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ABSTRACT The cerebral tricarboxylic acid (TCA) cycle
rate and the rate of glutamine synthesis were measured in rats
in vivo under normal physiological and hyperammonemic
conditions using 3C NMR spectroscopy. In the hyperam-
monemic animals, blood ammonia levels were raised from
control values of ~0.05 mM to ~0.35 mM by an intravenous
ammonium acetate infusion. Once a steady-state of cerebral
metabolites was established, a [1-'3C]glucose infusion was
initiated, and '3C NMR spectra acquired continuously on a 7-
tesla spectrometer to monitor *C labeling of cerebral metab-
olites. The time courses of glutamate and glutamine C-4
labeling were fitted to a mathematical model to yield TCA cycle
rate (Vrca) and the flux from glutamate to glutamine through
the glutamine synthetase pathway (Vgn). Under hyperam-
monemia the value of Vyca was 0.57 = 0.16 pumol/min per g
(mean = SD, n = 6) and was not significantly different
(unpaired ¢ test; P > 0.10) from that measured in the control
animals (0.46 = 0.12 wmol/min per g, n = 5). Therefore, the
TCA cycle rate was not significantly altered by hyperammone-
mia. The measured rate of glutamine synthesis under hyper-
ammonemia was 0.43 =+ 0.14 pmol/min per g (mean + SD,n =
6), which was significantly higher (unpaired ¢ test; P < 0.01)
than that measured in the control group (0.21 * 0.04 pmol/
min per g, n = 5). We propose that the majority of the
glutamine synthetase flux under normal physiological condi-
tions results from neurotransmitter substrate cycling between
neurons and glia. Under hyperammonemia the observed
increase in glutamine synthesis is comparable to the expected
increase in ammonia transport into the brain and reported
measurements of glutamine efflux under such conditions.
Thus, under conditions of elevated plasma ammonia an
increase in the rate of glutamine synthesis occurs as a means
of ammonia detoxification, and this is superimposed on the
constant rate of neurotransmitter cycling through glutamine
synthetase.

Glutamine synthetase in the brain is predominantly an astro-
cytic enzyme that catalyzes the formation of glutamine from
glutamate and ammonia. It has been suggested that this
pathway forms part of a neurotransmitter cycle between
neurons and glia (1). In this cycle, astrocytes take up neuro-
transmitter glutamate from the synaptic cleft, convert it to
glutamine via glutamine synthetase, and release this glutamine
into the extracellular space for uptake by neurons, where it is
converted back to glutamate primarily by glutaminase. y-Ami-
nobutyric acid (GABA) released from inhibitory neurons also
may be taken up by astrocytes, converted to glutamate, and
recycled to neruons in the same way. The function of such a
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cycle would be to remove the synaptically active metabolite
from the synaptic cleft and to recycle the carbon skeletons back
to the neuronal pool by a synaptically inactive form.

While ammonia is a normal constituent of tissue, elevated
concentrations of blood and brain ammonia have been found
to interfere with cerebral energy metabolism and may reduce
neurotransmitter (glutamate and aspartate) concentrations in
the brain (for review see ref. 2). In addition, hyperammonemia
is associated with an increase in brain glutamine levels, which
has prompted studies of glutamine synthetase activity under
such conditions and has fostered the concept of glutamine
synthesis as a detoxification pathway for ammonia in the brain
(2). This poses the fundamental question as to the role of the
glutamine synthetase pathway in the brain. Is it, primarily, an
integral part of the glutamate-glutamine cycle in the brain,
regulating neurotransmitter activity by removing glutamate
and GABA from the synaptic cleft while maintaining neuronal
glutamate pools by cycling the carbon skeletons in the synap-
tically inactive form of glutamine? Or does it function largely
as a detoxification pathway for cerebral ammonia? Or does the
pathway function effectively in both respects?

The use of 3C NMR spectroscopy facilitates noninvasive
measurements of metabolic rates in vivo (3, 4). A comprehensive
mathematical model incorporating the available >*C NMR data
has been proposed, and used to derive the cerebral tricarboxylic
acid (TCA) cycle rate (Vrca) and the flux of label from glutamate
to glutamine (V) in normal human and rat brain (5, 6). In a
recent series of papers, Kanamori et al. (7-9) have used "N NMR
techniques to determine the rate of glutamine synthesis from
labeled ammonia in hyperammonemic rats. However, uncertain-
ties in the fractional >N enrichment of the brain ammonia pool
have resulted in a range of reported flux values.

The purpose of this study was to investigate the role of the
glutamine synthetase pathway in the brain by measuring its
activity at normal and elevated plasma ammonia levels. Using
direct 3C NMR we have determined cerebral Vrca and Ve
rates simultaneously in vivo in normal and hyperammonemic
rats. The determination of these rates under hyperammonemic
conditions enables us to elucidate further the underlying
biochemistry of the glutamate—glutamine flux under normal
conditions, and to propose an integrated model of cerebral
glutamate, glutamine, and ammonia metabolism.

METHODS
Animal Preparation. Two groups of male Sprague-Dawley rats
were studied: a control group (weight 213 = 11 g; n = 5) and a
hyperammonemic group (weight 213 * 19 g; n = 8). The animals

Abbreviations: Vrca, tricarboxylic acid cycle flux; Vg, rate of glu-
tamine synthesis; Vimans, rate of ammonia transport into the brain;
Vetriux, rate of glutamine efflux from the brain; V., rate of anaplerotic
flux; Veyele, rate of substrate cycling between neurons and glia; GABA,
-aminobutyric acid.
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were anesthetized with 3% halothane in 30% oxygen and 70%
nitrous oxide, tracheotomized, and artificially ventilated. Both
femoral veins were cannulated for infusions, and the left femoral
artery was cannulated for continuous monitoring of blood pres-
sure and periodic blood gas analysis. An intraperitoneal line was
inserted for administration of a-chloralose anesthesia, under
which the remainder of the experiment was performed (initial
dose 80 mg/kg; supplementary doses 20 mg/kg every 40 min).
The scalp was removed to minimize lipid signal contamination of
the in vivo 13C data, and a layer of plastic wrap was placed over
the skull to prevent desiccation. Body temperature was main-
tained at ~37°C with a Tygon jacket and a temperature-regulated
circulating water bath.

Control group. A [1-3C]glucose infusion was initiated and
continued for approximately 3.5 h, using a protocol described
previously (10). The infusion was designed to raise the fractional
enrichment of plasma glucose rapidly to a high and steady level
for the duration of the experiment. '*C NMR spectra were
acquired continuously throughout the [1-3CJglucose infusion.

Hyperammonemic group. Brain pools of glutamate and glu-
tamine are altered as a result of ammonia infusion, thus to induce
a steady-state condition of hyperammonemia (plasma [ammonia]
= 0.3-0.4 mM), an ammonium acetate infusion was initiated and
continued for 4 h. Bench studies indicated that this period of time
was required for the cerebral glutamine pool to reach its elevated
steady-state. After this 4-h period a [1-13C]glucose infusion was
performed as for the control group and '3C NMR spectra
acquired continuously. The ammonium acetate infusion was
continued throughout the rest of the experiment to maintain
metabolite steady-state, resulting in a total infusion time of ~7.5
h. Plasma samples were acquired periodically for determination
of plasma ammonia concentration.

In the ammonium acetate infusion, animals received, per
200 g of body weight, a 25-ul bolus of 0.5 M ammonium acetate
followed by an exponentially decreasing infusion of the same
solution over the next 18 min. Subsequently, the infusion was
maintained at a constant rate of 27.3 wl/min, with further
decreases of 10% at 1 and 2 h and 5% every hour thereafter.
This infusion protocol, adapted from that of Fitzpatrick et al.
(11), was determined to produce a rapid rise in plasma
ammonia concentration and to maintain this level throughout.

For all animals blood samples were taken at intervals for
analysis of total and '3C-labeled glucose. At the end of the
experiment, the brain was immediately frozen, in situ, in liquid
nitrogen while mechanical ventilation was continued.

In Vivo '3C NMR Spectroscopy. NMR spectra were acquired
on a 7-tesla horizontal bore spectrometer (Bruker, Billerica,
MA) using a dual tuned surface coil consisting of a 9-mm
diameter *C coil and a butterfly 'H coil for decoupling. The
operating frequencies were 75.61 MHz for 3C and 300.675
MHz for 'H. The center of the 3C surface coil was positioned
1-2 mm posterior to Bregma, and the animals’ head held in
place by clamping to a bite-bar.

Magnetic field homogeneity was optimized by nonlocalized
shimming of the first-order shim gradients, and an automated
localized shim routine for first- and second-order shim gradi-
ents (40-60 Hz linewidth for water). The RF pulse for 13C
excitation was optimized as described previously (4).
WALTZ-16 proton broadband decoupling was achieved as
described by Bax (12). Additional nuclear Overhauser effect
(NOE) enhancement enabled a temporal resolution of 10 min
for the control animals and 5 min for the hyperammonemic
animals. Pre-glucose infusion baseline scans were subtracted
from postinfusion spectra to eliminate the broad lipid signal in
the spectral region of interest.

Preparation of Plasma and Brain Samples. Plasma samples
(=50 ul) were extracted in 0.3 M perchloric acid according to
a procedure described previously (13), which was modified to
include the addition of potassium fluoride as a glycolytic
inhibitor. Methanol HCl-perchloric acid (3 M) extracts were

Proc. Natl. Acad. Sci. USA 94 (1997)

prepared from frozen fronto-parietal cortex (=100 mg wet
weight) using a modification of previous procedures (10, 14).
After lyophilization, all samples were resuspended in D,O for
NMR analysis.

In Vitro NMR of Plasma and Brain Extract Analysis. NMR
spectra were acquired on an 8.4-tesla, AM-360 wide-bore
spectrometer (Bruker). Direct 'H spectra were acquired at a
temperature of 47°C, for analysis of the fractional enrichment
of the « anomer of the C-1 proton resonance of D-glucose, as
described previously (13, 15).

For analysis of cerebral glutamate and glutamine concentra-
tions, and glutamate fractional enrichment, spectra of each brain
extract were acquired using proton-observe, *C-edited NMR
(10, 16) under fully relaxed conditions. The 3C resonances of
glutamate and glutamine C-4 were inverted on alternate scans,
with a composite 3C pulse applied between the glutamate and
glutamine C-4 resonances at 34.4 and 31.3 ppm, respectively. The
fractional enrichment of glutamate C-4 with 13C was calculated
from the ratio of the peak heights at 2.33 ppm in the difference
(3C) and nonedited (>C + 3C) spectra. The concentrations of
glutamate and glutamine were estimated by comparison of the
areas of the glutamate and glutamine C-4 resonances in the
nonedited 'H spectrum with that of creatine [assumed to be 10.4
wpmol/g (17)] at 3.03 ppm.

Analysis of Plasma Ammonia Concentration. Plasma am-
monia concentrations were determined spectrophotometri-
cally using a Sigma Diagnostics enzymatic assay (18-19).

Determination of Metabolic Rates. The time courses of glu-
tamate and glutamine C-4 labeling in the brain were fitted with
a mathematical model, describing the metabolic pathways as a
system of coupled differential equations, to yield Vrca and V.
This method of analysis has been comprehensively described
elsewhere (5, 6), and in this study consisted of three fitting
procedures described below. In all cases, the system is assumed to
be at metabolic steady-state, such that total concentrations of all
metabolites are constant, as are all rates of reactions.

Determination of Vg, As described in Discussion, glutamine
is synthesized from two precursor sources, neuronal glutamate
and astrocytic a-ketoglutarate. Because we do not know a
priori the relative contributions from these sources a maximum
and minimum estimate of Vg, was obtained.

To determine the maximum estimate of Vg, the large
neuronal glutamate pool (20) was assumed to be the precursor
pool for glutamine synthesis. The labeled glutamate C-4 time
course was fitted using a polynomial to obtain a smooth curve.
This fitted glutamate C-4 time course was used as the input
function to fit the glutamine C-4 time course, which then was
used together with the measured cerebral glutamate and
glutamine concentrations to calculate Vi,.

To obtain a minimum estimate of V, the labeling data were
fitted under the assumption that the small astrocytic glutamate
pool (20) is the precursor to glutamine synthesis with a 13C
enrichment similar to that of pyruvate. For this analysis the
glucose transport and fractional enrichment data described
below was used as the input function to fit the glutamine in vivo
13C NMR data. Because the astrocytic precursor glutamate
pool labels more rapidly than the neuronal pool used for the
maximum estimate of Vj,, this calculation provides a mini-
mum estimate of the rate of glutamine synthesis.

Determination of Vrcsa. A one-compartment model was
subsequently fitted to the glutamate C-4 data to determine
Vrcea, using the following parameters: Ky, for glucose transport
from blood to brain = 10.7 mM (13); glucose transport
Vmax/CMRg = 5.8 (13); measured time course of plasma
glucose fractional enrichment with 13C (assumed to reach
elevated steady-state within 0.2 min); measured cerebral glu-
tamate and glutamine concentrations. In the control group the
neuronal glutamate pool was assumed to exchange with the
glutamine pool at the maximum estimated rate of Vj, calcu-
lated as described above. In the hyperammonemic group,
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neurotransmitter cycling was assumed to be unchanged by
hyperammonemia, and the rate of glutamate-glutamine ex-
change was taken to be the mean maximum rate of Vi,
determined in the control group. In addition, rates of glu-
tamine efflux from the brain of 0 and 0.11 pmol/min per g
(21-24) and cerebral lactate concentrations of 1.5 and 4
pmol/g (11, 25-27) were used for the control and hyperam-
monemic groups respectively. De novo synthesis of glutamate
also was incorporated in the model to balance loss of carbon
skeletons from the cerebral pools via glutamine efflux. The
value of Vrca was adjusted iteratively by the computer to
obtain the best fit to the glutamate C-4 data.

Statistical Analysis. Repeated measures ANOVA tests were
used to determine any effects of time or treatment on the
physiological variables (28). Unpaired ¢ tests were used to
determine significant differences between the metabolic rates
measured in the two experimental groups (28).

RESULTS

Effect of Infusions on Physiological Variables. All physiolog-
ical variables were kept within normal limits (P,CO, = 35-42
mmHg, P,O, > 100 mmHg, pH = 7.40 = 0.05), and no significant
differences either between groups or within groups over time
were observed. However, in the hyperammonemic group a non-
significant decrease in arterial P,CO, and increase in arterial pH
were observed over the last 30 min of the experiment, and these
changes were associated with a tendency in some animals to
hyperventilate despite being mechanically ventilated.

Mean arterial blood pressure (MABP) was maintained above
80 mmHg throughout the experiment in both groups of animals.
In the hyperammonemic group all animals showed a transient
decrease in MABP to ~65 mmHg after 5 min of ammonium
acetate infusion, although this was reversed within 20 min and did
not occur again.

Plasma glucose levels were considerably reduced by the
overnight fast in all animals (5.8 = 1.7 mM and 5.5 = 1.2 mM
in the control and hyperammonemic groups, respectively). In
the hyperammonemic animals plasma glucose levels returned
to euglycemic levels during the preliminary 4-h ammonium
acetate infusion, and increased only slightly further over the
3.5-h 13C-glucose infusion period. Similar increases in plasma
glucose during hyperammonemia have been observed previ-
ously (2, 11) and may be due to either glycogen store mobi-
lization induced by increased plasma ammonia levels (2) or
induction of gluconeogenesis as a result of the raised acetate
levels (11). However, apart from at time zero with respect to
the [1-13C]glucose infusion no significant differences (P >
0.05, unpaired ¢ tests) were observed for plasma glucose
concentration between the control and hyperammonemic
groups during this infusion. In both groups the fractional
enrichment of plasma glucose with '3C was rapidly raised by
the [1-3C]glucose infusion (to ~0.47 in the control group and
~(0.60 in the hyperammonemic group) and remained constant
at this level throughout the experiment.

In six animals from the hyperammonemic group, the ammo-
nium acetate infusion resulted in an elevation of plasma ammonia
levels from 0.05 = 0.01 mM to 0.35 = 0.08 mM (mean * SD), at
which level it was held constant throughout the experiment. In
two animals, a much greater increase in plasma ammonia con-
centration (0.82 = 0.22 and 1.64 = 0.29 mM, respectively) was
observed for unknown reasons and, consequently, these animals
were excluded from the study. No animals experienced overt
physical signs of seizure or died prematurely.

Effect of Infusions on Cerebral Metabolite Pools. At the end
of the experiment, cerebral glutamate concentrations were
9.7 + 1.7 wmol/g and 9.6 = 0.9 umol/g in the control and
hyperammonemic groups, respectively (mean * SD,n = 5 and
6, respectively), which are not significantly different (P > 0.5,
unpaired ¢ test). In contrast, the measured cerebral glutamine
concentrations were 6.4 * 0.8 umol/g and 17.3 + 2.8 umol/g
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in the control and hyperammonemic groups, respectively
(mean = SD), which are significantly different (P < 0.001,
unpaired ¢ test).

In Vivo Data. Selected time points from a set of in vivo 13C
spectra are shown in Fig. 1 for a control () and a hyperammone-
mic (b) animal. Clearly resolved are resonances from glutamine
C-4 (31.6 ppm), and glutamate C-4 (34.3 ppm). Also discernible,
but not fully resolved, are peaks from glutamate and glutamine
C-3 (27.8 and 27.0 ppm, respectively) and glutamate and glu-
tamine C-2 (55.5 and 55.0 ppm, respectively).

Determination of Metabolic Rates: Vg, The maximum
estimate of Vg, measured in the hyperammonemic group was
0.43 + 0.14 wmol/min per g (mean = SD, n = 6) which is
significantly higher (P < 0.01; unpaired ¢ test) than the rate of
0.21 = 0.04 wmol/min per g (mean * SD, n = 5) measured in
the control group with this model. Representative fits to the
data for glutamine C-4 are shown in Fig. 2 for a control (a) and
hyperammonemic (b) animal. The closeness of the fits to the
actual data indicates that the model provides an accurate
representation of the rates of labeling of the metabolite pools.

The minimum estimates of Vj, for the control and hyper-
ammonemic groups were 0.13 * 0.05 umol/min per g (mean *
SD, n = 5) and 0.18 = 0.04 umol/min per g (mean = SD, n =
6), respectively, and were not significantly different (P > 0.05,
unpaired ¢ test). However, the fits to the data for this model
were less good than those generated for the maximum estimate
of Vg1, thus supporting the model in which neuronal glutamate
is the main precursor pool for glutamine synthesis.

Determination of Metabolic Rates: Vpca. Representative fits to
the 13C-labeled glutamate C-4 data are also shown in Fig. 2 for a
control (@) and hyperammonemic (b) animal. In the hyperam-
monemic group of animals Vrca = 0.57 = 0.16 wmol/min per g
(mean = SD, n = 6), which is not significantly different (P > 0.10;
unpaired ¢ test) to the rate of 0.46 = 0.12 wmol/min per g
(mean * SD, n = 5) measured in the control group.
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FIG. 1. Selected time points from sets of 'H-decoupled '*C NMR
spectra of rat brain, in vivo, at 7.0 T, acquired during a [1-13C]glucose
infusion (pre-infusion baseline scans subtracted). The regions of the
13C spectrum encompassing the metabolite resonances of interest are
shown for a control (a) and hyperammonemic (b) rat, respectively.
Labeled resonances are glutamate (Glu), and glutamine (Gln). Time
interval between spectra shown is ~20 min (first and last spectra are
~10 min and ~210 min into the glucose infusion, respectively).
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FIG. 2. Fits to the in vivo 13C data for glutamate (O) and glutamine
(X) C-4, for a control (a) and hyperammonemic (b) rat. Zero time
represents the start of the [1-13C]glucose infusion. Peak heights were
converted to fractional enrichments as part of the fitting procedure, and
the lines represent the best fit to the data generated by the mathematical
model (see Methods). The fit to the glutamate C-4 data gives V'rca, and
the fit to the glutamine C-4 data gives the mzximum estimate of Vin.

DISCUSSION

The primary role of the glutamine synthetase pathway in the brain
remains a matter for debate. The hypothesis of a glutamate-
glutamine cycle in the brain, while supported by in vitro labeling
studies and immunocytochemical data (1), is still to be demon-
strated in vivo as a significant fraction of glutamine synthesis. On
the other hand, the concept of glutamine synthesis as a detoxi-
fication pathway for ammonia in the brain has been presented
repeatedly in the literature and appears to be well supported (2).
The objective of this study was to try to separate these two roles
of glutamine synthesis in the brain, by determining the rate of
glutamine synthesis under hyperammonemic conditions and
comparing this with the rate determined under normal physio-
logical conditions, using an otherwise identical experimental
protocol.

['*N]JAmmonia studies have shown that ammonia enters the
brain largely by diffusion, as the brain uptake index (BUI) for
ammonia is independent of concentration (29). However,
these single-pass extraction studies for *NHj; have demon-
strated that the BUI for ammonia is only ~24% of that for a
freely diffusible tracer, indicating that there is some diffusional
limitation to ammonia. Thus, under normal physiological
conditions the maximum rate of transport of ammonia into the
brain can be calculated,

Vtrans = [NH3]plasma X CBF X BUL [1]

where Virans is the rate of transport of ammonia into the brain,
and [NHs]plasma 1S plasma ammonia concentration. Normal
plasma ammonia concentration is ~0.05 mM, and cerebral
blood flow (CBF) in anesthetized rat brain is ~1.3 ml/min per
g (30, 31), giving a rate of ammonia transport into the brain,
under normal conditions, of ~0.02 wmol/min per g. This rate
is considerably slower than the rate of cerebral glutamine
synthesis measured under normal conditions in vivo (0.21 *
0.04 wmol/min per g) and, therefore, the rate of the glutamine
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synthesis is far beyond that required for ammonia detoxifica-
tion in the brain. Hence, the primary role of glutamine
synthesis in the brain, under normal conditions, is not detox-
ification of blood-borne ammonia. Even if the uptake index of
the brain for ammonia was 100%, the rate of transport would
still be far below the rate of glutamine synthesis. Further
support for this conclusion is that the rate of glutamine
synthesis did not increase proportionally with plasma ammonia
concentration. As shown below, the increase in V), during
hyperammonemia is consistent with a selective increase in
anaplerotic synthesis of glutamine, which adds to the basal
cycling rate.

Based on previously reported data, we propose a simple
mathematical model to describe the relationship between
brain ammonia concentration, glutamine synthesis, and glu-
tamine efflux. The novel aspect of this model is that it
incorporates both carbon and nitrogen balance across the
neuronal and astrocytic pools, which allows nitrogen and
carbon labeling studies to be quantitatively compared. Using
our measured values of Vj, this model enables separate
determination of the two roles of glutamine synthesis.

Description of the Model. The glutamine synthesis reaction has
two substrate pools, ammonia and glutamate, both of which will
be constant under steady-state conditions, but which may change
when the system is perturbed. A schematic diagram of the model
is shown in Fig. 3. The ammonia and glutamate substrate pools
for the glutamine synthetase reaction are defined as the astrocytic
pools of these metabolites. The model is based on three differ-
ential equations, which describe the rate of change of the am-
monia, and glutamate substrate pools and of the product glu-
tamine pool, respectively.

Substrate ammonia pool. The rate of change of the ammonia
pool is,

d[NH3:|ast _

dt cycle + Vtrans - (2Vpc + chcle)a [2]

where [NHj3],g is the concentration of ammonia in the astro-
cytes (equivalent to brain ammonia concentration), and Vi is
the rate of glutamine synthesis. Vycle is the rate of cycling of
carbon skeletons between astrocytic glutamine synthetase and
neuronal glutaminase which, of course, creates and consumes
NHj; at the same rate. At steady-state (d[NHs]as/dt = 0) Eq.
2 simplifies to,

Vtrans = 2I/pc~ [3]

Substrate glutamate pool. Similarly, the rate of change of the
substrate glutamate pool is,

d[Glu],s

% = Veyele T Vpc - Vgim [4]
where [Glu], is the concentration of astrocytic glutamate, and
Vpe is the rate of the pyruvate carboxylase reaction (i.e.
anaplerotic flux) in the astrocyte from which glutamate is
produced via the TCA cycle. Thus, the astrocytic glutamate
pool, from which glutamine is synthesized, has contributions
from both neuronal glutamate and astrocytic a-ketoglutarate.
Under metabolic steady-state conditions Eq. 4 simplifies to,

Vgln = chclc + Vpc~ [5]

Product glutamine pool. The rate of change of the cerebral
glutamine pool is,

d[Gln]brain
T= Vgln - chclc - Veffluxa [6]
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Fi1G. 3. Schematic representation of the proposed model. Glc,
glucose; Glu, glutamate; Gln, glutamine; NH3, ammonia; Virans, rate
of ammonia transport into the brain; Vegriux, rate of glutamine efflux
from the brain; V), anaplerotic flux; Veyee, rate of neurotransmitter
cycling; Vgin, rate of glutamine synthesis.

where [Gln]pr.in is the cerebral concentration of glutamine, and
Vet 18 the rate of glutamine efflux from the brain. Under
metabolic steady-state conditions Eq. 6 simplifies to,

Vein = Veyele + Vettlux- [71
Therefore, at metabolic steady-state Egs. 3, 5, and 7 reduce to,
Virans = 2Vpe = 2Vett1uxs [8]

and, under steady-state conditions of hyperammonemia,
1

2 A Vlrans

AV,
A chf lux

AVgln = Achcle + [91

where AVgin, AVeyctes AVirans, AVpe, and AVigriux are the increases
under hyperammonemia compared with normal conditions.

Under normal physiological conditions Viyans is =0.02 wmol/
min per g (29). This is similar to reported values of glutamine
efflux under normal physiological conditions, which range
from 0 to 0.02 wmol/min per g (21, 22, 24), and thus supports
the steady-state equation.

Interpretation of the V), Data Using the Mathematical
Model. The present study yielded maximum rates of glutamine
synthesis under normal and hyperammonemic conditions of
~0.21 pmol/min per g and ~0.43 pmol/min per g, respec-
tively, giving a AV, of ~0.22 umol/min per g. These rates
were determined assuming that the precursor glutamate pool
for glutamine synthesis had the same fractional enrichment as
the large neuronal pool. While this may be an accurate
representation of the control situation (where Vipans =~ 0),
under hyperammonemic conditions it is known that anaple-
rotic flux increases (32, 33), and a more significant contribu-
tion from the rapidly labeling astrocytic glutamate pool will
result. Therefore, it is likely that the hyperammonemic Vi,
determined here is an overestimate of this rate, as the model
does not account for multiple precursor pools in its present
form. If it assumed that the rate of neurotransmitter cycling is
unaltered by hyperammonemia so that the increase in Vyy, is
entirely due to anaplerotic synthesis, the maximum estimate of
AV, calculated here may be as much as twice the actual AVy,
giving an increase in Vg, under hyperammonemic conditions
in the range 0.11-0.22 pmol/min per g.

The rates of glutamine synthesis measured in this study are
similar to the highest in vivo values for glutamine synthesis
recently reported during hyperammonemia using N NMR
techniques (7-9), although our rates are considerably higher than
the lower values reported in those studies. The cause of this
difference in measured rates may lie in the uncertainty of the
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fractional enrichment of the ammonia precursor pool for glu-
tamine synthesis in the >N NMR studies, and accurate determi-
nation of this parameter should eliminate the apparent discrep-
ancy.

The assumption of a constant rate of cycling is reasonable
given that the TCA cycle rate determined in the hyperam-
monemic group was not significantly different from that
measured in control animals, and the neuronal TCA cycle rate
is believed to be primarily linked with the energy cost of
glutamatergic and GABAergic neuronal activity. Although
alterations in cerebral oxygen and glucose utilization under
hyperammonemia have been reported (for review, see ref. 2),
little data are available concerning the effect of increased
ammonia levels on TCA cycle rate. Lai and Cooper (34)
demonstrated ammonia-induced inhibition of the a-ketoglu-
tarate dehydrogenase complex (KGDHC), which is thought to
be a rate-controlling step of the TCA cycle, in vitro. However,
over the range of cerebral ammonia concentration studied
here, the decrease in KGDHC activity was small and within the
variation of their measurements. Therefore, under our exper-
imental conditions we would not expect to see a reduction in
TCA cycle rate as a result of KGDHC inhibition.

Comparison with Previous Studies. In this section the model
is used to compare the values of AV, calculated here with
previous measurements of ammonia transport, anaplerotic
flux, and glutamine efflux. Although the accuracy of this
comparison suffers from differences in animal physiology and
brain regions analyzed, the majority of studies seem to be
consistent with the proposed interpretation.

The only report of glutamine efflux at similar levels of
cerebral glutamine to those studied here (17 wmol/g) is 0.11
pmol/min per g (23), giving a AVggiux of =~0.10 wmol/min per
g under our experimental conditions. The value of AVegsiux
calculated from AV, and the model (Eq. 9) with the assump-
tion of a constant cycling rate is 0.11-0.22 wmol/min per g,
which is similar to the literature value.

If the increase in Vy, is entirely due to anaplerosis (i.e.
constant cycling rate) the calculated AV, is also in the range
0.11-0.22 pmol/min per g. This value is consistent with the
increase in anaplerotic flux of ~0.15 pmol/min per g during
hyperammonemia suggested by the data of Berl et al. (32) and
Waelsch et al. (33). Such an increase in anaplerotic flux is
consistent with the increase in the cerebral glutamine pool
being independent of any long-term decrease in the cerebral
glutamate pool. Fitzpatrick et al. (11) reported a decrease in
the cerebral glutamate pool during a 1-h ammonium acetate
infusion, however, at the end of our experiment there was no
significant difference in the brain glutamate concentrations
measured in the hyperammonemic animals and the control
animals. Further replenishment of carbon skeletons in the
brain may occur via uptake of branched-chain amino acids (e.g.
leucine) from the blood, which is increased under hyperam-
monemia (35, 36), although the size of this contribution is still
to be determined.

CBF has been shown to be unchanged by plasma ammonia
concentrations similar to those studied here (37, 38) so that the
change in ammonia transport (AVirans) should be proportional to
the change in plasma ammonia concentration. From Eq. 1 we
calculated a control value for Viyans of ~0.02 wmol/min per g, with
a 7-fold increase in plasma ammonia concentration this gives a
AVirans Of ~0.12 pmol/min per g. With the assumption of
constant cycling, we calculate a value of AVins of 0.22-0.44
pmol/min per g from AV, (Eq. 9). The somewhat higher flux
than estimated from ammonia uptake values may reflect in-
creased protein turnover with hyperammonemia or the uncer-
tainties in the ammonia transport calculations.

These comparisons between the values determined for
AV'irans, AVetiux, and AV, from our data using the proposed
model and those reported previously suggest that the lower
estimate of AV, may be more accurate owing to the more
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significant contribution from astrocyte-derived glutamate to
glutamine synthesis under hyperammonemia.

Pathway of Glutamine Synthesis Under Normal Ammone-
mic Conditions. It appears, therefore, that under hyperam-
monemic conditions the increase in glutamine synthesis may be
completely accounted for by anaplerosis and glutamine efflux
from the brain, as determined from the model and values
reported in the literature. From this agreement it may be
inferred that the astrocytic component of glutamine synthesis
may be estimated from the rate of ammonia transport into the
brain. Under normal physiological conditions Vipans is slow
(~0.02 wmol/min per g) owing to the extremely low plasma
ammonia concentrations, as described above. We suggest,
therefore, that the basal rate of glutamine synthesis results
largely from substrate cycling between neurons and glia, with
the driving force for the pathway being the rate of delivery of
carbon skeletons to the astrocytes. In further support of this
conclusion the minimum rate of glutamine synthesis (0.13 =
0.05 pmol/min per g) determined for the control group is
significantly higher than reported values for ammonia trans-
port (29), glutamine efflux (21, 22, 24), and anaplerotic flux
(32) under normal physiological conditions. Thus, the rate of
glutamine synthesis is significantly higher than that required
simply for detoxification of ammonia.

SUMMARY AND CONCLUSIONS

In summary, the NMR quantitation of glutamate and glu-
tamine C-4 labeling with *C, during a [1-13C]glucose infusion,
enables the determination of dynamic events inaccessible to in
vitro studies. During acute hyperammonemia the measured
rate of glutamine synthesis (Vgin), estimated from the flux of
13C label from glutamate to glutamine, is increased 2-fold over
normal levels. Modeling of cortical glutamine synthesis, which
takes into account both carbon and nitrogen balance, suggests
that if the basal level of glutamine synthesis is entirely for
ammonia detoxification then this flux should have increased
7-fold under our hyperammonemic conditions. We conclude,
therefore, that the rate of glutamine synthesis measured in
normal rat brain by '3C NMR is predominantly a measure of
substrate (primarly glutamate) cycling between neurons and
glia and may directly reflect neuronal activity. It is possible that
there is internal astrocytic cycling of carbon skeletons through
glutaminase; however, studies suggest that the primary loca-
tion of glutaminase is neuronal presynaptic terminals thus
supporting a neuronal-glial neurotransmitter cycle.

The increase in glutamine synthesis under hyperammone-
mia shows that this pathway is the main route of ammonia
detoxification within the brain, but it is misleading to consider
this pathway as exclusively serving this role. Under normal
physiological conditions, plasma ammonia concentration is
closely regulated at a very low level, resulting in a slow rate of
ammonia transport into the brain. Consequently, ammonia
detoxification by glutamine synthetase is only ~10% of the
flux through this pathway under normal conditions. Under
steady-state hyperammonemic conditions glutamine syn-
thetase activity increases by an amount comparable to the
increase in the rate of ammonia transport into the brain, with
a concomitant increase in glutamine efflux from the brain. At
the same time, the basal level of activity (Vycle) is maintained
to support the cycling of carbon skeletons between neurons
and astrocytes. Under normal physiological conditions, V.,
Virans, and Vg are all negligible, and consequently Vyy, ~
Veycle- This potentially opens the way to determining neuronal
activity (Veyere) in the brain under a variety of stimulated and
inhibited conditions, through the measurement of Vy, as
described here. In addition, these changes in Veyee (and by
inference neuronal activity) may be correlated with corre-
sponding changes in energy production obtained from the
measurement of Vrca. We currently are investigating the
relationship between Vye and neuronal activity.
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