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1. Introduction

A wealth of information on brain metabolism has been gathered from studies in which 13C-
labeled metabolic substrates (often glucose) have been administered to human subjects or
experimental animals. 13C Magnetic resonance spectroscopy (MRS!) of the brain (or extracts
of brain) has shown to what degree the 13C-labeled compound has been metabolized, and, to
some extent, along which metabolic pathways. The latter interpretation derives from the fact
that 13C MRS shows the 13C labeling not of individual compounds, e.g. amino acids, but of
individual carbon positions in those different compounds (Fig. 1). Because some enzymes of
amino acid metabolism have a cell-specific expression, it is possible to study the metabolic
activity of individual cell types or the transfer of amino acids between them. Finally, 13C
MRS allows studies of a host of substrates to examine their potential as metabolic substrates
for the brain. An extensive review, which included an overview of technical aspects of 13C
MRS in studies of brain and cultured brain cells, appeared recently (Rodrigues et al., 2009).

2. 3C MRS for the visualization of brain energy metabolism

Glucose is considered the physiologic energy substrate of the brain and is used by all brain
cells, neurons and glial cells alike. Glucose consumption is tightly coupled to the need for
energy (ATP), which in the brain largely reflects neuronal activity, or more specifically,
depolarization of neuronal cell membranes. The membrane potential derives from the ionic
gradients created by ion pumps that transport sodium and potassium against their
concentration gradients across cell membranes, an activity that is fuelled by ATP (Attwell
and Laughlin, 2001). Therefore, alterations in neuronal activity will be reflected in changes
in glucose consumption, and, conversely, constraints in the availability of glucose and
oxygen will limit neuronal activity. 13C MRS after administration of 13C-labeled glucose to

1 Abbreviations:ATP: adenosine triphosphate, CoA: coenzyme A, GABA: y-aminobutyrate, i.v.
intravenously, MRS: magnetic resonance spectroscopy, PET; positron emission tomography, TCA cycle:
tricarboxylic acid cycle.
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30 Magnetic Resonance Spectroscopy

human volunteers or to experimental animals is well suited to investigate the relationship
between neuronal activity, energy requirements, and glucose metabolism, because several of
the downstream metabolites of glucose (lactate, alanine, glutamate, glutamine GABA,

aspartate - see Fig. 1) can be detected by 13C MRS.
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Fig. 1. 13C MR spectrum of a brain extract from a mouse that received 150 pmol [U- 13C]
glucose intravenously in the awake state and was sacrificed after 5 minutes. Peak numbers:
1, lactate C3; 2, glutamate C4; 3, GABA C2; 4, glutamine C4, 5, aspartate C3, 6: lactate C2; 7,
alanine C3, 8: glutamate C3, which is labeled after a full turn of the TCA cycle. *Internal
standard (dioxane). Note the strong 13C labeling of glutamate C4 and lactate C3 from [U-
1BC]glucose. Reprinted from Nguyen et al., 2003, with permission from the publisher.

Administration of 13C-labeled glucose intravenously (i.v.) or intraperitoneally leads to
predominant labeling of glutamate in the brain (Figs. 1 and 2). This is so, because glutamate
is present in concentrations that allow detection by 3C MRS, and because virtually all
glucose that enters the brain is metabolized through glutamate: glutamate equilibrates with
a-ketoglutarate of the tricarboxylic acid (TCA) cycle, through which glucose is metabolized
oxidatively. Briefly, 13C-glucose is metabolized to 13C-acetyl-CoA, which reacts with
oxaloacetate to form citrate. Acetyl-CoA gives rise to the 1st and 2nd carbons of citrate, which
correspond to the 5t and 4th carbon positions in a-ketoglutarate and glutamate (Fig. 2).
Logically, these two positions are the first to be labeled from glucose, provided that uniformly
labeled glucose, [U-13C]glucose is being used. If [1-13C]glucose is used, which is often the case,
the 2nd position of acetyl-CoA becomes labeled, and hence the 4th position of glutamate (e.g.
Fitzpatrick et al., 1990; Shank et al., 1993; Mason et al., 1999; see Figs. 1 and 2).

However, when a-ketoglutarate is metabolized further through the TCA cycle, succinate is
formed. Succinate has four carbon atoms and is symmetrical, so the label is now scrambled
between the 1st + 2nd positions and the 3rd + 4th positions (or the 2nd and 3td positions if [1-
13C]glucose is being used). From succinate fumarate, malate, and oxaloacetate are formed
before another molecule of acetyl-CoA enters the TCA cycle to form citrate. The labeling of
the 2nd and 3rd positions in succinate, fumarate, malate, and oxaloacetate correspond to the
2nd and 3rd positions in glutamate. Labeling of these positions in glutamate reflects passage
of 13C through the TCA cycle (Fig. 1 and 2). From the labeling of the 2nd and 3rd vs. the 4th
positions in glutamate from [1-13C]glucose an impression of the TCA cycle rate may be
gained, or the rate may even be calculated (Hassel et al., 1995a; 1997; Mason et al., 1999;
Hyder et al., 2003).
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Fig. 2. Simplified scheme of glycolysis and the TCA cycle. Glucose is metabolized
glycolytically to pyruvate, which may undergo decarboxylation in the pyruvate
dehydrogenase reaction to become acetyl-CoA. Acetyl-CoA enters the TCA cycle to
condense with oxaloacetate (OAA) and form citrate. The two carbons from acetyl-CoA that
contribute to citrate (and hence a-ketoglutarate, glutamate, glutamine and GABA) are
shown in italics. Due to the symmetry of succinate these two carbons are distributed evenly
between the C1+C2 positions and the C3+C4 positions in succinate and in fumarate, malate
and oxaloacetate, which are formed downstream of succinate. Pyruvate may also become
aminated to alanine or reduced to lactate.

Oxaloacetate equilibrates with aspartate, and whereas oxaloacetate at a tissue concentration
of ~10 nmol/g brain tissue (Siesjo, 1978) defies detection by 13C MRS, aspartate is readily
detected, especially its 2nd and 3rd carbon positions, the labeling of which reflects the passage
of 13C through the TCA cycle (Figs. 1 and 2). It has been shown with various techniques that
aspartate is concentrated in GABAergic neurons (Ottersen and Storm-Mathisen, 1985;
Hassel et al., 1992; 1995b). With 13C MRS this has been verified by blocking the TCA cycle of
GABAergic neurons specifically; this leads to a marked reduction in the 13C labeling of
aspartate from [1-13C]glucose (Hassel and Sonnewald, 1995a; Johannessen et al., 2001).

Inhibition of TCA cycle activity by drugs or toxins may reduce the 13C labeling of glutamate,
GABA, or glutamine from [!3C]glucose (e.g. Hassel and Sonnewald, 1995a). But because
TCA cycle activity is closely coupled to neuronal activity, any influence that reduces brain
activity (e.g. anesthetics, antiepileptic drugs) will reduce glucose metabolism in the brain
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and hence 13C labeling of glucose metabolites. Therefore, a reduction in the labeling of
cerebral metabolites from [!3C]glucose must be interpreted with some caution. Such a
reduction does not necessarily imply a direct effect, e.g. of a drug, on TCA cycle activity, for
instance through enzyme inhibition.

Conversely, any influence that leads to increased activation of the brain may increase
glucose metabolism and increase 13C labeling from [13C]glucose. Such effects have been seen
in human subjects and in rats (Hyder et al., 1996; Patel et al., 2004). However, it should be
noted that although previous studies on a variety of experimentally induced conditions,
including epileptic seizures and stroke, have shown increased uptake of the glucose
analogue deoxyglucose by positron emission tomography (PET) or autoradiographic
methods, data obtained with 13C MRS seem to indicate that the oxidative metabolism of
glucose may be only little affected or even reduced (Petroff et al., 2002; Elogayli et al., 2004;
Nguyen et al., 2007a; Pan et al.,, 2008; Haberg et al., 2009). The same is true for other
conditions that would be expected to entail an increased energy demand, e.g. traumatic
brain injury (Bartnik et al., 2007; Scafidi et al., 2009). Deoxyglucose is a substrate for the
glucose transporter in the blood-brain barrier and in neurons, as well as for the first enzyme
of glucose metabolism, hexokinase, which phopsphorylates glucose and deoxyglucose to
their 6-phospho- derivatives. But once phophorylated deoxyglucose is not metabolized
further and accumulates intracellularly; this allows its detection by PET or autoradiography.
It follows that the deoxyglucose-based methods strictly detect the transport and initial
phosphorylation of deoxyglucose, whereas 13C MRS detection of glutamate labeling from
[13C]glucose reflects both glycolytic and oxidative metabolic activity in the brain.

The possibility of visualizing brain energy metabolism appeared to pave the way for studies
in which brain activity, including sensory activation and thought processes, could be
monitored by 13C MRS. It soon became clear, however, that the increase in glucose
metabolism caused by various forms of physiological activation, was quite small, and not
always readily detectable on the background of a high basal metabolic rate in the un-
anesthetized brain (Shulman et al., 2004).

3. Visualization of the metabolic interplay between astrocytes and neurons

The cellular complexity of the brain makes it difficult to assess the metabolic activity of
individual cell types separately. However, because some metabolic pathways are unique to
certain cells, and because some metabolic substrates are metabolized selectively by certain
cell types, some degree of metabolic dissection of the brain is made possible. First we
consider the transfer of glutamine from astrocytes to neurons as a precursor for glutamate
and GABA in neurons. Thereafter we discuss the transfer of glutamate from neurons to
astrocytes during glutamatergic neurotransmission.

In the brain, acetate is metabolized oxidatively by astrocytes and not by neurons. Because
astrocytes express glutamine synthetase (Martinez-Hernandez et al.,, 1977), isotopically
labeled acetate (given i.v. or intracerebrally) leads to preferential labeling of glutamine (van
den Berg et al., 1969; Hassel et al., 1997; Lebon et al., 2002; Deelchand et al., 2009). Glutamine
is exported from astrocytes to the extracellular fluid, from where it is taken up by neurons,
both glutamatergic and GABAergic. Inside neurons glutamine becomes deamidated to
glutamate by phosphate-activated glutaminase (Kvamme et al.,, 2001), a mitochondrial
enzyme, which in the brain appears to be expressed only by neurons. In GABAergic neurons
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the glutamine-derived glutamate becomes decarboxylated to GABA by glutamic acid
decarboxylase (GAD), an enzyme that in the brain is expressed in inhibitory GABAergic
neurons (Fonnum et al.,, 1970). Therefore, when administration of 13C-labeled acetate to
experimental animals leads to 13C labeling of GABA, this labeling illustrates a series of
metabolic and transport-related events (Fig. 3) that highlights the role of (astrocytic)
glutamine as a precursor of (neuronal) glutamate and GABA (Hassel et al., 1997).
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Fig. 3. Metabolism of [13C]acetate in astrocytes with formation of [13C]glutamine, which is
transferred to neurons, where it is deamidated to [!3C]glutamate. In GABAergic neurons
[13C]glutamate is decarboxylated to [13C]GABA. The spectrum is from a brain extract from a
mouse that received [1,2-13C]acetate, 150 umol i.v. and was sacrificed after 15 minutes. Peaks
are: 1, alanine C-3; 2, lactate C-3; 3, GABA C-3; 5, glutamine C-3; 6, glutamate C-3; 7,
glutamine C-4; 8, glutamate C-4; 10, GABA C-2; 11, aspartate C-3; 12, GABA C-4. Note the
strong labeling of glutamine compared to results with [13C]glucose (Fig. 1) (From Hassel et
al., 1997, with permission from the publisher). Thus, formation of [13C]JGABA from
[13C]acetate illustrates astrocytic uptake and oxidative metabolism of [1*C]acetate, glutamine
synthetase activity, the activity of glutamine transporters at the astrocytic and neuronal cell
membranes, neuronal glutaminase activity, and glutamate decarboxylase activity.
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An enigma of brain metabolism is why acetate is oxidized only by astrocytes and not by
neurons. Waniewski and Martin (1998) provided evidence that acetate is taken up across the
cell membrane only in astrocytes. This finding was unexpected, since acetate is a small
monocarboxylate, for which neurons are richly equipped with transporters (Bergersen,
2007). Nguyen et al (2007b) later found that neurons take up propionate (which is closely
related to acetate), which suggested that even acetate is taken up (but not metabolized) by
neurons. Later it was found that administration of propionate to mice leads to an increase in
brain GABA levels, suggesting an inhibitory action of propionate on the GABA-degrading
enzyme GABA transaminase (Hassel et al, unpublished). GABA transaminase is an
intramitochondrial enzyme in GABAergic neurons (Schousboe et al., 1974), and its inhibition
by a small monocarboxylate such as propionate suggests that propionate (and acetate) is taken
up by neurons and neuronal mitochondria, but that the latter are deficient in the enzyme that
converts acetate and propionate into their mitochondrial CoA derivatives.

Because glutamate is readily labeled from 3C-labeled precursors, there has been
considerable interest in identifying transmitter glutamate with 13C MRS. Glutamate is the
main excitatory neurotransmitter in the central nervous system. While glutamate serves
many functions in the brain, it has been estimated that 2-20% of the total amount of brain
glutamate serves a neurotransmitter function (Hassel and Dingledine, 2006). After release
from synaptic nerve endings glutamate is largely taken up by astrocytes that surround the
synaptic cleft, and converted into glutamine (Danbolt, 2001). This process may be illustrated
with 13C MRS. Administration of 13C-labeled glucose to experimental animals leads to rapid
13C labeling of glutamate and, after a delay, of glutamine. This labeling of glutamine to a
large extent reflects uptake of (neuronal) transmitter glutamate into astrocytes. This was
shown in an experiment in which mice had their astrocytic TCA cycle inhibited by the glia-
specific metabolic inhibitor fluoroacetate (Hassel et al., 1997). The mice could not form
glutamate or glutamine through their TCA cycle activity, but they still produced 13C-
glutamine from 13C-glucose. Formation of glutamine from 13C-glucose was interpreted to
reflect formation of 13C-glutamate from 13C-glucose in neurons, release of 13C-labeled
transmitter glutamate from neurons, uptake into astrocytes of the released 13C-labeled
transmitter glutamate and subsequent amidation by glutamine synthetase (Fig. 4).

The exchange between neurons and astrocytes of glutamate and glutamine has been the
subject of many studies, in both human subjects and experimental animals (Shen et al., 1999;
see Rothman et al., 1999; 2003, for review). Interpretation of 13C MRS after infusion of 13C-
labeled glucose into awake humans indicated that the flux of glutamate from neurons to
astrocytes was close to 50% of the cerebral metabolism of glucose. This would suggest a
massive transfer of glutamate from neurons to astrocytes. However, if this is true, it is still
not known whether all this glutamate is transmitter glutamate in the sense that it originates
from presynaptic vesicles.

In 13C MRS studies of the brain, acetate is used as a glial substrate, and glucose is used as an
energy substrate for all brain cells, but with a dominant contribution from (glutamatergic)
neurons. As will become evident below ('Identification of alternative substrates for brain
energy metabolism'), lactate and pyruvate have become regarded as more purely neuronal
substrates that are used by glutamatergic and GABAergic neurons alike, whereas glycerol
appears to be a substrate specifically used by GABAergic neurons (Nguyen et al., 2003).
Thus, some degree of metabolic dissection of the brain is made possible by combining the
administration of an appropriate 13C-labeled energy substrate with 13C MRS.
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Fig. 4. Uptake of transmitter glutamate by astrocytes. In this experiment mice received the

glia-specific metabolic inhibitor fluoroacetate, which blocks the astrocytic TCA cycle at the

level of aconitase. Thus, the ability of astrocytes to form glutamate and hence glutamine

from a-ketoglutarate from their own TCA cycle was blocked. Even so, glutamine was
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formed from [3C]glucose, presumably because 13C-labeled transmitter glutamate was still
being released from neurons and taken up by astrocytes with subsequent formation of
[13C]glutamine. The upper spectrum is from the brain of a mouse that received [1,2-
13CJacetate and [1-13C]glucose. The doubly labeled acetate gives rise to the double peaks in
glutamine C4 (peak 7). The lower spectrum is from a mouse, whose astrocytic TCA ycle was
blocked by fluoroacetate; here only glutamine labeled from [1-13C]glucose (single peak 7)
can be seen (From Hassel et al., 1997, with permission from the publisher).

4. Identification of alternative substrates for brain energy metabolism

Serum glucose is considered the physiological energy substrate of the brain. Even so, a
number of substrates may feed into the glycolytic pathway or the TCA cycle of brain cells.
For example, lactate, which was shown by 13C MRS to be a substrate for brain metabolism in
mice (Hassel and Brdthe, 2000), was recently shown by 13C MRS to contribute importantly to
energy metabolism in the human brain under physiological conditions (Gallagher et al.,
2009; Boumezbeur et al., 2010). The ability of a substrate to function as a metabolic substrate
for brain cells depends on its ability to cross the blood-brain barrier, i.e. on the presence of
specific transporter proteins in the barrier. Further, brain cells must have the necessary
transporters to take the substrates up from the extracellular fluid as well as the enzymes
necessary for their metabolism. A substrate that is not metabolized in the brain after i.v.
injection may prove to be metabolized after intracerebral injection, a finding that points to
transport limitations at the blood-brain barrier; this holds true for dicarboxylates like
fumarate and malate (Hassel et al., 2002); if injected directly into the brain parenchyma,
these substrates are taken up into astrocytes and rapidly metabolized through the TCA cycle
to glutamine, indicating the presence of the plasma membrane dicarboxylate transporter
predominantly in astrocytes. A similar situation exists for the monosaccharide fructose
(Hassel et al., submitted), which hardly crosses the blood-brain barrier at all. This can be
shown by giving mice [3C]fructose i.v.; in contrast to liver, the brain does not accumulate
the injected [3C]fructose, as can be shown by 13C MRS of brain and liver extracts. However,
if fructose is injected into the brain parenchyma, it becomes metabolized. The oxidation of
fructose by brain tissue would explain the ability of fructose to support energy-requiring
processes, such a axonal activity, in vitro (Meakin et al., 2007).

Even though a substrate crosses the blood-brain barrier, the enzymatic machinery required
for its metabolism may not be present in the brain. An example is propionate, which readily
crosses the blood-brain barrier, but hardly becomes metabolized in the brain (Nguyen et al.,
2007b; Morland et al., in prep). The enzymes required for the initial metabolism of
propionate, propionyl-CoA synthetase is expressed at low levels, making it difficult to
detect propionate metabolites by 3C MRS after i.v. administration of [!3C]propionate to
experimental animals. Cerebral metabolism of propionate may be detected with
radiolabeled propionate, however, owing to the higher sensitivity of radiodetective methods
(scintillation counting) than of 13C MRS (Nguyen et al., 2007b).

With the use of 13C MRS B-hydroxybutyrate (Kiinnecke et al., 1993; Pan et al., 2002; Andrews
et al., 2009), lactate (Hassel and Brathe, 2000; Tyson et al., 2003; Boumezbeur et al., 2010),
and pyruvate (Gonzalez et al., 2005) have been shown to be energy substrates for the brain
after i.v. injection, pointing to the existence of the appropriate monocarboxylate transporters
at the blood-brain barrier. The predominant labeling of glutamate (over glutamine) points to
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a predominantly neuronal metabolism of these subtrates (Fig. 5). Even octanoate has been
shown to be metabolized by the brain (Ebert et al., 2003), suggesting a certain capacity for
fatty acid metabolism in the brain; the preferential labeling of glutamine pointed to
astrocytes as the main metabolic compartment.
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Fig. 5. 13C MR spectra of brain extracts of mice that received [3-13C]pyruvate or [2-
BC]pyruvate i.v. The (labeling of) individual carbon positions in certain metabolites is
indicated. Wake mice received 9 mmoles/kg [3-13C]pyruvate (upper panel) or [2-
BBC]pyruvate (lower panel) i.v. Survival time was 5 min. [3-13C]Pyruvate labels the C3 of
lactate (Lac) and alanine (Ala), the C4 of glutamate (Glu) and glutamine (Gln), and GABA
C2 (but not glutamate C5 or the C1 of GABA or lactate; insert). [2-13C]Pyruvate labels
lactate and alanine C2, and glutamate C5, GABA C1 and lactate C1 (insert). D is dioxane
(internal standard). The peak corresponding to Glu C4 in lower spectrum represents
naturally abundant 13C-glutamate. Reprinted from Gonzalez et al., 2005, with permission
from the publisher.

13C-Labeled acetate also yields good labeling of cerebral amino acids, predominantly
glutamine, after i.v. injection, a finding that points to their metabolism in astrocytes (see
above, 3. Visualization of the metabolic interplay between astrocytes and neurons). The
labeling of amino acids in the brain from [13C]acetate is on a level similar to that achieved
with [13C]glucose (Hassel et al., 1995a;1997), which suggests that acetate could support brain
energy metabolism; this has been shown in hypoglycemic mice (Urion et al., 1979).
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An interesting example of the power of 13C MRS in elucidating cell-specific metabolism in
the CNS is the avid labeling of GABA from [13C]glycerol (Nguyen et al., 2003); this labeling
greatly exceeded that of glutamate and glutamine (Fig. 6), pointing to GABAergic neurons
as the predominant cell compartment for glycerol metabolism. A later 13C MRS study
showed that glycerol is being produced from glucose by both neurons and astrocytes and
that this production increases during hypoxia or epileptic seizures (Nguyen et al., 2007c).
The two findings put together (formation of glycerol in both neurons and astrocytes and its
metabolism by GABAergic neurons) could point to a 'glycerol cycle' in the brain.
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Fig. 6. 13C MR spectra of brain extracts from mice that received [U- 13C]glycerol i.v. Wake
mice received 150 pmol [U-13C]glycerol and were killed at 5 or 15 min. Peak numbers: 1,
lactate C3; 2, glutamate C4; 3, GABA C2; 4, glycerol C1 + C3. *Internal standard (dioxane).
Note the strong labeling of GABA C2 relative to glutamate C4 at 15 min after injection of
[U-13C]glycerol in comparison with the much higher labeling of glutamate from 13C-labeled
glucose or pyruvate (Figs. 1 and 5). Reprinted from Nguyen et al., 2003, with permission
from the publisher.

5. Identification of metabolic pathways from the ¥c labeling of specific
carbon positions in glutamate and glutamine

In the second paragraph of this paper (3C MRS for the visualization of brain energy
metabolism') the 13C labeling of glutamate from [13C]glucose through TCA cycle activity is
described. In fact, any 3C-labeled substrate that gives rise to 13C-labeled acetyl-CoA will
label glutamate and glutamine in positions that reflect the entry of label into the TCA cycle
and its subsequent turning in the cycle. This applies to 13C-labeled lactate, pyruvate, alanine,
beta-hydroxybutyrate, acetate, butyrate, glycerol, and others. However, substrates that give
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rise to 13C-labeled pyruvate in the brain (glucose, pyruvate, lactate, alanine, glycerol) may
enter the TCA cycle through two different enzymatic routes. The first, which gives rise to
acetyl-CoA, is pyruvate dehydrogenase, which removes a carboxylic group from pyruvate
in the form of CO,. The second route involves the addition of a carboxylic group (from CO;
or HCOs") to pyruvate to produce oxaloacetate or its immediate precursor malate (See upper
part of Fig. 7); these reactions are known as pyruvate carboxylation. In astrocytes, the
reaction is catalyzed by pyruvate carboxylase, in neurons, it may be catalyzed by malic
enzyme. These reactions are 'anaplerotic', meaning that they function to 'fill up' the TCA
cycle with intermediates. They are thought to compensate for the loss of a-ketoglutarate
inherent in export of glutamine from astrocytes and for the similar loss of a-ketoglutarate
inherent in glutamatergic and GABAergic neurotransmission when (See below) astrocytes
take up glutamate or GABA from the synaptic cleft.

o 2R g
HO- C-C-C +CO, —> HO- C-C-C-C -OH

[1-13C]Pyruvate / Y-“C]Malate
(0] O 0

O
HO- C-C=C-C-OH  HO- C-C=C-C -OH
[1-13C]JFumarate [4-13C]JFumarate
Q OH Q Q QH O
1
HO- C-C-C-C -OH HO- C-C-C-C -OH
[1-13C]Malate [4-13C]Malate
Q0 Q9
HO- ¢-C-C + CO, HO- C-C-C +(CO,
[1-13C]Pyruvate Unlabeled pyruvate
and unlabeled CO, and 3CO,

Fig. 7. Reversible pyruvate carboxylation and equilibration of malate with fumarate, which
explains rapid formation of 13CO; from [1-13C]pyruvate. [1-13C]Pyruvate undergoes
carboxylation to [1-13C]malate, presumably by malic enzyme. [1-13C]Malate equilibrates with
the symmetrical fumarate, so that both [1-13C]malate and [4-13C]malate are formed.
Decarboxylation of these malates produces 13CO; as well as unlabeled CO». The 13C is
represented in italics.
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When pyruvate is 13C-labeled these reactions lead to the formation of 13C-labeled malate and
oxaloacetate. Pyruvate labeled in the 3rd carbon (which originates from glucose labeled in
the 1st position, [1-13C]glucose) leads to formation of malate or oxaloacetate labeled in the
3rd carbon. This carbon position corresponds to the 2nd carbon in glutamate and
glutamine. In several studies the greater labeling of the 2nd than the 3rd carbon in
glutamine has been taken as evidence of pyruvate carboxylase activity in astrocytes
(Shank et al., 1993; Hassel et al., 1995a; Serres et al., 2008). A similar preferential labeling
of the 2nd over the 3rd carbon in glutamate has not been consistently found, apparently
pointing to the absence of pyruvate carboxylation in neurons. However, oxaloacetate and
malate tend to equilibrate with the symmetrical fumarate, leading to scrambling of label
between the two carbon position. 13C MRS evidence of such scrambling in neurons has
been reported in both cultured neurons (Merle et al., 1996) and in vivo (Hassel et al., 2000;
Gonzalez et al., 2005). Another way to study pyruvate carboxylation is to use glucose
labeled in the 2nd position. Glucose labeled in this position ([2-13C]glucose) does not label
acetyl-CoA, but it may label the 2nd and 3rd positions in glutamate and glutamine through
pyruvate carboxylation. Mason et al (2007) showed in awake human subjects the flux
through pyruvate carboxylation to be approximately 6% of that through pyruvate
dehydrogenase (the activity of which was studied with [1-13C]glucose). This value was in
good agreement with previous 13C MRS studies in rats (Shank et al., 1993) and with
previous estimates based on radiolabeling studies (Van den Berg, 1973).

Formation of pyruvate from TCA cycle intermediates malate or oxaloacetate (through the
decarboxylating activities of malic enzyme and phosphoenolpyruvate carboxykinase,
respectively) is termed pyruvate recycling. This process takes place in the brain (Cerdan et
al., 1990; Hassel and Sonnewald, 1995b; Cruz et al., 1998) as it does in liver. In one study this
process was identified in brain by 3C MRS of brain extracts from rats that had received
[13C]acetate, which labeled lactate (Hassel and Sonnewald, 1995b). Such labeling can only
occur through formation of pyruvate from TCA cycle intermediates. When pyruvate thus
formed (and labeled) enters the TCA cycle through pyruvate dehydrogenase a distinct
labeling pattern may be seen in glutamate (Cerdan et al., 1990; Haberg et al., 1998). Valid
criticism of the interpretation of previous studies has come from Serres et al. (2008) who
pointed out that hepatic gluconeogenesis with 13C labeling of serum glucose from
[13CJacetate may influence findings in the brain. However, pyruvate recycling also occurs in
cultured brain cells (astrocytes), in which hepatic gluconeogenesis is not an issue
(Sonnewald et al., 1996).

With the use of 13C MRS Gruetter and colleagues were able to determine the concentration
and turnover of glycogen in the intact brain (van Heeswijk et al., 2010), and they also
described the formation of N-acetyl-aspartate, which is present in the brain at high
concentrations, from [13C]glucose, and they determined the turnover rate of this presumed
'inert' compound (Choi et al., 2004).

6. The use of hyperpolarization of '*C to increase MRS sensitivity

A problem with 13C MRS is the low sensitivity of the method. This weakness implies that
13C-labeled metabolic substrates have to be given in large amounts to achieve detection of
their metabolites. In contrast, radiolabeling studies are done with minute quantities of
substrate. In an attempt to improve 13C MRS sensitivity, hyperpolarization of 13C-labeled
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substrates has been done prior to i.v. injection. The MRS signal may thus be enhanced more
than 10,000 times (Ardenkjaer-Larsen et al., 2003). In some studies pyruvate, which is
labeled in the carboxylic position, [1-13C]pyruvate, has been used (Hurd et al., 2010;
Marjaniska et al., 2010; Mayer et al., 2011). The [13C]pyruvate is hyperpolarized immediately
before i.v. injection. The hyperpolarization is lost within some seconds, however, and the
detection of metabolism of pyruvate is restricted to 13C-labeled lactate, alanine, and CO; (see
Fig. 2). Formation of 13CO, has been interpreted to reflect pyruvate dehydrogenase activity,
i.e. the formation of acetyl-CoA, which may enter the TCA cycle to form citrate. But in the
brain the activity of pyruvate dehydrogenase is quite low (Morland et al., 2007), and
formation of TCA cycle intermediates and related amino acids takes several minutes
(Gonzalez et al., 2005), so a more likely explanation for the formation of 13CO, within a few
seconds is reversible pyruvate carboxylation (Fig. 3): [13C]pyruvate is carboxylated to
[13C]malate, which equilibrates with (the symmetrical) fumarate, so that 13C is distributed
evenly between the two carboxylic groups of fumarate. [13C]Fumarate equilibrates with
malate, which may become decarboxylated to pyruvate and CO,. Some of this CO, will then
be 13C-labeled. This series of reactions has been described in the brain with the use of [2-
BC]pyruvate and [3-13C]pyruvate (Gonzalez et al., 2005), and they occur much more rapidly
than the pyruvate dehydrogenase reaction. Another issue in studies that use hyperpolarized
substrates is the use of anesthesia, which reduces brain metabolism of 13C-labeled substrates
markedly (Shank et al., 1993).

Hyperpolarized [!3C]pyruvate may prove useful in the diagnostic workup of malignant
tumors, including brain tumors, which show a greater tendency to convert [13C]pyruvate
into [13C]lactate than the normal surrounding tissue. Some recent studies even suggest the
possibility of monitoring tumor response to therapy from the reduced conversion of
pyruvate into lactate within a day’s time after irradiation or chemotherapy (Day et al., 2007;
2011; Park et al., 2011).
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