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Through significant developments and progresses in the last two decades, in vivo localized
nuclear magnetic resonance spectroscopy (MRS) became a method of choice to probe
brain metabolic pathways in a non-invasive way. Beside the measurement of the total
concentration of more than 20 metabolites, 1 H MRS can be used to quantify the dynamics of substrate transport across the blood-brain barrier by varying the plasma substrate
level. On the other hand, 13 C MRS with the infusion of 13 C-enriched substrates enables
the characterization of brain oxidative metabolism and neurotransmission by incorporation
of 13 C in the different carbon positions of amino acid neurotransmitters. The quantitative
determination of the biochemical reactions involved in these processes requires the use
of appropriate metabolic models, whose level of details is strongly related to the amount
of data accessible with in vivo MRS. In the present work, we present the different steps
involved in the elaboration of a mathematical model of a given brain metabolic process
and its application to the experimental data in order to extract quantitative brain metabolic
rates. We review the recent advances in the localized measurement of brain glucose transport and compartmentalized brain energy metabolism, and how these reveal mechanistic
details on glial support to glutamatergic and GABAergic neurons.
Keywords: brain energy metabolism, neurotransmitter metabolism, neurotransmission, mathematical modeling,
MRS

INTRODUCTION
Localized magnetic resonance spectroscopy (MRS) is a powerful
tool to investigate brain metabolism in vivo. MRS detection of 1 H
nuclei is widely employed because it takes advantage of this being
the most sensitive nucleus in nuclear magnetic resonance (NMR).
At high magnetic field it allows detection of a neurochemical profile of about 20 metabolites, particularly glucose, lactate, alanine,
glutamate, glutamine, and aspartate, which are involved in energy
metabolism and neurotransmission (1). Similarly, MRS of 31 P provides a way of detecting non-invasively the phosphorus-containing
metabolites, including the high energy phosphate compounds ATP
and phosphocreatine, whose peaks can be used to determine the
rate of creatine kinase that composes a brain’s energy buffering
system [e.g., Ref. (2)]. NMR detects the non-radioactive, stable
isotope 13 C that occurs at a natural abundance of 1.1%, while the
most abundant carbon isotope is 12 C (98.9%), a NMR inactive
nucleus. Nevertheless, the low natural abundance of 13 C becomes
an advantage when 13 C-enriched substrates are administered and
the rates of isotopic incorporation into specific carbon positions
within different brain metabolites are dynamically detected (3–7).
Upon employment of adequate mathematical models describing
brain metabolism, this 13 C incorporation rates can then be used
to estimate fluxes through important metabolic pathways.
Abbreviations: ATP, adenosine-50 -triphosphate; FE, fractional enrichment; fMRI,
functional magnetic resonance imaging; MRS, magnetic resonance spectroscopy;
NMR, nuclear magnetic resonance; TCA, tricarboxylic acid.
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The application of dynamic 13 C MRS to the study of brain
energy metabolism and its coupling to neurotransmission has provided important insights on mechanisms supporting brain function but it also raised controversy on modeling approaches, metabolic assumptions in the models, and some extracted results. The
significant developments on NMR technology over the last decade
provided increase sensitivity and 13 C MRS is now being performed
with substantial improvements in spectral, spatial, and/or temporal resolution (8–11). This high quality data allowed determination
of metabolic fluxes with better precision, but also made discrepancies between fitted curves and experimental data more apparent,
suggesting that current models of brain metabolism lack a number
of metabolic features necessary to fit experimental data (10, 12).
This review covers the approaches to design mathematical
models of brain metabolism that allow quantification of metabolic
fluxes from MRS data. Progress and controversies in the realm of
brain metabolic modeling will be discussed. At last, we will discuss
how 13 C MRS data acquired at high-field support: (1) the role
of glial metabolism in sustaining glutamatergic and GABAergic
neurotransmission and (2) the coupling of the malate-aspartate
shuttle with mitochondrial metabolism through the TCA cycle.

DESIGNING A METABOLIC MODEL
An essential step to link the measured labeling time courses with
biochemical quantities is the analysis with a metabolic model to
derive quantitative metabolic fluxes. The most common models
are the so-called multi-compartmental models.
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A compartment is defined as an idealized store of molecules
that exhibit the same behavior in a tracer experiment. Examples
of compartments are the neuronal and glial compartments used
in the 13 C MRS modeling of brain glucose metabolism. In each
compartment, molecules are physically or kinetically separated in
metabolite pools. In the model, these are also called labeling pools
and represent the major chemical intermediates involved in the
metabolism of a particular substrate (e.g., glucose, acetate).
In 13 C MRS experiments, for example, all isotopomers (i.e.,
isomers of isotope atoms) of a particular chemical species can
appear in a metabolic pool, which in turn can be located in different compartments or physical environment (13). The number
of labeling pools is reduced by lumping the chemical pools with
similar characteristics and behaving identically into a limited set
of pools.
The objectives of a metabolic model are the following:
1. identification of the structure of the system (pools and fluxes)
2. estimation of internal metabolic parameters
3. prediction of the response of the model to external factors
Briefly, a labeling pool that represents a molecule P labeled at a
chemical position x is characterized by the total concentration P of
the considered molecule, the concentration Px∗ of those molecules
labeled at the position x as well as by the set of inflows and outflows
of the pool (Figure 1). The concentrations are usually expressed
in micromoles per gram (µmol/g) of tissue, while the fluxes are
given in micromoles per gram per minute (µmol/g/min).
For a given product P, the variation of total concentration of
the product follows the mass balance equation (7, 13):
n

m

i

j

dP (t ) X in X out
=
Vi −
Vj
dt

(1)

This equation is a mathematical expression of the fact that the
variation of the quantity of molecules in the pool is the difference
between what is entering the pool at a given time and what is exiting. In this general case, we consider n influxes and m effluxes.
A simplification is often made by assuming that the biochemical
system is at metabolic steady-state. In this case, the total concentration of the labeling pools as well as the metabolic fluxes between
the pools are assumed constant over the duration of the measurement, which is a good approximation in many physiological

FIGURE 1 | Schematic view of the elementary unit (labeling pool) used
in compartment modeling. P is the total concentration of molecules in
the labeling pool, while Px∗ represents the concentration of labeled
molecules at the molecular position x. In the general situation, the pool can
have n influxes from n substrate pools Sn and m outfluxes.
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conditions, for example for the glutamate and glutamine labeling
pools in the case of [1-13 C] or [1,6-13 C2 ]glucose infusion (7, 14).
At steady-state,
n
X
j

Viin −

m
X

Vjout = 0

(2)

j

The labeling dynamics of a metabolic pool P is governed by the
isotope balance equation, which determines how the concentration of labeled molecules changes over time, as a function of the
influxes and effluxes:
n

m

i

j

dPx∗ (t ) X in Si∗ (t ) X out Px∗ (t )
=
Vi
−
Vi
dt
[Si ]
[P]

(3)

where we assumed a general elementary unit P of a metabolic
model, as presented in Figure 1. The pool P has i influxes from i
substrates Si (with total concentration [Si ] and labeled concentration Si∗ (t )) and j outfluxes. The terms Si∗ (t )/[Si ] and P*(t )/[P]
can be understood in a probabilistic way as the probability that a
molecule leaving the substrate pool Si is labeled and the probability that a molecule leaving the product pool is labeled, respectively.
These dimensionless terms are called fractional enrichment (FE)
and vary between 0 and 1.
MODEL FOR A SINGLE METABOLIC POOL

In many 13 C labeling studies, the protocol of glucose infusion
(bolus followed by a continuous infusion) is chosen so that the
pyruvate enrichment has a shape close to a step function (7). The
pyruvate enrichment is therefore approximated by:



S ∗ (t )
S

= 0 for t < 0



S ∗ (t )
S

= constant for t ≥ 0

(4)

The time course of the precursor is called the input function
and plays the role of a boundary condition of the system of ordinary differential equations. Since metabolic modeling is governed
by linear differential equations, this will typically lead to exponential or multi-exponential solutions. If the input function is not a
step function, then the exponential solutions are convoluted with
the input function, which makes the system more complicated
to analyze. In the case of bolus injections, which are widely used
in positron emission tomography (PET) labeling experiments, a
good knowledge of the exact shape of the input function is not
always achievable, which can significantly affect the precision and
accuracy of the derived fluxes (15). The mass balance equation for
the one-product pool presented in Figure 2 is given by:
dP (t )
= Vin − Vout
dt

(5)

The labeling equation for the one-product pool is given by:
dP ∗ (t )
S ∗ (t )
P ∗ (t )
− Vout
= Vin
dt
[S]
[P]

(6)
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MONTE CARLO SIMULATIONS FOR TESTING THE RELIABILITY OF FLUX
ESTIMATIONS

One solution to the problem of non-negligible noise is the
implementation of Monte Carlo simulations (17, 18). In principle,
Monte Carlo approaches are simpler than analytical approaches
but more computationally expensive. The objective of Monte
Carlo simulations is to obtain the probability distribution of each
estimated parameter. Briefly, the model is first fitted to the experimental data to obtain the most probable estimate of the model
parameters, using non-linear regression. This set of parameters is
then used to generate a “perfect” noise-free dataset, by simulating
the enrichment curves with the metabolic model. This “perfect”
dataset can be subtracted from the experimental data to estimate
the noise level in each of the experimental labeling curves. In a
second step, noise with the same distribution as the experimental
noise is randomly added to each labeling curve of the “perfect”
dataset to create a simulated noisy dataset. Finally, the model is
fitted to this new artificial data to estimate the metabolic rates
(Figure 3).
The process of generating and fitting artificial noisy datasets is
repeated several hundred times to generate a list of simulated fitted
parameters that are used to create a histogram of the distribution
of the estimated parameter values. For each parameter, this histogram not only gives an estimation of its standard deviation but
also information about the dissymmetry of its probability distribution (6, 7). The more Monte Carlo iterations are performed, the
more accurate the probability distribution will be. In general, the
initial guess for the estimated parameters used in the non-linear
regression is also varied from one to the next Monte Carlo iteration. This avoids the optimization process converges to a local
minimum.
In 13 C MRS experiments, a set of 13 C time courses is obtained
from each subject and can be analyzed to obtain individual metabolic rates and their variation across the sample of the selected
population. However, since it is known that the accuracy in flux
estimation is inversely proportional to the noise level of experimental data, i.e., increases with reduction in the noise of 13 C
enrichment curves (19), 13 C enrichment curves are often averaged across all subjects rather than fitting individual time courses.
These averaged curves are then used for mathematical modeling
and determination of metabolic fluxes. In this case, the variance
across subjects can only be inferred from experimental 13 C time
courses, while the uncertainty of estimated fluxes is provided by
Monte Carlo analyses.

Given the complexity of metabolic models, it is essential to ascertain that the analysis is robust and that the fit is not unstable, a
situation that happens typically when a model is described with too
many degrees of freedom compared to the available experimental
data (7). Estimates of the standard deviation of the fitted parameters can be obtained from the fitting algorithm, by the calculation
of the covariance matrix. The estimation of the covariance matrix
by the calculation of the information matrix (16) is related to several assumptions on the variance of the data. However, for many
MRS experiments, noise is not vanishingly small but frequently
on the order of 10–30% of the steady-state labeling intensity.
It was shown that the distribution of the fitted parameters can
deviate strongly from the usually admitted normal distribution
that is assumed by the fitting algorithms (6), which can lead to
misinterpretation of the results and to false conclusions.

ONE-COMPARTMENT MODEL OF BRAIN ENERGY
METABOLISM
In the past two decades, 13 C MRS labeling studies raised a strong
interest for the study of brain energy metabolism. Early studies
were essentially undertaken by infusion of [1-13 C]glucose (14,
20–22) and were analyzed with one-compartment models of brain
metabolism.
The one-compartment model was the first metabolic model
proposed to fit the glutamate C4 enrichment curves obtained following the infusion of [1-13 C]glucose (20, 22). In this model, no
distinction is made between neuronal and glial cells. Since most
of glutamate is located in the neuronal compartment, the onecompartment model has been assumed to reflect primarily the
neuronal TCA cycle rate. This model, depicted in Figure 4, enables

FIGURE 2 | One-product pool model. In this example, the substrate pool
is forced to maintain a constant fractional enrichment.

The general solution of P*(t ) is:
P ∗ (t ) =

Zt
Vin
0





S∗ t 0
Vout 0
exp
t − t dt 0
[S]
[P]

(7)

The integral expression in Eq. 7 is a convolution product in
the sense of the Laplace transform. In fact, Eq. 7 is the convolution of the input function S ∗ (t 0 )/[S] with the impulse response of
the system (in our case the metabolic system). With a steady-state
enrichment of the precursor, i.e., with a step function as input, Eq.
7 simplifies to:
P (t ) =
∗

Zt
0





Vout 0
Vin CFE exp
t − t dt 0
[P]

(8)

where C FE is the constant fractional enrichment of the precursor.
Using the mass balance Eq. 5 in metabolic steady-state conditions (no net change in total concentration), we have V in = V out .
The solution for the fractional enrichment of the product pool is
therefore given by:



Vout
P ∗ (t )
= CFE 1 − exp −
t
(9)
[P]
[P]
This is a typical expression for the labeling turnover of a pool
with a step input function. In the field of linear differential systems, it is called the step response of the system. It is interesting to
mention that the slope of this exponential curve at t = 0 is equal
to C FE V out /[P] (in this simple case, we have V in = V out ).
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FIGURE 3 | Schematic view of the Monte Carlo analysis used in
metabolic modeling to estimate the variance of the adjusted
parameters. The metabolic model is first fitted to the experimental data,
giving an optimal parameter set and the related model turnover curves
that best describe the data. From the fit residual, the noise level of the
different turnover curves is estimated. Artificial datasets (typically several
hundreds) are then generated by adding different noise realizations to the

FIGURE 4 | Scheme of the one-compartment TCA cycle model. The
one-compartment model is characterized by the total TCA cycle flux V TCA
and the transmitochondrial flux VX . The splitting of the arrows after
2-oxoglutarate (OG) represents the symmetry at the succinate level. Glc,
Pyr, OG, Glu, OAA, and Asp stand for glucose, pyruvate, 2-oxoglutarate,
glutamate, oxaloacetate, and aspartate, respectively. The indexes represent
the carbon positions that get labeled in each metabolite. The first, second,
and third turns of the TCA cycle are represented by solid, dashed, and
dotted lines, respectively. The model presented here corresponds to a
[1-13 C]glucose or [1,6-13 C2 ]glucose infusion experiment.

the measurement of the overall (glial and neuronal) TCA cycle
rate and the transmitochondrial flux VX , summarizing the glutamate to 2-oxoglutarate conversion and its transport across the
mitochondrial membrane.
[1,6-13 C2 ]Glucose is a widely used NMR tracer to probe mitochondrial metabolism. After transport across the blood-brain
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turnover curves obtained from the best fit. For each turnover curve, the
artificial noise realizations are generated with the same noise level as in
the corresponding experimental curves. Finally, the metabolic model is
successively fitted to all the synthetic datasets, resulting in a distribution
of fitted values for every free parameter of the model. This distribution
characterizes the precision of each adjusted parameter, taking directly into
account the experimental noise level.

barrier (BBB), two molecules of [3-13 C]pyruvate are generated
from one molecule of labeled glucose through the glycolysis. When
infusing [1-13 C]glucose, only one molecule of [3-13 C]pyruvate is
produced, while the second pyruvate molecule generated by the
glycolysis is unlabeled. The fate of the labeling from pyruvate C3
in the one-compartment model is depicted in Figure 4. Briefly, 13 C
from [1-13 C] or [1,6-13 C2 ]glucose enters both glial and neuronal
TCA cycles at the position C4 of citrate. In the first turn of the
TCA cycle, 13 C reaches the position C4 of 2-oxoglutarate, which
exchanges label with cytosolic glutamate. This transmitochondrial
label exchange transfers label from the carbon position C4 of 2oxoglutarate to the position C4 of glutamate. Due to the symmetry
of the succinate molecule, the second turn of the TCA cycle brings
half of the labeled carbons of the position C4 of 2-oxoglutarate to
the position C3 of 2-oxoglutarate and the other half to the position
C2 of 2-oxoglutarate. Through the transmitochondrial exchange,
[3-13 C]glutamate is formed from [3-13 C]2-oxoglutarate and [213 C]glutamate from [2-13 C]2-oxoglutarate. In the third turn of
the TCA cycle, half of the labeled carbons of the position C3 of 2oxoglutarate reach the position C2 of the same molecule, while the
other half remains at the position C3. At the same time, 13 C from
the position C2 of 2-oxoglutarate is transferred to the position
C1, labeling further the position C1 of glutamate. The carboxyl
position C1 of glutamate is usually not simultaneously measurable with the positions C4, C3, and C2 using 13 C MRS, due to the
large chemical shift of the C1 carbon position compared to the
other resonances (23).
In some cases, the neurotransmission process is modeled
in the one-compartment model in a simplified way by a glutamine exchange rate V Gln (22, 24). Together with this flux,
additional dilution of 13 C enrichment at the level of glutamate
from unlabeled glutamine was used to allow different fractional
enrichments in glutamate C4 and C3 at steady-state, as observed
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experimentally. Although devoid of major effects in modeling
13 C data from short experiments where isotopic steady-state is
not reached, the inclusion of V Gln and dilution from glutamine are crucial for reliable determination of V TCA and VX in
one-compartment modeling. This model was employed in recent
studies to estimate fluxes from 13 C curves of glutamate C4 and
C3 (25–28).
Due to its intrinsic low sensitivity, 13 C MRS only enables the
measurement of metabolites that occur at sufficiently high concentration (typically >1 mM), most often allowing detection of
the labeling positions of glutamate, glutamine, and aspartate. The
pool size of oxaloacetate and 2-oxoglutarate is typically on the
order of 0.1 µmol/g, while the pool sizes of glycolytic and TCA
cycle intermediates are assumed to be small and without effect
on the labeling dynamics of the observed amino acids (29). Thus,
since the intermediate products of glycolysis and TCA cycle are
present in too low concentrations to result in substantial delays in
the labeling of the measured amino acids (i.e., small turnover times
for these intermediates), the model can be simplified to retain
only the labeling pools representing the MRS detectable amino
acids and the intermediate pools at chemical branch points, such
as oxaloacetate and 2-oxoglutarate. It was recently shown that the
intermediate pools can be eliminated from the equations describing the one-compartment model, without affecting the dynamics
of the glutamate uptake curves (30).
THE VX /V TCA RATIO

The labeling of the carbon positions in glutamate is the result of
two processes: the TCA cycle (V TCA ) and the transmitochondrial
exchange (VX ). These two fluxes are therefore intrinsically coupled to each other in the labeling equations describing glutamate
13 C turnover. For the sake of argument, we analyze the relation
between V TCA and VX in the simple one-compartment model
with exclusion of aspartate and glutamine (Figure 4). After simplification of the TCA cycle intermediates (30), the 13 C labeling
curves of the C4 and C3 positions of glutamate (Glu4 and Glu3 )
are given by:


dGlu4 (t )
VX · VTCA
Glu4 (t )
=
FE(Pyr3 ) −
(10)
dt
VX + VTCA
[Glu]

The solutions of these equations for a constant precursor
enrichment FE(Pyr3 ) are given by:




Vgt
Glu4 (t ) = FE Pyr3 [Glu] 1 − exp −t
(13)
[Glu]




Vgt
Glu3 (t ) = FE Pyr3 [Glu] 1 + exp −t
[Glu]


Vgt (VX + VTCA )
−2 exp −t
[Glu] (2VX + VTCA )
(14)
The labeling equation of Glu4 only carries information on the
value of V gt . Figure 5 illustrates the fact that an infinite number of
pairs (V TCA , VX ), distributed on a hyperbolic curve, result in the
same value of V gt . Therefore, when fitting the Glu4 curve alone,
the values of V TCA and VX are not separately accessible.
However, the separate determination of V TCA and VX is possible when fitting the model also to Glu3 . This is directly related to
the fact that the labeling equation of Glu3 does not depend only
on V gt (Eq. 14). V TCA and VX have a distinct role in the labeling
dynamics through the dilution term VX /(VX + V TCA ).
The value of the VX /V TCA ratio is still a matter of controversy.
In early studies, the value of VX was reported to be much higher
than the value of V TCA (20, 22, 31, 32). In several following studies, it was therefore assumed that VX  V TCA , which results in a
simplification of the model, since in this case, V gt = V TCA (see Eq.
12). V TCA could be therefore directly extracted from the fitting of
the Glu4 curve. However, later in vivo and in vitro studies (9, 24,
29, 33–35) provided evidence that the value of VX is on the same
order of magnitude as V TCA . In this context, using the assumption
of a very large VX value leads to an underestimation of V TCA by a
factor of two, since for VX ∼
= V TCA , we obtain V gt ∼
= V TCA /2.

VX · VTCA
dGlu3 (t )
=
dt
(2VX + VTCA )(VX + VTCA )


Glu4 (t )
Glu3 (t )
× VTCA FE(Pyr3 ) + VX
− (VX + VTCA )
[Glu]
[Glu]
(11)
where FE(Pyr3 ) is the enrichment of the C3 position of pyruvate,
the direct precursor of the TCA cycle, which is assumed to reach
steady-state faster than the glutamate. [Glu] is the total glutamate
concentration in the tissue (labeled and unlabeled).
Equation 10 highlights the fact that the labeling of the C4 position of glutamate is a combined effect of the TCA cycle activity
and transmitochondrial transport, characterized by a composite
flux V gt (20, 30).
Vgt =

www.frontiersin.org

VX · VTCA
VX + VTCA

(12)

FIGURE 5 | Plot of the hyperbolic relationship between VX and V TCA for
a constant composite flux value V gt (Eq. 12). The knowledge of V gt alone
only allows the calculation of V TCA under an assumption for the value of VX .
However, the magnitude of the assumed VX flux can have a strong impact
on the estimated V TCA . When assuming VX V TCA , we have V TCA =V gt . If VX
is almost equal to V TCA , we obtain V TCA ∼
= 2·V gt .
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FIGURE 6 | Turnover curves of the carbon position C4 and C3 of
glutamate as simulated using the one-compartment model (Figure 4)
with a constant V gt . For the gray turnover curves, VX was set equal to V TCA
(VX =V TCA = 0.5 µmol/g/min), resulting in a non-zero slope of the glutamate C3
curve at t = 0. For the dashed red turnover curves, VX was set much larger
(about 200 times) than V TCA (VX = 50 µmol/g/min, V TCA = 0.251 µmol/g/min),

Figure 6 shows how Glu3 is affected by the value of the VX /V TCA
ratio. When VX  V TCA , the initial slope of Glu3 is zero. When
VX ∼
= V TCA , the Glu3 curve loses its sigmoid shape, presents a nonzero initial slope and, furthermore, reached higher enrichment
than for VX  V TCA .

COMPARTMENTALIZED BRAIN ENERGY METABOLISM
MEASURED FROM AMINO ACID TURNOVER
Metabolic compartmentation consists in the co-existence of separate pools of a given metabolite that are kinetically different
and do not equilibrate rapidly with each other. Compartmentation of cerebral energy metabolism was initially identified by
observing that certain radiolabeled tracers could lead to higher
enrichment of glutamine than of its precursor glutamate (36,
37). In addition, different metabolic activities were observed in
microdissected (38, 39) and cultured (40, 41) neurons and glial
cells, and then glia-specific enzymes involved in intermediary
metabolism were discovered in the brain tissue, namely glutamine synthetase (42, 43) and pyruvate carboxylase (44). The
concept of exchange of metabolites between these compartments
was also developed (45, 46) and resulted in the proposal of
a glutamate-glutamine cycle linking glutamatergic neurons and
astrocytes (47, 48).
Many studies followed and led to a growth of knowledge on the
metabolic network underlying the interrelation between neurons
and astrocytes. Nevertheless, we are still far from fully understanding the complex regulation of energy metabolism in the living
brain. In this realm, the impressive development of localized 13 C
MRS in vivo since its first application to the head (49) has been
much appreciated (4). Currently, the direct detection of 13 C at high
magnetic field provides a large amount of specific information
regarding pathways of intermediary metabolism. In particular, 13 C
MRS is now able to quantify not only the incorporation of 13 C into
all aliphatic carbons of amino acids such as glutamate, GABA, glutamine, and aspartate, but also some multiplets resulting from
the homonuclear coupling between adjacent carbons of these
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with the same value for V gt . This results in a sigmoidal-shaped glutamate C3
turnover curve, while the glutamate C4 curve remains unchanged. This
observation illustrates the necessity to measure the C3 turnover curve to
determine both VX and V TCA . In these simulations, dilution at the level of
glutamate was not included, resulting in the same enrichment level for C4
and C3 at steady-state.

molecules, i.e., isotopomers (8, 50, 51). Alternatively, specific pathways can be addressed by providing certain labeling patterns to
other carbons of glutamate and glutamine through administration
of specifically labeled substrates (52). With this substantial increase
in the amount of information from 13 C MRS experiments at high
magnetic field, higher accuracy has been achieved in the estimation
of metabolic fluxes. However it is also becoming evident that stateof-the-art compartmental models of brain energy metabolism are
unable to fully describe obtained experimental data (10, 12). Hereafter we describe and discuss the metabolic fluxes included in
models of brain energy metabolism and suggest possible directions to improve the description of experimental data, namely
by including sub-cellular compartments for particular metabolic
pools.
13

C MRS STUDIES AND MODELING OF METABOLIC
COMPARTMENTATION

When 13 C glutamine was first detected in vivo in 13 C glucose infusion studies (21, 53), it became natural to model the neuronal
and glial TCA cycles and their interaction through the glutamate/glutamine cycle using a two-compartment model (29, 54),
as shown in Figure 7.
Distribution of metabolic pools within these major compartments has been assumed based on data collected in vitro. It is well
established that at least one small and one large glutamate pools
exist in the glial and neuronal compartments respectively (55, 56).
In contrast, glutamine has been mostly attributed to glia, where
it is synthesized, while glutamate resides in neurons. Since 13 C
isotopes of the astrocyte-specific substrate acetate lead to labeling
of glutamine to a greater extent than glutamate [e.g., Ref. (57)]
this assumption seems to be valid. In a recent 1 H-[13 C] MRS
study based on the infusion of glial-specific [2-13 C]acetate (35),
the glutamate pool distribution between the glial and neuronal
compartments could be determined directly in vivo and supports
the presence of a small glial glutamate pool accounting for about
5% of total glutamate.
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FIGURE 7 | Two-compartment model of compartmentalized brain
metabolism, as proposed by Gruetter et al. (29). The model consists of
the glial and neuronal TCA cycles, linked by the glutamate/glutamine cycle.
Glc, glucose; Lac, lactate; Pyr, pyruvate; OAA, oxaloacetate; OG,
oxoglutarate; Asp, aspartate; Glu, glutamate; Gln, glutamine. The system is
characterized by the following fluxes: CMRGlc , cerebral metabolic rate of
glucose; V PC , pyruvate carboxylase; V g glial TCA cycle rate; VX ,
n
transmitochondrial exchange; VTCA
, neuronal TCA cycle rate; V SYN , glutamine
synthesis; V NT , apparent neurotransmission rate; V efflux , loss of glutamine
from the glial compartment; V out and V Lout , label dilution and exchange of
lactate across the blood-brain barrier. The indexes represent the labeled
carbon positions. Boldface indicates NMR-measurable metabolites.

However, 13 C MRS measures the sum of all pools of a given
metabolite. The detection of multiple compartments in the brain
is only possible due to the presence of pyruvate carboxylation and
glutamine synthesis in glia but not in neurons (42, 44) that leads
to different label distribution in glutamate and glutamine. Pyruvate carboxylase is the main anaplerotic enzyme in the brain (58),
leads to CO2 fixation and generates oxaloacetate that can be further
used to generate new glutamate molecules. Pyruvate carboxylase
brings 13 C from [3-13 C]pyruvate to the position C3 of oxaloacetate, which further labels the position C2 of 2-oxoglutarate and
glial glutamate. On the other hand this reaction brings unlabeled 12 C to the position C3 of glial glutamate. This glial dilution
effect is one of the features that make it possible to distinguish
glial and neuronal intermediary metabolism using glutamate and
glutamine 13 C time courses following infusion of [1-13 C]- or [1,613 C ]glucose. In addition, modeling of high-field 13 C MRS data
2
suggested that pyruvate pools may become differently labeled in
neurons and astrocytes (10, 59, 60). In line with this, previous
reports have frequently introduced glial and neuronal dilution
fluxes at the level of lactate to account for this effect (61).
The glutamate-glutamine cycle is a major biochemical pathway
in vivo, directly involved in the glutamatergic neurotransmission
process (47, 48), and results from the compartmentation of glutamine metabolizing enzymes: glutamine synthetase is located exclusively in astrocytes (43), while the glutamate to glutamine conversion through phosphate activated glutaminase (PAG) occurs
mostly in neurons (62). Furthermore, most of the glutamate is in
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the neurons, while glutamine is essentially located in the glial cells
(56). Both glutamine and glutamate are 5-carbon chains differing
by an amino group at the carbon position 5 of glutamine. In the
glutamate-glutamine cycle, the carbon positions are maintained,
which means that a carbon located at the position C4 of glutamate will reach the position C4 of glutamine and vice versa, and
similarly for all positions of glutamate and glutamine.
The adjusted parameters of the two-compartment model
(Figure 7) are the glial and neuronal TCA cycle fluxes V g and
n , the transmitochondrial flux V that describes the comVTCA
X
bined effect of glutamate dehydrogenase, aspartate transaminase,
and transport across the mitochondrial membranes, the apparent neurotransmission flux V NT and V PC , the rate of pyruvate
carboxylation in the glia. A dilution V out at the level of pyruvate is generally included to take into account the metabolism
of other substrates, such as lactate or glycogen. Moreover, the
glial acetyl-CoA, at the entrance of the TCA cycle, is diluted by
alternative energetic fuels that glial cells can metabolize, such as
acetate and fatty acids (63, 64). Glucose transport across the BBB
is usually modeled using a Michaelis–Menten modeling approach
(29), although more complex models have been described (65). In
more recent in vivo studies, the two-compartment description of
brain energy metabolism was further used for 13 C labeling experiments using other substrates, such as [2-13 C]acetate (35, 66, 67)
or even adapted to describe the uptake curves measured by 11 C
positron emission when infusing [1-11 C]acetate (68), bridging the
gap between two major bioimaging modalities by proposing a
common metabolic modeling approach.
Upon administration of 13 C-enriched glucose, glutamine carbons become less enriched than those of glutamate and, to account
for this discrepancy, dilution fluxes were placed in glutamine pools
accounting for 13 C loss by exchange with unlabeled pools (V ex ),
which can allow different compartment enrichments (33). Alternatively, other modeling studies assume different dilution fluxes at
the level of pyruvate in each compartment, i.e., loss of labeling by
exchange with unenriched pools of lactate (61). This accounts for
possible 13 C dilution by unlabeled brain glycogen or blood-born
lactate or alanine.
There is now consensus that the interpretation of 13 C incorporation curves from substrates into brain metabolites is never
complete if mathematical models disregard metabolic compartmentation. This is particularly true when the fate of 13 C is
measured at high magnetic field where high spectral resolution
allows for quantification of 13 C in an increased number of amino
acid carbons. Indeed, elegant simulations by Shestov et al. (19)
demonstrated that increasing temporal resolution and decreasing
noise level in 13 C incorporation curves lead to increased accuracy in metabolic flux estimation. In addition, higher detail can be
introduced in compartmentalized models of brain metabolism as
more experimental curves are measured and for a longer period
(19, 60).
SUB-CELLULAR COMPARTMENTATION

Increased sensitivity in measuring 13 C enrichment curves provides insight into sub-cellular compartmentation, which has been
proposed in a plethora of studies in vitro (69–71). Sub-cellular
compartmentation has been disregarded in most studies in vivo.
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As explained above, carboxylation of [3-13 C]pyruvate via
PC labels C2 and dilutes C3 in glutamate/glutamine, resulting in observed relative enrichments of C4 > C2 > C3. In 13 C
MRS experiments at high magnetic field, with infusion of [1,613 C ]glucose, glutamine enrichment in C2 was similar to that in
2
C4 when approaching isotopic steady-state (9). The enrichment
of glutamine C2 approaching that of the C4 carbon is consistent with high PC relative to PDH or with glial-specific dilution
of acetyl-CoA, or a combination of both effects. Because metabolic modeling shows that such labeling patterns cannot be fully
explained by pyruvate carboxylation, an additional glial-specific
dilution flux V dil has been introduced (9) to represent the utilization of glial-specific substrates that enter brain metabolism at the
level of acetyl-CoA in astrocytes but not in neurons. The rate of
V dil was in the range of the rate of utilization of acetate in vivo (67,
72). This further ensures that pyruvate carboxylase and pyruvate
dehydrogenase can carry different enrichment levels from pyruvate into the TCA cycle, as if distinct substrate sources would feed
each pathway. This is also consistent with the presence of at least
two distinct pyruvate pools in the glial compartment.
In cultured neurons, simultaneous incubation with [1,213 C ]glucose and [3-13 C]lactate revealed the existence of at least
2
two cytosolic pools of pyruvate that do not equilibrate rapidly
(73). While one of the pools was derived from glycolysis, the other
was associated to lactate metabolism. Also in cultured astrocytes,
labeling of alanine from 13 C-enriched glucose has been observed
to be lower than that of lactate, suggesting sub-cellular compartmentation of pyruvate (34, 74). One of the pyruvate pools could be
specifically formed from TCA cycle intermediates. Indeed, in cultured astrocytes, the decarboxylation of malate by malic enzyme
can represent a small fraction of the total pyruvate synthesis. This
pyruvate formed via malic enzyme must then re-enter the TCA
cycle to be oxidized, thus completing the pyruvate recycling pathway. This pathway has been proposed by 13 C MRS of extracts from
studies in vitro (34, 75–77) and in vivo (57, 78). This pathway is
likely to be more active when cells need to dispose of glutamate
and glutamine by oxidative degradation (77), which is an alternative to glutamine efflux from the brain that is generally modeled
in 13 C MRS data in vivo (V efflux , equivalent to V PC ). The latter is
however a recognized mechanism for ammonia disposal (79, 80).
However, if pyruvate recycling would be the main form of losing a four carbon intermediate from the TCA cycle to balance
glutamate oxidation in the astrocyte, additional peaks would be
observed in glutamate C4 in the 13 C NMR spectrum. As discussed
in Duarte et al. (9), while [1,6-13 C2 ]glucose originates pyruvate
labeled in C3, pyruvate recycling (coupled to glutamate oxidation)
would generate pyruvate labeled in C2 or simultaneously in C2 and
C3, which via pyruvate dehydrogenase originates 2-oxoglutarate
and glutamate labeled in C5 or simultaneously C4 and C5. These
were not detectable in vivo (9). Furthermore, labeling from pyruvate C2 is incorporated in lactate C2. In brain extracts at the end
of the experiment, FE of brain lactate C2 was at least 20 times
smaller than C3. Since this labeling patterns could also be observed
in plasma lactate, probably resulting from peripheral metabolism
rather than brain release, there is no convincing evidence that
glutamate oxidation and pyruvate recycling are measurable in vivo
upon infusion of [1,6-13 C2 ]glucose (9, 12).
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In addition, when steady-state of 13 C enrichment was reached
for carbons of glutamate and aspartate that have major pools
in neurons, a significant and continuous increase in glutamine
enrichment occurred (9, 12). This could be caused by increase
of total glutamine concentration during glucose infusion, as was
observed under hyperammonemia (81). However, brain glutamine concentration was not altered in similar experimental conditions (82, 83). While pyruvate formation from four carbon TCA
cycle intermediates and further carboxylation could eventually
explain such effect in C3 and C2, glutamine C4 only receives labeling from acetyl-CoA and thus should reach the same steady-state
enrichment as carbons in the neuronal compartment (where PC
is absent) and with which it exchanges via glutamate-glutamine
cycle. This continuous increase in brain glutamine enrichment
upon 13 C-enriched glucose administration was observed in studies using dynamic 13 C MRS in vivo in both rodents (9, 10, 12)
and humans (84), and suggests that the existent mathematical
models of brain metabolism are incomplete and may particularly
benefit from inclusion of features like sub-cellular metabolic compartmentation or a multitude of astrocytes with heterogeneous
metabolic rates. Accordingly, astrocyte morphology is compatible
with the existence of different functional domains [reviewed by
Pellerin and Magistretti (85)], there is mitochondrial heterogeneity and glutamine synthesis from multiple glial TCA cycles (69, 71)
and, in cultured astrocytes, intracellular, and released glutamine
were found to display distinct labeling patterns from metabolism
of 13 C-enriched glucose and lactate (70).
Upon this evidence supporting the existence of multiple
glial glutamine pools, in our most recent 13 C MRS study (12),
two distinct pools of glutamine were modeled within the glial
compartment, in addition to the pools in glutamatergic and
GABAergic neurons. One of these glial glutamine pools was nonmetabolizable and was in direct exchange with the other that was
involved in the glutamate-glutamine cycle. Although this substantially improved fitting to the experimental data, the additional
glutamine pool could as well be introduced in any other metabolic compartment and provide similar approximation to the
experimental data. This was however a simple approach to tackle
sub-cellular compartmentation in astrocytes. Although a more
realistic model would rather include more than one glial compartment, the increasing number of unknown variables (fluxes) in the
model would lead to increased uncertainty in flux estimation.
The inclusion of a vesicular glutamate pool in the neuronal
compartment has also been proposed and seems to improve fitting of 13 C multiplet data and increase accuracy in V NT estimation
(60). However, since this pool is actively involved in the glutamateglutamine cycle, it does not allow for different curve shapes for the
labeling of glutamate and glutamine.

METABOLIC PATHWAYS COUPLED TO BRAIN ACTIVITY
Over the last two decades, systems neuroscience was revolutionized by blood oxygen level dependent (BOLD) functional magnetic resonance imaging (fMRI). BOLD fMRI measures the global
hemodynamic response, i.e., changes in local cerebral blood flow,
volume, and oxygenation, that are related to neuronal activity in
the brain. Although the underlying mechanisms of cerebral hemodynamic control remain to be firmly established, the link between
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the modifications in neuronal activity and the observed hemodynamic response is known to require metabolic involvement of a
multitude of cells, including astrocytes. In fact, due to the particular cytoarchitectural relation to both neurons (forming the
tripartite synapse) and blood vessels (mostly arterioles and capillaries), astrocytes are ideally positioned to detect neuronal activity,
transmit signals to neighboring vascular cells and regulate supply
of energy substrates to neurons. Indeed, the link between cerebral
activity and metabolic fluxes for production of energy has been
suggested since early studies of brain energy metabolism (45).
NEUROTRANSMISSION AND THE RATE OF GLUCOSE OXIDATION

Above isoelectricity, glutamate-glutamine cycle increases ∼1:1
with glucose oxidation that has been proposed to occur mostly
in neurons, thus providing coupling between functional neuroenergetics and glutamatergic neurotransmission (32, 86–88). Such
analyses have however disregarded glial glucose oxidation, even
though conversion of neurotransmitter glutamate to the electrophysiological inactive glutamine in astrocytes involves energy
metabolism (89–91). Furthermore, this relation does not appear to
stand for GABAergic neurotransmission, which relies on astrocytic
oxidation of GABA (12, 87). Therefore, a more complete analysis
of the metabolic fluxes involved in sustaining neurotransmission
is required.
1 H MRS has been used to report the time course of brain
metabolites, mostly lactate, during focal activation. Increase in
lactate concentration was reported upon sustained visual cortex
stimulation first by Prichard et al. (92), suggesting a stimulationinduced increase in cerebral metabolic rate of glucose (CMRGlc ).
This observation was further confirmed in humans and rodents
(93–97) and suggested to be associated to other metabolic modifications like a decrease in glucose concentration, as detected
by in vivo 1 H MRS (93, 98, 99), and in phosphocreatine versus
inorganic phosphate in 31 P MRS experiments (95, 100). In line
with this, both glucose transport and consumption were found
substantially reduced in the rat brain under isoelectricity (83,
101, 102).
With the increase in sensitivity and spectral resolution at high
magnetic field, 1 H MRS in the human visual cortex allowed detection of an increase in glutamate and a putative decrease in aspartate
during stimulation, in addition to lactate and glucose modifications (97, 103), suggesting modifications in the flow through
the malate-aspartate shuttle, possibly linked to adjustments in
redox potential upon increased cerebral glucose consumption.
Similar alterations of lactate, glutamate, and aspartate concentrations as well as increased alanine levels have been reported in
the cortex of conscious rats upon sensory stimulation (104) and
rats under light α-chloralose anesthesia upon trigeminal nerve
stimulation (96). However, using in vivo 1 H MRS in rats under
α-chloralose anesthesia, Xu et al. (105) found that sensorial stimulation could lead to an increase in glutamine and a decrease in
glutamate, myo-inositol, and phosphocreatine to creatine ratio
in the focally activated primary sensory cortex, albeit the modifications in lactate and glucose concentrations upon cerebral
activation were not detected. 1 H-[13 C] NMR spectroscopy studies
in rodents upon infusion of 13 C-enriched glucose measured an
increased tricarboxylic acid cycle flux (V TCA ) in focally activated
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primary sensory cortex during forepaw stimulation (106–108) that

is certainly linked to the increased CMRGlc and oxygen CMRO2 .
Similar observations appeared in studies in humans (109). Altogether, these studies indicate that the BOLD fMRI signal-change
is associated with an increase in oxidative metabolism.
GLIAL METABOLISM SUPPORTS NEUROTRANSMISSION

However, specific pathways of brain energy metabolism that support neurotransmission remain to be elucidated. Sibson et al. (86)
suggested that in 13 C MRS experiments, V NT correlated with the
neuronal fraction of CMRGlc above isoelectricity, which has been
confirmed in a large number of studies across different laboratories (32, 86–88). Other metabolic pathways may be linked to
V NT but remain to be analyzed. Figure 8 aims at elucidating how
energy metabolism is related to both glutamatergic and GABAergic synaptic transmission. In contrast to previous analyses (88),
now we exclusively selected 13 C MRS studies in which metabolic
modeling was performed with fully independent flux estimation
(9, 10, 12, 29, 33, 35, 102). Interestingly this allowed identification of a correlation not only between V NT and glucose oxidation
(86, 88) but also between V NT and V PC . Oxidative metabolism
in neurons was correlated with V NT only when GABAergic compartment is not included in the model. Correlation between glial
TCA cycle and V NT was noticeable in rats. Perhaps with additional
experimental data sets from the human brain, we could depict a
species-dependent relation of glial V TCA to V NT .
Since its introduction, the astrocyte-neuron lactate shuttle
model (89) has found additional confirmatory experimental data.
Nevertheless it remains matter of debate, mostly because it considers that while neuronal metabolism is mainly oxidative, astrocytes
exhibit a mainly glycolytic phenotype (85). In other words, glucose and oxygen are mostly consumed in astrocytes and neurons,
respectively, and since brain hexokinase operates near it maximum
rate assayed in vivo (65), only the neuronal TCA cycle can initially
respond to the metabolic demand during increased brain activity
[even though upon reduction of glucose-6-phosphate levels, there
is loss of feedback inhibition and concomitant gain in hexokinase
activity (110)].
The analysis in Figure 8 indicates that changes in glutamatergic
neurotransmission, i.e., the glutamate-glutamine cycle, are as well
coupled to glial pyruvate carboxylation and glial TCA cycle fluxes.
This analysis agrees with simulations by Jolivet et al. (111) predicting that an important fraction of O2 utilization in astrocytes is
dedicated to neurotransmission in the living brain. Furthermore,
it is interesting to note that the four fluxes depicted in Figure 8
are significantly different from zero in the brain in vivo under isoelectricity (V NT = 0), which would be associated to housekeeping
tasks and other non-signaling brain processes. Recent estimations of energy budgets for the brain in awake state considered
a 25 or 50% of the total energy budget for non-signaling tasks
in either the cortical gray matter or the whole brain, respectively
(112). If one considers that non-signaling and signaling energy
metabolism takes place mostly in glia and neurons respectively,
these data agrees with glial oxidative metabolism much larger than
25% of total energy consumption in the case of the whole brain.
Thus, energy consumption for tasks unrelated to neurotransmission could account for up to ∼50% of total energy expenditure in
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FIGURE 8 | Relation of estimated metabolic fluxes to
glutamate/GABA-glutamine cycle, i.e., glutamatergic plus GABAergic
neurotransmission (total VNT), across several studies using similar
methodology in the rat or human brain: rat brain under
pentobarbital-induced isoelectricity [white; Ref. (102)] and under light

the whole rat brain [discussed by Howarth et al. (112)], and may
largely occur in glial cells.
g
Since only a fraction of VTCA is associated with neurotransmission V NT , the remaining may be associated to housekeeping tasks.
In line with this, there is no clear relation between V g and V NT .
V g is a flux accounting for the difference between glial V TCA and
pyruvate carboxylase in the two-compartment model (see above).
In the models where the GABAergic compartment is included
g
g
and glial cells are oxidizing GABA, Vg = VTCA − VPC − Vshunt
[see Ref. (12)]. Since V PC matches the efflux of glutamine and
g
Vshunt is equivalent to the shuttling of glutamine to the GABAergic neurons, V g denotes the flux through glial pyruvate dehydrogenase corresponding to the complete oxidation of pyruvate.
Therefore, in mathematical models designed as proposed in this
manuscript, one can assume that pyruvate carboxylation and/or
g
GABA oxidation are the main drive for the relation between Vshunt
and V NT .
Most recent publications reporting multi-compartmental
models of brain energy metabolism constrained metabolic fluxes
in astrocytes to those in neurons [discussed in Ref. (113)]. In
particular, V TCA in astrocytes and/or V PC were systematically cong
total (61, 114).
strained as V PC = 0.2 V GS and VTCA = 0.15 · VTCA
Other studies determined V TCA in the astrocytic compartment
from experiments upon [2-13 C]acetate infusion and the obtained
flux is used as constraint to the metabolic modeling of 13 Clabeled glucose experiments for simultaneous determination of
fluxes in glutamatergic and/or GABAergic neurons (115). In contrast, in studies that considered all metabolic fluxes as independent
parameters, there was a fairly linear relation between pyruvate carboxylation rate (V PC ) and the glutamate/GABA-glutamine cycle
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anesthesia [orange, blue, green, and black are data from Ref. (9, 10, 12,
35), respectively], human cortex [red; Ref. (29)], awake rat brain [yellow;
Ref. (33)]. Metabolic fluxes are shown in micromoles per gram per minute
with associated SD. P -value for the slope and R 2 are shown for each linear
regression.

(Figure 8). In fact, the activity-induced increase in glial anaplerosis
through V PC is consistent with increased influx of bicarbonate into
astrocytes upon neuronal release of K+ (116) that may stimulate
pyruvate carboxylation (117). Flux through pyruvate carboxylation has been evaluated using [2-13 C]glucose (for comparison
with labeling from [1-13 C]glucose see Ref. (54)). Interestingly,
V PC was not significantly altered in high neuronal activity upon
by bicuculline-induced seizures (118), suggesting that pyruvate
carboxylase and de novo glutamine synthesis are not required to
support dysfunctional glutamatergic activity in this pathological
condition.
Notably, in models that include GABAergic and glutamatergic
neurons rather than a single neuronal compartment (12, 61, 119),
correlation of total V TCA in neurons with V NT is not maintained
because GABA-glutamine cycle relies on glial GABA oxidation in
the TCA cycle [Figure 8, see also review by Hyder et al. (87)].
In line with this, nearly half of GABA produced in GABAergic
neurons is further oxidized in astrocytes through the glial GABA
shunt and half of GABA synthesis relies on glutamine provided by
astrocytes (12), which is in accordance to observations in cultured
cortical neurons supplied with 13 C-enriched glutamine (120).
MITOCHONDRIAL MEMBRANE TRANSPORT IS COUPLED TO
METABOLIC DEMAND IN NEURONS

Labeling of brain glutamate from a 13 C-enriched oxidative substrate requires transfer of the label from the mitochondrial TCA
cycle intermediate 2-oxoglutarate to cytosolic glutamate, which
also sustains the transfer of reducing equivalents from cytosol
to mitochondria. In the compartments where the GABA shunt
occurs, i.e., glia and GABAergic neurons (12, 61), a substantial
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part of 2-oxoglutarate transamination to glutamate occurred with
GABA, yielding succinic-semialdehyde that is further metabolized by the TCA cycles. Mitochondrial transport of 13 C label
in glia, which includes GABA transamination (in models with
GABAergic compartment) and net glutamate synthesis, was much
lower than the neuronal counterpart. This is in agreement with
the finding that carriers exchanging aspartate and glutamate in
the malate-aspartate shuttle are predominantly expressed in neurons rather than astrocytes (121–123). In contrast, comparable
amounts of Aralar protein, the main mitochondrial carrier for
aspartate/glutamate in the brain, were found in freshly isolated
neurons and astrocytes (124), suggesting that the transfer of reducing equivalents across the mitochondrial membrane is not a limiting step for adaptation to altered metabolic or energetic demand
in astrocytes. It is plausible that VX varies with increased metabolic activity as higher glycolysis requires transference of reducing
equivalents into the mitochondria. However, this may be a small
effect because of the inability to substantially increase hexokinase
activity (discussed above).
As discussed above, in the absence of measurable 13 C turnover
curves for 2-oxoglutarate, the fluxes V TCA and VX are intrinsically coupled (see Figure 5) and are of difficult determination
when few 13 C enrichment curves are taken for metabolic modeling. Although the rate of label transfer from 2-oxoglutarate to
glutamate is frequently thought to occur at a more rapid rate than
that of TCA cycle intermediate oxidation (22, 86, 125), metabolic
modeling of 13 C MRS data from humans (29) and rats (9, 10, 12,
33, 35, 102) with independent flux estimation found mitochondrial exchange fluxes on the order of the TCA cycle rate. In line with
this, 13 C-enriched 2-oxoglutarate but not glutamate was detected
in the rat brain in vivo by 13 C MRS upon infusion of hyperpolarized 13 C-acetate (126). With further methodological development
of these pioneering experiments, one can envisage that dynamic
detection of labeling in both 2-oxoglutarate and glutamate will
allow to reliably measure VX .
The fact that VX and V TCA are on the same order of magnitude
suggests that higher brain metabolic activity may require increased
VX , especially in neurons. Interestingly, in mathematical models
of brain energy metabolism where VX and V TCA were determined
independently from high resolution 13 C MRS data, VX was related
to V TCA within the same compartment (Figure 9). This analysis
was not performed for the glial compartment because most studies
assumed identical VX for neurons and astrocytes. Moreover, when
glial VX was independent, conversion of 2-oxoglutarate to glutamate is driven by de novo glutamine production, which is generally
set to match V PC . Neuronal VX was also related to V NT for the
respective compartment, i.e., either glutamatergic or GABAergic
neurons.
This subject requires further research, especially in conditions of high brain activity, since very few experimental data
sets are available for analysis and most were acquired under
anesthesia. In addition, since different models were generally
used to estimate metabolic fluxes in different studies, this sort
of analyses (Figures 8 and 9) should be considered cautiously.
Employment of the same mathematical model to experiments
under a range of brain activities and identical physiological
conditions is required (86).
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n
FIGURE 9 | VXn and VTCA
are on the same order of magnitude and
related (left). Accordingly, VXn is also linearly related to glutamatergic or
GABAergic V NT (right). Data was collected from the same experiments as in
Figure 8, which determined both fluxes in an independent manner: rat
brain under pentobarbital-induced isoelectricity [white; Ref. (102)]; rat brain
under light α-chloralose anesthesia [orange, blue, and black are from Ref. (9,
10, 35)]; rat brain under light α-chloralose anesthesia but data modeled with
three metabolic compartments [pink/green are GABAergic/glutamatergic
compartments in Ref. (12)]; human cortex [red; Ref. (29)]; awake rat brain
[yellow; Ref. (33)]. Metabolic fluxes are shown in micromoles per gram per
minute with associated SD. P -value for the slope and R 2 are shown for
each linear regression.

SUBSTRATE TRANSPORT AND UTILIZATION
Proton MRS is emerging as an important tool for diagnosis and
therapy monitoring as it provides biomarkers that offer fingerprints of neurological disorders in translational and preclinical
neuroscience research (1). In addition, in vivo 1 H MRS can be
applied dynamically to evaluate cerebral cellular mechanisms that
involve modification of metabolite concentrations, such as homeostasis disruption by pharmacological interventions (127) and
substrate uptake and utilization (83).
Glucose transport kinetics as measured in vivo by 1 H MRS has
been mostly determined under steady-state conditions [e.g., Ref.
(101, 128)]. Steady-state transport measurement from brain glucose content does not allow measuring glucose transport independently from glucose consumption but a ratio between the apparent
maximum transport rate (T max ) and the CMRGlc is determined.
Other studies determined glucose transport kinetics from variations of brain glucose content measured by 1 H MRS upon a rapid
change in plasma glucose concentration, which allowed quantifying both T max and CMRGlc (83, 129, 130). However, in these
studies, different kinetic mechanisms have been defined for the
glucose carriers at the BBB [discussed by Duarte and Gruetter
(65)].
Initial modeling studies on glucose transport were based on
the standard Michaelis–Menten kinetics to describe unidirectional
fluxes across the membranes composing the BBB. Hexokinase,
the rate-limiting step for glycolysis in the brain, operates close
to saturation at physiological glucose levels. Thus, such standard
Michaelis–Menten model predicted a maximum level for brain
glucose, namely that brain glucose should be below 5 µmol/g for
plasma glucose concentrations up to 30 mM.
However, brain glucose concentrations detected non-invasively
by MRS are typically ∼9 µmol/g at plasma glucose concentrations
of 30 mM in both humans and rodents [compared by Duarte
et al. (128)]. At such high plasma glucose concentrations, glucose
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efflux from the brain is substantial and inhibits its own carriermediated uptake. Brain glucose concentrations above the K M of
GLUT1, the main glucose carrier at the BBB, imply that product formation is not unidirectional, i.e., the reverse reaction may
proceed at significant rate. Glucose binding to the transporter at
the abluminal membrane may partially inhibit the influx from the
blood stream. When the product formation is not unidirectional,
reversible Michaelis–Menten kinetics are applicable, which can be
interpreted as reduced affinity for glucose influx, when substantial
brain glucose is present. At steady-state, the reversible Michaelis–
Menten model results in a linear relationship between brain and
plasma glucose (102, 128, 131, 132). Dynamic 13 C MRS studies
with 13 C-enriched glucose also demonstrated that transport of
glucose into the brain can be predicted by the reversible model in
rodents (9) and humans (29).
In certain studies, deviation from this predicted linearity was
observed at high glycemia (82, 133). This suggests that brain
glucose can induce a certain degree of inhibition at the glucose carrier upon severe hyperglycemia, which is patent in experimental
models of diabetes (82, 134, 135). This has been attributed to transacceleration or asymmetry that are not accounted for in Michaelis–
Menten kinetics. Conversely, conformational four-state exchange
kinetic models of solute carriers can simultaneous account for
asymmetry, product inhibition, trans-acceleration, and multiple
substrate competition (136, 137). Such kinetics was shown to
efficiently describe brain glucose levels in multi-compartmental
models of brain glucose transport (83, 128, 138). Unlike the
reversible Michaelis–Menten model, this four-site exchange mechanism assumes that the free carrier after glucose release to the
brain’s interstice is not conformationally the same that binds glucose outside, and that equilibrium exists between the two states of
the unloaded carrier (Figure 10). The four-state conformational
model predicts reverse glucose transport (and thus impediment of
glucose uptake by the occupied carrier, like the reversible model)
and that the presence of substantial amounts of glucose in the
interstice prevents the carrier from acquiring a conformation that
binds to glucose from plasma. In this case, for nearly symmetric
carriers, the net transport can be expressed as:

Tmax Gplasma − Gbrain
νt =
(15)
G
Gbrain
Kt + Gplasma + Gbrain + plasma
Kii
where K t is the apparent affinity constant and K ii denotes the isoinhibition constant that reflects the ability of glucose to inhibit
the translocation of carrier isoforms between the two faces of the
membrane. As previously demonstrated (128), the conformational
model is equivalent to the standard Michaelis–Menten model for
K t close to Kii , and to the reversible Michaelis–Menten model
at physiological glucose levels when Kii largely exceeds G plasma .
Since K ii is indeed much larger than the concentrations of glucose typically observed in the brain (83, 128, 138), the transport
mechanism based on the reversible Michaelis–Menten kinetics
can fully describe glucose transport under normal physiological
conditions. However, in metabolic conditions where high glucose
concentrations are observed, namely under eventual uncontrolled
diabetes (128, 135), the inhibition constant K ii may be important
in describing glucose transport at the BBB.
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FIGURE 10 | The alternating-conformation kinetics of the glucose
carrier. In the absence of glucose (G out or G in ), the carrier can exist in two
inter-converting isomers that are ready to bind glucose either outside (T out )
or inside (T in ) the membrane. When loaded, the carrier can also assume
two isomeric forms favoring glucose release to the outer (T out G) or inner
(T in G) side of the membrane. The rate constants k 1 and k −3 define glucose
binding while k −1 and k 3 define its dissociation from the carrier. The rate
constants k 2 and k −2 or k 4 and k −4 reflect the isomerization of the loaded or
unloaded carrier.

Magnetic resonance spectroscopy can be further extended to
spectroscopic imaging with spatial resolution in the microliter
range in rodents (139), being comparable to the spatial resolution
of animal PET imaging with [18 F]fluorodeoxyglucose but with the
advantage of detecting glucose directly and, simultaneously, other
neurochemicals involved in energy metabolism (1). Such methods
can eventually be used to map regional glucose transport (140).
Although glucose is the main substrate for the brain, other
compounds like ketone bodies, acetate, or lactate can be used as
source of energy to maintain cerebral functions when glucose supply is limiting. Because they can be easily detected by 1 H MRS (1),
similar approaches could be used to determine their transport
rates across the BBB. Although the potential of 1 H MRS to noninvasively evaluate homeostasis of substrates other than glucose
remain to be investigated, the measurement of the brain transport kinetics for lactate or acetate were accomplished by 13 C MRS
upon infusion of 13 C-enriched tracers in rodents (67, 72) and
humans (141).

GLYCOGEN METABOLISM
Brain glycogen levels exceed those of glucose and are measurable
in a non-invasive way by localized 13 C MRS after administration
of 13 C-enriched glucose (142–144). In the adult brain, glycogen is
primarily located in glial cells (145–148) as the glycogen synthesis
machinery is physiologically inactive and glycogen phosphorylase
nearly absent in neurons (149–151).
In the rat brain in vivo, glycogen concentration was determined
to range from 3 to 6 µmol/g (144, 152–154). Its turnover time was
found to lie between 5 and 10 h under physiological conditions
(142, 144, 154, 155). Similar glycogen turnover time was reported
in the brains of mice (156) and humans (143).
Regulation of brain glycogen levels is complex and not
completely understood. Brain glycogen content was suggested
to increase with circulating insulin and with brain glucose
concentration (152, 153, 157–159). While glycogen content
is increased under anesthesia (152, 160, 161), somatosensory
stimulation increases glycogenolysis rate (162, 163) and thus
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reduces brain glycogen levels (164, 165). Although suggesting a
direct role of glycogen metabolism in brain function, this was
not observed under visual stimulation in both rodents (165) and
humans (143). In the mouse hippocampus, glycogen was suggested
to be involved in memory processing, being essential for long-term
but not short-term memory formation (166).
Brain glycogen decreases upon insulin-induced hypoglycemia
(152, 167, 168) due to enhanced glycogenolysis rate (157, 169,
170). It has been also proposed that recurrent hypoglycemia
leads to increased substrate transport through the BBB, as well
as to glycogen “supercompensation,” in which the brain adapts
to hypoglycemia by increasing glucose storage in the form of
extra glycogen content (157, 168). Similarly, glycogen supercompensation was observed after depletion upon exhaustive exercise
in several brain areas of the rat brain (171). This role for brain
glycogen in buffering neuroglycopenia suggests its involvement in
hypoglycemia unawareness, which is defined as impaired counterregulatory hormonal responses to glycemia challenges and loss
of the neurogenic (autonomic) warning symptoms of developing hypoglycemia. Unawareness of low blood glucose is eventually
caused by recurrent hypoglycemia induced by intensive insulin
therapy in diabetes, particularly type 1 diabetes mellitus. Glycogen
supercompensation in the brain after episodes of hypoglycemia
and its role in hypoglycemia unawareness have hitherto been matter of debate (133, 157, 167–169, 172, 173). However, a variety of
inconsistent experimental protocols have been employed to tackle
this question, and it is not excluded that regulation of glycogen
levels is also affected by the duration of hypoglycemia insults or
the glycemia levels in the immediate period after hypoglycemia.
In summary, although brain glycogen metabolism presents
itself as having roles in glucose buffering upon limited glucose
supply, in either physiological or pathological conditions, the exact
mechanisms of glycogen metabolism regulation in vivo remain to
be understood. Modeling of glycogen metabolism in the brain
in vivo generally assume that the rates of binding and releasing
glucosyl units from the glycogen molecule are equal and that all
glycogen molecules display the same behavior independently of
their size (142, 155, 169). The parameters extracted from such
models are limited to glycogen concentration and turnover. However, due to its tight and complex regulation (174), study of glycogen metabolism in vivo may require an analysis with mathematical
models including a more complete representation of the regulatory
network, as has been done for other organs with metabolic control
analysis [e.g., Ref. (175)].

REFERENCES
1. Duarte JMN, Lei H, Mlynárik
V, Gruetter R. The neurochemical profile quantified by in vivo
1 H NMR spectroscopy. Neuroimage (2012) 61(2):342–62. doi:10.
1016/j.neuroimage.2011.12.038
2. Mlynárik V, Cacquevel M, SunReimer L, Janssens S, Cudalbu
C, Lei H, et al. Proton and
phosphorus magnetic resonance
spectroscopy of a mouse model of

www.frontiersin.org

Alzheimer’s disease. J Alzheimers
Dis (2012) 31(Suppl 3):S87–99.
doi:10.3233/JAD-2012-112072
3. Gruetter R. In vivo 13 C NMR studies of compartmentalized cerebral carbohydrate metabolism.
Neurochem Int (2002) 41:143–54.
doi:10.1016/S0197-0186(02)
00034-7
4. Gruetter R, Adriany G, Choi IY,
Henry PG, Lei H, Oz G. Localized in vivo 13 C NMR spectroscopy

CONCLUSION
The recent developments in the field of in vivo dynamic MRS
of brain metabolism have provided precious information on
substrate transport and utilization as well as neurotransmission
mechanisms. A quantitative interpretation of these data requires
advanced metabolic modeling approaches based on the biochemical knowledge accumulated over several decades. The level of
complexity of these mathematical models strongly depends on the
amount of information accessible in vivo and limits the number
and precision of measurable metabolic rates.
In this review, we explained and discussed the methodology
applied in mathematical modeling of brain energy metabolism
measured with dynamic MRS, the assumptions required for modeling, and the ways to estimate the robustness and adequacy of
a model. Monte Carlo simulations proved to be a precious tool
for this purpose. Although some metabolic flux values are still
a matter of debate, compartmental modeling of brain metabolism of 13 C-labeled energy substrates shined a new light on the
understanding of neuronal and glial oxidative reactions and neurotransmission processes. Recent studies showed that substantial
glial metabolism supports both glutamatergic and GABAergic
neurotransmission. Even though the results obtained with twoand three-compartmental models in those works tend to come to
a good agreement, some evidence supports the fact that the current
models of brain energy metabolism fail to completely describe 13 C
MRS data.
The recent dynamic 13 C isotopomer analysis using multiplets from homonuclear 13 C coupling (10, 51) or the use of
hyperpolarized 13 C methods (59, 126) may help to solve several remaining questions concerning brain metabolic processes.
Overall, the availability of high magnetic field NMR systems and
the continuous improvements in the detection methods in both
13 C and 1 H MRS enable the non-invasive acquisition of metabolic data with a steadily increasing level of detail and precision,
which will require improvement of current metabolic models
but is also expected to provide new insight in the understanding of brain energy processes and brain function in the near
future.
ACKNOWLEDGMENTS
This work was supported by the Swiss National Science Foundation (grant 131087) and by Centre d’Imagerie BioMédicale
(CIBM) of the UNIL, UNIGE, HUG, CHUV, EPFL, and the
Leenaards and Jeantet Foundations.

of the brain. NMR Biomed
(2003) 16:313–38. doi:10.1002/
nbm.841
5. de Graaf RA, Mason GF, Patel AB,
Behar KL, Rothman DL. In vivo
1 H-[13 C]-NMR
spectroscopy
of cerebral metabolism. NMR
Biomed
(2003)
16:339–57.
doi:10.1002/nbm.847
6. Mason GF, Rothman DL. Basic
principles of metabolic modeling
of NMR 13 C isotopic turnover to

determine rates of brain metabolism in vivo. Metab Eng (2004) 6:
75–84. doi:10.1016/j.ymben.2003.
10.003
7. Henry PG, Adriany G, Deelchand D, Gruetter R, Marjanska
M, Oz G, et al. In vivo 13 C
NMR spectroscopy and metabolic
modeling in the brain: a practical
perspective. Magn Reson Imaging
(2006) 24:527–39. doi:10.1016/j.
mri.2006.01.003

October 2013 | Volume 4 | Article 156 | 13

Lanz et al.

8. Henry PG, Oz G, Provencher S,
Gruetter R. Toward dynamic isotopomer analysis in the rat brain
in vivo: automatic quantitation of
13 C NMR spectra using LCModel.
NMR Biomed (2003) 16:400–12.
doi:10.1002/nbm.840
9. Duarte JMN, Lanz B, Gruetter
R. Compartmentalized cerebral
metabolism of [1,6-13 C2 ]glucose
determined by in vivo 13 C NMR
spectroscopy at 14.1 T. Front Neuroenergetics (2011) 3:3. doi:10.
3389/fnene.2011.00003
10. Jeffrey FM, Marin-Valencia I,
Good LB, Shestov AA, Henry
PG, Pascual JM, et al. Modeling
of brain metabolism and pyruvate compartmentation using 13 C
NMR in vivo: caution required.
J Cereb Blood Flow Metab (2013)
33(8):1160–7. doi:10.1038/jcbfm.
2013.67
11. Henry PG, Tkác I, Gruetter R.
1 H-localized broadband 13 C NMR
spectroscopy of the rat brain
in vivo at 9.4 T. Magn Reson
Med (2003) 50:684–92. doi:10.
1002/mrm.10601
12. Duarte JMN, Gruetter R. Glutamatergic
and
GABAergic
energy metabolism measured
in the rat brain by 13 C NMR
spectroscopy at 14.1 T. J Neurochem (2013) 126(5):579–90.
doi:10.1111/jnc.12333
13. Berliner LJ, Robitaille PM. In vivo
Carbon-13 NMR. New York:
Kluwer Academic (1998).
14. Rothman DL, Novotny EJ,
Shulman GI, Howseman AM,
Petroff OA, Mason G, et al.
1H-[13C] NMR measurements
of [4-13C]glutamate turnover
in human brain. Proc Natl Acad
Sci U S A (1992) 89:9603–6.
doi:10.1073/pnas.89.20.9603
15. Meyer C, Peligrad D-N, Weibrecht
M. Assessment of input function distortions on kinetic model
parameters in simulated dynamic
82Rb PET perfusion studies. Nucl
Instrum Methods Phys Res A (2007)
571:199–202. doi:10.1016/j.nima.
2006.10.062
16. Cobelli C, Foster D, Toffolo
G. Tracer Kinetics in Biomedical
Research: From Data to Model. New
York, NY: Springer (2000).
17. Johnson ML. Essential Numerical Computer Methods. Academic
Press (2010).
18. Carson ER, Cobelli C. Modelling
Methodology for Physiology and
Medicine. San Diego, CA: Academic Press (2001).
19. Shestov AA, Valette J, Ugurbil K, Henry PG. On the

Modeling cerebral metabolism in vivo

20.

21.

22.

23.

24.

25.

26.

27.

reliability of 13 C metabolic
modeling with two-compartment
neuronal-glial models. J Neurosci Res (2007) 85:3294–303.
doi:10.1002/jnr.21269
Mason GF, Rothman DL,
Behar
KL,
Shulman
RG.
NMR determination of the
TCA cycle rate and alphaketoglutarate/glutamate exchange
rate in rat brain. J Cereb Blood
Flow Metab (1992) 12:434–47.
doi:10.1038/jcbfm.1992.61
Gruetter R, Novotny EJ, Boulware SD, Mason GF, Rothman DL,
Shulman GI, et al. Localized 13 C
NMR spectroscopy in the human
brain of amino acid labeling from
D-[1-13 C]glucose. J Neurochem
(1994) 63:1377–85. doi:10.1046/j.
1471-4159.1994.63041377.x
Mason GF, Gruetter R, Rothman DL, Behar KL, Shulman RG,
Novotny EJ. Simultaneous determination of the rates of the TCA
cycle, glucose utilization, alphaketoglutarate/glutamate exchange,
and glutamine synthesis in human
brain by NMR. J Cereb Blood Flow
Metab (1995) 15:12–25. doi:10.
1038/jcbfm.1995.2
de Graaf RA. In vivo NMR
Spectroscopy: Principles and Techniques. London: John Wiley & Sons
(2008).
Henry PG, Lebon V, Vaufrey F,
Brouillet E, Hantraye P, Bloch G.
Decreased TCA cycle rate in the
rat brain after acute 3-NP treatment measured by in vivo 1 H[13 C] NMR spectroscopy. J Neurochem (2002) 82:857–66. doi:10.
1046/j.1471-4159.2002.01006.x
Henry PG, Criego AB, Kumar
A, Seaquist ER. Measurement
of cerebral oxidative glucose
consumption in patients with
type 1 diabetes mellitus and
hypoglycemia unawareness using
13 C
nuclear magnetic resonance spectroscopy. Metabolism
(2010) 59(1):100–6. doi:10.1016/j.
metabol.2009.07.012
Ennis K, Deelchand DK, Tkac I,
Henry PG, Rao R. Determination
of oxidative glucose metabolism
in vivo in the young rat brain
using localized direct-detected 13 C
NMR spectroscopy. Neurochem
Res (2011) 36(11):1962–8. doi:10.
1007/s11064-011-0519-x
Melø TM, Håberg AK, Risa
Ø, Kondziella D, Henry PG,
Sonnewald
U.
Tricarboxylic
acid cycle activity measured by
13 C magnetic resonance spectroscopy in rats subjected to
the kaolin model of obstructed

Frontiers in Endocrinology | Cellular Endocrinology

28.

29.

30.

31.

32.

33.

34.

35.

36.

hydrocephalus.
Neurochem
Res
(2011)
36(10):1801–8.
doi:10.1007/s11064-011-0497-z
van de Ven KC, de Galan BE,
van der Graaf M, Shestov AA,
Henry PG, Tack CJ, et al. Effect
of acute hypoglycemia on human
cerebral glucose metabolism
measured by 13 C magnetic
resonance spectroscopy. Diabetes
(2011)
60(5):1467–73.
doi:10.2337/db10-1592
Gruetter R, Seaquist ER, Ugurbil
K. A mathematical model of compartmentalized neurotransmitter
metabolism in the human brain.
Am J Physiol Endocrinol Metab
(2001) 281:E100–12.
Uffmann K, Gruetter R. Mathematical modeling of 13 C label
incorporation of the TCA cycle:
the concept of composite precursor function. J Neurosci Res (2007)
85:3304–17. doi:10.1002/jnr.21392
de Graaf RA, Mason GF, Patel AB,
Rothman DL, Behar KL. Regional
glucose metabolism and glutamatergic neurotransmission in rat
brain in vivo. Proc Natl Acad Sci
U S A (2004) 101:12700–5. doi:10.
1073/pnas.0405065101
Patel AB, de Graaf RA, Mason
GF, Kanamatsu T, Rothman DL,
Shulman RG, et al. Glutamatergic neurotransmission and neuronal glucose oxidation are coupled during intense neuronal activation. J Cereb Blood Flow Metab
(2004) 24:972–85. doi:10.1097/01.
WCB.0000126234.16188.71
Oz G, Berkich DA, Henry PG,
Xu Y, LaNoue K, Hutson SM,
et al. Neuroglial metabolism in
the awake rat brain: CO2 fixation
increases with brain activity. J Neurosci (2004) 24:11273–9. doi:10.
1523/JNEUROSCI.3564-04.2004
Amaral AI, Teixeira AP, Håkonsen BI, Sonnewald U, Alves PM.
A comprehensive metabolic profile of cultured astrocytes using
isotopic transient metabolic flux
analysis and 13C-labeled glucose.
Front Neuroenerg (2011) 3:5. doi:
10.3389/fnene.2011.00005
Lanz B, Xin L, Millet P, Gruetter
R. In vivo quantification of neuroglial metabolism and glial glutamate concentration using 1 H[13 C] MRS at 14.1T. J Neurochem
(2013). doi:10.1111/jnc.12479
Berl S, Lajtha A, Waelsch H.
Amino acid and protein metabolism of the brain. VI. Cerebral compartments of glutamic
acid metabolism. J Neurochem
(1961) 7:322–32. doi:10.1111/j.
1471-4159.1961.tb13503.x

37. Waelsch H, Berl S, Rossi CA,
Clarke DD, Purpura DD. Quantitative aspects of CO2 fixation
in mammalian brain in vivo. J
Neurochem (1964) 11:717–28.
doi:10.1111/j.1471-4159.1964.
tb06117.x
38. Hydén H, Pigon A. A cytophysiological study of the functional relationship between oliodendroglial
cells and nerve cells of Deiters’
nucleus. J Neurochem (1960) 6:57–
72. doi:10.1111/j.1471-4159.1960.
tb13449.x
39. Hamberger A. Oxidation of tricarboxylic acid cycle intermediates by
nerve cell bodies and glial cells. J
Neurochem (1961) 8:31–5. doi:10.
1111/j.1471-4159.1961.tb13523.x
40. Hertz L, Dittmann L, Mandel P. K+ induced stimulation
of oxygen uptake in cultured
cerebral glial cells. Brain Res
(1973) 60:517–20. doi:10.1016/
0006-8993(73)90814-7
41. Schousboe A, Svenneby G, Hertz
L. Uptake and metabolism of
glutamate in astrocytes cultured
from dissociated mouse brain
hemispheres. J Neurochem (1977)
29:999–1005. doi:10.1111/j.14714159.1977.tb06503.x
42. Norenberg
MD,
MartinezHernandez A. Fine structural
localization of glutamine synthetase in astrocytes of rat brain.
Brain Res (1977) 161:303–10. doi:
10.1016/0006-8993(79)90071-4
43. Martinez-Hernandez A, Bell KP,
Norenberg MD. Glutamine synthetase: glial localization in brain.
Science (1977) 195:1356–8. doi:10.
1126/science.14400
44. Shank RP, Bennett GS, Freytag SO, Campbell GL. Pyruvate
carboxylase: an astrocyte-specific
enzyme implicated in the replenishment of amino acid neurotransmitter pools. Brain Res
(1985) 329:364–7. doi:10.1016/
0006-8993(85)90552-9
45. van den Berg CJ, Krzalic L, Mela
P, Waelsch H. Compartmentation of glutamate metabolism in
brain. Evidence for the existence
of two different tricarboxylic acid
cycles in brain. Biochem J (1969)
113:281–90.
46. van den Berg CJ, Garfinkel D. A
simulation study of brain compartments. Metabolism of glutamate and related substances in
mouse brain. Biochem J (1971)
123:211–8.
47. Hertz L. Functional interactions
between neurons and astrocytes. I.
Turnover and metabolism of putative amino acid transmitters. Prog

October 2013 | Volume 4 | Article 156 | 14

Lanz et al.

48.

49.

50.

51.

52.

53.

54.

55.

Neurobiol (1979) 13:277–323. doi:
10.1016/0301-0082(79)90018-2
McKenna M, Gruetter R, Sonnerwald U, Waagepetersen HS,
Schousboe A. Energy metabolism
of the brain. In: Brady ST, Siegel GJ,
Albers RW, Price DL, editors. Basic
Neurochemistry: Principles of Molecular, Cellular, and Medical Neurobiology. 8th ed. New York: Elsevier
Academic Press (2011).
Behar KL, Petroff OA, Prichard JW,
Alger JR, Shulman RG. Detection
of metabolites in rabbit brain by
13 C NMR spectroscopy following
administration of [1-13 C]glucose.
Magn Reson Med (1986) 3:911–20.
doi:10.1002/mrm.1910030611
Deelchand DK, Nelson C, Shestov
AA, Ugurbil K, Henry PG.
Simultaneous measurement of
neuronal and glial metabolism
in rat brain in vivo using coinfusion of [1,6-13 C2 ]glucose
and [1,2-13 C2 ]acetate. J Magn
Reson
(2009)
196:157–63.
doi:10.1016/j.jmr.2008.11.001
Shestov AA, Valette J, Deelchand
DK, Ugurbil K, Henry PG. Metabolic modeling of dynamic brain
13 C NMR multiplet data: concepts and simulations with a
two-compartment neuronal-glial
model. Neurochem Res (2012)
37:2388–401. doi:10.1007/s11064012-0782-5
Li S, Zhang Y, Ferraris Araneta M,
Xiang Y, Johnson C, Innis RB, et
al. In vivo detection of 13 C isotopomer turnover in the human
brain by sequential infusion of 13C
labeled substrates. J Magn Reson
(2012) 218:16–21. doi:10.1016/j.
jmr.2012.03.012
Gruetter R, Adriany G, Merkle
H, Andersen PM. Broadband
decoupled, 1H-localized 13C
MRS of the human brain at 4
tesla. Magn Reson Med (1996)
36:659–64.
doi:10.1002/mrm.
1910360503
Sibson NR, Mason GF, Shen J,
Cline GW, Herskovits AZ, Wall
JE, et al. In vivo 13 C NMR
measurement of neurotransmitter glutamate cycling, anaplerosis and TCA cycle flux in
rat brain during. J Neurochem
(2001) 76:975–89. doi:10.1046/j.
1471-4159.2001.00074.x
Zhang NH, Laake J, Nagelhus
E, Storm-Mathisen J, Ottersen
OP. Distribution of glutaminelike immunoreactivity in the
cerebellum of rat and baboon
(Papio anubis) with reference to
the issue of metabolic compartmentation. Anat Embryol (Berl)

www.frontiersin.org

Modeling cerebral metabolism in vivo

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

(1991) 184:213–23. doi:10.1007/
BF01673257
Ottersen OP, Zhang N, Walberg
F. Metabolic compartmentation
of glutamate and glutamine:
morphological evidence obtained
by quantitative immunocytochemistry in rat cerebellum. Neuroscience (1992) 46:519–34. doi:
10.1016/0306-4522(92)90141-N
Cerdan S, Kunnecke B, Seelig
J. Cerebral metabolism of [1,213 C ]acetate as detected by in vivo
2
and in vitro 13 C NMR. J Biol Chem
(1990) 265:12916–26.
Patel MS. The relative significance of CO2 -fixing enzymes in
the metabolism of rat brain. J
Neurochem (1974) 22:717–24.
doi:10.1111/j.1471-4159.1974.
tb04285.x
Marjanska M, Iltis I, Shestov AA,
Deelchand DK, Nelson C, Ugurbil
K, et al. In vivo 13 C spectroscopy
in the rat brain using hyperpolarized [1-13 C]pyruvate and
[2-13 C]pyruvate. J Magn Reson
(2010) 206:210–8. doi:10.1016/j.
jmr.2010.07.006
Shestov AA, Deelchand DK, Ugurbil K, Henry PG. Elucidating brain
metabolism by dynamic 13 C isotopomer analysis. Proc Intl Soc Mag
Reson Med (2011) 19:305.
Patel AB, de Graaf RA, Mason GF,
Rothman DL, Shulman RG, Behar
KL. The contribution of GABA to
glutamate/glutamine cycling and
energy metabolism in the rat cortex in vivo. Proc Natl Acad Sci U S A
(2005) 102:5588–93. doi:10.1073/
pnas.0501703102
Patel AJ, Hunt A, Gordon RD,
Balazs R. The activities in different neural cell types of certain enzymes associated with the
metabolic compartmentation glutamate. Brain Res (1982) 256:
3–11.
Badar-Goffer RS, Bachelard HS,
Morris PG. Cerebral metabolism
of acetate and glucose studied by
13C-n.m.r. spectroscopy. A technique for investigating metabolic
compartmentation in the brain.
Biochem J (1990) 266:133–9.
Ebert D, Haller RG, Walton ME.
Energy contribution of octanoate
to intact rat brain metabolism
measured by 13 C nuclear magnetic
resonance spectroscopy. J Neurosci
(2003) 23:5928–35.
Duarte JMN, Gruetter R. Cerebral
glucose transport and homeostasis. In: Choi I-Y, Gruetter R, editors. Neural Metabolism In vivo.
New York: Springer (2012). p.
655–73.

66. Lebon V, Petersen KF, Cline GW,
Shen J, Mason GF, Dufour S, et
al. Astroglial contribution to brain
energy metabolism in humans
revealed by 13 C nuclear magnetic
resonance spectroscopy: elucidation of the dominant pathway for
neurotransmitter glutamate repletion and measurement of astrocytic oxidative metabolism. J Neurosci (2002) 22:1523–31.
67. Patel AB, de Graaf RA, Rothman
DL, Behar KL, Mason GF. Evaluation of cerebral acetate transport and metabolic rates in the
rat brain in vivo using 1 H-[13 C]NMR. J Cereb Blood Flow Metab
(2010) 30:1200–13. doi:10.1038/
jcbfm.2010.2
68. Lanz B, Uffmann K, Wyss MT,
Weber B, Buck A, Gruetter R. A
two-compartment mathematical
model of neuroglial metabolism
using [1-11 C] acetate. J Cereb Blood
Flow Metab (2012) 32:548–59. doi:
10.1038/jcbfm.2011.162
69. Sonnewald U, Hertz L, Schousboe A. Mitochondrial heterogeneity in the brain at the cellular level.
J Cereb Blood Flow Metab (1998)
18:231–7. doi:10.1097/00004647199803000-00001
70. Waagepetersen HS, Sonnewald U,
Larsson OM, Schousboe A. Multiple compartments with different metabolic characteristics are
involved in biosynthesis of intracellular and released glutamine
and citrate in astrocytes. Glia
(2001) 35:246–52. doi:10.1002/
glia.1089
71. Waagepetersen HS, Hansen GH,
Fenger K, Lindsay JG, Gibson
G, Schousboe A. Cellular mitochondrial heterogeneity in cultured astrocytes as demonstrated
by immunogold labeling of alphaketoglutarate dehydrogenase. Glia
(2006) 53:225–31. doi:10.1002/
glia.20276
72. Deelchand DK, Shestov AA, Koski
DM, Ugurbil K, Henry PG.
Acetate transport and utilization
in the rat brain. J Neurochem
(2009) 109:46–54. doi:10.1111/j.
1471-4159.2009.05895.x
73. Cruz F, Villalba M, GarcíaEspinosa MA, Ballesteros P,
Bogónez E, Satrústegui J, et al.
Intracellular compartmentation
of pyruvate in primary cultures
of cortical neurons as detected
by 13 C NMR spectroscopy with
multiple 13 C labels. J Neurosci Res
(2001) 66:771–81. doi:10.1002/
jnr.10048
74. Brand A, Engelmann J, Leibfritz D.
A13 C NMR study on fluxes into

75.

76.

77.

78.

79.

80.

81.

82.

the TCA cycle of neuronal and glial
tumor cell lines and primary cells.
Biochimie (1992) 74:941–8. doi:10.
1016/0300-9084(92)90078-S
Sonnewald U, Westergaard N,
Jones P, Taylor A, Bachelard
HS, Schousboe A. Metabolism
of [U-13 C5 ] glutamine in cultured astrocytes studied by NMR
spectroscopy: first evidence of
astrocytic pyruvate recycling. J
Neurochem (1996) 67:2566–72.
doi:10.1046/j.1471-4159.1996.
67062566.x
Bakken IJ, White LR, Aasly J,
Unsgard G, Sonnewald U. Lactate
formation from [U-13 C]aspartate
in cultured astrocytes: compartmentation
of
pyruvate
metabolism. Neurosci Lett (1997)
237:117–20. doi:10.1016/S03043940(97)00834-3
Waagepetersen HS, Qu H, Hertz
L, Sonnewald U, Schousboe
A. Demonstration of pyruvate recycling in primary cultures of neocortical astrocytes
but not in neurons. Neurochem Res (2002) 27:1431–7.
doi:10.1023/A:1021636102735
Haberg A, Qu H, Bakken IJ,
Sande LM, White LR, Haraldseth O, et al. In vitro and ex
vivo 13 C-NMR spectroscopy studies of pyruvate recycling in brain.
Dev Neurosci (1998) 20:389–98.
doi:10.1159/000017335
Lee WJ, Hawkins RA, Viña JR,
Peterson DR. Glutamine transport by the blood-brain barrier:
a possible mechanism for nitrogen removal. Am J Physiol (1998)
274:C1101–7.
Xiang J, Ennis SR, Abdelkarim GE, Fujisawa M, Kawai N,
Keep RF. Glutamine transport
at the blood-brain and bloodcerebrospinal
fluid
barriers.
Neurochem Int (2003) 43:279–88.
doi:10.1016/S0197-0186(03)
00013-5
Cudalbu C, Lanz B, Duarte
JM, Morgenthaler FD, Pilloud Y,
Mlynárik V, et al. Cerebral glutamine metabolism under hyperammonemia determined in vivo
by localized 1 H and 15 N NMR
spectroscopy. J Cereb Blood Flow
Metab (2012) 32:696–708. doi:10.
1038/jcbfm.2011.173
Duarte JMN, Carvalho RA,
Cunha RA, Gruetter R. Caffeine
consumption attenuates neurochemical modifications in the
hippocampus of streptozotocininduced diabetic rats. J Neurochem
(2009) 111:368–79. doi:10.1111/j.
1471-4159.2009.06349.x

October 2013 | Volume 4 | Article 156 | 15

Lanz et al.

83. Duarte JMN, Gruetter R. Characterization of cerebral glucose
dynamics in vivo with a four-state
conformational model of transport at the blood-brain-barrier. J
Neurochem (2012) 121:396–406.
doi:10.1111/j.1471-4159.2012.
07688.x
84. Shen J, Petersen KF, Behar KL,
Brown P, Nixon TW, Mason GF,
et al. Determination of the rate
of the glutamate/glutamine cycle
in the human brain by in vivo
13 C NMR. Proc Natl Acad Sci U S
A (1999) 96:8235–40. doi:10.1073/
pnas.96.14.8235
85. Pellerin L, Magistretti PJ. Sweet sixteen for ANLS. J Cereb Blood Flow
Metab (2012) 32:1152–66. doi:10.
1038/jcbfm.2011.149
86. Sibson NR, Dhankhar A, Mason
GF, Rothman DL, Behar KL, Shulman RG. Stoichiometric coupling
of brain glucose metabolism and
glutamatergic neuronal activity.
Proc Natl Acad Sci U S A (1998)
95:316–21. doi:10.1073/pnas.95.1.
316
87. Hyder F, Patel AB, Gjedde A,
Rothman DL, Behar KL, Shulman RG. Neuronal-glial glucose oxidation and glutamatergicGABAergic function. J Cereb Blood
Flow Metab (2006) 26:865–77. doi:
10.1038/sj.jcbfm.9600263
88. Hyder F, Fulbright RK, Shulman RG, Rothman DL. Glutamatergic function in the resting awake human brain is supported by uniformly high oxidative energy. J Cereb Blood Flow
Metab (2013) 33:339–47. doi:10.
1038/jcbfm.2012.207
89. Pellerin L, Magistretti PJ. Glutamate uptake into astrocytes stimulates aerobic glycolysis: a mechanism coupling neuronal activity
to glucose utilization. Proc Natl
Acad Sci U S A (1994) 91:10625–9.
doi:10.1073/pnas.91.22.10625
90. Eriksson G, Peterson A, Iverfeldt K,
Walum E. Sodium-dependent glutamate uptake as an activator of
oxidative metabolism in primary
astrocyte cultures from newborn
rat. Glia (1995) 15:152–6. doi:10.
1002/glia.440150207
91. Silver IA, Erecinska M. Energetic
demands of the Na+ /K+ ATPase
in mammalian astrocytes. Glia
(1997) 21:35–45. doi:10.1002/
(SICI)1098-1136(199709)21:
1<35::AID-GLIA4>3.0.CO;2-0
92. Prichard J, Rothman D, Novotny
E, Petroff O, Kuwabara T, Avison
M, et al. Lactate rise detected by
1H NMR in human visual cortex during physiologic stimulation.

Modeling cerebral metabolism in vivo

Proc Natl Acad Sci U S A (1991)
88:5829–31. doi:10.1073/pnas.88.
13.5829
93. Frahm J, Krüger G, Merboldt KD,
Kleinschmidt A. Dynamic uncoupling and recoupling of perfusion
and oxidative metabolism during focal brain activation in man.
Magn Reson Med (1996) 35:143–8.
doi:10.1002/mrm.1910350202
94. Kuwabara T, Watanabe H, Tsuji
S, Yuasa T. Lactate rise in
the basal ganglia accompanying finger movements: a localized 1H-MRS study. Brain Res
(1995) 670:326–8. doi:10.1016/
0006-8993(94)01353-J
95. Sappey-Marinier D, Calabrese G,
Fein G, Hugg JW, Biggins C,
Weiner MW. Effect of photic stimulation on human visual cortex lactate and phosphates using
1 H and 31 P magnetic resonance
spectroscopy. J Cereb Blood Flow
Metab (1992) 12:584–92. doi:10.
1038/jcbfm.1992.82
96. Just N, Xin L, Frenkel H, Gruetter
R. Characterization of sustained
BOLD activation in the rat
barrel cortex and neurochemical consequences. Neuroimage
(2013) 74:343–51. doi:10.1016/j.
neuroimage.2013.02.042
97. Schaller B, Mekle R, Xin L, Kunz
N, Gruetter R. Net increase of lactate and glutamate concentration
in activated human visual cortex
detected with magnetic resonance
spectroscopy at 7 tesla. J Neurosci
Res (2013) 91(8):1076–83. doi:10.
1002/jnr.23194
98. Chen W, Novotny EJ, Zhu XH,
Rothman DL, Shulman RG. Localized 1 H NMR measurement of glucose consumption in the human
brain during visual stimulation.
Proc Natl Acad Sci U S A
(1993) 90:9896–900. doi:10.1073/
pnas.90.21.9896
99. Merboldt KD, Bruhn H, Hänicke
W, Michaelis T, Frahm J.
Decrease of glucose in the
human visual cortex during photic stimulation. Magn
Reson Med (1992) 25:187–94.
doi:10.1002/mrm.1910250119
100. Mochel F, N’Guyen TM, Deelchand D, Rinaldi D, Valabregue R,
Wary C, et al. Abnormal response
to cortical activation in early stages
of Huntington disease. Mov Disord
(2012) 27(7):907–10. doi:10.1002/
mds.25009
101. Lei H, Duarte JM, Mlynárik
V, Python A, Gruetter R. Deep
thiopental
anesthesia
alters
steady-state glucose homeostasis
but not the neurochemical profile

Frontiers in Endocrinology | Cellular Endocrinology

of rat cortex. J Neurosci Res (2010)
88:413–9. doi:10.1002/jnr.22212
102. Choi IY, Lei H, Gruetter R. Effect
of deep pentobarbital anesthesia
on neurotransmitter metabolism
in vivo: on the correlation of total
glucose consumption with glutamatergic action. J Cereb Blood Flow
Metab (2002) 22:1343–51. doi:10.
1097/00004647-200211000-00008
103. Mangia S, Tkác I, Gruetter R,
Van de Moortele PF, Maraviglia
B, Ugurbil K. Sustained neuronal
activation raises oxidative metabolism to a new steady-state level: evidence from 1H NMR spectroscopy
in the human visual cortex. J
Cereb Blood Flow Metab (2007)
27:1055–63.
104. Dienel GA, Wang RY, Cruz NF.
Generalized sensory stimulation
of conscious rats increases labeling of oxidative pathways of
glucose metabolism when the
brain glucose-oxygen uptake ratio
rises. J Cereb Blood Flow Metab
(2002) 22:1490–502. doi:10.1097/
00004647-200212000-00009
105. Xu S, Yang J, Li CQ, Zhu W, Shen
J. Metabolic alterations in focally
activated primary somatosensory
cortex
of
alpha-chloraloseanesthetized rats measured by
1 H MRS at 11.7 T. Neuroimage
(2005) 28:401–9. doi:10.1016/j.
neuroimage.2005.06.016
106. Hyder F, Chase JR, Behar KL,
Mason GF, Siddeek M, Rothman
DL, et al. Increased tricarboxylic
acid cycle flux in rat brain during
forepaw stimulation detected with
1 H[13 C]NMR. Proc Natl Acad Sci
U S A (1996) 93:7612–7. doi:10.
1073/pnas.93.15.7612
107. Hyder F, Rothman DL, Mason GF,
Rangarajan A, Behar KL, Shulman
RG. Oxidative glucose metabolism
in rat brain during single forepaw
stimulation: a spatially localized
1 H[13 C] nuclear magnetic resonance study. J Cereb Blood Flow
Metab (1997) 17:1040–7. doi:10.
1097/00004647-199710000-00005
108. Yang J, Shen J. Increased oxygen
consumption in the somatosensory cortex of alpha-chloralose
anesthetized rats during forepaw
stimulation determined using
MRS at 11.7 Tesla. Neuroimage
(2006) 32:1317–25. doi:10.1016/j.
neuroimage.2006.05.010
109. Chen W, Zhu XH, Gruetter R,
Seaquist ER, Adriany G, Ugurbil
K. Study of tricarboxylic acid
cycle flux changes in human
visual cortex during hemifield
visual stimulation using 1 H-[13 C]
MRS and fMRI. Magn Reson Med

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

(2001) 45:349–55. doi:10.1002/
1522-2594(200103)45:3<349:
:AID-MRM1045>3.0.CO;2-8
Dienel GA. Fueling and imaging brain activation. ASN Neuro
(2012) 4(5):e00093. doi:10.1042/
AN20120021
Jolivet R, Magistretti PJ, Weber B.
Deciphering neuron-glia compartmentalization in cortical energy
metabolism. Front Neuroenergetics
(2009) 1:4. doi:10.3389/neuro.14.
004.2009
Howarth C, Gleeson P, Attwell D.
Updated energy budgets for neural
computation in the neocortex and
cerebellum. J Cereb Blood Flow
Metab (2012) 32:1222–32. doi:10.
1038/jcbfm.2012.35
Merle M, Franconi J-M. Brain
metabolic compartmentalization,
metabolism modeling, and cerebral activity-metabolism relationship. In: Choi I-Y, Gruetter R, editors. Neural Metabolism In vivo.
New York: Springer (2012). p.
947–92.
Chowdhury GM, Patel AB, Mason
GF, Rothman DL, Behar KL.
Glutamatergic and GABAergic
neurotransmitter cycling and
energy metabolism in rat cerebral cortex during postnatal
development. J Cereb Blood
Flow Metab (2007) 27:1895–907.
doi:10.1038/sj.jcbfm.9600490
van Eijsden P, Behar KL, Mason
GF, Braun KP, de Graaf RA.
In vivo neurochemical profiling
of rat brain by 1 H-[13 C] NMR
spectroscopy: cerebral energetics and glutamatergic/GABAergic
neurotransmission. J Neurochem
(2010) 112:24–33. doi:10.1111/j.
1471-4159.2009.06428.x
Brookes N, Turner RJ. K+-induced
alkalinization in mouse cerebral
astrocytes mediated by reversal of electrogenic Na+-HCO3cotransport. Am J Physiol (1994)
267:C1633–40.
Gamberino WC, Berkich DA,
Lynch CJ, Xu B, LaNoue KF.
Role of pyruvate carboxylase in
facilitation of synthesis of glutamate and glutamine in cultured astrocytes. J Neurochem
(1997) 69:2312–25. doi:10.1046/j.
1471-4159.1997.69062312.x
Patel AB, Chowdhury GM, de
Graaf RA, Rothman DL, Shulman
RG, Behar KL. Cerebral pyruvate
carboxylase flux is unaltered during bicuculline-seizures. J Neurosci
Res (2005) 79(1–2):128–38. doi:
10.1002/jnr.20311
Tiwari V, Ambadipudi S, Patel
AB. Glutamatergic and GABAergic

October 2013 | Volume 4 | Article 156 | 16

Lanz et al.

TCA cycle and neurotransmitter
cycling fluxes in different regions
of mouse brain. J Cereb Blood Flow
Metab (2013) 33(10):1523–31. doi:
10.1038/jcbfm.2013.114
120. Westergaard N, Sonnewald U,
Petersen SB, Schousboe A. Glutamate and glutamine metabolism
in cultured GABAergic neurons
studied by 13 C NMR spectroscopy
may indicate compartmentation
and mitochondrial heterogeneity.
Neurosci Lett (1995) 185:24–8. doi:
10.1016/0304-3940(94)11216-6
121. Ramos M, del Arco A, Pardo
B, Martinez-Serrano A, MartinezMorales JR, Kobayashi K, et
al. Developmental changes in
the Ca2+ -regulated mitochondrial
aspartate-glutamate carrier aralar1
in brain and prominent expression in the spinal cord. Dev
Brain Res (2003) 143:33–46. doi:
10.1016/S0165-3806(03)00097-X
122. Berkich DA, Ola MS, Cole J, Sweatt
AJ, Hutson SM, LaNoue KF. Mitochondrial transport proteins of
the brain. J Neurosci Res (2007)
85:3367–77. doi:10.1002/jnr.21500
123. Pardo B, Rodrigues TB, Contreras L, Garzón M, Llorente-Folch I,
Kobayashi K, et al. Brain glutamine
synthesis requires neuronal-born
aspartate as amino donor for glial
glutamate formation. J Cereb Blood
Flow Metab (2011) 31:90–101. doi:
10.1038/jcbfm.2010.146
124. Li B, Hertz L, Peng L. Aralar mRNA
and protein levels in neurons and
astrocytes freshly isolated from
young and adult mouse brain and
in maturing cultured astrocytes.
Neurochem Int (2012) 61:1325–32.
doi:10.1016/j.neuint.2012.09.009
125. Yang J, Xu S, Shen J. Fast isotopic
exchange between mitochondria
and cytosol in brain revealed by
relayed 13 C magnetization transfer spectroscopy. J Cereb Blood
Flow Metab (2009) 29:661–9. doi:
10.1038/jcbfm.2008.170
126. Mishkovsky M, Comment A,
Gruetter R. In vivo detection of
brain Krebs cycle intermediate
by hyperpolarized magnetic resonance. J Cereb Blood Flow Metab
(2012) 32:2108–13. doi:10.1038/
jcbfm.2012.136
127. Iltis I, Koski DM, Eberly LE, Nelson
CD, Deelchand DK, Valette J, et al.
Neurochemical changes in the rat
prefrontal cortex following acute
phencyclidine treatment: an in vivo
localized 1 H MRS study. NMR Biomed (2009) 22(7):737–44. doi:10.
1002/nbm.1385
128. Duarte JMN, Morgenthaler FD, Lei
H, Poitry-Yamate C, Gruetter R.

www.frontiersin.org

Modeling cerebral metabolism in vivo

129.

130.

131.

132.

133.

134.

135.

136.

137.

Steady-state brain glucose transport kinetics re-evaluated with a
four-state conformational model.
Front Neuroenergetics (2009) 1:6.
doi:10.3389/neuro.14.006.2009
Gruetter R, Novotny EJ, Boulware SD, Rothman DL, Shulman RG. 1 H NMR studies of
glucose transport in the human
brain. J Cereb Blood Flow Metab
(1996) 16:427–38. doi:10.1097/
00004647-199605000-00009
Shestov AA, Emir UE, Kumar
A, Henry PG, Seaquist ER, Öz
G. Simultaneous measurement
of glucose transport and utilization in the human brain.
Am J Physiol Endocrinol Metab.
(2011) 301(5):E1040–9. doi:10.
1152/ajpendo.00110.2011.
de Graaf RA, Pan JW, Telang F, Lee
JH, Brown P, Novotny EJ, et al. Differentiation of glucose transport
in human brain gray and white
matter. J Cereb Blood Flow Metab
(2001) 21(5):483–92. doi:10.1097/
00004647-200105000-00002
Gruetter R, Ugurbil K, Seaquist
ER. Steady-state cerebral glucose
concentrations and transport in
the human brain. J Neurochem
(1998) 70:397–408. doi:10.1046/j.
1471-4159.1998.70010397.x
Lei H, Gruetter R. Effect of
chronic hypoglycemia on glucose concentration and glycogen
content in rat brain: a localized 13 C NMR study. J Neurochem (2006) 99:260–8. doi:10.
1111/j.1471-4159.2006.04115.x
Duarte JMN, Agostinho PM, Carvalho RA, Cunha RA. Caffeine
consumption prevents diabetesinduced memory impairment and
synaptotoxicity in the hippocampus of NONcNZO10/LtJ mice.
PLoS One (2012) 7:e21899. doi:10.
1371/journal.pone.0021899
Wang WT, Lee P, Yeh HW,
Smirnova IV, Choi IY. Effects
of acute and chronic hyperglycemia on the neurochemical profiles in the rat brain
with streptozotocin-induced diabetes detected using in vivo 1 H MR
spectroscopy at 9.4 T. J Neurochem
(2012) 121:407–17. doi:10.1111/j.
1471-4159.2012.07698.x
Cleland WW. The kinetics of
enzyme-catalyzed reactions with
two or more substrates or products. I. Nomenclature and rate
equations. Biochim Biophys Acta
(1963) 67:104–37. doi:10.1016/
0926-6569(63)90226-8
Cuppoletti J, Segel IH. Kinetic
analysis of active membrane transport systems: equations for net

138.

139.

140.

141.

142.

143.

144.

145.

146.

velocity and isotope exchange. J
Theor Biol (1975) 53:125–44. doi:
10.1016/0022-5193(75)90107-1
Barros LF, Bittner CX, Loaiza
A, Porras OH. A quantitative
overview of glucose dynamics
in the gliovascular unit. Glia
(2007) 55:1222–37. doi:10.1002/
glia.20375
Alf FM, Lei H, Berthet C, Hirt
L, Gruetter R, Mlynárik V. Highresolution spatial mapping of
changes in the neurochemical profile after focal ischemia in mice.
NMR Biomed (2011) 25:247–54.
doi:10.1002/nbm.1740
Mlynárik V, Cudalbu C, Frenkel
H, Gruetter R. Mapping glucose and lactate concentrations
with microliter resolution in
rat brain using short-echotime spectroscopic imaging.
Proc Intl Soc Mag Reson Med
(2009) 17:2386.
Boumezbeur F, Petersen KF, Cline
GW, Mason GF, Behar KL, Shulman GI, et al. The contribution
of blood lactate to brain energy
metabolism in humans measured
by dynamic 13 C nuclear magnetic
resonance spectroscopy. J Neurosci
(2010) 30:13983–91. doi:10.1523/
JNEUROSCI.2040-10.2010
Choi IY, Tkac I, Ugurbil K,
Gruetter R. Noninvasive measurements of [1-13 C] glycogen concentrations and metabolism in
rat brain in vivo. J Neurochem
(1999) 73:1300–8. doi:10.1046/j.
1471-4159.1999.0731300.x
Oz G, Seaquist ER, Kumar A,
Criego AB, Benedict LE, Rao JP,
et al. Human brain glycogen content and metabolism: implications
on its role in brain energy metabolism. Am J Physiol Endocrinol
Metab (2007) 292:E946–51. doi:
10.1152/ajpendo.00424.2006
van Heeswijk RB, Morgenthaler
FD, Xin L, Gruetter R. Quantification of brain glycogen concentration and turnover through
localized 13 C NMR of both the
C1 and C6 resonances. NMR Biomed (2010) 23:270–6. doi:10.1002/
nbm.1460
Borke RC, Nau ME. Glycogen, its
transient occurrence in neurons of
the rat CNS during normal postnatal development. Brain Res (1984)
318:277–84.
Cataldo AM, Broadwell RD. Cytochemical identification of cerebral glycogen and glucose-6phosphatase activity under normal and experimental conditions.
II. Choroid plexus and ependymal
epithelia, endothelia and pericytes.

J Neurocytol (1986) 15:511–24. doi:
10.1007/BF01611733
147. Cataldo AM, Broadwell RD. Cytochemical identification of cerebral glycogen and glucose-6phosphatase activity under normal
and experimental conditions. I.
Neurons and glia. J Electron
Microsc Tech (1986) 3:413–37. doi:
10.1002/jemt.1060030406
148. Phelps CH. Barbiturate-induced
glycogen accumulation in brain.
An electron microscopic study.
Brain Res (1972) 39:225–34. doi:
10.1016/0006-8993(72)90797-4
149. Pfeiffer B, Elmer K, Roggendorf W, Reinhart PH, Hamprecht
B. Immunohistochemical demonstration of glycogen phosphorylase in rat brain slices. Histochemistry (1990) 94:73–80. doi:10.
1007/BF00266792
150. Psarra AM, Pfeiffer B, Giannakopoulou M, Sotiroudis TG,
Stylianopoulou F, Hamprecht B.
Immunocytochemical localization
of glycogen phosphorylase kinase
in rat brain sections and in glial
and neuronal primary cultures. J
Neurocytol (1998) 27:779–90. doi:
10.1023/A:1006970429961
151. Vilchez D, Ros S, Cifuentes D,
Pujadas L, Vallès J, García-Fojeda
B, et al. Mechanism suppressing glycogen synthesis in neurons and its demise in progressive
myoclonus epilepsy. Nat Neurosci
(2007) 10:1407–13. doi:10.1038/
nn1998
152. Morgenthaler FD, Koski DM,
Kraftsik R, Henry PG, Gruetter R. Biochemical quantification
of total brain glycogen concentration in rats under different
glycemic states. Neurochem Int
(2006) 48:616–22. doi:10.1016/j.
neuint.2005.12.034
153. Morgenthaler FD, van Heeswijk
RB, Xin L, Laus S, Frenkel H, Lei H,
et al. Non-invasive quantification
of brain glycogen absolute concentration. J Neurochem (2008)
107:1414–23. doi:10.1111/j.14714159.2008.05717.x
154. Morgenthaler FD, Lanz BR, Petit
JM, Frenkel H, Magistretti PJ,
Gruetter R. Alteration of brain
glycogen turnover in the conscious rat after 5h of prolonged wakefulness. Neurochem
Int (2009) 55:45–51. doi:10.1016/
j.neuint.2009.02.023
155. Choi IY, Gruetter R. In vivo 13 C
NMR assessment of brain glycogen concentration and turnover
in the awake rat. Neurochem
Int (2003) 43:317–22. doi:10.1016/
S0197-0186(03)00018-4

October 2013 | Volume 4 | Article 156 | 17

Lanz et al.

156. Watanabe H, Passonneau JV.
Factors affecting the turnover
of cerebral glycogen and limit
dextrin in vivo. J Neurochem
(1973) 20:1543–54. doi:10.1111/j.
1471-4159.1973.tb00272.x
157. Choi IY, Seaquist ER, Gruetter R.
Effect of hypoglycemia on brain
glycogen metabolism in vivo. J
Neurosci Res (2003) 72:25–32. doi:
10.1002/jnr.10574
158. Dringen R, Hamprecht B. Glucose, insulin, and insulin-like
growth factor I regulate the
glycogen content of astroglia-rich
primary cultures. J Neurochem
(1992) 58:511–7. doi:10.1111/j.
1471-4159.1992.tb09750.x
159. Hamai M, Minokoshi Y, Shimazu T. L-glutamate and insulin
enhance glycogen synthesis in cultured astrocytes from the rat
brain through different intracellular mechanisms. J Neurochem
(1999) 73:400–7. doi:10.1046/j.
1471-4159.1999.0730400.x
160. Nelson SR, Schulz DW, Passonneau JV, Lowry OH. Control
of glycogen levels in brain. J
Neurochem (1968) 15:1271–9.
doi:10.1111/j.1471-4159.1968.
tb05904.x
161. Nordström CH, Siesjö BK.
Effects of phenobarbital in
cerebral ischemia. Part I: cerebral energy metabolism during
pronounced
incomplete
ischemia. Stroke (1978) 9:327–35.
doi:10.1161/01.STR.9.4.327
162. Swanson RA, Morton MM, Sagar
SM, Sharp FR. Sensory stimulation induces local cerebral
glycogenolysis:
demonstration
by autoradiography. Neuroscience

Modeling cerebral metabolism in vivo

163.

164.

165.

166.

167.

168.

(1992) 51:451–61. doi:10.1016/
0306-4522(92)90329-Z
Harley CW, Milway JS, Fara-On
M. Medial forebrain bundle stimulation in rats activates glycogen
phosphorylase in layers 4, 5b and
6 of ipsilateral granular neocortex.
Brain Res (1995) 685:217–23.
doi:10.1016/0006-8993(95)
00481-5
Cruz NF, Dienel GA. High glycogen levels in brains of rats
with minimal environmental stimuli: implications for metabolic
contributions of working astrocytes. J Cereb Blood Flow Metab
(2002) 22:1476–89. doi:10.1097/
00004647-200212000-00008
Dienel GA, Ball KK, Cruz NF. A
glycogen phosphorylase inhibitor
selectively enhances local rates of
glucose utilization in brain during
sensory stimulation of conscious
rats: implications for glycogen. J
Neurochem (2007) 102(2):466–78.
doi:10.1111/j.1471-4159.2007.
04595.x
Suzuki A, Stern SA, Bozdagi O,
Huntley GW, Walker RH, Magistretti PJ, et al. Astrocyte-neuron
lactate transport is required for
long-term memory formation.
Cell (2011) 144:810–23. doi:10.
1016/j.cell.2011.02.018
Herzog RI, Chan O, Yu S, Dziura J,
McNay EC, Sherwin RS. Effect of
acute and recurrent hypoglycemia
on changes in brain glycogen
concentration.
Endocrinology
(2008)
149:1499–504.
doi:10.1210/en.2007-1252
Canada SE, Weaver SA, Sharpe
SN, Pederson BA. Brain glycogen supercompensation in the

Frontiers in Endocrinology | Cellular Endocrinology

169.

170.

171.

172.

173.

mouse after recovery from insulininduced hypoglycemia. J Neurosci Res (2011) 89:585–91. doi:10.
1002/jnr.22579
Oz G, Kumar A, Rao JP, Kodl CT,
Chow L, Eberly LE, et al. Human
brain glycogen metabolism during and after hypoglycemia. Diabetes (2009) 58:1978–85. doi:10.
2337/db09-0226
Suh SW, Bergher JP, Anderson
CM, Treadway JL, Fosgerau K,
Swanson RA. Astrocyte glycogen sustains neuronal activity
during hypoglycemia: studies
with the glycogen phosphorylase inhibitor CP-316,819 ([RR*,S*]-5-chloro-N-[2-hydroxy-3(methoxymethylamino)-3-oxo1-(phenylmethyl)propyl]-1Hindole-2-carboxamide). J Pharmacol Exp Ther (2007) 321:45–50.
doi:10.1124/jpet.106.115550
Matsui T, Ishikawa T, Ito H,
Okamoto M, Inoue K, Lee MC, et
al. Brain glycogen supercompensation following exhaustive exercise. J Physiol (2012) 590:607–16.
doi:10.1113/jphysiol.2011.217919
Alquier T, Kawashima J, Tsuji Y,
Kahn BB. Role of hypothalamic
adenosine
5’-monophosphateactivated protein kinase in the
impaired
counterregulatory
response induced by repetitive
neuroglucopenia.
Endocrinology
(2007)
148:1367–75.
doi:10.1210/en.2006-1039
Oz G, Tesfaye N, Kumar A, Deelchand DK, Eberly LE, Seaquist ER.
Brain glycogen content and metabolism in subjects with type 1 diabetes and hypoglycemia unawareness. J Cereb Blood Flow Metab

(2012) 32:256–63. doi:10.1038/
jcbfm.2011.138
174. DiNuzzo M, Maraviglia B,
Giove F. Why does the
brain (not) have glycogen?
Bioessays
(2011)
33:319–26.
doi:10.1002/bies.201000151
175. Schulz AR. Control analysis
of muscle glycogen metabolism. Arch Biochem Biophys
(1998)
353:172–80.
doi:10.1006/abbi.1998.0643

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.
Received: 31 May 2013; accepted: 07
October 2013; published online: 28 October 2013.
Citation: Lanz B, Gruetter R and
Duarte JMN (2013) Metabolic flux
and compartmentation analysis in the
brain in vivo. Front. Endocrinol. 4:156.
doi: 10.3389/fendo.2013.00156
This article was submitted to Cellular
Endocrinology, a section of the journal
Frontiers in Endocrinology.
Copyright © 2013 Lanz, Gruetter and
Duarte. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

October 2013 | Volume 4 | Article 156 | 18

