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7.1 COMPARTMENTATION OF BRAIN METABOLISM

The brains of all vertebrates contain both neurons and glial cells, and the more evolved the organism
the higher is the ratio of astrocytes to neurons (see Hertz and Schousboe!). It is well known that
there are different types of neurons, classified according to their neurotransmitter content. Further-
more, there are different types of glial cells: astrocytes, oligodendrocytes, and microglia. It is
commonly believed that astrocytes are a homogeneous cell type, but increasing evidence suggests
that heterogeneity also exists among these cells, particularly in different brain regions.? The classic
concept of astrocytes acting as a scaffold, keeping neurons in their proper location, has during the
last decades been replaced with the more dynamic view that astrocytes actively maintain and support
neuronal activity.>* The present chapter will focus on metabolic interactions between astrocytes
and glutamatergic or GABAergic neurons from cerebellum and cerebral cortex, respectively.
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The original indication of metabolic compartmentation was based on the observation that a specific
labeling of a metabolic product exceeds that of its precursor.’ Early studies of glutamate and glutamine
metabolism in the brain, using '“C-labeled precursors such as glucose, acetate, and bicarbonate,
clearly suggested that the metabolism of these amino acids had to take place in different compartments
i.e., astrocytes and neurons.>® Subsequently, the concept of exchange of metabolites between these
compartments was developed, advancing the proposal of a glutamate—glutamine cycle, metabolically
linking glutamatergic neurons and astrocytes (for schematic representation, see Figure 7.1).78

7.2 THE GLUTAMATE-GLUTAMINE CYCLE

An important function of astrocytes is to supply glutamatergic neurons with metabolic intermedi-
ates, since the neuronal metabolite pool is continuously drained by neurotransmitter release. It
should be noted that net synthesis of TCA cycle intermediates, and thus compounds such as
glutamate, GABA, and glutamine, depends on an anaplerotic pathway. In the brain, this is prefer-
entially or exclusively achieved by the main anaplerotic enzyme, pyruvate carboxylase (PC), which
has a glial localization.®"!! The carboxylation of pyruvate with carbon dioxide permits de novo
synthesis of oxaloacetate, which may react with acetyl coenzyme A (acetyl CoA) to provide net
synthesis of the TCA cycle intermediate 2-oxoglutarate, from which glutamate can be formed via
transamination or NADH-requiring reductive amination by glutamate dehydrogenase.!> However,
the level of glutamate in astrocytes is low compared to neurons.!* Glutamate is converted to
glutamine via glutamine synthetase (GS), which, like PC, is exclusively expressed in glial cells.!*!3
Glutamine is released from astrocytes via astrocyte-specific glutamine transporters'® and subse-
quently taken up into neurons by high-affinity glutamine transporters characteristic for these cells.!”
In the neuron, glutamine is converted to glutamate by phosphate-activated glutaminase (PAG).'8
Using postembedding immunogold labeling, high intensities for PAG were found in mitochondria
of perikarya and dendrites in most glutamatergic neurons of the cerebellum, whereas nonglutamater-
gic neurons (Purkinje and Golgi cells) exhibited less labeling for PAG. Glial cell mitochondria
were devoid of specific PAG labeling and revealed a much lower glutamate—glutamine ratio than
did the mitochondria of mossy fibers.!” Glutamine from astrocytes is used by the glutamatergic
neurons for both neurotransmitter synthesis and energy production.? In spite of the above findings,
it may be noted that PAG has been found in primary cultures of astrocytes, albeit at a level of
activity lower than that in neurons.?"-??

The major part of glutamate is found in glutamatergic neurons from which it is released during
depolarization in a Ca?>*-dependent manner.'>?? Synaptically released glutamate is primarily taken
up by astrocytes?*2?¢ due to the predominant location on these cells of high-affinity glutamate
transporters.?’-2° Uptake of glutamate is an energy-demanding process requiring one molecule of
adenosine triphosphate (ATP) for uptake of one molecule of glutamate.’® In addition, the direct
conversion of glutamate to glutamine by GS is also ATP dependent with a similar stoichiometry.
In order to enter the TCA cycle, glutamate must be transported into mitochondria to be converted
to 2-oxoglutarate and subsequently to oxaloacetate producing 9-12 molecules of ATP. The activities
of glutamate dehydrogenase and amino transferases have been shown to be high in astrocytes.
These enzymes are responsible for conversion of glutamate to 2-oxoglutarate, which may be further
metabolized in the TCA cycle.’!-34

7.3 THE GABA-GLUTAMATE-GLUTAMINE CYCLE

In GABAergic neurons, glutamate is converted to GABA by glutamate decarboxylase (GAD), and
glutamate is present in a relatively low concentration.!*3 Synaptically released GABA is taken up
primarily by GABAergic neurons, and to a lesser extent by astrocytes.*-3® This is schematically
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represented in Figure 7.1. GABA is metabolized by GABA-transaminase (GABA-T) in the so-called
GABA shunt® (Figure 7.1), which allows four of the five C atoms from 2-oxoglutarate to reenter
the TCA cycle as succinate. GABA-T is a ubiquitous enzyme present in both neurons and astrocytes,
making astrocytes and neurons equally capable of metabolizing GABA.#

It is well known that astrocytes are intimately involved in glutamate neurotransmission. How-
ever, the importance of astrocytic glutamine in GABA synthesis is controversial,*'*?> but both in
vitro and in vivo data imply that glutamine is an important precursor for GABA synthesis.**~4¢ Thus,
the glutamate—glutamine cycle concept is extended to a GABA—glutamate—glutamine cycle, as seen
in Figure 7.1. In keeping with the concept that the drain of GABA from neurons to astrocytes is
relatively modest compared with the corresponding drain of glutamate from glutamatergic neu-
rons,’4748 glutamine transport has been shown to be more intense in glutamatergic neurons than
in neocortical, GABAergic neurons.®

7.4 THE INTRACELLULAR COMPARTMENTATION CONCEPT

Mitochondria contain the respiratory chain enzyme complexes that carry out oxidative phospho-
rylation and produce the main part of cellular energy in the form of ATP. It is conceivable that
different types of mitochondria might exist within the same cell due to the diversity of functions.>
The existence of mitochondrial heterogeneity would expand the number of possible intracellular
compartments. Mitochondrial heterogeneity is a well-known phenomenon in patients with defects
of the mitochondrial genome (for review, see Taylor et al.3!). Synaptic and nonsynaptic mitochon-
dria isolated from a homogenate of adult rat brain exhibit differences in the activity of a number
of TCA cycle enzymes.?>3 Intramitochondrial compartmentation could also exist. Free diffusion
within the mitochondria has been shown to be unlikely due to the high apparent viscosity of the
mitochondrial matrix.>* Using electron microscopy it has also been suggested that the inner
membrane proteins might be compartmentalized. This phenomenon would further increase the
number of possible intracellular compartments. Results from several studies indicate that both
neuronal and astrocytic metabolism are compartmentalized,’¢-% thus constituting further evidence
that mitochondrial heterogeneity may exist. This notion is in line with recent studies demonstrating
heterogeneity among mitochondrial populations with regard to expression of pyruvate and 2-
oxoglutarate dehydrogenases.%-% Needless to say, elucidation of the cellular compartmentation of
these neuroactive amino acids is fraught with enormous experimental challenges. However, since the
biosynthetic machinery for both glutamate and GABA involves neurons as well as astrocytes at the
cytoplasmic and mitochondrial levels, it is imperative to fully understand this compartmentation if
the regulatory mechanisms for biosynthesis of these neurotransmitters are to be worked out in detail.

7.5 METABOLIC INTERACTION IN BRAIN STUDIED BY *C NMRS

Nuclear magnetic resonance spectroscopy (NMRS) has several appealing features for applications
to metabolic studies. The nuclei that are most commonly used in NMRS for metabolic studies are
'H, 3'P, and 3C. 'H and 3'P are naturally abundant isotopes and therefore constitute the most
common basis for studies involving examination of differences in the natural abundance spectra.
In contrast, '3C has a natural abundance of 1.1%. This disadvantage normally makes its detection
difficult, and *C NMRS is thus of limited use for studies of endogenous metabolites unless they
occur in large amounts. However, the low natural abundance can be an advantage in that '3C-
enriched precursors can be used for metabolic pathway mapping with little or no background
interference from metabolites endogenously labeled due to the natural abundance of *C. Thus, 13C
NMRS is a powerful tool for analysis of the metabolic trafficking between the heterogeneous cellular
entities of the brain.
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Information about biochemical pathways can be gained using *C-labeled substances.®®-7> These
labeling experiments are analogous to those utilizing conventional *C labeling, but additional
information about the location of the label within the molecule can be obtained. Moreover, the
potential for in vivo applicability exists. Using '3C NMR spectra in a qualitative manner, it is
possible to detect unexpected compounds. An example of this is the finding of citrate in the culture
medium of astrocytes, explicitly showing that astrocytes release citrate.”> A wealth of additional
information is, however, gained by quantitative analysis of 1*C spectra. With specifically labeled
precursors, it is possible to distinguish between neuronal and glial pathways. Acetate is selectively
taken up by astrocytes since they contain a specialized transport system, which is absent or less
active in neurons.” In contrast, acetyl CoA derived from glucose has been calculated to be
metabolized more actively in the neuronal tricarboxylic acid (TCA) cycle in rats.”> Thus, by
simultaneous injection of [1-13C]glucose and [1,2-*CJacetate and NMRS analysis of brain extracts,
information about neuronal and astrocytic metabolism can be obtained in the same animal.”

7.6 3C NMRS ANALYSES OF NEURONAL-GLIAL INTERACTIONS
IN ANIMAL MODELS OF EPILEPSY

Epilepsy is one of the most common serious neurological disorders and is characterized by an
imbalance of excitatory and inhibitory function mainly due to disturbed neurotransmitter metabo-
lism.””7® Animal models of epilepsy are often based on inhibition of the synthesis of GABA. Such
inhibition has been shown to promote seizures, as does the administration of GABA, receptor
antagonists and glutamate receptor agonists.” In accordance with this, pentylenetetrazol (PTZ) is
a frequently used chemical convulsant inducing tonic-clonic seizures.® It is generally believed that
PTZ exerts its effects by binding to the picrotoxin-recognition site of GABA, receptors.?! PTZ is
known to decrease the effects of GABA and other inhibitory neurotransmitters, thus enhancing the
probability of depolarization of neurons.” Kindling is another way to induce seizures.?° The term
kindling refers in this context to the continuous application of sub-threshold doses of PTZ leading
to a behavior nearly identical to secondary generalized seizures,?? but other kindling paradigms
exist.3? A model for temporal lobe epilepsy is based on injection of kainic acid, which produces
complex partial seizures.?* Results of NMRS studies using these three models are presented in the
following.

Injection of PTZ (70 mg/kg body weight) followed 30 min later by [1-'*C]glucose plus [1,2-
13CJacetate and decapitation 15 min thereafter showed impairment of amino acid metabolism in
glutamatergic neurons, whereas astrocyte metabolism was unchanged at this early postictal stage 3¢ Au: OK
Kindling in mice was achieved by 20 intraperitoneal injections of PTZ (35 mg/kg) over a period 2° Is?
of 40 days. Metabolism in astrocytes seemed to be impaired as indicated by a decreased labeling
of glutamine both from [1-*C]glucose and [1,2-3CJacetate.®> As mentioned above, astrocytes are
closely involved in amino acid homeostasis and play a significant role in epileptogenic foci, where
their proliferation (astrogliosis) is a well-known phenomenon.?¢ This is especially true for limbic
seizures or temporal lobe epilepsy and has been confirmed both in humans and in animal models.3"-3°
Thus, limbic seizures are an interesting subject for evaluation by 3C NMRS and, consequently, the
model of kainate-induced limbic seizures was used to study metabolic interactions between neurons
and glia in this type of epilepsy. In agreement with the results from the PTZ-induced seizures,
astrocytic metabolism was impaired 1 day after injection of the glutamate receptor agonist kainate.
On day 14, however, no changes were observed in astrocytic metabolites, but labeling from [1-
BClglucose, i.e., reflecting mainly neuronal metabolism, was increased in glutamate, GABA,
glutamine, aspartate, and succinate. Thus, it was concluded that turnover of metabolites in the
model of kainate-induced limbic seizures is time dependent. Early and only temporary enhanced
astrocytic metabolic activity was followed by altered metabolism in neurons with an increased
turnover of important metabolites such as the neurotransmitters GABA and glutamate.
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7.7 METABOLISM STUDIED BY 3C NMRS IN BRAIN CELL CULTURE

The metabolic fate of glutamate has been studied in cultured neocortical astrocytes,”®°! cerebellar
astrocytes,”” cerebellar granule neurons,” and neocortical neurons® using [U-'*C]glutamate and
NMRS. The main routes for glutamate metabolism is conversion into glutamine, GABA, or peptides,
such as GSH, or oxidative metabolism via the TCA cycle for energy production and synthesis of
aspartate and various other metabolites including lactate (for review see Sonnewald et al.®). In
neocortical and cerebellar astrocytes, it could be shown that glutamate not only was converted to
glutamine but to a large extent entered the TCA cycle. 1*C labeling was found in aspartate, glutamate,
and glutamine after metabolism of the uniformly labeled carbon skeleton in the TCA cycle.
Surprisingly, labeled lactate obtained from glutamate metabolism in the TCA cycle was detected
in the medium from these cells.?**> McKenna et al.®® have shown that the route of glutamate
metabolism is concentration dependent, in the sense that more glutamate is consumed for direct
formation of glutamine at low concentrations (0.01-0.1 mM), whereas more is metabolized via the
TCA cycle at higher concentrations (0.2-0.5 mM).

In cerebellar granule cells, [U-'3C]glutamate was found to be metabolized in the TCA cycle
since both aspartate and glutamate derived from precursors generated in the first and second turns
of the TCA cycle were observed in cell extracts.”® Minor amounts of uniformly labeled lactate were
also found, but this could be explained by the small astrocytic contamination of the cultures®® and
thus may not reflect production in the granule neurons of pyruvate/lactate from malate, although
these cells express malic enzyme.®

The metabolism of [U-'3C]glutamate in GABAergic cerebral cortical neurons has been found
to be rather complex.*%* Thus, much more label was seen in aspartate than in GABA,** and GABA
synthesis has been shown to occur from both a cytoplasmic and a TCA cycle—derived pool of
glutamate.*> Moreover, the glutamate pool, which in these neurons is associated with energy
metabolism, is at least partly separated from that acting as a precursor for GABA.# It may there-
fore be concluded that neurons exhibit signs of metabolic compartmentation with regard to
glutamate. 394

7.8 PYRUVATE RECYCLING

Pyruvate recycling was first shown in the liver, where [2-“C]pyruvate could be converted to [3-
14C]pyruvate and [1-*C]pyruvate, a process that can occur only if pyruvate is incorporated into the
TCA cycle via acetyl CoA and subsequently regenerated from TCA cycle constituents” (see
Figure 7.1). Recycling of pyruvate in the brain has been demonstrated by Cerdan et al.,”® who found
that [1,2-13C]Jacetate, a substrate that is specifically taken up and therefore metabolized in astrocytes
(see above), can be converted in brain to monolabeled [1-3C]- and [2-!*CJacetyl CoA and to
glutamate labeled either in the C-4 or the C-5 position. This requires entry of acetate into the
tricarboxylic acid (TCA) cycle (after formation of acetyl CoA) and exit of a TCA cycle intermediate
to form pyruvate, which then is reintroduced into the TCA cycle. Based on the observation that
this label from acetate was incorporated into glutamate but not into glutamine, it was concluded
that pyruvate recycling took place in a compartment without glutamine synthetase activity, i.e., a
neuronal but not an astrocytic compartment. Pyruvate recycling in the brain in vivo has been
confirmed by Hassel et al.,”” who found formation of labeled lactate from [2-'*C]acetate and of [2-
BC]lactate from [1-13C]glucose, and based on a more pronounced formation of TCA cycle-derived
lactate from labeled acetate than from labeled glucose, it was concluded that pyruvate recycling
was likely to occur in the astrocytic rather than the neuronal compartment. Cell culture work has
confirmed this conclusion. Using [U-3C]glutamate or [3-'3C]glutamate, it could be shown that
neocortical and cerebellar astrocytes are able to generate pyruvate from a TCA cycle intermediate
(malate or oxaloacetate) and subsequently reintroduce the carbon skeleton of this pyruvate into the
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cycle as acetyl CoA.'%%10! In contrast, neocortical and cerebellar neurons did not use this pathway.
Incubation of neocortical cocultures (neurons and astrocytes) with [3-13C]glutamate did not show
any upregulation of pyruvate recycling.!? Lack of pyruvate i.e., hypoglycemia could presumably
lead to activation of pyruvate recycling. However, this was observed neither in cerebellar granule
neurons nor in neocortical astrocytes.!03:104

7.9 3C NMRS ANALYSIS OF THE EFFECTS OF THIOPENTAL
ON BRAIN CELLS IN CULTURE

NMRS can also be used to examine the effects of pharmacological agents on the metabolic pathways
in brain cells in culture. In the following discussion, thiopental is used as an example. Barbiturates
such as thiopental are intravenously injected anesthetics interacting with the GABA, receptor at
the barbiturate-binding site, prolonging the opening of the Cl- channel and thus extending the
hyperpolarizing effect of GABA (for review, see Ito et al.!%).

7.9.1 Glutamate Uptake and Release

In neocortical astrocytes the amount of glutamate taken up was decreased during incubation with
1 mM thiopental.'® In contrast, thiopental did not affect glutamate uptake in cultured cerebellar
astrocytes and granule neurons.’>!% Glutamate release can occur either via a vesicular mechanism
or reversal of the plasma membrane transporters involving the cytoplasmic pool of glutamate.!06-10°
In cerebellar granule neurons, thiopental did indeed decrease glutamate and aspartate release,'*
and in neocortical astrocytes, aspartate release was reduced.”! These findings may be compatible
with the previous demonstration that thiopental inhibits evoked glutamate release from synapto-
somes.!!” However, since the paradigm used in the cerebellar granule neurons involved repetitive
exposure to 200 uM glutamate in addition to a chronic exposure to 100 uM glutamate, it is likely
to represent reversal of transport in an outward direction.!? Thus, it appears that thiopental pref-
erentially inhibits the glutamate transporters operating in the outward direction in cerebellar neurons
and neocortical astrocytes, but not in cerebellar astrocytes.!-921

7.9.2 Glutamate Metabolism

[U-1C]glutamate was found to be metabolized via the same pathways in cerebellar and neocortical
astrocytes.’’”2 However, the amounts of lactate formed from [U-!*C]glutamate, especially in the
presence of 1 mM thiopental, were higher in cerebellar than in neocortical astrocytes, and alanine
formation was only observed in cerebellar astrocytes. Such regional differences were also reported
in earlier studies.®!!l:!12 Furthermore, the distribution of glutamate into alternative metabolic
pathways was different in the astrocyte cultures from these two regions. This underscores the
importance of analyzing astrocytes from different brain regions. Regional differences in astrocyte
function may reflect the fact that astrocytic properties with regard to expression of neurotransmitter
transporters, for example, is influenced by the neuronal environment.*’ In cultured astrocytes, it
may, however, be considered that differences in cell maturational stages could play a role.'’* In
keeping with the observation that in cerebellar granule neurons and astrocytes thiopental had no
effect on glutamate uptake, it was found that the total amount consumed was unaffected by
thiopental. However, the amounts of most metabolites synthesized from [U-3C]glutamate were
increased in the presence of thiopental. This indicates that processes such as CO, production that
are not detected by the present NMRS method may be decreased.”>!% Khazanov and Saratikov!!*
have shown that phenobarbital and benzonal depress energy production by rat brain mitochondria.
Thus, it is not unlikely that the aforementioned results indicate a depression of the energy production
by thiopental in mouse cerebellar cells in culture.
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7.10 CONCLUDING REMARKS

Based on the original observation that the metabolism of glutamate in the brain must take place in
separated pools (compartments) and that this most likely represents distinct metabolic patterns in
neurons and glial cells (for references, see Waagepetersen et al.®®), it is clear that exchange of
metabolites involved in this metabolism must occur between these two cell types. As exemplified
in this chapter, toxic drugs may be utilized as tools to obtain information about such exchange
reactions, as well as the metabolic processes in the individual cell types. Moreover, the use of such
drugs combined with *C labeling to follow the metabolic fate of individual metabolites and even
individual C atoms has been instrumental in attempts to delineate a possible metabolic compart-
mentation at the cellular level occurring in neurons as well as glial cells. During the decade that
has passed since the first indications of such cellular compartmentation,’” it has become increasingly
clear that such compartmentation does indeed exist. Future experimentation may lead to a better
understanding of the functional implications of this phenomenon. One of the important challenges
will be to elucidate the functional significance of regional diversity of astrocytes and the possibility
that such diversity may be influenced by the neuronal environment. Any given individual synapse
represents a unique microenvironment in which the functional status reflects the integration of such
cross talk between the presynaptic, postsynaptic, and astrocytic entities.
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LIST OF ABBREVIATIONS

GABA-T — y-Aminobutyric acid transaminase

GAD — Glutamate decarboxylase

GS — Glutamine synthetase

NMR(S) — Nuclear magnetic resonance (spectroscopy)
PAG — Phosphate-activated glutaminase

PC — Pyruvate carboxylase

PDH — Pyruvate dehydrogenase

TCA — Tricarboxylic acid
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