronal function, we
used 13C NMR spectroscopy to measure, simultaneously, the
rates of the tricarboxylic acid cycle and Gln synthesis in the
rat cortex in vivo. From these measurements, we calculated the
rates of oxidative Glc metabolism and glutamate—neurotrans-
mitter cycling between neurons and astrocytes (a quantitative
measure of glutamatergic neuronal activity). By measuring
the rates of the tricarboxylic acid cycle and GIn synthesis over
a range of synaptic activity, we have determined the stoichi-
ometry between oxidative Glc metabolism and glutamate—
neurotransmitter cycling in the cortex to be close to 1:1. This
finding indicates that the majority of cortical energy produc-
tion supports functional (synaptic) glutamatergic neuronal
activity. Another implication of this result is that brain
activation studies, which map cortical oxidative Glc metabo-
lism, provide a quantitative measure of synaptic glutamate
release.

Glc metabolism is the major pathway of energy production in
the mature brain (1). During brain activation, increases in Glc
metabolism directly form the basis of brain functional mapping
by using both 2-deoxyglucose autoradiography (2, 3) and
positron-emission tomography (4) and indirectly influence
signal changes observed with functional MRI (5). Despite the
extensive use of these methods for mapping brain function, the
mechanism linking Glc metabolism and functional neuronal
activity and the fraction of cerebral energy production that
supports neuronal function are still unknown.

Glutamate is the major excitatory neurotransmitter in the
brain (6), and a high percentage of cortical neurons are
glutamatergic (7). It has been proposed that a neuronal-
astrocytic neurotransmitter cycle exists in the brain in which
glutamate from the neuronal pool is released into the synaptic
cleft as a neurotransmitter, taken up by astrocytes, converted
to Gln, and returned to the neuron in this synaptically inactive
form where it is converted back to glutamate (6). The devel-
opment of in vivo 3C NMR spectroscopy has enabled the
direct investigation of cerebral glutamate metabolism (8, 9).
We recently have shown that the rate of glutamate—
neurotransmitter cycling between neurons and astrocytes can
be calculated by using the flux of the 3C label from glutamate
to Gln in the rat brain in vivo during a [1-'3C]Glc infusion (10).
Thus, we can obtain an in vivo measure of glutamatergic
neuronal activity. In the same experiment, the flux of the 13C
label from [1-*C]Glc into glutamate yields a simultaneous in
vivo measurement of the cerebral tricarboxylic acid (TCA)
cycle rate, from which oxidative Glc consumption can be
derived (11, 12). Therefore, by using the combined measure-
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ment of these two fluxes, we can determine quantitatively the
stoichiometry between cerebral Glc metabolism and glutama-
tergic-synaptic activity in vivo.

In the present study, we have used direct '3C NMR spec-
troscopy to determine the cerebral (primarily cortical) rates of
the TCA cycle (Vrca) and Gln synthesis (Vgi,) simultaneously
in the rat in vivo over a range of cerebral activity. From these
measurements, the rates of oxidative Glc metabolism and
glutamate—neurotransmitter cycling were calculated, enabling
determination of the relationship between these fluxes over a
range of brain electrocortical activity from isoelectricity to fast,
desynchronized patterns that approached the resting awake
state.

METHODS

Animal Preparation. Experiments were performed by using
male Sprague—Dawley rats fasted for ~18 h prior to the NMR
experiment. Three groups of animals were studied: A, mor-
phine sulfate group, weight 215 = 30 g (n = 5); B, a-chloralose
group, weight 214 = 10 g (n = 6); and C, sodium pentobarbital
group, weight 208 = 15 g (n = 6). In all groups, anesthesia was
induced with 2-3% halothane in 30% oxygen and 70% nitrous
oxide, and the animals were tracheotomized and artificially
ventilated. The left femoral vein and artery were cannulated
for the infusion of [1-13C]Glc or [1,6-'*C]Glc and monitoring
of arterial blood pressure and gases, respectively. All physio-
logical variables were regulated within normal limits through-
out the experiment (Pco, = 35-42 mmHg; Po, > 100 mmHg;
pH = 7.40 = 0.05), and core body temperature was maintained
at ~37°C with a heating pad and temperature-regulated
circulating water bath. The scalp was retracted, and burr holes
were drilled in the skull ~2 mm either side of the interaural
line and ~2 mm posterior to the bregma for positioning of
subdural, carbon fiber-EEG electrodes. Following surgery,
ventilation was continued with a mixture of 30% oxygen and
70% nitrous oxide; halothane use was discontinued, and
anesthesia was maintained with one of the three anesthetics
described below.

In group A, anesthesia was maintained throughout the NMR
experiment with morphine sulfate (initial dose 50 mg/kg, i.p.;
supplementary doses 12.5 mg/kg every 30 min). In this group,
animals also were immobilized with D-tubocurarine chloride
(initial dose 0.5 mg/kg, i.p.; supplementary doses 0.25 mg/
kg/h). The mean arterial blood pressure was maintained at
~110 mmHg throughout the experiment. In group B, anes-
thesia was maintained during the NMR experiment with
a-chloralose (initial dose 80 mg/kg, i.p.; supplementary doses
20 mg/kg every 35-45 min as required), and the mean arterial

Abbreviations: TCA, tricarboxylic acid; Vca, tricarboxylic acid cycle
flux; Vg, rate of Gln synthesis; Veycle, rate of neuronal-astrocytic
substrate cycling; CMRgic(ox), cerebral metabolic rate for Gle (oxida-
tive); GABA, y-aminobutyric acid.
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blood pressure was maintained above 80 mmHg, throughout.
For animals in group C, sodium pentobarbital (120 mg/kg, i.p.)
was administered over 60 min to achieve an isoclectric EEG,
with supplementary doses of 5-10 mg/kg every 20 min there-
after to maintain this level of anesthesia. Because of the high
anesthetic dose, the mean arterial blood pressure ranged
between 50 and 60 mmHg in this group. However, this should
still be within autoregulatory limits, and the flow in the arterial
line remained high.

Following surgery, the animals were placed in the magnet,
and after the acquisition of baseline spectra, a [1,6-*C]Glc
(group A) or a [1-B3C]Glc (groups B and C) infusion was
administered by using a protocol described previously (10, 13).
The length of the infusion was increased to accommodate
slower metabolic rates so that the duration of the infusion was
2hingroup A, 3.5hin group B, and 7 hin group C. In all cases,
a period of 1-1.5 h elapsed between the initial anesthetic dose
and the start of the '3C-labeled Glc infusion, thereby enabling
a stable state of brain metabolism to be achieved under each
anesthetic condition. Blood samples were taken periodically
for analysis of total and '3C-labeled Glc. At the end of the
NMR experiment, the brain was immediately frozen, in situ, in
liquid nitrogen while the animal continued to be mechanically
ventilated. All experiments were performed under protocols
approved by the Yale Animal Care and Use Committee.

NMR Spectroscopy. Nuclear Overhauser effect (NOE)-
enhanced, 'H-decoupled 3C NMR spectra were acquired on
a 7-T horizontal bore spectrometer (Bruker, Billerica, MA)
using a dual-tuned surface coil consisting of a 9-mm diameter
13C coil and an outer butterfly 'H coil for decoupling. The
operating frequencies were 75.60 MHz for '3C and 300.632
MHz for 'H. The center of the *C-surface coil was positioned
1-2 mm posterior to the bregma, and because of the dimen-
sions of the coil, the majority of signal was acquired from the
cortical tissue. Magnetic field homogeneity was optimized by
using an automated localized shim routine for first and second
order shim gradients (40—-60 Hz linewidth for water). The
power for proton decoupling was set for a 200-us 90° pulse, as
described previously (10). WALTZ-16 proton broadband
decoupling was applied at 2.5 ppm in the 'H spectrum with an
optimized power of 2 W during signal acquisition. A repetition
time of 0.5 sec was used, and for NOE enhancement, the same
decoupling pulse was applied during the recovery delay but
with a maximum power of 0.2-0.3 W. The NOE-enhanced,
H-decoupled '3C spectra yielded sufficient signal-to-noise at
C-4 glutamate and Gln to enable a temporal resolution of 5-10
min in group A, 10-20 min in group B, and 20—40 min in group
C. Pre-Glc infusion baseline scans were subtracted from
postinfusion spectra to eliminate the broad lipid signal in the
spectral region of interest.

Plasma and Brain Sample Preparation and Analysis. Per-
chloric acid extracts of plasma samples and frozen frontopa-
rietal cortex were prepared as described previously (10). Direct
'H NMR spectra of the plasma extracts were acquired on an
8.4-T, AM-360 wide bore spectrometer (Bruker, Billerica,
MA) for the determination of plasma Glc fractional enrich-
ment at C-11°, In group A, total plasma Glc fractional enrich-
ment was taken to be twice the enrichment measured at C-1
because [1,6-'*C]Glc had been infused. 'H-observe, *C-edited
NMR spectra of the brain extracts also were acquired at 8.4 T
for determination of brain glutamate and Gln concentrations
and fractional enrichments, as described in detail previously
(10).

Metabolic Modeling. The time courses of cortical glutamate
and GIn C-4 labeling with '*C were fitted with a comprehensive
mathematical model (12) to yield the TCA cycle rate (Vrca)
and the rate of Gln synthesis (Vgin) as described previously
(10) with the following modifications:

1. Calculation of Vrca: the K, for Glc transport from blood
to brain was taken to be 5.6 mM in group C as compared with
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13.9 mM in groups A and B because of the effects of
pentobarbital on BBB-Glc transport kinetics (14, 15). In group
C, it was assumed that there was no exchange between the
observed glutamate pool (neuronal) and the Gln pool because
of the elimination of electrical activity.

2. Calculation of Vgy,: Gln is synthesized from two precursor
sources: neuronal glutamate and astrocytic a-ketoglutarate. In
both groups A and B, based on our previous work (10), it was
assumed that the neuronal glutamate pool was the predomi-
nant precursor pool for Gln synthesis, and the analysis was
performed as described previously (10, 12). In group C, it was
assumed that the large neuronal pool was not serving as a
precursor pool for Gln synthesis (in astrocytes) as there was no
evidence of electrical activity in the cortex, and therefore,
glutamate cycling was assumed to be zero. Consequently, the
small astrocytic glutamate pool was taken to be the precursor
to Gln synthesis with a 13C fractional enrichment similar to that
of pyruvate determined primarily by the plasma Glc fractional
enrichment and Glc transport kinetics.

Statistical Analysis. ANOVA (16) was used to determine
overall significant differences among the three experimental
groups for cerebral glutamate and Gln concentrations and the
measured metabolic rates, Vrca and Vg Subsequently,
multiple-comparison Bonferroni ¢ tests (16) were used to
isolate differences among the individual groups. Linear re-
gression analysis (16) was used to determine the relationship
between CMRgic(ox) and Vgi, over the range of brain activity
studied.

RESULTS

Effects of Anesthesia on EEG Activity. The three anesthetic
regimes used resulted in differing levels of electrical activity as
determined from EEG recordings. Fast desynchronized pat-
terns of EEG activity were evident in animals under morphine
sulfate anesthesia (group A), whereas a considerable reduction
in EEG frequency and an increase in EEG synchronization was
observed in group B (a-chloralose) in comparison to group A.
In group C, a sufficiently high dose of sodium pentobarbital
was used to achieve and maintain an isoclectric EEG, which
was taken as evidence of the suppression of synaptic activity in
the cortex.

Plasma Glc Concentration and Fractional Enrichment. In
all animals plasma Glc levels were rapidly increased by the
13C-labeled Glc infusion from fasted concentrations of 4-5
mM to 9-13 mM, and the levels remained constant at this level
throughout the NMR experiment. The plasma-Glc C-1 frac-
tional enrichment increased from 1.1% (natural abundance) to
~60% in all animals and was held constant at this level
throughout the experiment (Fig. 1). A gradual increase during
the 3- to 7-h period was observed for animals in group C.

Cerebral Metabolite Pools. Table 1 gives the mean = SD
concentrations and fractional enrichments of the brain me-
tabolites that were measured at the end of the experiments for
each of the groups studied. A trend of decreasing glutamate
concentration with reduction in brain activity is shown in Table
1, and the analysis of variance indicated that there was an
overall significant difference (F = 19.96, P < 0.01) among the
groups for brain glutamate concentration. Multiple-
comparison Bonferroni ¢ tests showed that there was a signif-
icant difference (P < 0.005) in glutamate concentration be-
tween groups A and C, but not groups A and B, or groups B
and C (P > 0.05 in both cases). Analysis of variance revealed
no significant differences for brain Gln concentration among
the experimental groups (F = 0.16, P > 0.05).

In Vivo 3C NMR Spectra. Selected time points from a set of
in vivo 3C spectra for each of the groups are shown in Fig. 2
and clearly demonstrate the slower isotopic turnover rates with
reduced brain activity. The two resonances of most interest are
those of glutamate and Gln C-4 at 34.3 ppm and 31.6 ppm,
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FiG. 1. Graph showing the time courses of plasma Glc C-1
fractional enrichment with 13C for group A (@), group B (#), and
group C (a). Each point represents the mean for the group and the
error bars give £SD. In group A, the total plasma Glc 3C fractional
enrichment was taken to be twice the fractional enrichment measured
at C-1 because [1,6-13C]Glc had been infused.

respectively. Also present, but not fully resolved, are peaks
from glutamate and Gln C-3 (27.8 ppm and 27.0 ppm, respec-
tively) and C-2 (55.5 ppm and 55.0 ppm, respectively). In
addition, in the spectra from group A, the C-6 resonance of Glc
can be seen at 61.4 ppm (because of the [1, 6-'*C]Glc infusion),
and small peaks at 37.5 ppm and 53.1 ppm also are visible,
probably arising from aspartate C-3 and C-2, respectively.

Determination of Metabolic Rates. The TCA cycle rate
(Vrca) and the rate of Gln synthesis (Vgin) were measured in
each animal, and the mean *+ SD values of Vrca and Vg, for
each of the three groups are given in Table 1. Analysis of
variance followed by multiple-comparison Bonferroni ¢ tests
revealed significant differences (P < 0.001) between each of
the groups for Vyca and Vg, both of which increased in
relation to increasing EEG activity. Under isoelectric condi-
tions Vgin was almost completely abolished (<10% of maxi-
mum).

The rate of cerebral oxidative Glc consumption (CMRgic(ox))
was calculated from the measured values of Vyca assuming
complete oxidation of Glc consumed by the brain via the TCA
cycle (11, 12; Table 1). The rate of neurotransmitter cycling
(Veyele) was calculated from the measured rate of Gln synthesis
(VGi). It was assumed that in group C, under pentobarbital
anesthesia, there was no glutamate cycling between neurons and
astrocytes, as all EEG activity had been suppressed. The rate of
Gln synthesis measured in this group was taken to be the residual
rate of synthesis unrelated to glutamate cycling, and hence, the
mean Vg, from group C was subtracted from the measured Vg,
for each rat in groups A and B to determine Vycic (see Table 1).
The implications of this assumption are considered below. The
rate of cerebral Glc oxidation was plotted against the rate of
neurotransmitter cycling for all of the animals in Fig. 3. A highly
significant (P < 0.001) positive correlation was found between
CMRGic(ox) and Vyae With a Pearson product-moment correla-
tion coefficient, r = 0.94. The slope of the regression line for
CMRGic(ox) plotted against Ve was 1.04 (shown in Fig. 3), and
the SE of this slope was 0.10.

As described above, for groups A and B V. was calculated
under the assumption that Vel = 0in group C (i.e., glutamate
cycling was completely suppressed under the isoelectric con-
ditions used), and the value of Vg, in group C was taken to
be the basal rate of synthesis independent of glutamate cycling.
This assumption ignores both potential contributions to Vgin
that arise from action potential-independent neurotransmitter
release and the possible suppression of metabolism that is not
coupled to glutamatergic synaptic transmission. The sensitivity
of the relationship between CMRgicoxy and Veyee to this
assumption was determined by reanalysis of the data from
groups A and B alone. Two limiting conditions were assessed:
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(i) neurotransmitter cycling accounts for all of Gln synthesis
and, therefore, Vyee = Vgin and (i) the rate of Gln synthesis
measured in group C (Vgin(®) represents a maximum rate of
non-cycling-mediated synthesis and, therefore, Veyeie = Vain-
Vam® for each animal in groups A and B. Under both
conditions linear regression analysis yielded equivalent slopes
(and molar stoichiometric ratios) of 0.87 (r = 0.89) with y
intercepts of 0.16 and 0.12, respectively. These findings indi-
cate that the effect of the assumption (no glutamate cycling in
group C) is minimal. The similarity of both y intercepts to the
intercept found when the data from group C are included
(0.10) suggested that little suppression of metabolism unre-
lated to glutamatergic transmission had occurred.

DISCUSSION

Stoichiometry of Oxidative Glc Metabolism and Glutamate
Cycling. The data reported here indicate a 1:1 stoichiometry
between cortical Glc oxidation and neurotransmitter cycling
(by inference, glutamatergic synaptic activity) above isoelectric
conditions. In addition, the component of Glc oxidation that
is independent of synaptic activity, as assessed from CMRg-
c(ox) under isoelectric conditions (~0.08 wmol/min/g), is only
16% of total Glc oxidation under mild anesthesia (=~0.50
wmol/min/g). Previous studies using peripheral neurons have
suggested that a substantially smaller fraction of neuronal Glc
consumption (5-50% compared with >80% found here) sup-
ports functional activity, with the remaining 50-95% being
assumed to subserve so-called “housekeeping” functions (17,
18). The much higher percentage of energy consumption
related to glutamatergic synaptic activity demonstrated here is
consistent with the greater degree of synaptic branching found
in cortical neurons of the CNS compared with peripheral
systems (7). The linear relationship between Glc oxidation and
glutamate—neurotransmitter cycling is in agreement with pre-
vious high resolution 2-deoxyglucose-autoradiographic studies
of intact neurons that demonstrated that, above a baseline
metabolic level, Glc utilization is proportional to stimulation
frequency (and by inference neuronal firing and neurotrans-
mitter release) (19, 20). The rate of oxidative Glc metabolism
of ~0.08 wmol/min/g in group C is somewhat lower than
previously reported cortical Glc utilization rates under high
dose pentobarbital anesthesia (0.18-0.28 pumol/min/g) (21,
22); however, the longer duration of anesthetic depression in
this study prior to the measurement of metabolic rates prob-
ably accounts for this difference. Essentially, these results
indicated that under mild anesthesia, and by inference the
awake state, a major fraction of cortical energy production
supports glutamatergic synaptic transmission.

Given the direct proportionality between neurotransmitter
cycling and Glc oxidation, these results suggested that gluta-
mate—neurotransmitter release is a candidate for the control-
ling step of cortical Glc consumption. Based on earlier studies
in brain slices, the glutamate—neurotransmitter flux between
neurons and astrocytes was thought to be small and, conse-
quently, the energy requirements of this flux were discounted
as a factor in the control of cerebral Glc consumption. In
contrast to those in vitro studies, our in vivo 13C NMR studies
have demonstrated that glutamate—neurotransmitter cycling is
energetically significant. The data reported here provide direct
in vivo evidence that the rate of glutamate—neurotransmitter
release is of the same order of magnitude as, and stoichio-
metrically coupled to, cortical Glc oxidation.

A Model of Coupling Between Glc Consumption and Neu-
ronal Activity. The data reported here support a model of
coupling between astrocytic Glc consumption and glutama-
tergic neuronal activity recently proposed by Magistretti and
coworkers (23). Based on their recent findings in cultured
astrocytes and other data, Pellerin and Magistretti suggest that
the majority of glycolytic Glc consumption in the brain occurs
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Table 1. Summary of cerebral metabolite data and metabolic rates
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[Glutamate] [Glutamine] Glutamate Vrca VGin CMR(;]C(C.X)11 chc]e”
Group n (nmol/g) enrichment (wmol/min/g)
(A) morphine sulfate 5 112=*1.0% 53+0.7 0.50 = 0.04F 1.01 = 0.23% 0.44 = 0.078 0.50 *= 0.12 0.40 = 0.07
(B) a-chloralose 6 94+ 1.7 57+1.6 0.22 = 0.02 0.53 = 0.08% 0.17 = 0.05% 0.26 = 0.04 0.13 = 0.05
(C) sodium pentobarbital 6 8.1 £0.9* 6.0 £ 0.6 0.27 = 0.02 0.16 * 0.08% 0.04 = 0.028 0.08 = 0.04 0**

All values are expressed as the mean = S.D.
*Significantly different (Bonferroni ¢ test, P < 0.005).

TThe fractional enrichment of glutamate in group A was ~ twice that measured in the other groups as [1,6-1>C]Glc rather than [1-13C]Glc was infused

in these animals.

£Multiple-comparison Bonferroni ¢ tests demonstrated significant differences (P < 0.001) among each of the groups for Vrca.
$Multiple-comparison Bonferroni ¢ tests demonstrated significant differences (P < 0.001) among each of the groups for Vgin.
The rate of cerebral oxidative Glc consumption (CMRgic(ox)) Was calculated from the measured Vrca.

[The rate of neurotransmitter cycling (Veycie) was determined from the measured rate of Gln synthesis (Vgin).

**Veyele in group C was assumed to be zero as all electrical activity (determined from EEG recordings) had been eliminated.

in glial cells, which subsequently export lactate to neurons as
a substrate for oxidative metabolism. Astrocytic uptake of one
glutamate molecule with cotransport of two or three sodium
ions (24, 25) requires one ATP molecule to restore the
transmembrane sodium (and potassium) gradients via the
Na*t/K*-ATPase (see Fig. 4). Pellerin and Magistretti (23)
hypothesized, therefore, that astrocytic uptake of glutamate
drives glycolysis and energy production in the astrocytes via the
Na*t/K*-ATPase, thus coupling neuronal activity and Glc
metabolism. We can extend this hypothesis further because
astrocytic conversion of glutamate to Gln (in which form it is
returned to the neuron) also requires one ATP per glutamate
molecule. Therefore, a total of two ATP molecules will be
hydrolyzed within the astrocyte per molecule of glutamate
taken up following release from the neuron. This energetic
cost can be balanced exactly by the glycolytic production of two
ATP molecules per Glc molecule (Fig. 4). If this extended
model of neuronal-astrocytic coupling is correct, and astro-
cytic glycolysis (above a basal level) is driven solely by gluta-
mate cycling, then a 1:1 stoichiometry between astrocytic Glc
consumption and glutamate uptake is expected. The rate of
glutamate uptake will be directly proportional to the rate of
glutamate release and cycling (assuming that negligible pre-
and postsynaptic glutamate uptake occurs; ref. 25, 26). There-

A B

fore, the 1:1 stoichiometry predicted by the proposed model is
in agreement with the results of this study.

In theory, therefore, the glycolytic ATP production per Glc
molecule is sufficient to support the astrocytic energy-requiring
processes that are linked to synaptic glutamate release (glutamate
uptake and conversion to Gln). Consequently, the majority of
ATP produced from Glc metabolism, through pyruvate oxidation
in the TCA cycle, is available to support other processes involved
in neuronal activity. The direct relationship between oxidative
Glc metabolism and glutamate cycling found in this study sug-
gested that these processes were involved in glutamate release
and, therefore, located primarily in the region of the synapse. In
support of this proposal, in vitro studies indicate that increased
Glc uptake in response to functional stimulation is localized
primarily in cortical layers rich in dendrites, nerve terminals, and
associated glial endprocesses but not in layers associated with cell
bodies (20, 27).

Contribution of GABA to Neurotransmitter Cycling. The
metabolic model used in the analysis of the data pertains only
to glutamate—neurotransmitter cycling. However, y-aminobu-
tyric acid (GABA), the major inhibitory transmitter in the
brain, also is believed to participate in a neuronal-astrocytic
cycle (28, 29), and could contribute to the rate of Gln synthesis.
In contrast to the actions of a-chloralose and morphine,
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FIG. 2. Selected timepoints from sets of "H-decoupled 13C NMR spectra of the rat brain in vivo at 7.0 T, acquired during a '3C-labeled Glc
infusion (pre-infusion baseline scans subtracted). Representative spectra are shown for animals from each of the experimental groups: A, morphine
sulfate; B, a-chloralose, and C, sodium pentobarbital. In group A, a [1,6-'*C]Glc infusion (2h) was administered, whereas in groups B and C, a
[1-13C]Glc infusion (3.5 h and 7 h, respectively) was used. The timepoints on the left of the figure refer to the first 5 spectra from groups A and
B, whereas those on the right refer to the spectra from group C and the later spectra from A and B. The visible resonances are glutamate C-4 (34.3
ppm; indicated by *), Gln C-4 (31.6 ppm), unresolved glutamate and Gln C-3 (27.8 ppm and 27.0 ppm, respectively) and unresolved glutamate and
Gln C-2 (55.5 ppm and 55.0 ppm, respectively). In addition, in the spectra from group A the C-6 resonance of Glc was present at 61.4 ppm (because
of the [1, 6-13C]Glc infusion), and small peaks at 37.5 ppm and 53.1 ppm also were visible, probably arising from aspartate C-3 and C-2. The time
resolution was 10 min for spectra shown from groups A and B and 20 min for spectra from group C.
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Fic. 3. Graph demonstrating the correlation between the rate of
oxidative Glc consumption (CMRgGic(ox)) and the rate of glutamate—
neurotransmitter cycling (Veyele). CMRGic(ox) Was derived from the
measured rate of the TCA cycle (Vrca), and Veyele was determined
from the measured rate of Gln synthesis (Vgin) as described in the text.
Data from all of the animals are shown (group A, n = 5; group B, n =
6; group C, n = 6). A significant positive correlation (P < 0.001) was
found between CMRgic(ox) and Veyele. The equation of the regression
line shown is y = 1.04x + 0.10, with a Pearson product-moment
correlation coefficient, r, of 0.94. The SE of the slope and intercept are
0.10 and 0.02, respectively.

pentobarbital is known to enhance GABAergic inhibition (30)
and could, therefore, increase GABA cycling. To determine
the effect of GABA-neurotransmitter cycling on the relation-
ship between CMRgGie(ox) and Veyele, We considered the case in
which all Gln synthesis was coupled to neurotransmitter
(GABA or glutamate) cycling. An upper estimate of the
contribution of GABA-neurotransmitter cycling to Veyee (=
Vi in this case) was estimated for groups A and B from the
rate of GABA synthesis (0.1X Vrca) (31, 32), based on the
assumption that all synthesized GABA participates in the
neuronal-astrocytic cycle and no pre- or postsynaptic uptake
occurs. For group C, GABA-neurotransmitter cycling was
taken to be equal to the measured value of Vg, under the
assumption that all glutamate cycling had been suppressed.
Linear regression analysis of the data adjusted for GABA
cycling yielded a slope, CMRaic(ox)/ Veyele, Of 1.29 with a y
intercept of 0.07 (r = 0.90). Therefore, the inclusion of a
maximum contribution of GABA-neurotransmitter cycling to
Ve increases the slope and molar stoichiometric ratio by

Astrocyte

Neuron

Glc -

F1G. 4. Schematic diagram of the possible mechanistic coupling
between neuronal glutamate release and glycolytic Glc consumption
in astrocytes. The two molecules of ATP required by astrocytes to take
up glutamate and convert it to Gln can be exactly balanced by the two
molecules of ATP produced through glycolysis of one Glc molecule.
Abbreviations: Gln, glutamine; Glu, glutamate; Glc, glucose; Lac,
lactate; Vgm, rate of Gln synthesis; Veyele, rate of neurotransmitter
cycling.
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<30%. Because GABA is also taken up by astrocytes with
sodium cotransport and (following transamination to gluta-
mate) is converted to Gln, the energetic requirement of GABA
cycling within the astrocyte may be similar to that of glutamate
cycling.

SUMMARY AND CONCLUSIONS

We have demonstrated in the rat cerebral cortex, in vivo, that
a stoichiometric relationship exists between the fluxes of
glutamate—neurotransmitter cycling and oxidative Glc metab-
olism. Under mild anesthesia, glutamate—neurotransmitter
cycling (a measure of glutamatergic synaptic activity) accounts
for >80% of total Glc oxidation, suggesting that synaptic
glutamate release may be a control step for cortical Glc
consumption. Previously, changes in cerebral Glc metabolism
have been qualitatively linked to alterations in functional
activity. Our results demonstrate that such changes in Glc
metabolism in the cortex are quantitatively coupled to a
specific neurophysiological process of functional activity, glu-
tamate—neurotransmitter release.
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