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GLIAL CELLS AND METABOLIC
COMPARTMENTATION
S. Bert•, W.J. Nicklas* and D. D. Clarke • •
• Dept. of Neurology, Mt. Sinai School of Medicine, N.Y. , N.Y. 10029
**Dept. of Chemistry, Fordham University , N.Y., N .Y . 10458, U.S.A.

INTRODUCTION
The study of metabolic compartmentation in brain has been under investigation
for some twenty years (1). Most interpretations of the data have focused on
attempts to assess the relative contributions of glia and neurons to the metabolic pictures since anatomically and functionally they are distinct (2,3).
It is very probable that these cell types contain other metabolic compartments
based on anatomic and subcellular subdivisions. However, the presently available experimental data is insufficient to specifyprecisely the total number of
such metabolic pools functioning in nervous tissue.
The initial observations that set in motion most of the work were a) in the
adult animal there is a very marked blood-brain barrier to glutamate, and b)
labelled glutamate administered intracranially is converted to glutamine much
more rapidly than it mixes with the total glutamate endogenous to the brain.
This results in a radiospecific activity of isolated glutamine several times
that of its precursor glutamate even at time periods of a few minutes. This
characteristic phenomenon could also be elicited with other labelled substrates
e.g. aspartate as well as by peripheral administration of labelled substrates
which more readily enter the brain from the circulation such as acetate,
leucine, bicarbonate and ammonium salts. These in vivo studies were confirmed
by in vitro studies which allow greater experimental manipulation. One of the
ways of studying these compartments and determining their physiological importance is to perturb the normal metabolic state and attempt to relate the
subsequent alterations in metabolic flux of labelled tracers to hypothesis of
compartment localization.
EXPERIMENTAL
Effect of Inhibitors on the Labelling of Amino Acids.
It is striking that although glutamic acid is the immediate precursor of glutamine and GABA the ratios of the specific activities of the latter two substances to that of precursor glutamic acid were markedly different (Table 1)
(4-6). This phenomenon was true for results obtained with labelled glutamate
as well as with a number of labelled precursors metabolically removed from
glutamate, e.g. aspartate and acetate. The specific activity of glutamine was
generally 15-30 times that of GABA for substrates which yielded a relative
specific activity (glutamate = 1) of glutamine greater than 1 (RSA >1). In
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addition, inhibitors of the flux of label from glutamate to glutamine had
differential effects on the labelling of GABA.
TABLE 1

Control
FAc,
lmM
FCit,
lmM
AOAA,
lmM
27mM
~'

Guinea Pig Brain Slices: Relative Specific Activity
(Glutamic Acid = 1)

(u-14c]Glutamate
Gm
GABA
1.7
0.11
0.7
0.06

[u-14c]Aspartate
Gm
GABA
0.10
3.4
0.4
0.08

0.7
1.6

1.1
1.0

<0.01
0.05

(0.01
0.06

[l-14c]Acetate
Gm
GABA
6.3
0.25
0.4
0.15
0.15
0.04
9.5 <0.01
3.3 <0.01

2.5 ml Krebs-Ringer phosphate, 55mM glucose, 0.5 ~Ci glutamate or aspartate
(>200 pCi/~ole) or 2.0 ~Ci acetate (58 uCi/pmole); 10 min at 370. Gm =
glutamine; FAc = fluoroacetate; FCit = fluorocitrate; AOAA = aminooxyacetic
acid. Data from references 4-6.
For example, fluoroacetate, at concentrations that inhibited the labelling of
glutamine 5-10-fold, inhibited the labelling of GABA only 2-fold or less (6).
Even more dramatically, fluorocitrate inhibited the labelling of glutamine
(relative to glutamate) from [1-14c]-acetate 100-fold with less than a 2-fold
inhibition of the labelling of GABA. Aminooxyacetic acid (AOAA) effectively
blocked transaminase and decarboxylase activity (Table 2) (5). Therefore, it
is to be expected that the labelling of GABA would be close to zero and this
was observed with all three precursors. However, the RSA of glutamine was
not as markedly affected and in fact was elevated with [l-14c]-acetate as the
precursor. The conversion of aspartate to glutamate was at least 95% inhibited (Table 2) indicating the effectiveness of AOAA as a transaminase inhibitor under these experimental conditions. However, the labelling of glutamate
and glutamine from acetate was inhibited only approximately 50-60% by AOAA.
Thus the glutamate dehydrogenase pathway must be contributing significantly to
the labelling of glutamate and glutamine from acetate since transaminase and
dehydrogenase are the only pathways known for the formation of glutamate from
~ketoglutarate.

TABLE 2

Guinea Pig Brain Slices: Specific Activity in

cpm/~ole

[u-14c]Aspartate
[l-14c]Acetate
Glutamine
Glutamate
Glutamine
Glutamate
Control
41,000
45,200
301,600
130,500
AOAA
1,800 (98)
17,200 (62)
152,500 (50)
1,700 (96)
See Table 1 for details. ( ) = % inhibition.
Increase of the K+ concentration of the medium from 5mM to 27mM also produced
a marked differential effect on the labelling of glutamine and GABA (4).
Whereas the RSA of glutamine was decreased approximately 2-fold, that of GABA
was decreased more than 25-fold with [l-14c]-acetate as the precursor. This
marked decrease in the labelling of GABA was not seen with [u-14c]-L-glutamate
or [u-14c]-L-aspartate as precursors. It would seem that the elevated K+
prevented acetate from entering the pool of glutamate that makes GABA, which
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is presumably in the nerve endings. That acetate is probably metabolized~ in
par~at nerve endings was also suggested by Chan and Quastel (7) in their
study with tetrodotoxin . The studies with fluoroacetate and fluorocitrate,
both in vivo and in vitro, suggested further implications regarding the nature
of the glutamate-glutamine compartmentation (6). Fluoroacetate must be activated, similarly to acetate, before it can form fluorocitrate, the specific
inhibitor of aconitase and therefore of the Krebs cycle. Since these inhibitors affected the specific activity of glutamine to a far greater extent than
that of glutamate from a variety of labelled precursors, a particular Krebs
cycle and its associated pool of glutamate, active in glutamine formation, was
involved . The inhibition of the labelling of glutamine by fluoroacetate persisted when L-[u- 14c]-glutamate or L- [l- 14c].glutamate was the precursor (5060% inhibition) although the uptake of the labelled glutamate was not affected
(6). This suggested that the Krebs cycle which was preferentially inhibited
by fluoroacetate was the one which supplied the ATP required for the amidation of glutamate by glutamine synthetase. Purified glutamine synthetase was
not affected by either fluoroacetate or fluorocitrate . These interpretations
are consistent with the observations of Gonda and Quastel (8) that fluoroacetate inhibited the production of 14coz from [l-14c] - acetate but not from
[6-14c]-glucose without affecting the measured respiratory rate. It would
appear, therefore, that the Krebs cycle that contained the major pools of
intermediates and supplied the major source of energy was not significantly
affected by the fluorinated inhibitors.
It is now well established that GABA is made in neurons, in particular the
nerve endings (2). The paucity of label in GABA as compared to glutamine
implied that most of the added glutamate, or that formed from added ~spartate
or acetate, was metabolized at sites other than in the neuron. It would also
follow that glutamine formation from these precursors was predominantly also
at sites other than in the neuron. On the other hand, with radioactive glucose as precursor this marked difference between the labelling of glutamine
and GABA was not observed; the RSA for bothwere(l (Table 4). Glucose, the
physiological substrate, appeared to enter all the pools of brain amino acids.
Glutamate Dehydrogenase and NH4+ Metabolism
In previous in vivo studies in the cat, in which 15N- ammonium acetate was infused at a constant rate via the carotid artery, a relative preponderance of
the 15N was found in the ~-amino group of the glutamine, as much as 10 times
greater than in the glutamic aci~and second only to that present in the
amide group of glutamine (9). The data suggested that glutamate dehydrogenase must be associated with a pool or compartment of glutamic acid particularly suited for glutamine formation and that does not exchange readily with the
total tissue glutamic acid. The in vitro studies with AOAA discussed above
provided results in keeping with these conclusions. The importance of glutamate dehydrogenase in pathways associated with glutamate and glutamine metabolism was evaluated further by the utilization of labelled~-ketoglutarate
since it is also an immediate precursor in the formation of these amino acids.
In these in vitro experiments glutamine formation was stimulated by the addition of ammonium acetate in the presence and absence of transaminase inhibition by AOAA . Under these conditions the changes in levels of the amino
acids reflected the stimulation of glutam.i ne formation by NH4+ (Table 3).
Even in the presence of AOAA the levels of glutamine increased . The relatively large decrease in the level of glutamate in the presence of NH4+ was not
seen during in vivo experiments (9). Perhaps COz fixation , which is respon-
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sible for maintaining tissue levels of Krebs cycle intermediates and glutamate (10), is not as adequate in slices as it is in vivo.
TABLE 3

Guinea Pig Brain Slices: Levels of Amino Acids

Addition
Glutamate
lmM
None
8.5
NH4+
7.5*
AOAA
7.1*
AOAA + NH4+
6 .6*+
*P <o .o1;
addition.

Glutamine
2.3
3.0*
2.6**
3.2*+
**p < 0.05 as compared to none.
See Table 5 for details.

Aspartate
1.7
1.6
2.6*
2.3*
+p

GABA
2.6
2.6
2.0*
1.8*

0.01 as compared to AOAA

In the presence of AOAA, glutamate-oxaloacetate transaminase and glutamate
decarboxylase were effectively inhibited since the specific activity of
aspartic acid was decreased by 97% and GABA labelling was decreased by better
than 99% (Table 4).
TABLE 4
Precursor
[5-14c]<(KG
Control
NH4+
AOAA
AOAA + NH4+
[2-14C]Glucose
Control
NH4+

Guinea Pig Brain Slices:

Radioactivit~

Specific Activity x 10- 4
Gm
GA
AA
GABA
8.86
36.53
4.34
1.23
2.64
1.82
27.78
0.73
0.92
8 .68
0.12
0.007
1.02
14.44
0.27
0.017
0.94
1.37

0.32
0.39

0.31
0.79

0.155
0.23

RSA
Gm
4.04
10.60
9.44
14.80

AA
0.50
0.69
0.14
0.26

GABA
0.14
0.28
0.01
0.02

0.43
0.24

0.43
0.49

0.17
0.17

See Table 1 for details. Krebs-Ringer bicarbonate. [5-14c]oCKG = 1 uCi
~etoglutarate (10 pCi/pmole); [2-14c]Glucose = 2 pCi glucose, 5.5 mM; NH4+ =
1 mM ammonium acetate. GA = glutamate; Gm = glutamine, AA = aspartate. Each
result is the average from 2 or more slices. 10 min. incubation time.
RSA =Relative Specific Activitv (GA = 1).
Under these conditions the specific activity of the glutamate was approximately
1/10 and that of glutamine was approximately 1/4 that of the control values.
Accordingly, the RSA of the glutamine was approximately 2.5 times greater than
in the control slices. The RSA's of aspartic acid and GABA reflected the
depressed specific activities of these amino acids.
In the presence of ammonium acetate, a condition which stimulated glutamine
formation the trend was similar, i.e. the specific activities of glutamate
and glutamine both decreased and the latter to a lesser extend than the former.
Correspondingly, the RSA of glutamine was increased approximately 2.5-fold to
a value greater than 10. The decreased specific activities of the glutamate
and glutamine probably resulted from greater utilization of non-labelled
~-ketoglutarate, glutamate and glucose in the NH4+-stimulated brain slice.
In
contrast, when [z-14c] glucose was used as the labelled precursor the specific
activity of the glutamate was increased but that of glutamine was only slightly
changed and thus the RSA of glutamine was decreased (Table 4). The specific
activities of the aspartic acid and GABA followed the trend of the glutamic
acid from both labelledOl-ketoglutarate and glucose.
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In the presence of both AOAA and NH4+, transaminase was inhibitedbutglutamine
formation was stimulated. Under these conditions the specific activities of
the amino acids decreased but that of glutamine decreased least; the RSA of
glutamine was approximately 15 (Table 4).
The percent distribution of the radioactivity reflected the changes in the
specific activities and tissue levels of the amino acids (Table 5). With
labelled~-ketoglutarate as the precursor the amount of radioactivity in the
glutamate decreased and that in the glutamine increased in the presence of
NH4T and in the presence or absence of AOAA. On the other hand, with labelled glucose as the precursor the amount of radioactivity in the glutamate
increased and that in the glutamine decreased in the presence of NH4+.
TABLE 5

Guinea Pig Brain Slices: % Distribution of Radioactivity

[5-14c]
Precursor
Addition
None
Glutamate
38
Glutamine
38
Aspartate
4
GABA
1.4
Total cpm/g _
2.05
6
tissue x 10
See Table 3 for details.

Ketoglutarate
NH+
AOAA

14

4

54
2
1.2
1.45

6
21
0.3
0.01
1.13

AOAA + NH +
4

6

41
0.6
0.05
1.00

[2-14c]Glucose
None
NH4+
7
12
1.0
0.5
0.8
1.6
0.6
0.4
0.97
0.90

Data from trichloroacetic acid extract of the tissue.

It appeared, therefore, that NH 4+ stimulated glutamine formation even in the
presence of transaminase inhibition by AOAA. This could only occur if glutamate dehydrogenase was active in glutamine f ormation. Since the RSA of glutamine approached 15, the indications were that the pool of glutamate that interacted with glutamate dehydrogenase and was active in glutamine formation was
less that 7% of the total tissue glutamate. The results with labelled glucose as the precursor were quite different. In the presence of NH4+ the
amount of radioactivity in the glutamate increased while that in the glutamine
decreased slightly. Therefore, it appeared that NH 4+ stimulated the flux of
glucose into glutamate but not into that pool which was associated with
glutamine formation.
DISCUSSION

•

The question we would like to answer is were this small pool of glutamate active
in glutamine formation is located. As sugge sted above it would be expected to
be closely associated with glutamate dehydrogenase and glutamine synthetase
as well as with acetyl CoA synthase, the enzyme involved with the activation
of acetate to acetyl CoA. The assignment of this small compartment of glutamate to glia is suggested by the observations in both experimental animal in
which ammonia was infused orhepat~portal shunt performed (11) and in human
hepatic encephalopathy, that the astrocytes are the cells most severely
affected. Recently, evidence in support of this idea has come from histochemical studies on the distribution of glutamate dehydrogenase and glutamine
synthetase in brain tissue. Studies in rats with encephalopathy produced by
portacaval shunt indicated that glutamate dehydrogenase activity increased
and this increase appeared to be localized to the astrocytes (12). Another
study from the same laboratory utilizing immunohistochemical techniques indi-
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cated that glutamine synthetase was localized in glial cells (13). Neuronal
cell bodies, endothelial cells and choroid epithelium appeared to contain no
enzyme. However, the reliability of quantatative conclusions on enzyme activity and its localization drawn from such staining techniques has not been
established satisfactorily. Both glutamate dehydrogenase and acetyl CoA
synthase have been demonstrated to be enriched in a portion of brain mitochondria that sediment more rapidly in a sucrose density gradient than the average
of all brain mitochondria (14). This suggests that this class of mitochondria
may be characteristic of glial cells but direct evidence in support of this
hypothesis is lacking at present. Since C02 fixation is also markedly increased in ammonia-stressed animals (10), the enzymes involved in this process might also be expected to be enriched in glia although direct evidence
bearing on this has not as yet been reported. These studies suggest a marked
capacity for utilization of the Krebs cycle for synthetic purposes which may
be, although not exclusively, associated with the glia.
Another characteristic of the Krebs cycle associated with the glutamate dehydrogenase and acetyl CoA synthase appears to be that citrate synthase in
this cycle is operating far from equilibrium while in the large pool associated with glucose utilization it would appear to be operating close to
equilibrium. This is based on the findings of a kinetic isotope effect with
tritiated acetate but not with tritiated glucose (15).
Another approach which may provide indications for an anatomical basis of
amino acid compartmentation was the comparison of these two parameters during
maturation of the kitten (16) rat (17) and mouse brain (18). With maturation
there appears to be a contraction of the pool of glutamic acid available for
glutamine formation and expansion of the pool or pools of glutamic acid not
immediately available forglutaminesynthesis (16). Thus~there is an approximately 5-10-fold increase in the ratios of specific activities of glutamine
to glutamate as a result of the growth and maturation in various brain areas,
while during the same period glutamate levels approximately double and gfutamine levels are essentially unchanged in most brain areas. The maximal increase in glutamate (as well as aspartate and GABA) occurs in the neocortex
during the period of maximal elaboration of dendritic systems of pyramidal
neurons and further growth of cell bodies and axonal networks. This late
postnatal maturation period correlates reasonably well with the tissue course
of glutamate compartmentation. This would place the developing larger pool of
glutamate in the cell bodies, axons and or dendrites. This would be consistent with the localization of the small pool of glutamate active in glutamine
formation primarily in the glia.
It was mentioned earlier that the RSA of glutamine approached values as high
as 15 when [5-14c~ketoglutarate was the labelled precursor and AOAA + NH4+
were pres~nt in the incubation medium. Therefore the small pool of glutamate
active in glutamine formation could not be any larger than approximately 7% of
the total tissue glutamate. Such disparate distributions of glutamate have
not been observed either in glial cultures or in isolated cellular preparations. Thus only a part of the glial glutamate would seem to constitute the
small pool of glutamate involved in glutamine formation. Perhaps it is the
glutamate formed in the astrocytic mitochondria which is metabolically close
to glutamate dehydrogenase that constitutes this small pool. This newly
formed glutamate must be released from the mitochondria as quickly as it is
formed and converted to glutamine by glutamine synthetase much more rapidly
than it can mix with the glutamate in the cytosol.
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Since exogenously supplied glutamate, aspartate and GABA appear to be metabolized largely in a small compartment associated with the glia and since glia
do have a high affinity uptake system for these amino acids it may well be
that one function of the glia may be to rapidly inactivate amino acids released as transmitter into the synaptic cleft. That portion of the transmitter
amino acid taken up pre or post synaptically would enter a much larger pool of
glutamate less closely associated with glutamate dehydrogenase and glutamine
synthetase.
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