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  Abstract      Studies of the complex interactions in intermediary metabolism between 
neurons and glia in cell cultures and animal models are important in order to under-
stand normal physiology, and the origin and development of psychiatric and neuro-
logical diseases in humans. This chapter will give examples of how cell culture studies 
using glutamatergic neurons from cerebellum, GABAergic neurons from cerebral 
cortex and astrocytes from both areas can be used to probe the importance of the tri-
carboxylic acid cycle, transamination reactions and glutamine synthesis. The middle 
cerebral artery occlusion model of ischemic stroke, the pentylene tetrazole model of 
epileptic seizures, the pilocarpine and kainic acid models of mesial temporal lobe 
epilepsy in rats and Genetic Absence Epilepsy Rats from Strasbourg (GAERS), will 
be used to describe what  13 C nuclear magnetic resonance spectroscopy analysis of rat 
brain extracts can tell us about metabolism in the diseased brain.  

  Keywords   Astrocyte  •  Neuron  •  Glutamate  •  GABA  •  Tricarboxylic acid cycle  
•  Glucose  •  Acetate  •  Rat  •  Human      

    8.1   Introduction 

 Nuclear magnetic resonance (NMR) spectroscopy is widely applied to study glial-
neuronal interaction (Fig.  8.1 ). The necessity of this interaction arises from the 
fact that essential enzymes for glutamate and GABA synthesis are located in 
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different cell types. Pyruvate carboxylase, the major anaplerotic enzyme in the 
brain is present exclusively in astrocytes, the same holds for glutamine synthetase 
whereas  glutamate decarboxylase is mostly in GABAergic neurons (for details 
see: McKenna et al.  2011  ) . 

 The nuclei most commonly used in NMR spectroscopy are:  1 H,  31 P, and  13 C. Since 
 1 H and  31 P have a high natural abundance, the most common methods of study involve 
examining differences in the natural abundance of  1 H or  31 P spectra of samples (sub-
jects) with various metabolic and genetic alterations. As indicated in Fig.  8.1 ,  13 C has 
a natural abundance of 1.1%. This disadvantage normally makes detection diffi cult 
and  13 C NMR spectroscopy is thus of limited use for studies on endogenous metabo-
lites unless they occur in large amounts. However, the low natural abundance can be 
an advantage in that  13 C-enriched precursors can be used for pathway mapping with 
little or no background interference from endogenous metabolites. For detailed 
description of homonuclear splitting patterns in biological molecules arising from 
 13 C labeled precursors see Cerdan et al.  (  1990  ) . Quantifi cation of  13 C spectra is thor-
oughly described by Badar-Goffer et al.  (  1990  )  and Sonnewald et al.  (  2011  ) , and a 
detailed allocation of resonances in biological systems has been done by Barany 
et al.  (  1985  ) , Fan  (  1996  )  and Fan and Lane  (  2008  ) .  

 Bachelard  (  1998  )  pioneered the application of  13 C NMR spectroscopy to the 
analysis of metabolic pathways in guinea pig brain slices using [1- 13 C]glucose both 
in extracts and during superfusion, whereas Shank et al.  (  1993  )  were the fi rst to 
apply  13 C NMR spectroscopy to study glial-neuronal interaction in rat brain extracts. 
[1- 13 C]Glucose has also been used for  in vivo  monitoring of cerebral metabolism 
and how this metabolism can be modeled is described in an excellent paper by 
Henry et al. ( 2006 )   . Compartmentation of glutamate metabolism has been studied 
in brain slices using  1 H and  13 C NMR spectroscopy (Kauppinen et al.  1994  ) . Using 
the same system, Rae et al.  (  2006  )  showed that the metabolic response to ionotropic 
glutamate receptor perturbations  in vitro  is a sensitive discriminator of metabolic 
function. In primary cultures of cortical astrocytes, neurons and co-cultures thereof, 
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glial-neuronal interactions have been studied using  13 C labeled substrates since 1991 
(Sonnewald et al.  1991  ) . These pioneer studies have unequivocally demonstrated 
that  13 C NMR spectroscopy is a unique and powerful tool for the analysis of brain 
metabolism and metabolic traffi cking between different cerebral compartments and 
many excellent studies have been performed since. 

 Studies of the complex interactions in intermediary metabolism between neu-
rons and glia in cell cultures, animal and human brains are important in order to 
understand normal physiology. Furthermore, progression of psychiatric and neuro-
logical diseases is accompanied by derangement in these processes. For example, it 
has been shown that glutamine synthetase is decreased in hippocampi of patients 
with mesial temporal lobe epilepsy, and 2-oxoglutarate dehydrogenase in 
Alzheimer’s disease patients (Eid et al.  2004 ; Gibson et al.  1998  ) . NMR spectros-
copy is an excellent  technique to analyze disturbances in metabolic processes, and 
enzyme inhibitors have been used to study the importance of a number of pathways 
in cell culture experiments and  in vivo . In rats trifl uoroacetic acid which blocks the 
astrocytic TCA cycle, has been used to show that glutamate synthesis is predomi-
nantly neuronal (Hassel et al.  1997  ) . The glutamine synthetase inhibitor methionine 
sulfoximine (MSO) blocks glutamine synthesis and reduces glutamate labeling by 
50% demonstrating the importance of the glutamate – glutamine cycle (Garcia-
Espinosa et al.  2004  ) .  

    8.2    13 C NMR Spectroscopy and Cell Cultures 

 Cells taken directly from the organism and subsequently grown for at least 24 h 
 in vitro  are considered to be primary cultures. They are obtained after an initial 
mechanical and/or enzymatic dissociation of the nervous tissue of neonatal or new-
born rat, mouse, or chick. Due to the relative abundance of cells, NMR spectroscopy 
studies are often performed on cultures consisting of excitatory cerebellar granule 
cells or inhibitory GABAergic cerebral cortex neurons (Schousboe et al.  1989 ; 
Hertz et al.  1989a  ) . The choice of these particular preparations of cultured neurons 
should be viewed in light of the fact that 90% of the synapses in the brain utilize 
either glutamate or GABA as the neurotransmitter. As counterparts for the neurons, 
astrocytes from the same brain region may be maintained in culture (Hertz et al. 
 1989b  ) . Such cultures of neuronal or glial origin may be kept not only in plastic tis-
sue culture fl asks or Petri dishes, but, alternatively, microcarriers or basement mem-
brane gel threads may be used as matrix (Westergaard et al.  1991b ; Sonnewald et al. 
 1992 ; Alves et al.  1996  ) . This technique allows transfer of the cultures directly to 
the NMR spectrometer. Additionally, Westergaard et al. ( 1991a ,  1992  )  have devel-
oped a technique to culture neurons on top of preformed layers of astrocytes, so 
called co-cultures, that have proven useful in studying neuronal-glial interactions. 
Using cell cultures, it is possible to distinguish intra- and extracellular metabolites, 
and  in vivo  spectra can be understood on the basis of the characteristics of the sepa-
rate cell culture types contained in the tissue. 
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    8.2.1   [1- 13 C]Glucose and [2- 13 C]Acetate 

 Both astrocytes and neurons, the main players in metabolism, can be kept in mono- 
and co-culture as outlined above. Using cell cultures it is possible to monitor intra- 
and extracellular metabolites separately. By incubating astrocytes and GABAergic 
neuronal cultures either alone or as co-cultures with [1- 13 C]glucose (for labeling pat-
tern see Fig.  8.2  and Sect   .  8.2.1 ) it could be shown that cortical neurons label GABA 
effi ciently and that astrocytes not only export glutamine, but also citrate to the medium 
(Sonnewald et al.  1991,   1993b  ) . [2- 13 C]Acetate (for labeling pattern see Fig.  8.3 ) did 
not label GABA in mono-cultures, but did so in co-cultures (Sonnewald et al.  1993b  ) . 
This labeling could be decreased by MSO thereby demonstrating that glutamine is a 
precursor for GABA (Sonnewald et al.  1993b  ) . Incubation of cortical neurons with 
[1- 13 C]glucose has also been used to show that GABA is synthesized in cerebellar 
neurons which are thought to be largely glutamatergic (Sonnewald et al.  2004  ) .    

  Fig. 8.2    Labeling patterns of amino acids originating from metabolism of [1- 13 C]glucose. Black 
circles indicate  13 C labeled atoms       

  Fig. 8.3    Labeling patterns of amino acids originating from metabolism of [2- 13 C]acetate.  Black 
circles  indicate  13 C labeled atoms       
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    8.2.2   [U- 13 C]Glucose and [U- 13 C]Lactate 

    8.2.2.1   Metabolism in Neurons 

 The advantage of uniformly labeled precursors is that detection of incorporation of 
label into metabolites is unambiguous due to  13 C- 13 C spin-spin coupling patterns 
(Cerdan et al.  1990  ) . The probability of having two  13 C atoms in the same molecule 
from the 1.1% naturally abundant  13 C is 0.01%, well below the detection limit for 
most naturally occurring substances. Uniformly labeled glucose ([U- 13 C]glucose) 
and lactate    ([U- 13 C]lactate) have been used to probe neurotransmitter synthesis in 
both cerebellar and cerebral cortical neurons (Fig.  8.4 ) (Waagepetersen et al.  2004, 
  2005a ; Bak et al.  2006  ) . It is well known that glutamate exists in a vesicular as well 
as a cytoplasmic pool and is metabolically closely related to the TCA cycle. 
Glutamate released during neuronal activity is to a large extent accumulated by 
astrocytes surrounding the synapse. A compensatory fl ux from astrocytes to neurons 
of suitable precursors is obligatory as neurons are incapable of performing a net 
synthesis of glutamate from glucose (for references see McKenna et al.  2011  ) . 
Glutamine appears to play a major role in this context. Employing cultured cerebel-
lar granule cells, as a model system for glutamatergic neurons, details of the biosyn-
thetic machinery have been investigated during control (Olstad et al.  2007  )  and 

  Fig. 8.4    NMR spectra of cell extracts from cultured cerebellar ( top ) and neocortical neurons ( bot-
tom ) incubated in medium containing 12 mM [U- 13 C]glucose for 4 h after change of medium. 
Abbreviations:  1 , alanine C-3;  2 , lactate C-3;  3 , GABA C-3;  4 , glutamate C-3;  5 , glutamate C-4;  6 , 
GABA C-2;  7 , aspartate C-3;  8 , GABA C-4 (from Waagepetersen et al.  2005b  )        
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depolarizing conditions inducing vesicular release (Waagepetersen et al.  2005a  ) . 
[U- 13 C]Glucose, [U- 13 C]Glutamine or [U- 13 C]Glutamate were used as labeled pre-
cursors for monitoring metabolic pathways by NMR spectroscopy and/or mass 
spectrometry (MS), a method complementary to NMR. Surprisingly, the intracel-
lular pool of glutamate was dependent on reuptake of released glutamate in cerebel-
lar granule neurons, disputing the importance of astrocytic glutamate uptake for 
controlling glutamate levels in the synapse in this brain region.   

    8.2.2.2   Metabolism in Astrocytes 

 Pyruvate carboxylation in brain has been linked to the glial specifi c enzyme, pyru-
vate carboxylase (PC). However, also malic enzyme is in principle capable of pyru-
vate carboxylation and this enzyme is present both in neurons and astrocytes. In 
order to probe in which cell type carboxylation is taking place cerebellar neurons and 
astrocytes in mono-culture were incubated with [U- 13 C]glucose plus [U- 13 C]lactate 
(Waagepetersen et al.  2001  ) . These labeled precursors can be metabolized into 
[U- 13 C]pyruvate and [1,2- 13 C]acetyl CoA (Fig.  8.5 ). In the fi rst turn of the TCA cycle, 
an unlabeled molecule of oxaloacetate condenses with [1,2- 13 C]acetyl CoA leading 
to formation of [4,5- 13 C]glutamate. In astrocytes [4,5- 13 C]glutamate is converted to 
[4,5- 13 C]glutamine, and in GABAergic neurons to [1,2- 13 C]GABA. [1,2- 13 C]aspartate 

  Fig. 8.5    Labeling patterns originating from metabolism of [U- 13 C]glucose and [U- 13 C]lactate. 
Black circles indicate  13 C labeled atoms.  Top : Metabolism of [U- 13 C]pyruvate involving the pyru-
vate dehydrogenase (PDH) complex.  Bottom : [U- 13 C]pyruvate metabolism via the pyruvate car-
boxylation pathway       
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and [3,4- 13 C]aspartate are formed in equal amounts in the fi rst turn due to the 
symmetrical succinate molecule. Label can also enter the TCA cycle  via  carboxyla-
tion of [U- 13 C]pyruvate (Fig.  8.5 , only labeled acetyl CoA is shown) and thus lead to 
formation of [1,2,3- 13 C]oxaloacetate and, when acetyl CoA is labeled, [2,3,4,5- 13 C]
glutamate, [U- 13 C]GABA and, in astrocytes, [2,3,4,5- 13 C]glutamine as well. It should 
be mentioned that the isotopomers generated from pyruvate carboxylation can also 
be formed in the 3 rd  turn of the TCA cycle. Therefore, Waagepetersen et al.  (  2001  )  
used the succinate dehydrogenase inhibitor 3-nitrpropionic acid to block cycling of 
metabolites. Using this inhibitor, it could be shown that only astrocytes were capable 
of carboxylation (Waagepetersen et al.  2001  ) . A overview of NMR experiments 
exploring pyruvate carboxylation is given in Sonnewald and Rae ( 2010 ). Also co-
cultures of cerebellar neurons and astrocytes have been incubated with uniformly 
labeled glucose and lactate, showing that metabolism of pyruvate, the precursor for 
lactate, alanine and acetyl-CoA is highly compartmentalized (Bak et al.  2007  ) .    

    8.2.3   [U- 13 C]Glutamate and [3- 13 C]Glutamate 

 Glutamate is the most abundant neurotransmitter and derangement in glutamate 
homeostasis/neurotransmission is linked to a number of neurological disorders like 
epilepsy, stroke, amylotrophic lateral sclerosis, and Alzheimer’s disease. It is there-
fore important to study glutamate metabolism under normal and pathological condi-
tions. Cell cultures can be incubated with [U- 13 C]glutamate (Fig.  8.6 ) and the 
distribution of label from [U- 13 C]glutamate can be seen in Fig.  8.7 . This approach 
makes it possible to analyze to which extent [U- 13 C]glutamate is converted directly 

  Fig. 8.6    NMR spectrum of cell extract from cultured cerebellar neurons incubated in medium 
containing 0.25 mM [U- 13 C]glutamate. Abbreviations:  1 , glutamate C-3;  2 , glutamate C-4;  3 , 
aspartate C-3;  4 , aspartate C-2;  5 , glutamate C-2       
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  Fig. 8.7    Labeling patterns of amino acids originating from metabolism of [U- 13 C]glutamate. 
 Black circles  indicate  13 C labeled atoms. Abbreviations:  Asp , aspartate;  Gln , glutamine;  Glu , glu-
tamate;  Lac , lactate;  Mal , malate;  OAA , oxaloacetate       

to glutamine or GABA (depending on cell type), or passed through the TCA cycle. 
Direct conversion will lead to [U- 13 C]-2-oxoglutarate, [U- 13 C]GABA (in GABAergic 
neurons) and [U- 13 C]glutamine (in astrocytes). [U- 13 C]-2-oxoglutarat can enter the 
TCA cycle and lead to the formation of uniformly labeled ([U- 13 C]) malate and 
oxaloacetate which in turn can give rise to [U- 13 C]aspartate and lactate (Fig.  8.7 ). 
After one turn of the TCA cycle, the C-4 and C-5 positions in 2-oxoglutarate will be 
occupied by  12 C atoms from unlabeled acetyl-CoA. Glutamate and glutamine 
derived from this precursor will have  12 C atoms in the C-4 and C-5 positions, and 
GABA will have  12 C atoms in the C-1 and C-2 positions (Figs   .  8.7  and  8.8 ).    

 Cell culture studies have demonstrated that [U- 13 C]glutamate is metabolized 
extensively in astrocytes and neurons (Qu et al.  2000b,   2001a,   b ; Sonnewald et al. 
 1993a  ) . Astrocytes metabolized [U- 13 C]glutamate to uniformly labeled aspartate, 
glutamine, lactate and alanine which were exported to the medium (Sonnewald 
et al.  1993a  ) . In cerebral cortical neurons [U- 13 C]glutamate did not label lactate, but 
in cerebellar granule neurons some labeling of lactate was detected (Sonnewald 
et al.  1996  ) . However, it cannot be totally excluded that this lactate was formed by 
the small number of astrocytes present in this type of preparation. Glutamate derived 
from the fi rst turn of the TCA cycle, i.e. [1,2,3- 13 C]glutamate (Fig.  8.7 ) is present in 
cerebellar and cortical astrocytes and neurons (Sonnewald et al.  1996  ) . [1,2- 13 C]
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Glutamate which is derived from the second turn of the cycle was only detected in 
granule neurons (Fig.  8.6 ) showing that cerebellar neurons have a higher TCA cycle 
turnover than the other cell types investigated (Sonnewald et al.  1996  ) . McKenna 
et al.  (  1996  )  showed that metabolism of [U- 13 C]glutamate in astrocytes is concen-
tration dependent. At [U- 13 C]glutamate levels above 0.2 mM more glutamate 
entered the TCA cycle after conversion to 2-oxoglutarate than was converted 
directly to glutamine. As mentioned above, using enzyme inhibitors the signifi -
cance of certain enzymes for metabolic processes can be probed. In astrocytes it 
could be shown that the transaminase inhibitor aminooxyacetic acid not only abol-
ished the appearance of aspartate, but also that of the glutamate-isotopomer, [1,2,3-
 13 C]glutamate, derived from the TCA cycle (Westergaard et al.  1996  ) . In this way it 
could be demonstrated that transamination is necessary for the conversion of 2-oxo-
glutarate to glutamate, but not for entry of glutamate into the TCA cycle via 2-oxo-
glutarate since lactate labeling was only slightly decreased   . The succinate 
dehydrogenase inhibitor 3-nitropropionic acid was used to abolish the labeling of 
aspartate and [1,2,3- 13 C]glutamate from [U- 13 C]glutamate by inhibiting TCA 
cycling in cerebellar granule neurons and cortical astrocytes (Sonnewald et al.  1996 ; 
Bakken et al.  1997  ) . As a result lactate was no longer labeled, indicating that malate 
or oxaloacetate derived from the TCA cycle directly are the precursors, rather than 
citrate, which could give rise to lactate via the citrate lyase pathway. Furthermore, 
it was shown that cerebellar neurons were affected by 3-nitropropionic acid at lower 
concentrations than astrocytes. These fi ndings have been replicated  in vivo  in the rat 
brain (Hassel and Sonnewald  1995a  ) . 

 Pyruvate recycling is a pathway for complete oxidation of glutamate. The cellular 
location and the physiological signifi cance of such recycling have been debated dur-
ing the last decade (Cerdan et al.  1990 ; Hassel and Sonnewald  1995b  ) . Using [3- 13 C]
glutamate, pyruvate recycling was probed in neurons, astrocytes and co-cultures of 
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astrocytes and neurons. With the sensitivity at that time, recycling was only detected 
in astrocytes in mono-culture (Waagepetersen et al.  2001  ) . In a recent study, using 
[U- 13 C]glutamate analysis of the labeling pattern of the C-4 position of glutamate 
and the number of  13 C atoms per glutamate molecule showed that pyruvate recycling 
is clearly present both in astrocytes and neurons (Olstad et al.  2007  ) .  

    8.2.4   [3- 13 C]Malate 

 Malate, specifi cally labeled with  13 C on C-3, was synthesized by chemical means 
and used to study malate metabolism in cortical astrocytes (Alves et al.  2000  ) . 
The consumption of malate was only 0.26  m mol/mg of protein, approximately 
25-fold lower than the consumption of glucose. [3- 13 C]Malate in combination with 
glucose as well as [3- 13 C]malate alone caused labeling of lactate, glutamine and 
fumarate which were the three major metabolites released to the medium. Very low 
and similar levels of isotopic enrichment were detected on C-2 and C-3 of lactate. 
Glutamine was labeled on C-2 and C-3 to a similar extent as well and labeling on 
C-4 of glutamine was only detected when glucose was not added. These labeling 
patterns clearly show that cytosolic malic enzyme is not active in primary astrocytes 
and demonstrate the occurrence of pyruvate recycling (Alves et al.  2000  ) .   

    8.3    13 C NMR Spectroscopy and Animal Models 

    8.3.1   Administration of Labeled Substrates and Factors 
Relevant to Label Incorporation 

 In animal studies there are several ways of obtaining  13 C enrichment in the com-
pounds of interest. The appropriate approach depends on the hypothesis under 
investigation. 

 For  in vivo   13 C NMR spectroscopy studies of metabolic fl uxes, a continuous infu-
sion until steady state is required (Sibson et al.  1997,   2001 ; Cerdan et al.  1990 ; 
Henry et al.  2003 , for review see Henry et al.  2006 ). In these experiments plasma 
glucose concentration and enrichment need to be monitored in parallel with spectra 
acquisition in order to obtain an input function for the metabolic model used. In 
some instance this may pose a problem. For instance in small rats and mice obtain-
ing serial blood samples have to be performed in a separate set of animals outside 
the magnet because the blood volume is very small. Furthermore, lengthy steady 
state studies may be problematic in many animal models of disease as the condition 
may progress with time, for instance in acute stroke. Also animals with certain con-
ditions such as chronic epilepsy, may not be fi t for lengthy  in vivo  scan protocols. 
The increased glucose concentration, which accompanies a steady state infusion 
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scheme, may be deleterious in for example stroke and epilepsy models. The effect 
of hyperglycemia on the underlying condition rather than the primary condition per 
se is then studied. However, dynamic studies can also be performed in awake ani-
mals (Oz et al.  2004  ) . This method requires more animals to be sacrifi ced, but sen-
sitivity is excellent as  13 C NMR spectroscopy analysis of all time points will be 
performed in tissue extracts. Furthermore, small specifi c brain regions can be 
investigated. 

 There are many instances in which a short intra venous infusion (Serres et al. 
 2003  )  or intra venous bolus injection (Haberg et al.  2001  )  are feasible. Short inter-
vals of label administration lead to short period of increased plasma concentra-
tion of the substrate given. This may reduce deleterious and unwanted effects of 
the labeled substrate. At the same time this “snap shot” approach enables one to 
 differentiate between metabolic processes in different brain regions and due to 
 different pathological processes even though steady state has not been obtained 
(Haberg et al.  2001,   2007  ) . Indeed, short infusion schemes have been able to eluci-
date aspects of brain metabolism, not detectable with steady state infusion. Using 
direct intracarotid bolus injection biphasic labeling in [4- 13 C]glutamate was found 
combined with rapid decline in plasma glucose levels. These results suggested that 
the initial glutamate labeling came from labeled plasma glucose, whereas later glu-
tamate labeling arose from glycogen synthesized in astrocytes from the labeled glu-
cose (Griffi n et al.  1999  ) . It is also possible to administer the labeled substrate 
subcutaneously (Hassel et al.  1995 ) or intraperitoneally (Shank et al.  1993 ; Kondziella 
et al.  2003  ) . These methods may be less reliable than intravenous approaches 
because variations in local blood fl ow in the area of injection will infl uence uptake 
of the substrate into the circulation. The pro with subcutanouse and intraperitoneal 
administration is that no anesthesia is required, and that they can be performed by 
most researchers. Actually results from intraperitoneal injection share some charac-
teristics with that of an intravenous bolus injection, as there is a trend for biphasic 
labeling of glutamate (Shank et al.  1993  )  similar to that reported by Griffi n et al. 
 (  1999  ) . 

 For studies aimed at investigating synthesis and metabolism of compounds with 
a very slow conversion rate it is even possible to introduce  13 C label through  13 C 
enriched chow (Karelson et al.  2003  )  or water (Choi and Gruetter  2003  ) . Animal 
chow can be enriched with  13 C labeled glucose, or with  13 C enriched biomass 
(Karelson et al.  2003  ) . 

 There are also other factors that will infl uence the results when giving  13 C labeled 
precursors to animals. One important factor is systemic metabolism of labeled sub-
strates, i.e. metabolism of the labeled compound outside the brain. This will give 
rise to newly labeled compounds that may be substrates for brain metabolism. In the 
liver label originating from glucose and/or acetate can be incorporated into glucose 
via gluconeogenesis and thus leads to labeled lactate and glucose. These newly 
formed compounds can have  13 C label in positions other than the original position. 
Furthermore, the Cori and alanine cycles as well as pyruvate recycling and futile 
cycling may lead to non-symmetrical scrambling of label in glucose. In plasma,  13 C 
from labeled glucose, acetate and lactate is detected in new positions in glucose 
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15 min after bolus injection in fasted rats (Haberg et al.  2001,   1998b,   a ; Qu et al. 
 2000a ; Serres et al.  2003  ) . Label was not detectable in plasma amino acids. Brain 
amino acids, on the other hand, were labeled. This is due to the fact that conversion 
of glucose or acetate into amino acid in the brain proceeds at a rate several times 
higher than in all other organs (Gaitonde et al.  1965 ; Vrba  1962  ) . Factors like type 
(continuous versus bolus) and duration of infusion, the metabolic state of the animal 
(fasted versus non-fasted) and drugs administered will infl uence the extra-cerebral 
metabolism of the labeled substrates. Plasma samples should be obtained and ana-
lyzed in order to evaluate whether there has been synthesis of signifi cant amounts of 
newly labeled substrates, which could interfere with the analysis of labeling pat-
terns in the brain. The importance of this phenomenon is illustrated by the results 
obtained from plasma extract analyses from rats receiving [U- 13 C]lactate. Fifteen 
minutes after an intravenous bolus injection of [U- 13 C]lactate there were approxi-
mately equal amounts of [1,2,3- 13 C]- and [1,2- 13 C]glucose indicating gluconeogen-
esis from [U- 13 C]lactate. It was thus possible that the labeling seen in the cerebral 
amino acids originated from labeled glucose, not [U- 13 C]lactate. However, the pres-
ence of signifi cantly more label in [U- 13 C]alanine than in [2,3- 13 C]alanine demon-
strated that [U- 13 C]lactate did indeed cross the blood-brain barrier, and was 
metabolized further in the brain (Qu et al.  2000a  ) . 

 Also anesthesia has important effects on  13 C labeling of metabolic intermediates 
in the brain which need to be taken into account. Surgical procedures demand that 
the animal is under proper anesthesia. Furthermore, most  in vivo  NMR spectroscopy 
experiments using animals will require anesthesia. However, anesthetic agents 
reduce cerebral glucose metabolism (Cremer and Lucas  1971  )  and thus the incorpo-
ration of  13 C label from glucose into amino acids (Shank et al.  1993 ; Hyder et al. 
 2003  ) . Labeling from  13 C acetate is not affected, but astrocytic acetate oxidation is 
reduced. Moreover, anesthesia affects cortical and subcortical brain regions to differ-
ent degrees (Hansen et al.  1988 ; Hoffman et al.  1991 ; Haberg et al.  2001  ) . It should 
also be noted that anesthetic compounds infl uence neurotransmitter release (Haberg 
et al.  2001  ) , and that some anesthetic agents interact with neurotransmitter receptors 
(Freo and Ori  2004 ; Whitehead et al.  2004  ) . In addition, different anesthetic agents 
depress the cerebral metabolism to varying degrees (Hyder et al.  2003  ) . This implies 
that the metabolic changes induced by anesthesia will infl uence the  13 C labeling pat-
terns, and must be considered when interpreting  13 C NMR spectroscopy results.  

    8.3.2    13 C Labeled Glucose and Acetate 

  13 C labeled glucose has been used widely in  13 C MR spectroscopy studies since it is 
the main substrate in the adult brain. [1- 13 C]glucose is the most frequently adminis-
trated principally because it is the least expensive. However use of [1,6- 13 C]glucose 
will increase the enrichment in the metabolic intermediates with a factor of two, and 
thus increase the sensitivity. [2- 13 C]glucose has also been used to explore the impor-
tance of astrocytic pyruvate carboxylation and TCA cycle activity (Sibson et al. 



2338  13 C NMR Spectroscopy as a Tool in Neurobiology

 2001 ; Mason et al.  2007  ) . [U- 13 C]glucose is another alternative. It has been shown 
that glucose enters neurons and astrocytes equally (Nehlig et al.  2004  ) . Still glucose 
is thought to be metabolized more in the neuronal TCA cycle (Fig.  8.9 ) (Minchin 
and Beart  1975b,   a ; Sonnewald et al.  1991  ) . Using  13 C NMR spectroscopy it has 
been calculated that 65% of acetyl CoA derived from glucose is metabolized in the 
neuronal TCA cycle  in vivo  (Hassel et al.  1995 ; Qu et al.  2000a  ) . In the astrocyte 
glucose may be converted to lactate without entering the TCA cycle and then shut-
tled to neurons (Serres et al.  2004  )  (Fig.  8.10 ).   

 Acetate labeled in the C-2 or C-1,2 positions are also frequently used. Acetate 
metabolism is considered to be located to astrocytes. Acetate is selectively taken up 
by astrocytes by a specialized transport system, which is absent or less active in 
neurons (Waniewski and Martin  1998  ) . 

 By simultaneous injection of [1- 13 C]glucose and [1,2- 13 C]acetate followed by  13 C 
NMR spectroscopic analysis of brain extracts, information about both neuronal and 
astrocytic metabolism can be obtained in the same animal (Taylor et al.  1996  )  (for 
simplifi ed overview of the metabolic pathways for glucose and acetate see Figs.  8.10  
and  8.12 ). Injection of  13 C labeled glucose and acetate leads to effi cient labeling of 
many metabolites as can be seen in the brain extract spectrum in Fig.  8.9 . Label 
from [1- 13 C]glucose can be quantifi ed by analyzing the singlet peaks in the different 
compounds. The doublets seen in the spectrum are mostly derived from [1,2- 13 C]
acetate and thus astrocytic metabolism. Simplifi ed schemes of the metabolic 

  Fig. 8.9    NMR spectrum of rat brain extract. Rats were injected with [1- 13 C]glucose (3 mM/kg) 
and [1,2- 13 C]acetate (3 mM/kg) and decapitated 15 min later. Abbreviations:  ala , Alanine;  Asp , 
aspartate;  Gln , glutamine;  Glu , glutamate;  Lac , lactate;  NAA , N-acetylaspartate       
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pathways of these two substrates are shown in Figs.  8.2  and  8.8 .  Via  glycolysis 
[1- 13 C]glucose is converted to [3- 13 C]pyruvate which can be converted to [3- 13 C]
alanine or [3- 13 C]lactate. Alternatively, pyruvate can enter the TCA cycle  via  [2- 13 C]
acetyl CoA. This will lead to the formation of [4- 13 C]glutamate and glutamine or 
[2- 13 C]GABA. Furthermore, pyruvate can be carboxylated by pyruvate carboxylase 
(PC) to oxaloacetate which will lead to the synthesis of [2- 13 C]glutamate and glu-
tamine or [4- 13 C]GABA. PC activity is illustrated in Fig.  8.5  for [U- 13 C]glucose 
(which is analogous to [1- 13 C]glucose). [1,2- 13 C]acetate can also be converted to 
acetyl CoA, however, the product, [1,2- 13 C]acetyl CoA, has two  13 C atoms (Fig.  8.8 ), 

  Fig. 8.10    Metabolic pathways for acetate. The neuron depicted is a non-existing neuron, which 
releases both neurotransmitters glutamate and GABA. Acetate is only taken up by astrocytes due 
to the presence of a specifi c acetate transporter on these cells. In the astrocytes acetate is converted 
to acetyl CoA by acetyl CoA synthetase and can subsequently enter the tricarboxylic acid (TCA) 
cycle.  a -Ketoglutarate can leave the TCA cycle and can be transaminated by aspartate, alanine or 
branched chain aminotransferases to glutamate. In the astrocytes glutamate is rapidly converted to 
glutamine by the action of glutamine synthetase (GS). GS is found only in astrocytes and oligoden-
drocytes. Glutamine is released from astrocytes and then taken up by high affi nity transporters 
present on neurons. Inside the neuron glutamine is converted to glutamate by phosphate activated 
glutaminase (PAG). Astrocytic glutamine is used specifi cally to replenish the glutamate neu-
rotransmitter pool in glutamatergic neurons. Glutamate released as neurotransmitter is predomi-
nantly taken up by astrocytes. In the astrocyte the neurotransmitter glutamate can either be 
converted directly to glutamine by GS, or enter the TCA cycle via transamination or oxidative 
deamination by glutamate dehydrogenase. As schematically illustrated in the neuron, glutamate 
derived from astrocytic glutamine can be converted to GABA by the action of glutamate decar-
boxylase (GAD). This enzymatic reaction is considered to take place mostly in GABAergic neu-
rons. GABA released as neurotransmitter is mainly taken up by the GABAergic neuron, but 
astrocytes possess the capacity to take up and metabolize GABA       
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  Fig. 8.11    Metabolic pathways for lactate. The neuron depicted is a non-existing neuron, which 
releases both neurotransmitters glutamate and GABA. Lactate can be taken up by both neurons and 
astrocytes, but there is an uneven distribution of lactate dehydrogenase (LDH) isoenzymes between 
the two cell types. Neurons have only the LDH 

1
  isoform, which favors the production of pyruvate, 

while astrocytes have the LDH 
5
  isoform that drives the reaction towards lactate formation and the 

LDH 
1
  isoform. Consequently there is limited synthesis of pyruvate from lactate in astrocytes. In 

neurons, however, lactate is readily converted to pyruvate and subsequently acetyl CoA for entry 
into the tricarboxylic acid (TCA) cycle.  a -Ketoglutarate leaves the neuronal TCA cycle and can be 
transaminated by aspartate, alanine or branched chain aminotransferases to glutamate. It should be 
noted that glutamate and GABA de novo synthesis takes place only in astrocytes because the ana-
plerotic enzyme in brain pyruvate carboxylse (PC) is located in astrocytes (see below). In 
GABAergic neurons glutamate is converted to GABA by glutamate decarboxylase activity (GAD). 
Neurotransmitter glutamate or GABA can subsequently be released into the synaptic cleft. 
Glutamate is predominantly taken up by astrocytes, and GABA by GABAergic neurons. In the 
astrocyte the neurotransmitter glutamate can either be converted directly to glutamine by glu-
tamine synthetase (GS), or enter the TCA cycle via transamination or oxidative deamination by 
glutamate dehydrogenase. GABA is mainly taken up by the GABAergic neuron, but astrocytes 
possess the capacity to take up and metabolize GABA. GABA is metabolized by GABA amin-
otransferase and succinic-semialdehyde dehydrogenase, which allow four of the fi ve carbon atoms 
from  a -ketoglutarate to re-enter the TCA cycle as succinate. In astrocytes pyruvate from lactate 
can enter the TCA cycle via either PDH or PC activity. The entry of  13 C labeled glucose into 
the TCA cycle via PC activity gives rise to distinct labeling patterns in glutamate, glutamine 
and GABA, which can be differentiated from the labeling patterns found when  13 C labeled glu-
cose enters the TCA cycle via PDH activity. Hence, in astrocytes either acetyl CoA or oxaloacetate 
from pyruvate is incorporated into the astrocytic TCA cycle. After additional enzymatic steps 
 a -ketoglutarate is formed and can leave the TCA cycle and be transaminated to glutamate. In the 
astrocytes glutamate is rapidly converted to glutamine by the action of GS. GS is found only in 
astrocytes and oligodendrocytes. Glutamine is released from astrocytes and then taken up by high 
affi nity transporters present on neurons. Inside the neuron glutamine is converted to glutamate by 
phosphate activated glutaminase (PAG). In GABAergic neurons GAD converts glutamate originat-
ing from glutamine to GABA       
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  Fig   . 8.12    Metabolic pathways for glucose. Glucose is taken up equally by astrocytes and neurons, 
but at the level of acetyl CoA more glucose enters the neuronal than the astrocytic TCA cycle. In 
neurons pyruvate from glucose can only be incorporated into the TCA cycle via pyruvate dehydro-
genase (PDH) activity. PDH converts pyruvate to Acetyl CoA which condenses with oxaloacetate 
and produces citrate.  a -Ketoglutarate is formed after two additional enzymatic steps in the TCA 
cycle.  a -Ketoglutarate can leave the neuronal TCA cycle for subsequent transamination with 
aspartate, alanine or branched chain aminotransferases to form glutamate. It should be noted that 
glutamate and GABA de novo synthesis takes place only in astrocytes sinc the anaplerotic enzyme 
in brain, pyruvate carboxylase (PC) is located in astrocytes (see below). In GABAergic neurons 
glutamate is converted to GABA by glutamate decarboxylase activity (GAD). Neurotransmitter 
glutamate or GABA can subsequently be released into the synaptic cleft. Glutamate is predomi-
nantly taken up by astrocytes, and GABA by GABAergic neurons. In the astrocyte the neurotrans-
mitter glutamate can either be converted directly to glutamine by glutamine synthetase (GS), or 
enter the TCA cycle via transamination or oxidative deamination by glutamate dehydrogenase. 
GABA is mainly taken up by the GABAergic neuron, but astrocytes possess the capacity to take 
up and metabolize GABA. GABA is metabolized by GABA aminotransferase and succinic- 
semialdehyde dehydrogenase, which allows four of the fi ve carbon atoms from  a -ketoglutarate to 
re-enter the TCA cycle as succinate.In the astrocyte pyruvate from glucose can enter the TCA 
cycle via either PDH or PC activity. The entry of  13 C labeled glucose into the TCA cycle via PC 
activity gives rise to distinct labeling patterns in glutamate, glutamine and GABA, which can be 
differentiated from the labeling patterns found when  13 C labeled glucose enters the TCA cycle via 
PDH activity. Hence, in astrocytes either acetyl CoA or oxaloacetate from pyruvate is incorporated 
into the astrocytic TCA cycle. After additional enzymatic steps  a -ketoglutarate is formed and can 
leave the TCA cycle and be transaminated to glutamate. In the astrocytes glutamate is rapidly 
converted to glutamine by the action of GS. GS is found only in astrocytes and oligodendrocytes. 
Glutamine is released from astrocytes and then taken up by high affi nity transporters present on 
neurons. Inside the neuron glutamine is converted to glutamate by phosphate activated glutaminase 
(PAG). Astrocytic glutamine is used specifi cally to replenish the glutamate neurotransmitter pool 
in glutamatergic neurons. Glutamine is also taken up by GABAergic neurons, converted to gluta-
mate via PAG and then to GABA by GAD       
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resulting in doublet formation (Fig.  8.9 ). Thus [4,5- 13 C]glutamate and glutamine or 
[1,2- 13 C]GABA are formed. Since both acetyl CoA and oxaloacetate can be either 
labeled or unlabeled, the number of possible isotopomers of the metabolites derived 
from the TCA cycle is large. Only compounds derived from the fi rst turn are repre-
sented in Figs.  8.2  and  8.8 . By comparing the doublets with singlets, it can be seen 
in Fig.  8.9  that glutamine is labeled more from [1,2- 13 C]acetate (doublet) than from 
[1- 13 C]glucose (singlet), the opposite is the case for glutamate and GABA. Lactate, 
alanine and N-acetylaspartate (NAA) are mainly labeled from glucose.    

    8.3.3   [U- 13 C]Lactate 

 Under normal resting conditions lactate is present in the blood at a concentration of 
~1 mM, and it was thought that the brain does not extract appreciable amounts of this 
potential substrate (Harada et al.  1992  ) . However, it is now widely accepted that 
lactate is a fuel for neuronal metabolism and that astrocytes play a critical role in the 
regulation of this meatbolism (Waagepetersen et al.  2009  ) . The astrocyte-neuron lac-
tate shuttle hypothesis (ANLSH) describes the role of astrocytes in shuttling lactate 
from astrocytes to neurons in response to brain activation (Magistretti et al.  1999 ; 
Pellerin et al.  2007  ) . The exact nature of this shuttle has yet to be fully elucidated 
(Waagepetersen et al.  2009  ) , but an extension of the ANLSH was published by 
Cerdán et al.  (  2006  )  proposing that subcellular compartmentation of pyruvate allows 
neurons and astrocytes to select between glucose and lactate as alternative substrates, 
depending on their relative extracellular concentration and the operation of a redox 
switch. In neuronal cell cultures it has been shown that oxidative metabolism of 
lactate was more intense than that of glucose, both under resting and depolarizing 
conditions (Peng et al.  1994  ) . Lactate was also shown to be an important energy fuel 
in cultured GABAergic neurons, and it extensively labeled amino acids synthesized 
from TCA cycle intermediates (Waagepetersen et al.  1998  ) . 

 Several studies have appeared showing that  13 C labeled lactate is a useful tool for 
mapping neuronal metabolism (Fig.  8.11 T) (Serres et al.  2003 ; Qu et al.  2000a ; 
Tyson et al.  2003  ) . In a study by Qu et al.  (  2000a  )  fully awake rats were injected 
intravenously with [U- 13 C]lactate or [U- 13 C]glucose followed 15 min later by decap-
itation. For labeling patterns see Fig.  8.5 . Incorporation of label from [U- 13 C]lactate 
was seen mainly in glutamate, GABA, glutamine, aspartate, alanine, and lactate. 
When [U- 13 C]glucose was the precursor, label incorporation was similar to that 
observed from [U- 13 C]lactate, but much larger. However, contribution from pyru-
vate carboxylase (astrocytic enzyme) was much more pronounced after the glucose 
injection. This indicated that relatively more pyruvate from lactate than glucose was 
metabolized in neurons. Surprisingly, the same amount of lactate was synthesized 
via the TCA cycle in both groups, indicating transfer of neurotransmitters from the 
neuronal to the astrocytic compartment as Serres et al.  (  2003  )  and Hassel et al. 
 (  1995  )  have shown that lactate from the TCA cycle is synthesized primarily in 
astrocytes. Serres et al.  (  2003  )  could come to this conclusion by analyzing  13 C 
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enrichment in lactate and Hassel et al.  (  1995  )  showed formation of lactate via the 
astrocytic TCA cycle by documenting lactate formation from [2- 13 C]acetate.   

    8.4    13 C NMR Spectroscopic Analyses of Neuronal-Glial 
Interactions in Focal Cerebral Ischemia 

    8.4.1   Focal Ischemia 

 Focal cerebral ischemia or thrombo-embolic occlusion of an intracerebral artery is 
the cause of approximately 75% of all strokes. In focal cerebral ischemia excessive 
stimulation of glutamate receptors, glutamate excitotoxicity, is recognized as an 
important mediator of neuronal death (Rothman and Olney  1986 ; Choi  1994  ) , 
whereas increased GABA receptor stimulation in the mature brain is considered neu-
roprotective (Schwartz-Bloom and Sah  2001  ) . Astrocytes are inextricably involved 
in the synthesis of both neurotransmitter glutamate and GABA, and any disturbance 
in the metabolic interaction between astrocytes and neurons may have important 
implications for the fi nal outcome after focal cerebral ischemia. Indeed, increased 
astrocytic oxidation of amino acids, glutamate, glutamine and GABA, combined 
with elevated pyruvate recycling was demonstrated in a model of combined focal 
and global ischemia in the hemisphere ipsilateral to the focal insult (Pascual et al. 
 1998  ) . Also glutamate can be released from astrocytes in ischemic conditions, con-
tributing to the excitotoxic damage (for review see Rossi et al.  2007  ) . 

 In order to study the dynamic changes in the metabolic interactions between 
astrocytes and neurons during focal cerebral ischemia, we combined  in vivo  injec-
tion of labeled [1- 13 C]glucose and [1,2- 13 C]acetate in rats subjected to intraluminal 
occlusion of the middle cerebral artery (MCAO) (Longa et al.  1989  ) . In this model 
of focal ischemia the cerebral blood fl ow is most severely reduced in the lateral 
caudoputamen and lower part of the frontoparietal cortex (Longa et al.  1989 ; Muller 
et al.  1995  ) , referred to as the ischemic core. In the upper frontoparietal cortex, 
cerebral blood fl ow is moderately reduced (Memezawa et al.  1992 ; Muller et al. 
 1995  ) , and this area is considered to represent the penumbra. Reperfusion and/or 
neuroprotective drug treatment is aimed mainly at salvaging the penumbra. However, 
it should be noted that focal cerebral ischemia is a dynamic process where the isch-
emic tissue gradually progresses from reversibly to irreversibly damaged. Moreover, 
the time-frame for this deterioration is controversial and depends on factors like 
temperature, reperfusion and individual variations in collateral blood supply. At dif-
ferent time intervals after onset of ischemia rats with permanent or transient MCAO 
were decapitated and their brains snap frozen. Areas considered representing the 
ischemic core and penumbra, were dissected and extracted for subsequent  ex vivo  
 13 C NMR spectroscopy and high performance liquid chromatography (HPLC) anal-
ysis. Cerebellum and contralateral hemisphere also undergo changes (Haberg et al. 
 2009  ) , but these changes are not discussed in this chapter.  
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    8.4.2   Ischemic Core 

 MCAO disrupted the glutamate-glutamine cycle in the ischemic core (Haberg et al. 
 1998b,   2001  ) . Incorporation of label from [1- 13 C]glucose into [4- 13 C]glutamate, 
refl ecting mainly oxidative metabolism in glutamatergic neurons, declined rapidly 
after MCAO. The acetate versus glucose utilization ratio which is calculated from 
the amount of label originating from [1,2- 13 C]acetate compared to that from [1- 13 C]
glucose (Taylor et al.  1996  ) , i.e. [4,5- 13 C]glutamate/[4- 13 C]glutamate or [1,2- 13 C]
GABA/[2- 13 C]GABA, was signifi cantly increased at all times after MCAO showing 
that the relative importance of astrocytic glutamine in glutamate production was 
increased in ischemia (Haberg et al.  1998b,   2001  ) . Thus suggesting that astrocytic 
glutamine contributes signifi cantly to excitotoxicity in the ischemic core. 

 In pathological states not only labeling patterns, but also tissue concentrations of 
the amino acids under investigation may change. The changes in label incorporation 
and amino acid content may not always correspond, leading to large variations in 
the percent enrichment of  13 C in the amino acids during ongoing pathological pro-
cesses in the brain. During MCAO there was a steady decline in glutamate content, 
most likely multifactorial in origin. Glutamate synthesis was signifi cantly reduced, 
and glutamate consumption elevated since GABA and alanine levels increased with 
time and astrocytes continued to take up and convert glutamate to glutamine (Haberg 
et al.  1998b,      2001  ) . However, the reduction in glutamate content far exceeded the 
aforementioned factors, implying that MCAO caused massive glutamate effl ux 
beyond the capacity of the astrocytic glutamate transporters, and thus glutamate was 
lost into the systemic circulation and cerebrospinal fl uid. This has been observed in 
patients (Castillo et al.  1996  ) . Glutamate effl ux over the blood brain barrier can only 
occur in instances when the blood brain barrier is damaged, as in ischemia. Under 
normal conditions only neutral amino acids, like glutamine, can transverse the blood 
brain barrier. During MCAO GABA content gradually increased, but incorporation 
of  13 C was signifi cantly reduced at all times after MCAO. At 240 min of MCAO no 
labeling above natural abundance (1.1%) was detectable in GABA. This fi nding 
implies that GABA synthesis from glutamate proceeded without functioning mito-
chondria, and thus death of GABAergic neurons at this time point. GABA synthesis 
after 240 min of MCAO was therefore direct conversion of glutamate either stored 
in the GABAergic neurons or originating from other neurons. The amount of gluta-
mate stored in GABAergic neurons is, however, minimal (Ottersen and Storm-
Mathisen  1984  ) , which suggests that GABA synthesis took place in the extracellular 
space. Glutamate decarboxylase, GAD, which is the enzyme converting glutamate 
to GABA is a small enzyme and exists in to isoforms with molecular masses of 
approximately 65 and 67 kDa. The GABA accumulation seen during MCAO also 
implies impaired GABA breakdown. Ischemic conditions have been shown to stim-
ulate GAD activity (Sze  1979 ; Erecinska et al.  1996  ) , but inhibit GABA transami-
nase activity (Schousboe et al.  1973 ; Baxter and Roberts  1961  ) . 

 Ischemia also immediately affected astrocytic metabolism. The fi rst sign of 
reduced astrocyte metabolism was the presence of un-metabolized acetate, which 
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was not seen in sham operated rats (Haberg et al.  2001  ) . The enzyme acetyl CoA 
synthetase, necessary for acetate metabolism, is an ATP dependent enzyme. The 
glial specifi c enzymes glutamine synthetase (GS) and pyruvate carboxylase (PC), 
which are also ATP dependent, had signifi cantly reduced activity at later time points. 
After 240 min of MCAO PC activity was only detectable in glutamate in signifi -
cantly reduced amounts, and the acetate/glucose utilization ratio was markedly 
increased in glutamate, but not in glutamine. These fi ndings suggest that glutamate 
produced from acetate or glucose in the astrocytic mitochondria was not transported 
over the mitochondrial membrane into the cytosol, where GS is located. This inter-
pretation is supported by an immunocytochemical observation of mitochondrial 
glutamate accumulation in astrocytes in global ischemia (Torp et al.  1993  ) . 

 Reperfusion of the ischemic core 120 min after MCAO did not improve either 
neuronal or astrocytic TCA cycle activity. Instead a steady decline in mitochondrial 
metabolism accompanied by lactate accumulation was observed (Haberg et al. 
 2006  ) . Likewise, the lipid peroxidation inhibitor, U-101033E, considered to pene-
trate into mitochondrial lipid bilayers and hence prevent free radical damage to 
mitochondrial membranes and proteins and thereby ensure maintained TCA cycle 
and respiratory chain activity, did not improve mitochondrial metabolism in the 
ischemic core. On the contrary, the NMR spectra revealed that the drug caused a 
further decrease in mitochondrial pyruvate metabolism and more pronounced cyto-
solic pyruvate metabolism (Haberg et al.  2007  ) .  

    8.4.3   Penumbra 

 Neuronal glutamate synthesis from [1- 13 C]glucose was signifi cantly reduced from 
onset of ischemia and declined during the experimental period also in the penum-
bra. The amount of label in [4,5- 13 C]glutamate, originating from [4,5- 13 C]glutamine, 
was halved from 30 min of MCAO and remained at this level for 240 min of MCAO. 
This fi nding indicates a non-progressing functional inhibition of glutamine trans-
porters and/or inhibition of the neuronal enzyme phosphate activated glutaminase 
(PAG) activity. Ammonia accumulation and/or acidosis which are known to occur 
in ischemia, have been shown to reduced PAG activity (Benjamin  1981 ; Hogstad 
et al.  1988 ; Kvamme et al.  2000  ) . Still, with increasing duration of ischemia glu-
tamine became a more important precursor for glutamate as neuronal glutamate 
synthesis from glucose continued to decline. Actually the acetate/glucose utilization 
ratio was doubled between 60 and 240 min of MCAO (Haberg et al.  1998b,   2001  ) . 
It has been demonstrated that glutamine specifi cally replenishes the neurotransmit-
ter pool of glutamate (Laake et al.  1995  ) , and it is from this pool glutamate excito-
toxicity is considered to originate in the penumbra (Takagi et al.  1993 ; Obrenovitch 
 1996  ) . Based on the results from  13 C NMR spectroscopy analysis of the ischemic 
penumbra (Haberg et al.  1998a,   b,   2001  )  the glutamate neurotransmitter pool appear 
to be at least partly replenished from astrocytic precursors, at the same time as 
neuronal TCA cycle metabolism was markedly reduced. This constellation may 



2418  13 C NMR Spectroscopy as a Tool in Neurobiology

exacerbate glutamate excitotoxicity. Indeed, GS activity inhibition has been shown 
to reduce infarct size in cortex in rats subjected to MCAO (Swanson et al.  1990  ) . 

 In the penumbra astrocytic metabolism appeared relatively unaffected by MCAO 
until 90–120 min of MCAO, when un-metabolized [1,2- 13 C]acetate appeared in the 
fully awake rats (Haberg et al.  1998b,   2001  ) . This is considerably later than in 
the ischemic core, and utilization of [1,2- 13 C]acetate for glutamine synthesis was at 
the normal level during the entire 240 min of MCAO, indicating that amino acid 
synthesis via the TCA cycle was more resistant than oxidative metabolism in astro-
cytes. The activity of GS appeared unaffected by ischemia, and the glutamine 
content increased steadily. As mentioned above, GS is an ATP dependent enzyme 
located in the cytosol. Continued glutamine synthesis implies that ATP was present 
in suffi cient amounts to convert glutamate to glutamine. It is conceivable that ATP 
was provided partly by glycolysis, perhaps fueled by breakdown of glycogen which 
takes place in the astrocytic cytosol, and partly by the limited amounts of oxygen 
and glucose supplied to this area by a reduced, but not abolished blood fl ow. 

 Re-establishing blood fl ow has been shown to salvage tissue in the penumbra 
region. Using  13 C NMR spectroscopy four metabolic events that distinguish suc-
cessfully reperfused tissue have been identifi ed (Haberg et al.  2007  ) . (1) Improved 
astrocytic acetate metabolism and oxidation, (2) improved neuronal mitochondrial 
glucose metabolism (3) improved neuronal utilization of astrocytic PC derived 
metabolites, and (4) no increase in lactate synthesis. The results from reperfusion 
and permanent MCAO supplement each other and corroborate the notion that pres-
ervation of astrocytic metabolism is essential for neuronal survival and a predictor 
for recovery. Also supporting the importance of preservation of astrocytic metabo-
lism for neuronal survival are results obtained using the lipid peroxidation inhibitor, 
U-101033E. In the penumbra this drug decreased both neuronal and astrocytic pyru-
vate metabolism via the TCA cycle, and at the same time increased the anaerobic 
glucose metabolism (Haberg et al.  2007  ) . Indeed, a similar compound, tirilazad 
mesylate (U-74006F; Freedox), has been shown to signifi cantly increase in the 
number of deaths and the degree of disability in randomized controlled trials in 
acute stroke in humans (Tirilazad    International Steering Committee  2000 ). The 
results obtained with  13 C NMR spectroscopy stress the importance of other outcome 
measures than ischemic tissue volume for evaluation of drug effi cacy in animal 
models, which in turn could increase the likelihood of success in clinical trials.   

    8.5    13 C NMR Spectroscopic Analyses of Neuronal-Glial 
Interactions in Epilepsy 

 Epilepsy is one of the most common neurological disorders worldwide with a prev-
alence of 1%. The main feature of epilepsy is the predisposition to recurrent sei-
zures characterized by increased and synchronous neuronal activity. Seizures are 
associated with increased release of the excitatory neurotransmitter glutamate 
(Bradford,  1995  ) , and both glutamate receptor agonists and GABA receptor antagonists 
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have been shown to promote epileptic seizures (Hosford  1995  ) . An imbalance of 
excitatory and inhibitory functions may be due to disturbed neurotransmitter metab-
olism (Bradford  1995  )  and  13 C NMR spectroscopy is a useful tool to study neu-
rotransmitter synthesis in addition to glial-neuronal interactions. The following 
section is a description of how  13 C NMR spectroscopy in combination with different 
animal models can elucidate specifi c changes underlying epileptogenesis and spe-
cifi c events related to seizures. 

    8.5.1   The Pentylene Tetrazole Model 

 Pentylene tetrazole (PTZ) is a chemical convulsant and a GABA 
A
  receptor blocker. 

Given acutely in high concentration it causes generalized tonic-clonic seizures. To 
study glial-neuronal interactions in the early postictal stage a single PTZ injection 
(intra peritoneal) in rats was combined with injections (intra peritoneal) of [1- 13 C]
glucose plus [1,2- 13 C]acetate 30 min later (Eloqayli et al.  2003  ) . The animals were 
decapitated 45 min after PTZ injection. 

  13 C NMR spectroscopy analyses of extracts from cortex, subcortex and cerebellum 
showed that astrocyte metabolism in the PTZ treated rats was unchanged. GABAergic 
neurons in the cerebellum showed a pronounced decrease of GABA synthesis, which 
might have led to decreased release of GABA. The GABAergic neurons in cortex and 
subcortex were unaffected. Glutamate labeling was decreased in all brain regions as 
a response to PTZ treatment, while the labeling of glutamine was unchanged demon-
strating a reduction of the metabolic pool of glutamate and not the transmitter pool. 
Thus, in this model, which is used extensively in testing potential antiepileptic drugs, 
mainly neuronal metabolism is affected in the early phase. 

 Epilepsy is also a common geriatric problem (Stephen and Brodie  2000  ) . Since 
the majority of epilepsy experiments with animals use young adult rodents, a new 
experimental model to study effects of seizures in the elderly was designed 
(Kondziella et al.  2002  ) . This model uses PTZ-kindling in senescence accelerated 
mice (SAMP8), a genetic model of aging (Fujibayashi et al.  1994 ; Sato et al.  1994  ) . 
Kindling is characterized by increased sensitivity to seizures after repeated admin-
istration of an initially subconvulsive electrical or chemical stimulus. Continuous 
application of sub-threshold doses of PTZ induces progressive development of sei-
zures resulting in secondary generalized seizures. To investigate whether seizures 
induce metabolic changes and whether the effect of the anti-convulsant drug pheno-
barbital is age dependent, 2-month and 8-month old SAMP8 mice received PTZ, 
PTZ and phenobarbital or saline (20 intra peritoneal injections) every 48 h over a 
period of 40 days (Kondziella et al.  2003  ) . The mice received intraperitoneal injec-
tions of [1- 13 C]glucose and [1,2- 13 C]acetate 15 min before decapitation. Extracts 
from the whole brain (minus cerebellum) were analyzed. 

 Several differences between the young and old mice, compared to their respec-
tive controls, were observed both in response to PTZ alone and PTZ combined with 
phenobarbital. As in the above mentioned model, the 8-month old mice treated with 
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PTZ alone showed reduced glutamate labeling from [1- 13 C]glucose, indicating 
decreased mitochondrial activity in the glutamatergic neurons. Impaired astrocytic 
metabolism was apparent in the 2-month old mice since the synthesis of glutamine 
from [1,2- 13 C]acetate was decreased. PTZ activates excitatory mechanisms in brain 
cells, but PTZ-kindling did not increase the labeling of glutamate. The reduced 
seizure threshold induced by PTZ kindling could be explained by enhanced density 
of glutamate-binding sites on excitatory synapses (Schroeder et al.  1999  )  rather than 
increased synthesis of glutamate. 

 In the 2-month-old mice receiving PTZ and phenobarbital the labeling of most 
metabolites from both [1- 13 C]glucose and [1,2- 13 C]acetate was decreased. Since the 
total amount of amino acids was unchanged this indicated that turnover of metabo-
lites in both neurons and astrocytes was decreased. Unchanged labeling of GABA 
showed that GABAergic neurons were less sensitive to the effect of phenobarbital. 
In the 8-month-old mice there was an increase in GABA labeling both from [1- 13 C]
glucose and [1,2- 13 C]acetate, while the labeling in most of the other metabolites was 
unchanged. In summary, phenobarbital depressed cerebral metabolism in the young 
mice while it increased the metabolic activity of the GABAergic neurons in the 
older mice.  

    8.5.2   Animal Models of Mesial Temporal Lobe Epilepsy 

 Mesial temporal lobe epilepsy (MTLE) is one of the most common forms of focal 
epilepsy. The hallmark of MTLE is hippocampal sclerosis, which is characterized 
by neuronal loss and gliosis in CA1, CA3, and hilus, and reorganization of synaptic 
connections (Sommer  1880 ; de Lanerolle and Lee  2005  ) . Animal models, like the 
kainic acid and lithium pilocarpine (Li pilo) models, are extensively used to study 
cellular and molecular mechanisms underlying MTLE. 

 The lithium-pilocarpine model was used to study neurotransmitter metabolism 
and neuronal-glial interactions in rats that had developed spontaneous recurrent sei-
zures. Approximately 1 month after treatment, the rats were injected with [1- 13 C]
glucose and [1,2- 13 C]acetate and extracts from cortex, cerebellum, and hippocampal 
formation (including hippocampus, amygdala, entorhinal and piriform cortices) 
were analyzed (Melø et al.  2005  ) . 

 Decreased amounts of glutamate and glutathione were measured in the hip-
pocampal formation of Li-pilo rats compared with control rats, corresponding well 
with the neuronal cell loss seen in this region. The amounts of [4- 13 C]glutamate, 
[3- 13 C]-/[2- 13 C]aspartate and [2- 13 C]GABA, derived from [1- 13 C]glucose, were 
decreased in all brain regions investigated in Li-pilo rats compared with controls. 
These results suggest that the activity in neuronal mitochondria is lower in the epi-
leptic brain than in controls. This is further supported by the decreased level of 
NAA seen in the cortex and hippocampal formation of Li-pilo rats in comparison 
with controls. No changes were detected in glial-neuronal interactions in the hip-
pocampal formation while in cortex and cerebellum the fl ow of glutamate to 
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astrocytes was decreased, indicating a disturbed glutamate-glutamine cycle. In 
hippocampus astrocytic metabolism was unchanged despite the pronounced gliosis. 
The results could indicate that astrocytes in sclerotic tissue have lower mitochon-
drial activity per cell volume. In cortex and cerebellum, labeled glutamine from 
[1- 13 C]glucose was decreased whereas the amount of glutamine was unchanged. 

 In the kainic acid model, neurotransmitter metabolism and neuronal-glial inter-
actions were investigated before (24 h and 14 days) and after (13 weeks) develop-
ment of spontaneous seizures. Kainic acid was injected (intra peritoneal) into rats, 
and after 24 h (Qu et al.  2003 ) 14 days (Muller et al.  2000 ; Alvestad et al.  2011  )  the 
animals received an injection (intra peritoneal) of [1- 13 C]glucose plus [1,2- 13 C]ace-
tate. After 15 min the animals were decapitated and extracts from the whole brain 
(minus cerebellum) were analyzed. 

 One day after the kainate injection there was increased labeling of glutamine and 
glutamate from [1,2- 13 C]acetate, while labeling from [1- 13 C]glucose was unchanged. 
At day 14, however, no changes were observed in the metabolites derived from [1,2-
 13 C]acetate, but labeling of glutamate, GABA, glutamine, aspartate, and succinate 
from [1- 13 C]glucose was increased. The tissue concentration of metabolites was 
unchanged both after 24 h and 14 days. Thus, kainate treatment increased the amino 
acid turnover in astrocytes after 1 day and increased the turnover in glutamatergic 
and GABAergic neurons after 14 days. This indicates that early and temporary 
enhanced astrocytic activity may lead to altered metabolism in neurons with an 
increased turnover of important amino acids such as GABA and glutamate. 

 Thirteen weeks after injection of kainic acid, rats with spontaneous seizures were 
injected intra peritoneal with [1- 13 C]glucose (Alvestad et al.  2008  ) . Brain extracts 
from hippocampal formation, entorhinal cortex, and neocortex were analyzed. The 
amounts of glutmate and NAA and labeling of glutamate were reduced in the hip-
pocampal formation and entorhinal cortex of epileptic rats, indicating neuronal loss. 
Additionally, mitochondrial dysfunction was detected in surviving glutamatergic 
neurons in the hippocampal formation. In entorhinal cortex glutamine labeling and 
concentration were unchanged despite the reduced glutamate content and label, 
possibly due to decreased oxidative metabolism and conserved fl ux of glutamate 
through glutamine synthetase in astrocytes. This mechanism was not operative in 
the hippocampal formation, where glutamine labeling was decreased. In the neocor-
tex, labelling and concentration of GABA were increased in the epileptic rats, pos-
sibly representing a compensatory mechanism. The changes in the hippocampus 
might be of pathophysiological importance and further studies aiming at resolving 
metabolic causes and consequences of MTLE are required.   

    8.6   Genetic Abscencee Epilpsy Rat Model    

 In the brain of immature Genetic Absence Epilepsy Rats from Strasbourg (GAERS), 
interactions between glutamatergic neurons and astrocytes appeared normal whereas 
increased astrocytic metabolism took place in adult GAERS, suggesting that astro-
cytic alterations could possibly be the cause of seizures (Melø et al.  2007  ) .  
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    8.7    13 C NMR Spectroscopy in Human Pathologies 

 Human  in vivo  studies using  13 C NMR spectroscopy as a tool to investigate basic 
brain neurochemistry have been perform in healthy volunteers (Beckmann et al. 
 1991 ; Gruetter et al.  1992 ; Rothman et al.  1992 ; Mason et al.  1995 ; Oz et al.  2007  )  
and selected patient groups (Rothman et al.  1991 ; Blüml et al.  2001  )  since the early 
1990s. Most human studies are dynamic studies with  13 C labeled glucose, but labeled 
acetate (Lebon et al.  2002 ; Blüml et al.  2002  )  and hydroxybutyrate (Pan et al.  2002  )  
have also been administrated. Studies pertaining to basic neuochemical questions in 
healthy volunteers are performed with protocols quite similar to those used in steady 
state studies of animal. 

 Protocols used in clinical research, on the other hand, often differ from the basic 
design applied in healthy volunteers and animals. Intravenous infusion times may be 
shorter, only one or a few spectra may be obtained, labeled substrate may be given 
orally (Rothman et al.  1991 ; Moreno et al.  2001a,   b ; Shic and Ross  2003 ; Blüml 
et al.  2001  ) , and resected tissue can be extracted for  in vitro   13 C NMR spectroscopy 
in order to obtain more detailed neurochemical fi ngerprinting (Petroff et al.  2002  ) . 
These adaptations are necessary and/or may be the only possible solution in the 
clinical setting. Dynamic steady-state  13 C requires very cooperative subjects, able to 
lie still for extended periods before and after infusion of labeled substrate. 
Furthermore, glucose infusion may in some instances be harmful, for instance in 
acute stroke and epilepsy. In addition  13 C labeled substrates are very expensive. The 
number of patients investigated with  13 C MR spectroscopy thus remains low. The 
feasibility of clinical  13 C MR spectroscopy in metabolic fi ngerprinting of CNS dis-
eases has been explored in single cases and with few patients. The pathologies cover 
a wide spectrum; Alzheimer’s disease, epilepsy, hypoxia/ischemia, hepatic enceph-
alopathy, leucodystrophy and a variety of metabolic diseases such as Caravan’s dis-
ease (Rothman et al.  1991 ; Moreno et al.  2001a,   b ; Blüml et al.  2001,   2002 ; Shic and 
Ross  2003  ) . Two cases of  13 C MR spectroscopy in subacute stroke/hypoxia have 
been reported in the literature (Rothman et al.  1991 ; Blüml et al.  2001  ) . Rothman 
et al.  (  1991  )  demonstrated protracted elevation of lactate production from glucose in 
the ischemic tissue while Blüml et al.  (  2001  )  showed reduced levels of [4- 13 C]gluta-
mate synthesis. Both describe reduced levels of NAA. These fi ndings are in line with 
the above mentioned studies of extracts obtained from ischemic rat brain, but the 
level of detail is of course not comparable. The neurochemical changes in epilepsy 
have also been studied  in vivo  (Blüml et al.  2002 ; Shic and Ross  2003  )  and in extracts 
of hippocampi after temporal lobectomy (Petroff et al.  2002  ) . The general trend is 
disturbed glutamate-glutamine cycling, but the results are confl icting as to the direc-
tion of the disturbance, i.e. both up and down regulations were reported. 

 Compared to other MR methods, for instance functional (fMRI) and diffusion MR 
imaging (DWI/DTI) that were implemented in humans at the beginning of the 1990s 
also,  in vivo   13 C MR spectroscopy has yet to become a routine investigation.  In vivo  
 13 C MR spectroscopy in humans is still limited to relatively few sites with high-fi eld 
MR scanners and expert interdisplinary research groups. Clinical  13 C MR spectro-
scopy may improve accuracy of diagnosis by offering detailed metabolic profi les of 
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pathological tissues. Furthermore,  13 C MR spectroscopy may also be a tool for 
monitoring treatment effects and also explore new avenues for dietary and/or phar-
maceutical intervention. However, the workfl ow from acquisition to spectrum analysis 
needs to be simplifi ed in order for this to be a clinically relevant method. It will also 
be necessary to prove that clinical  in vivo   13 C MR spectroscopy can with high speci-
fi city and sensitivity, give the correct diagnosis with additional information relevant 
for the clinical management of the patient not available with other methods, in order 
for this costly method to become a part of the standard clinical repertoire.  

    8.8   Conclusion 

 From the above it is evident that  13 C NMR spectroscopy is a tool not only suitable 
to study metabolism in the intact brain, but it can also provide valuable informa-
tion on changes in neuronal, astrocytic and neuronal-astrocytic interactions in the 
diseased state, and may thus contribute to our understanding of nervous system 
disease, and provide new avenues to explore in the search for new therapies. The 
importance of astrocytes for neuronal function and survival is clearly illustrated 
by numerous reports in the literature and the studies presented here. In KA 
induced epilepsy glia were affected earlier than neurons and in MCAO the degree 
of astrocytic metabolic disturbances may be predictive of neuronal survival. 
Also,  13 C NMR spectroscopy offers an opportunity to explore the metabolic 
effects of drugs, and can thereby increase the likelihood of bringing the best 
suited drugs to clinical trials. Furthermore, it should be noted that neuronal-
astrocytic interactions change with age and appropriate animal models for human 
disease should be used. It appears likely that  13 C NMR spectroscopy will have 
clinical impact in the future since the dynamic picture of metabolic changes com-
plements the rather static information obtained using  1 H NMR spectroscopy and 
conventional MRI.      
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