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Abstract

Metabolism of glutamate, the main excitatory neurotransmitter and precursor of GABA, is
exceedingly complex and highly compartmentalized in brain. Maintenance of these
neurotransmitter pools is strictly dependent on the de novo synthesis of glutamine in astrocytes
which requires both the anaplerotic enzyme pyruvate carboxylase and glutamine synthetase.
Glutamate is formed directly from glutamine by deamidation via phosphate activated glutaminase
a reaction that also yields ammonia. Glutamate plays key roles linking carbohydrate and amino
acid metabolism via the tricarboxylic acid (TCA) cycle, as well as in nitrogen trafficking and
ammonia homeostasis in brain. The anatomical specialization of astrocytic endfeet enables these
cells to rapidly and efficiently remove neurotransmitters from the synaptic cleft to maintain
homeostasis, and to provide glutamine to replenish neurotransmitter pools in both glutamatergic
and GABAergic neurons. Since the glutamate-glutamine cycle is an open cycle that actively
interfaces with other pathways, the de novo synthesis of glutamine in astrocytes helps to maintain
the operation of this cycle. The fine-tuned biochemical specialization of astrocytes allows these
cells to respond to subtle changes in neurotransmission by dynamically adjusting their anaplerotic
and glycolytic activities, and adjusting the amount of glutamate oxidized for energy relative to
direct formation of glutamine, to meet the demands for maintaining neurotransmission. This
chapter summarizes the evidence that astrocytes are essential and dynamic partners in both
glutamatergic and GABAergic neurotransmission in brain.
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Introduction

Glutamate plays a key role in intermediary metabolism in all organs and tissues linking
carbohydrate and amino acid metabolism via the tricarboxylic acid (TCA) cycle. The reason
is that it serves as a co-substrate in all reactions catalyzed by aminotransferases being
converted to a-ketoglutarate, a key intermediate in the TCA cycle (McKenna et a/. 2012). In
the brain, glutamate metabolism extends beyond this general view as it serves as the
immediate precursor for y-aminobutyric acid (GABA) which is formed by decarboxylation
of glutamate catalyzed by glutamate decarboxylase (GAD) as first shown by Roberts and
Frankel (1950). The fact that GABA is metabolized by GABA-transaminase (GABA-T) and
further to the TCA cycle intermediate succinate, catalyzed by succinic semialdehyde
dehydrogenase, provides a deviation of the TCA cycle reactions called the GABA-shunt
which circumvents succinyl CoA (see Schousboe et a/. 2013). As both glutamate and GABA
serve dual roles in the brain as metabolites and important neurotransmitters mediating
excitatory and inhibitory signals, respectively (for references see Schousboe et a/. 2013,
Schoushoe et al. 2012), their metabolic pathways are of significant interest. The immediate
precursor for neuronal synthesis of glutamate is glutamine. This reaction is catalyzed by
phosphate activated glutaminase (PAG) which hydrolytically deamidates glutamine to form
glutamate and ammonia (for further details, see below). Interestingly, this enzymatic
reaction was extensively investigated by Krebs (1935) in several tissues including the brain.
Later, detailed studies of glutamate and glutamine metabolic pathways in the brain
performed in the laboratories of H. Waelsch and J.H. Quastel (e.g. Quastel 1975, Berl &
Clarke 1969) provided evidence that glutamate metabolism in the brain is extremely
complex. It was noted that using radioactively labeled glucose as a precursor higher specific
radioactivity was seen in glutamate; whereas, with the radioactive precursors leucine, acetate
and bicarbonate, glutamine exhibited a higher specific radioactivity than its precursor
glutamate (for references, see Berl & Clarke 1969, Quastel 1975). A higher specific
radioactivity in a compound (e.g. glutamine) than that seen in its precursor (e.g. glutamate)
indicates that the precursor exists in separate metabolic pools having different turn-over rates
or in other words this is referred to as “metabolic compartmentation” (for further details, see
McKenna et al. 2012). This finding led to the concept of metabolic compartmentation of
glutamate in the brain, with at least two compartments (van den Berg & Garfinkel 1971,
Garfinkel 1966) which were subsequently defined as representing neurons and astrocytes.
This concept is based on the finding that glutamine synthetase (GS), the enzyme that
converts glutamate to glutamine, is exclusively localized in astrocytes (Norenberg &
Martinez-Hernandez 1979), together with the finding that higher specific radioactivity in
glutamine is observed with the precursors acetate, bicarbonate and leucine (see above). It is
of interest that the de novo synthesis of glutamate, the precursor of glutamine, is also
restricted to astrocytes as the anaplerotic enzyme pyruvate carboxylase (PC) is exclusively
localized in astrocytes (Shank et al. 1985, Yu et al. 1983). This will be discussed in further
detail below.

Adv Neurobiol. Author manuscript; available in PMC 2015 December 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schousboe et al. Page 3

Enzymatic reactions involving glutamate as substrate or product

Aspartate aminotransferase

This enzyme catalyzing the reversible interconversion of aspartate, a-ketoglutarate,
oxaloacetate and glutamate (Fig.1) is present in all tissues, and has the highest specific
activity among aminotransferases in the brain (for references, see Cooper 1988). The
equilibrium constant for the enzyme is close to unity (Krebs 1953), hence, the reaction
proceeds easily in both directions and is generally considered an exchange reaction. This is
important considering the fact that the two keto acid substrates (oxaloacetate and a-
ketoglutarate) are constituents of the TCA cycle. Thus, the corresponding amino acids
aspartate and glutamate are in equilibrium with these TCA cycle intermediates and reflect
the metabolic status of the keto acids at any given time due to the high activity of this
enzyme (for references, see McKenna et al. 2012). This forms the basis for using the
appearance of labeled carbon in glutamate and aspartate, from labeled precursors that
provide substrates for the TCA cycle as a surrogate for determining the activity of the TCA
cycle (see, McKenna et a/. 2012). It should be noted, that aspartate aminotransferase (AAT)
can reversibly bind to the inner mitochondrial membrane, which influences the functional
activity of this enzyme (for futher details, see McKenna et a/. 2000, 2006).

Alanine aminotransferase

This aminotransferase catalyzes the reversible interconversion of alanine, a-ketoglutarate,
pyruvate and glutamate (Fig.1) and its activity in the brain as well as in cultured brain cells
is two orders of magnitude lower than that of aspartate aminotransferase (Benuck et a/.
1972, Larsson et al. 1985, Westergaard et al. 1993). The equilibrium constant for alanine
aminotransferase (ALAT) is close to unity (Krebs 1953). Since pyruvate, one of the
substrates for this enzyme is a product of glycolysis, ALAT couples the glycolytic pathway
to amino acid metabolism and carbon label from glucose can be monitored by its appearance
in alanine, which has a slower turnover rate than pyruvate. This provides a method to
monitor glycolytic activity although it should be kept in mind that this relationship is not a
direct correlation since the pyruvate pool has been shown to be compartmentalized (for
further details, see Bakken et al. 1998, Obel et al. 2012, Waagepetersen et al. 2000).

Alanine aminotransferase is present in both astrocytes and neurons and may have a role in
transfer of ammonia nitrogen between these cells as suggested by Waagepetersen et al.
(2000). The ALAT reaction in concert with glutamate dehydrogenase (GDH) may be a
particularly important mechanism for fixation of ammonia during hyperammonemic
conditions when the normal activity of glutamine synthetase (see below) is inhibited
(Dadsetan et al. 2011, 2013). This aspect will be discussed in further detail below.

Branched chain amino acid aminotransferase

The three branched chain amino acids (valine, leucine and isoleucine) are metabolized by
transamination with a-ketoglutarate, catalyzed by a common aminotransferase forming
glutamate (Fig.1) and the three keto acids a-ketoisovalerate, a-ketoisocaproate and a-keto-
B-methylvalerate, respectively (Cooper 1988). The branched chain amino acid
aminotransferase isozymes (BCATSs) are compartmentalized in brain cells; with the
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mitochondrial form being selectively localized in astrocytes and the cytosolic form localized
in neurons (see, Lieth et al. 2001). This selective localization plays an important functional
role as the branched chain amino acids also mediate shuttling of ammonia nitrogen between
astrocytes and neurons (Bak et al. 2013, Lieth et al. 2001). This reaction may also contribute
the amino group for de novo glutamate synthesis in astrocytes, which requires CO, fixation
(Lieth et al. 2001). The branched chain amino acids have also been proposed to play a role
in removal of ammonia during hyperammonemic conditions as seen in hepatic
encephalopathy (Ott et a/. 2005). Additionally, since these amino acids ultimately are
metabolized to propionyl-CoA, acetyl-CoA, succinyl-CoA and acetoacetate, the latter three
compounds can fuel the TCA cycle and facilitate glutamine production during
hyperammonemia thereby ameliorating some of the excess ammonia (Ott ef a/. 2005). This
functional role has been questioned since studies using isolated neurons and astrocytes
suggest that the branched chain amino acids are only modestly metabolized in brain (see,
Bak et al. 2013). However, it should be noted that supplementation with branched chain
amino acids was neuroprotective after traumatic brain injury (Cole et al. 2010).

Glutamate dehydrogenase

This mitochondrially localized (Salganicoff & Derobertis 1965) enzyme catalyzes the redox-
based interconversion of glutamate and a-ketoglutarate using NAD(P)* as coenzyme (Fig.1).
The thermodynamic equilibrium constant (6 x 107> M) favors the reductive amination of
glutamate (Engel & Dalziel 1967). However, in the brain the normal direction of the reaction
favors oxidative deamination of glutamate since the NAD*/NADH ratio is high and the Ky,
for ammonia (14-26 mM) is orders of magnitude higher than the prevailing ammonia
concentration (Zaganas et a/. 2001, 2009). The enzyme is highly regulated by ADP and
leucine both of which function as allosteric activators and by GTP, which acts as an
allosteric inhibitor (Spanaki et a/. 2012). Emerging evidence suggests that GDH can be
allosterically inhibited by mitochondrial SIRT4 (silent information regulator 4) that is highly
expressed during brain development (Komlos et al. 2013, Lavu et al. 2008). Humans express
two isoforms of the enzyme (GDH1 and GDHZ2) that differ dramatically with regard to the
allosteric regulation; other mammals express only the housekeeping isoform, GDH1
(Spanaki et al. 2012). The enzyme is present in both neurons and astrocytes albeit the
expression may be higher in astrocytes (Lovatt ef a/. 2007), particularly those from brain
regions with high glutamatergic activity (Aoki et al. 1987).

As pointed out above, glutamate dehydrogenase in combination with aminotransferases is
important for transferring ammonia to form amino acids from keto acids. Since reductive
amination can only occur when the ammonia concentration approaches the Ky, value for
ammonia, it is likely that enzymatic complexes between GDH and the respective
aminotransferases must exist to facilitate this reaction /7 vivo and there is some experimental
evidence to suggest that this is indeed the case (Fahien et al. 1977, Islam et al. 2010,
McKenna 2011).

Phosphate activated glutaminase

This enzyme which hydrolyzes glutamine to glutamate (Fig.1) was first described by Krebs
(1935), and its phosphate dependence was reported shortly thereafter by Errera and
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Greenstein (1949). The name, phosphate activated glutaminase or PAG, originates from this
latter publication. The brain enzyme has been purified and extensively characterized by
Kvamme and co-workers and is highly enriched in neurons (for review, see Kvamme et al.
2001). Using a preparation of cultured astrocytes, which may reflect the properties of these
cells /n situ (Lange et al. 2012), it was shown by Schoushoe et a/. (1979) that this enzyme is
also found in astrocytes. This finding has been controversial but a transcriptomic analysis of
acutely isolated astrocytes has recently confirmed that PAG is indeed expressed by
astrocytes (Lovatt ef al. 2007). PAG is essential for synthesis of transmitter glutamate in
glutamatergic neurons and it also plays a significant role in the synthesis of neurotransmitter
GABA, since NMR studies revealed that glutamine synthesized in astrocytes and
deamidated by neuronal PAG is preferentially used for GABA synthesis (see, Schousboe et
al. 2013, Sonnewald et al. 1993c).

Glutamate decarboxylase

The presence of GABA in the brain and its synthesis by a-decarboxylation of glutamate (see
Fig.1) was first described by Roberts and Frankel (1950). An enzyme, glutamic acid
decarboxylase, catalyzing the conversion of glutamate to GABA was first identified in plants
and bacteria. Therefore, it was concluded that formation of GABA from glutamate by a-
decarboxylation in the brain was likely to be catalyzed by this enzyme. Glutamic acid
decarboxylase (GAD) was finally purified to homogeneity from mouse brain more than
twenty years later by Wu et a/. (1973). Cloning studies subsequently showed that GAD
exists in two isoforms with molecular weights of 65 kD and 67 kD; these isozymes are
referred to as GADG5 and GADG67, respectively (for references, see Soghomonian & Martin
1998). In the brain these GAD isozymes are restricted to neurons and primarily GABAergic
cells (Saito et al. 1974). The enzymes are also expressed in other tissues such as the pancreas
(Okada et al. 1976). Both isoforms of the enzyme are located in the cytosol, but their
subcellular localization differs, with the GAD67 isoform having a widespread expression
compatible with a function related to general metabolism of the GABA pool; whereas the
GADGS5 isoform is mainly present in nerve endings and thought to be involved in the
synthesis of neurotransmitter GABA (Walls et a/. 2011, Martin & Rimvall 1993).

Glutamine synthetase

As already pointed out, glutamate metabolism in the brain is highly complex and
compartmentalized with different enzymes located in different cell types. The enzyme
glutamine synthetase (GS) is responsible for conversion of glutamate to glutamine (Fig.1)
and is expressed exclusively in astrocytes (Norenberg & Martinez-Hernandez 1979). The
functional importance of GS can most conveniently be assessed by use of the irreversible
inhibitor methionine sulfoximine (MSO; Ronzio et al. 1969). The GS reaction adds a second
nitrogen atom in the form of ammonia to glutamate to form glutamine and requires ATP for
energy (Fig 1). The Ky, values for the three substrates glutamate, ammonia and ATP are 2.5
mM, 0.2 mM and 2.3 mM, respectively (Pamiljans et al. 1962), which means that the
enzyme /n situis unlikely to be saturated with any of the substrates (see, Schousboe et al.
2012).
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One of the most essential roles of astrocytes is removal of neurotransmitter glutamate from
the synaptic cleft after depolarization (to maintain the low resting glutamate concentration of
1-10 pM) and conversion to glutamine (Bergles et al. 1999, Matsui et a/. 2005). It should be
noted, that the de novo synthesis of glutamine takes place only in astrocytes. De novo
synthesis of glutamine from glucose requires the concerted action of glycolytic enzymes,
pyruvate carboxylase, the TCA cycle and conversion of a-ketoglutarate to glutamate, which
via the action of GS can be converted to glutamine (Fig. 2). Pyruvate carboxylase like GS is
dependent on ATP and is only expressed in astrocytes (Yu et al. 1983). Pyruvate
carboxylation adds a carbon to pyruvate to form oxaloacetate and serves to replenish
intermediates that would otherwise be drained from the TCA cycle by the conversion of a-
ketoglutarate to glutamate and subsequently glutamine. 13C-NMR studies show
compartmentation in this process as the carbon added via pyruvate carboxylase is
preferentially found in newly synthesized glutamine (Sonnewald et a/. 1993a). Due to the
selective cellular localization of glutamine synthetase and pyruvate carboxylase only
astrocytes are able to perform a net synthesis of glutamine, which is the major precursor for
the two most important neurotransmitters, glutamate and GABA (see, McKenna 2007,
McKenna et al. 2012). A further discussion of this important aspect of brain function based
on cellular specialization is provided below.

Overview of the glutamate-glutamine cycle and its role in glutamatergic

neurotransmission

Based on a series of elegant studies of radioactive labeling of glutamate and glutamine using
different 14C-labeled precursors such as glucose, acetate and bicarbonate it was concluded
that the brain contains at /easttwo separate cellular compartments of these amino acids each
having a distinct turn-over of the amino acid pools (for references, see McKenna et al. 2012,
Schousboe 2012). The seminal demonstration of the astrocyte specific localization of
glutamine synthetase (Norenberg & Martinez-Hernandez 1979) together with the multiple
compartments of glutamate revealed by the labeling studies, led to the firm conclusion that
the proposed glutamate-glutamine cycle (see Figure 3) must be the mechanism allowing
inter-cellular exchange of these amino acids (see, Oz et al. 2012, and Schoushoe et al. 2012
for references). The selective cellular localization of specific glutamate and glutamine
transporters on neuronal and glial plasma membranes is consistent with the functional
importance of this cycle (see, Schousboe et a/. 2012).

When the concept of the glutamate-glutamine cycle was first introduced it was thought that
essentially a// glutamate being released as neurotransmitter would be transferred to the
astrocytes where it would quantitatively be converted to glutamine and subsequently
transferred back to the glutamatergic neurons (Cotman et a/. 1981). The fact that exogenous
glutamate taken up by astrocytes can be oxidatively metabolized (see below for further
details) demonstrates that the glutamate-glutamine cycle does not operate in a stoichiometric
manner as first proposed (see, McKenna 2007, McKenna et a/. 2012). If the glutamate-
glutamine cycle exclusively operated in a stoichiometric fashion, then none of the glutamate
taken up would be used to offset the high energy cost of glutamate transport into astrocytes,
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i.e. 3 ATP are required for transport of each glutamate molecule and activity of Na*-K*-
ATPase to restore the sodium gradient (Attwell & Laughlin 2001, McKenna 2013).

Since the glutamate-glutamine cycle is an open cycle that loses intermediates to other
pathways, the de novo synthesis of glutamine in astrocytes helps to maintain the operation of
this cycle. Numerous studies have been aimed at obtaining a quantitative measure of the
anaplerotic ade novo synthesis of glutamate and glutamine; this information has been
summarized by Oz et al. (2012). The rate of anaplerosis mediated by pyruvate carboxylase
ranges from 6 to 35 % of the rate of the TCA cycle and fulfills the need for de novo
synthesis of glutamine (Oz et a/. 2004, 2012). Since glutamine also serves as the main
precursor for GABA (Sonnewald et a/. 1993c) and some of the GABA released by neurons
is taken up and metabolized by astrocytes, maintenance of GABAergic neurotransmission
also relies on anaplerosis (Schousboe et a/. 2013).

Influence of the concentration of glutamate on the metabolic pathways for

glutamate metabolism

Early studies of glutamate metabolism in astrocytes using tracer concentrations of 14C-
labeled precursors reported a high proportion of the glutamate was converted to glutamine
(Farinelli & Nicklas 1992, Zielke et al. 1990). However, a study by Yu ef a/. (1982) showed
that a substantial fraction of exogenous glutamate was metabolized via GDH and
subsequently oxidized to CO, in astrocytes. Sonnewald et a/. (1993b) using 13C-NMR
spectroscopy reported that a significant proportion of the label from glutamate metabolism
in astrocytes was found in lactate. This labeling can only occur when glutamate is converted
to a-ketoglutarate and further metabolized via the TCA cycle to malate, which can be
converted to pyruvate and subsequently to lactate by a partial pyruvate recycling pathway
(Fig. 4). These studies confirmed that a significant amount of glutamate was oxidatively
metabolized for energy in astrocytes (Sonnewald et a/. 1993b, McKenna 2013). McKenna et
al. (1996) demonstrated that when the exogenous glutamate concentration was increased
from 0.1 mM to 0.5 mM the proportion of glutamate oxidized by the TCA cycle in
astrocytes greatly increased (from ~ 15% to 43%) and the percent converted to glutamine
decreased correspondingly (from ~ 85% to 57%). This demonstrated that the metabolic fate
of glutamate was shifted away from conversion to glutamine and towards oxidative
metabolism as the concentration of glutamate in the extracellular milieu increased. Since the
amount of glutamate in the synaptic cleft increases several orders of magnitude during
depolarization (from ~ 10 uM to 1 mM) this provides astrocytes with the metabolic
flexibility to readily form ATP from glutamate oxidation in the TCA cycle which offsets the
high cost of glutamate transport into astrocytes (for further details, see McKenna 2013).

Recent studies show that the astrocyte glutamate transporter GLT-1 (in humans EAAT?2)
forms a complex with other proteins including hexokinase, several specific mitochondrial
proteins including GDH and mitochondria that together serves to effectively channel
glutamate towards energy producing oxidative metabolism rather than the energy utilizing
reaction of conversion to glutamine in the cytosol (Genda et a/. 2011).
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Glutamate and ammonia homeostasis under normal and hyperammonemic
conditions

Physiological conditions

In glutamatergic and to some extent in GABAergic neurons ammonia is generated by the
action of PAG, which removes the amido nitrogen from glutamine to form glutamate and
subsequently GABA in GABAergic neurons (Fig. 5). Since GS, the primary enzyme capable
of ammonia fixation in the brain, is located in astrocytes there needs to be a way by which
ammonia nitrogen can be transferred between the neurons and the surrounding astrocytes.
The specific mechanism(s) for returning ammonia removed by PAG in neurons to astrocytes
has not been defined. For years it was assumed that the ammonium ion (being the prevailing
form of ammonia) can diffuse freely through plasma membranes or perhaps through
channels (Cooper & Plum 1987). Recently, two shuttle mechanisms based on exchange of an
amino acid have been proposed (Lieth et al. 2001, Waagepetersen et al. 2000, Yudkoff et al.
1996, Zwingmann et a/. 2000). Both models operate on the basis of ammonia being fixed
into the amino group of glutamate by the action of glutamate dehydrogenase in neurons, and
subsequently being transferred to either alanine or a branched chain amino acid, which
serves to return the amino group to astrocytes (Fig. 5). In astrocytes the amino groups are
transferred to glutamate by the respective aminotransferases (see above and Fig. 1) forming
branched chain keto acids and pyruvate from the branch chain amino acids and alanine,
respectively. The amino group transferred to glutamate is subsequently removed by
oxidative deamination via GDH making it available to glutamine synthetase for glutamine
formation (see Figs. 1 and 5). A careful analysis of these mechanisms by modeling the rates
of the reactions involved has, however, failed to provide evidence that the activity of these
amino acid shuttles would be sufficient to match the actual need for transfer of ammonia
back to astrocytes (Rothman et a/. 2012). Hence, at the present time the quantitative
importance of these proposed mechanisms for ammonia transfer /n7 vivo has not been
resolved.

Hyperammonemia

The most efficient pathway for ammonia fixation in the brain is the GS catalyzed conversion
of glutamate to glutamine and a classical experiment by Cooper et al. (1979) using infusion
of trace amounts of [X3NJammonia into the brain showed that at least 98% of the labeled
ammonia could be found in the amide group of glutamine within seconds. When GS was
inhibited by MSO, ammonia radioactivity was recovered in glutamate, albeit the amounts
were small. This does, however, show that under appropriate conditions reductive amination
mediated by GDH can occur (see above). In this context, it may be noted that during
hyperammonemic conditions in neuronal-astrocytic co-cultures, the formation of both
alanine and glutamine is increased (Leke ef a/. 2011). As pointed out above, de novo
synthesis of glutamine requires CO, fixation by pyruvate carboxylase to form oxaloacetate;
interestingly, hyperammonemic conditions have been shown to stimulate this pathway (Leke
et al. 2011). On the other hand, when GS was inhibited and ammonia was fixed in alanine,
the glycolytic pathway was accelerated while the anaplerotic pathway did not increase
(Dadsetan et al. 2011, 2013). This shows that astrocytes are able to switch back and forth
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between anaplerosis and glycolysis depending on whether pyruvate or a TCA cycle
intermediate is needed. This concept has been confirmed in cultures and in the brain /n vivo
since inhibition of GS by MSO during hyperammonemic conditions leads to a decrease in
glutamine and an increase in alanine production (Dadsetan et a/. 2011, 2013, Fries et al.
2013). This may be due in part to the fact that alanine does not function as an intracellular
osmolyte in astrocytes, whereas glutamine does perform this function. It has been proposed
that inhibition of GS may be a potentially useful therapeutic strategy to prevent the
glutamine-associated glial swelling and the brain edema observed in hepatic encephalopathy
(Brusilow ef al. 2010, Dadsetan et al. 2011, 2013).

Concluding remarks

It should be noted that glutamate metabolism is exceedingly complex and highly
compartmentalized. Maintenance of the glutamate and GABA neurotransmitter pools is
strictly dependent on the de novo synthesis of glutamine in astrocytes. The exquisite
anatomical specialization of astrocytic endfeet enables these cells to rapidly and efficiently
remove neurotransmitters from the synaptic cleft and provide glutamine to replenish
neurotransmitter pools in glutamatergic and GABAergic neurons. This is possible due to the
fine-tuned biochemical machinery including the distribution of pertinent transporters, as
well as the presence of mitochondria and specific cytosolic enzymes in the astrocytic
processes which ensheathe the synapses. This allows astrocytes to respond to subtle changes
in neurotransmission by dynamically adjusting their anaplerotic and glycolytic activities to
meet the demands for maintaining neurotransmission. Additionally, astrocytes can readily
shift the metabolic fate of glutamate removed from the synaptic cleft towards increased
oxidative energy metabolism relative to direct formation of glutamine.

In conclusion, this chapter has summarized the evidence that astrocytes are dynamic partners
in both glutamatergic and GABAergic neurotransmission in brain. Protoplasmic astrocytes
cover and actively interact with hundreds of thousands to millions synapses in human brain
(Oberheim et al. 2006, 2009). Hence, astrocytes are essential partners in neurotransmission
since they continuously monitor the extracellular milieu and modulate their metabolic
activity in response to fluctuations in neuronal activity.
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a-KG

GLN

Figurel.
Reactions involving glutamate (Glu) in astrocytes. Ala, Alanine; a-KG, a-ketoglutarate;

Asp, aspartate; BCAA, branched chain amino acid; GlIn, glutamine. See text for other
abbreviations.
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Figure2.
Schematic representation of complete oxidation of glutamate via the ”pyruvate recycling

pathway” (essential enzymes in red) and de novo synthesis of glutamate and glutamine from
glucose via pyruvate carboxylase (PC) (essential enzymes in blue) in astrocytes.

For de novo synthesis of glutamate and glutamine, glucose is metabolized to acetyl CoA and
oxaloacetate via pyruvate dehydrogenase and pyruvate carboxylase, respectively. Acetyl
CoA and oxaloacetate condenses to citrate and subsequently, a-ketoglutarate (a-KG) is
formed. a-Ketoglutarate is converted to glutamate catalyzed by aspartate aminotransferase
(AAT) and via an amidation, catalyzed by the energy requiring enzyme glutamine synthetase
(GS), glutamine may be formed. The complete oxidation of glutamate is initiated by
oxidative deamination catalyzed by glutamate dehydrogenase (GDH) and oxidative
decarboxylation of a-ketoglutarate to succinyl CoA catalyzed by a-ketoglutarate
dehydrogenase (KGDH). The carbon skeleton is subsequently converted into malate via
multiple steps in the tricarboxylic acid (TCA) cycle and pyruvate via malic enzyme (ME).
Alternatively, the concerted action of phosphoenolpyruvate carboxykinase (PEPCK) and
pyruvate kinase (PK) converts oxaloacetate (OAA) into pyruvate. The operation of ME or
PEPCK plus PK in the direction of pyruvate is necessary for complete oxidation of
glutamate. Pyruvate re-enters the TCA cycle via pyruvate dehydrogenase (PDH) and the
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carbon skeleton originating from glutamate may through this pathway be completely
oxidized to CO2 in the TCA cycle. Asp, aspartate.
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Figure 3.
Neurotransmitter glutamate (GLU) is mainly taken up by surrounding astrocytes subsequent

to interaction with receptors in the synapse. In the astrocyte, glutamate is either converted to
glutamine (GLN) catalyzed by glutamine synthetase (GS) as part of the glutamate-glutamine
cycle or metabolized in the tricarboxylic acid (TCA) cycle. Glutamine is transferred to the
glutamatergic neuron to be used for synthesis of glutamate catalyzed by phosphate activated
glutaminase (PAG). Glutamate enters the TCA cycle by the activity of glutamate
dehydrogenase (GDH) or an aminotransferase (AT), and the carbon skeleton may either be
completely oxidatively metabolized via pyruvate recycling including malic enzyme (ME)
activity or phosphoenolpyruvate carboxykinase and pyruvate kinase. Alternative, the carbon
skeleton supports the pool of TCA cycle intermediates and in that way potentially increases
the oxidation of acetyl CoA in the TCA cycle. De novo synthesis of glutamate and
glutamine from glucose occurs via the concerted action of pyruvate dehydrogenase (PDH)
and pyruvate carboxylase (PC) making a net synthesis of TCA cycle intermediates. CIT,
citrate; OAA, oxaloacetate; PYR, pyruvate.
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Figure 4.
[U-13C]Glutamate (GLU) may be completely metabolized to CO, via the “pyruvate

recycling pathway”. Initially [U-13C]glutamate is converted to a-ketoglutarate (a-KG)
catalyzed mainly by glutamate dehydrogenase (GDH). Via the tricarboxylic acid (TCA)
cycle [U-13C]malate (MAL)/oxaloacetate (OAA) is formed. [U-13C]Malate may be
oxidatively decarboxylated to [U-13C]pyruvate (PYR) catalyzed by malic enzyme (ME).
Alternatively, [U-13C]oxaloacetate may be metabolized to pyruvate via
[U-13C]phosphoenolpyruvate catalyzed by the concerted action of phosphoenolpyruvate
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carboxykinase (PEPCK) and pyruvate kinase (PK). The carbons originating from glutamate
can subsequently re-enter the TCA cycle by oxidative decarboxylation of [U-13C]pyruvate to
[1,2-13C]Jacetyl CoA catalyzed by pyruvate dehydrogenase (PDH). Unlabeled oxaloacetate
may condense with [1,2-13C]acetyl CoA forming [1,2-13C]citrate (CIT). From metabolism
in the TCA cycle [4,5-13C] a-ketoglutarate is formed and consequently [4,5-13C]glutamate
due to the activity of aspartate aminotransferase (AAT). The symmetric succinate molecule
causes scrambling of labeling and therefore both [1,2-13C] and [3,4-13C] oxaloacetate are
formed. Oxaloacetate is in equilibrium with [1,2-13C] and [3,4-13C]aspartate due to the
activity of aspartate aminotransferase. Alternative to oxidative decarboxylation of pyruvate,
[U-13C]pyruvate may be converted to [U-13C]lactate (LAC) catalyzed by lactate
dehydrogenase (LDH).
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Figure5.

Neurotransmitter glutamate is subsequent to receptor interaction primarily taken up mainly
by astrocytes. Glutamate (GLU) is amidated to glutamine (GLN) via glutamine synthetase
(GS) and glutamine is subsequently released from the astrocyte via specific transporters
followed by uptake into the neuron. In the neuron glutamine is deamidated by phosphate
activated glutaminase (PAG) to glutamate, which completes the glutamate - glutamine cycle.
A net transfer of nitrogen from the astrocyte to the neuron occurs as part of the glutamate -
glutamine cycle. This nitrogen transfer may be counteracted by transport of a neuro-inactive
amino acid (AA) likely either alanine or one of the branched chain amino acids. The
glutamate - glutamine cycle is coupled to an amino acid — keto acid (KA) cycle via the
action of glutamate dehydrogenase (GDH) and the relevant aminotransferase (AT).
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