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Energy Metabolism in the Brain
Gerald A. Dienel

The brain is a complex, heterogeneous organ in
which many pathways for its input and output are
organized in a somatotopic manner. Activities of neu-
ral circuits and networks involved in specific functions
govern demand for energy at a local level, e.g., shifts
in cellular activities in the pathways in which signaling
rises and falls cause parallel changes in the rate of
metabolism to generate ATP and rate of blood flow to
deliver fuel (functional activity, Box 3.1). Brain energy
metabolism is a dynamic, highly regulated process
that is governed, in large part, by moment-to-moment
interactions among brain cells that process information
from sensory and cognitive activities and to direct
functions of the body. Because cellular energy
demands, consumption of oxygen and glucose, and
blood flow rise and fall together, these processes are
often described as “coupled,” and the structures
involved in local activity are described in terms of a
neurovascular unit, consisting primarily of neurons,
astrocytes, and endothelial cells.

Energy budget. Information processing is the hall-
mark of brain function and, as illustrated in Fig. 3.1,
there is a close temporal�spatial relationship between
functional activity in brain and rates of glucose utiliza-
tion and blood flow. The largest component of brain
work involves consumption of ATP to pump Na1 and
K1 across membranes. Energy budgets calculated by
Howarth et al. (2012) for subcellular processes in rat
cerebral cortical gray matter ascribe B75% of total
ATP turnover to signaling activity. The largest fraction
is used for synaptic transmission (B50% for postsyn-
aptic receptors, B4% for neurotransmitter recycling,
and B5% for Ca21 entry and vesicle cycling), with
B20% for action potentials and B20% for resting
potentials. About 25% of total ATP is consumed over
a much longer time scale for so-called “housekeeping”
activities. In spite of the pedestrian implications of
the name “housekeeping,” these energy-requiring

processes are essential for brain function and include
mRNA, protein, lipid, and organelle turnover, axonal
transport, and biosynthetic activities associated with
neurotransmitters and other compounds that are
synthesized de novo in brain. The numerical values
assigned to specific functions are likely to be updated
further as more is learned about oxidative fluxes at a
cellular and subcellular level, neuron�astrocyte inter-
actions, and the contributions of astrocytes, oligoden-
droglia, inhibitory neurons, and other cell types in
different brain regions to overall energetics (also see
Harris and Attwell, 2012; Howarth et al., 2012).
Defense against oxidative stress arising from genera-
tion of reactive oxygen species (ROS) by various
enzymes and the electron transport chain involves the
glutathione system and consumes NADPH produced
by the pentose phosphate shunt pathway (Fig. 3.1).
Neuronal signaling events involving fast excitatory
action potentials, receptor activation, ion channel
opening and closing, and inhibitory transmitter actions
take place on a time scale of ,10 ms (Korf and
Gramsbergen, 2007). Astrocytes surrounding working
synapses must also be quickly activated during excit-
atory transmission because they control glutamate and
K1 levels in extracellular fluid (Hertz et al., 2007).
Sensory perception occurs within a time frame of 0.5
to 2 s, similar to that of synaptic vesicle filling. Local
rates of cerebral blood flow (CBF) are regulated by
many signals, including products of metabolism and
glutamate-mediated processes that involve both neu-
rons and astrocytes and their interactions with endo-
thelial cells in blood vessels (Attwell et al., 2010;
Paulson et al., 2010). Onset of hemodynamic responses
(e.g., blood flow, blood volume, and the blood
oxygen-level dependent (BOLD) effect) to activation
occurs within B350�700 ms in anesthetized subjects
(Masamoto and Kanno, 2012), and they persist for
seconds or longer after a brief stimulus. Notably, the
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tissue volume with increased blood flow response is
greater than that of activated cells. The highest frac-
tion of energy production is devoted to the fastest pro-
cesses, and linkage of neuronal and astrocytic
signaling to control of blood flow is essential to

maintain an adequate and continuous supply of fuel
to brain.

Fueling brain work. Glucose and oxygen are the
primary and obligatory fuels for brain, and other sub-
strates cannot substitute for the continuous supply of

BOX 3.1

CONCEPTS RELATED TO FUNCT IONAL METABOL I SM

Functional metabolic activity. Metabolic rate associ-

ated with a specific brain function or pathway. In nor-

mal brain, metabolic rates rise when functional activity

increases (e.g., during sensory or cognitive stimulation)

and fall with decrements in activity (e.g., sensory depri-

vation or anesthesia). Glucose and oxygen consumption

may, but need not, change by the same proportion

under different conditions. During activation of normal,

normoxic subjects, most studies have observed greater

increases in blood flow and glucose utilization com-

pared to oxygen consumption.

Resting or baseline activity. Activity of brain cells

during conditions in which no specific stimulus is

given to the subject. Resting activity and the associated

rates of blood flow and metabolism can be difficult to

define due to the unknown interactions of the subject

with the specific experimental environment (e.g., pay-

ing attention to visual, auditory, or other sensory cues

or information) and the level of “stress” that a subject

may experience.

Brain activation. Responses to a specific stimulus or

experimental condition. Brain work involves mainly ion

pumping to maintain and restore ionic gradients across

cellular membranes and to control the levels of com-

pounds in extracellular fluid. Increased rates of these

ATP-requiring processes stimulates metabolism specifi-

cally in the activated pathways.

Glucose (Glc) utilization. The cerebral metabolic rate

(CMR) of glucose (CMRglc) denotes the overall rate of

glucose consumption by all pathways. Under normal

steady-state conditions, the rate of any step in the glyco-

lytic pathway equals glucose utilization, whereas the

rate of the steps in the TCA cycle are twice those of gly-

colysis due to formation of 2 pyruvate per glucose.

CMRglc is generally assayed at the hexokinase step with

radiolabeled deoxyglucose (DG); the rate of phosphory-

lation of DG is converted to rate of glucose utilization

by taking into account the kinetic differences for trans-

port and phosphorylation between DG and glucose;

approximately two glucose are utilized per deoxyglu-

cose (Sokoloff et al., 1977).

Oxygen utilization. CMRO2 denotes the overall rate

of oxygen consumption by all pathways. Most oxygen is

consumed via the electron transport chain to generate

ATP in mitochondria, but there are a number of other

enzymes (e.g., monoamine oxidase, mixed-function oxi-

dases) that utilize oxygen as a substrate and contribute

to CMRO2. Global rates of oxygen consumption can be

determined by measuring blood flow and arteriovenous

differences for oxygen; local CMRO2 can be measured by

positron emission tomography by determination of

metabolism of 15O2.

Glycolytic metabolism. Metabolism of glucose or

glycogen via the glycolytic pathway to pyruvate by reac-

tions that are not dependent on oxygen consumption.

Glycolysis generates a net 2 ATP per glucose converted

to 2 pyruvate. Glycolytic flux increases during hypoxic

or anoxic conditions, with increased production of lac-

tate from pyruvate in order to regenerate NAD1 from

the NADH1H1 generated by the glyceraldehyde-3-

phosphate dehydrogenase reaction.

Oxidative metabolism. Metabolism of pyruvate, keto

acids, monocarboxylic acids, fatty acids, and amino

acids via the tricarboxylic acid cycle. Oxidative metabo-

lism is linked to the consumption of oxygen and genera-

tion of ATP via the electron transport chain. This

pathway can be used for generation of energy and for

net de novo biosynthesis of amino acids from glucose,

which also consumes oxygen and generates ATP (see

text).

“Coupling” of blood flow and metabolism at a local

level. Rates of blood flow and glucose utilization in dif-

ferent structures in the brain are highly correlated and

generally change in parallel during different physiological

states, leading to the notion of coupling. Regulation of

local rates of blood flow by cellular activity and metabo-

lism involves release of substances that regulate vascular

diameter and therefore blood flow. Because activities of

neurons, astrocytes, and endothelial cells are involved in

major aspects of local brain function, metabolism, and

blood flow, these cell types together are sometimes collec-

tively referred to as a neurovascular unit.
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glucose from blood (Dienel, 2012b). Global measure-
ments of arteriovenous differences in early studies in
humans and experimental animals provided the first
line of evidence for the major substrates taken up into
brain and released from brain, leading to identification
of major fuel and metabolic by-products. Quantitative
cerebral metabolic rates were made possible by the
work of Kety and colleagues who developed the first
quantitative assays to measure cerebral blood flow by
determination of rates of clearance of inert gas (Kety
and Schmidt, 1948).

Under resting conditions (Box 3.1) the stoichiometry of
oxygen to glucose utilization is close to the theoretical
maximum of 6.0, which corresponds to the complete
oxidation of glucose: 1 glucose1 6O2-6CO21 6H2O.
The ratio of cerebral metabolic rates (CMR) for these
two substrates, CMRO2/CMRglc in resting human and
animal brain is usually found to be slightly lower than
6.0, e.g., in the range of 5.5�5.8, indicating that some of
the glucose carbon is used in nonoxidative biosynthetic
reactions and a small amount of lactate is released to
cerebral venous blood. Also, some O2 is consumed by
enzymes, such as mixed-function oxidases (e.g., tyro-
sine and tryptophan hydroxylases that are involved in

neurotransmitter synthesis, see Chapter 7), that are not
components of the oxidative pathways of glucose
metabolism. The respiratory coefficient for brain, the ratio
of CO2 released from brain to O2 taken up, is approxi-
mately 1.0, indicating that carbohydrate is the primary
brain fuel; oxidation of lipid consumes O2 in steps that
do not result in proportionate CO2 production.
Alternative fuels are used by brain during development
or abnormal conditions, such as prolonged starvation,
but these compounds are not capable of sustaining
brain function in the normal adult (Roberts Jr, 2007).

Typical concentrations of oxygen and glucose in
blood of the normal rat are shown in Table 3.1. Note
that the concentrations of oxygen and glucose in whole
blood are similar but the extraction fraction for oxygen
is 4.5 times higher than that of glucose. Nearly half of
the oxygen that traverses the brain’s microvasculature
is extracted and consumed, whereas only 10% of the
glucose is removed from the same blood sample by
brain. The negative arteriovenous difference for lactate
indicates a small net efflux corresponding to about 6%
of the glucose taken up into brain, based on two lactate
being equivalent to one glucose. Measurement of arte-
riovenous (A-V) differences across the brain and rates

FIGURE 3.1 Relationships among brain function, metabolism and blood flow. The predominant energy-requiring brain activities involve
restoration of ionic gradients across cellular membranes in conjunction with cellular signaling and information transfer. Compounds derived
from cellular activity and metabolism regulate local rates of blood flow to deliver the obligatory fuel, glucose and oxygen to the brain. Glucose
is nearly completely oxidized via the glycolytic and oxidative (tricarboxylic acid, TCA, cycle) pathways. Metabolism of glucose generates ATP
and precursors for de novo synthesis of glucose-derived neurotransmitters, e.g., acetylcholine (Ach), glycine, D-serine, and glutamate, within the
brain. Redox (oxidation�reduction) cofactors are also produced and can be used to generate ATP or lactate, defend against oxidative stress, and
participate in biosynthetic reactions. GSH and GSSG denote reduced and oxidized forms of glutathione, respectively. Adapted from Dienel (2002).
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of cerebral blood flow (CBF) enable calculation of the
global cerebral metabolic rate (CMR) using the Fick
principle, CMR5CBF(A-V). In the example provided
in Table 3.1, CMRO2 and CMRglc are 4.13 and
0.75 μmol g21 min21, respectively, and the ratio of their
utilization rates (calculated as the ratio of A-V differ-
ences for each substrate; blood flow cancels out) was
6.1. There is no oxygen reservoir in brain, whereas
there is a small pool of unmetabolized glucose in
brain, along with the reserve glucose stored as glyco-
gen (Table 3.1). The half life (Box 3.2) of glucose in rest-
ing brain is 1.2�1.6 min (Savaki et al., 1980), and the
major carbohydrate pool (glucose1 glycogen1 0.5 lac-
tate) is about 9.4 μmol g21. At the normal rate of glu-
cose utilization of about 0.75 μmol g21 min21 all of this
fuel would be consumed within 12.5 min if none were

provided from blood. Thus, an insulin overdose that
severely reduces blood glucose level or a vascular
blockage that reduces or eliminates blood flow to the
brain can lead to energy failure, loss of consciousness
or function, and perhaps cell death, depending on the
severity of decrement, extent of tissue involvement,
and duration of the insult.

Stimulation of brain activity. During brain activation
(Box 3.1) induced by generalized sensory stimulation
of the animal by brushing of the body and whiskers
with soft paint brushes (Table 3.1), blood glucose and
lactate levels rose due to glycogenolysis and muscular
activity, respectively. Because plasma lactate rose
above that in brain, there was a small net increase in
lactate uptake and brain lactate level also increased.
Extraction of oxygen and glucose tended to fall

TABLE 3.1 Blood and brain metabolites and global metabolic rates during rest and brain activation

Variable Before activation During sensory stimulation

ARTERIAL BLOOD CONCENTRATION (mmol L21)

Oxygen 8.156 0.59 7.986 0.73

Glucose 6.816 0.82 7.816 1.32b

Lactate 0.506 0.30 1.966 0.43 b

ARTERIOVENOUS DIFFERENCE (A-V) (mmol L21)

(A-V)O2 3.756 0.56 2.976 0.56

Mean O2 extraction fraction [(A-V)O2/AO2] 0.46 0.37

(A-V)glucose 0.686 0.20 0.606 0.06b

Mean Glc extraction fraction [(A-V)glc/Aglc] 0.10 0.077

(A-V)lactate 20.086 0.06 0.026 0.04b

Cerebral blood flow (CBF) (mL �g21 � min21) 1.1 1.8

RATIOS OF (A-V) DIFFERENCES (mmol L21/mmol L21)

Oxygen/glucose 6.16 1.1 5.06 1.1b

Lactate/glucose 20.146 0.14 0.026 0.08b

Mean CMRO2 (CBF3 [A-V]O2) 4.13 5.35

Mean CMRglc (CBF3 [A-V]glc) 0.75 1.08

BRAIN METABOLITE CONCENTRATION (µmol g21)

Glucose 2.86 0.5 3.16 0.5

Lactate 1.06 0.5 1.96 0.4a

Glycogen 6.16 1.4 5.46 1.3

Blood metabolite levels and arteriovenous differences were determined in samples of blood taken from the femoral artery and superior sagittal sinus of normal,

nonfasted conscious rats; brain metabolites were determined in cortex from funnel-frozen brain. Values are means6 SD for 39 rats during rest and 8 during

activation (ap, 0.05, bp, 0.01 compared to resting condition). Activation was initiated by brushing the face, whiskers, paws, and back of the rats with soft

paintbrushes. They moved the upper torso, causing lactate release from muscles and an increase in blood lactate level. Blood glucose level also rose somewhat,

presumably due to glycogenolysis in liver. Ratios of arteriovenous differences were calculated for each animal, not from means for all animals. Because blood

flow was measured in different groups of animals, mean values are calculated for CMRglc and CMRO2. Although the A-V differences for oxygen and glucose

were lower during sensory stimulation compared with rest, the increase in blood flow caused the metabolic rates to rise. More glucose was consumed compared

with oxygen, causing the oxygen/glucose ratio to fall, indicating a rise in nonoxidative metabolism during activation, consistent with the rise in brain lactate

level. The rise in blood lactate caused a slight net influx of lactate into brain during activation, contrasting lactate release during rest.

Data from Madsen et al. (1999).
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BOX 3.2

SUBSTRATE LEVELS , ENZYMES , AND TRANSPORTERS

Metabolite concentration. The concentration of com-

pound in the intracellular or extracellular fluid or total

tissue is the net result of all transport (carrier-mediated

and diffusion) and metabolic processes that contribute

to its formation and removal. At steady state the overall

concentration of a metabolite is stable even though indi-

vidual molecules are continuously entering and leaving

the metabolic pool. Because the sum of all input and

output rates determines concentration of a metabolite,

concentration itself does not reflect flux of any single

pathway and changes in concentration need not be in

the same direction as changes in the flux of any specific

process.

Metabolite pool. The quantity of a compound in a

tissue, cell, or subcellular compartment. Pool is some-

times used interchangeably with concentration but the

concept of a pool often infers localization or compart-

mentation, since more than one pool can contribute to

the cellular content of a compound. For example, (i) the

cytoplasmic and mitochondrial NAD/NADH pools are

segregated due to the impermeability of the inner mito-

chondrial membrane to the pyridine nucleotides, and (ii)

the glutamate pool that is the precursor for glutamine

synthesis is located in astrocytes and is a small fraction

of the total glutamate pool, which is mainly neuronal.

Turnover time and half-life. In a simple example of

a first-order reaction where x - y, the turnover time of

a metabolite or pool is the reciprocal of the rate constant,

k, for a reaction in which the rate of change of com-

pound x is proportional to its concentration, dx/dt5 k

[x], and k5 (dx/dt)/[x]. This situation applies to enzy-

matic reactions in which the substrate concentration is

much lower than the Km so that the initial reaction rate

varies linearly with substrate concentration (see Fig

3.3C). In this case, turnover time or time constant can be

estimated by dividing the metabolite concentration by

pathway flux rate. Turnover time is the time required to

metabolize the quantity of the intermediate in that pool

at a constant rate. Due to the exponential decline of the

rate in an irreversible first order reaction, not all mole-

cules in the pool are metabolized even though the pool

“turns over.” The half-time or half-life is the time

required for the concentration to fall by 50%, and the

integrated rate equation becomes kt5 2.3log[x]t50/[x]t5t.

Thus, when x is half gone, kt5 2.3log(1/0.5)5 0.69, and

the half-life, t1/25 0.69/k. Thus, at 5 and 6 half-times, 94

and 99% of the pool are consumed, respectively, if there

is no substrate replenishment. Note that the expressions

for turnover time and half-life are more complex for

reversible reactions and second-order reactions involv-

ing two substrates.

Labile metabolite. Any metabolite that is rapidly

consumed or produced when normal metabolism is dis-

rupted, e.g., when tissue is sampled and extracted for

analysis. Labile metabolites include glucose, glycogen,

glycolytic and TCA cycle intermediates, pyridine nucleo-

tides, signaling compounds, and high-energy com-

pounds and their metabolites. More stable compounds

include most but not all amino acids, proteins, and

lipids. Rapid enzyme-inactivation procedures are

required for determination of the levels of labile

metabolites.

Enzyme or transporter amount or activity. In a sim-

ple case when an enzyme catalyzes a one-step reaction

with a single substrate and follows Michaelis-Menten

kinetics, the rate of the reaction can vary with the

amount of enzyme, the substrate concentration, and

affinity for the substrate, according to the following rela-

tionship: v5Vmax S/(Km1S), where v is the velocity of

the reaction, Vmax is the maximal velocity, S is substrate

concentration, and Km is the concentration of substrate

at which the velocity is half maximal. Note that when

the substrate concentration is much higher than Km,

v5Vmax and the enzyme is “saturated” with substrate;

because further increases in S do not alter the rate, the

activity is maximal (Fig 3.3C). However, when S is

approximately equal to Km the velocity of the reaction

varies as S changes above and below Km. A similar

expression can be derived for transport reactions,

v5Tmax S/(Kt1 S), where Tmax is maximal transport

capacity and Kt is analogous to Km. Enzyme activities

assayed under optimal conditions in the test tube are

proportional to enzyme amount, which is expressed in

terms of Vmax (maximal rate per unit tissue or protein,

e.g., μmol21 min21 gram tissue21 or mg protein21.) In

vitro assays of enzymatic activity are measures of

enzyme amount or capacity when determined under

optimal conditions; they do not represent in vivo activi-

ties or fluxes through that enzymatic step.

Histochemical assays based on enzyme reactions, immu-

nostaining of tissue, and Western blots are representations

of enzyme location, relative amount, or capacity, not

actual in vivo activity related to pathway flux.

Flux. The overall rate of a specific enzymatic reaction

or of a pathway comprised of more than one enzyme.

In a multistep pathway the overall flux is governed by

the slowest, or rate-limiting, step. Under steady-state

conditions the rate of each step in a multistep pathway
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somewhat, but because blood flow increased consider-
ably, the rates of utilization of both oxygen and glu-
cose increased. The disproportionate rise in glucose
compared to oxygen consumption caused the CMRO2/
CMRglc ratio (Box 3.2) to fall from 6.1 to 5.0 during
stimulation. This phenomenon, sometimes called aero-
bic glycolysis, is commonly observed in many (but not
all) brain activation studies in humans and experimen-
tal animals (e.g., Fox et al., 1988; Madsen et al., 1995;
Madsen et al., 1999). The biochemical and cellular basis
of utilization of glucose in excess of oxygen in the
presence of adequate levels of oxygen in blood and
increased rates of delivery of oxygen to the brain is not
understood (Quistorff et al., 2008; Dienel, 2012b). The
cellular basis of metabolic shifts induced by brain
activation is an active research area.

Metabolic flow diagrams (Fig. 3.1) illustrate the flux
of glucose through the glycolytic and oxidative path-
ways to end products, but it is important to recognize
that conversion of glucose to CO2 is not a direct

process due to the many side and exchange reactions
that mix incoming carbon atoms with those of endoge-
nous metabolite pools. As will become evident later
in the chapter, this characteristic of metabolism is
important for functional imaging and biochemical and
magnetic resonance spectroscopic studies of brain
metabolism because label from labeled precursors is
trapped by dilution in these endogenous pools. Due
to the high yield of ATP from the oxidative phosphor-
ylation reactions in mitochondria, respiration generates
most of the ATP in brain cells, with a smaller fraction
produced by the glycolytic pathway. The highest
energy yield from glucose is obtained when the
NADH generated by glycolysis is shuttled from the
cytoplasm to the mitochondria for oxidation via
the electron transport chain. Nevertheless, specific
processes in brain cells may preferentially utilize ATP
generated by glycolysis or require compounds gener-
ated by nonoxidative metabolism, and overall metabo-
lism of glucose rises disproportionately more than

BOX 3.2 (cont’d)

is equal to the flux through that pathway. Determinants

of flux include the amounts and activities of enzymes

controlling the nonequilibrium or rate-limiting reactions,

metabolite concentrations, transport, and diffusion, con-

centrations of enzyme regulators (activators and inhibi-

tors), coenzyme availability, and pH. In vivo reaction rates,

not the concentrations of their pathway constituents, pro-

vide information about the dynamic state of metabolism.

Steady state. Steady state is the condition under

which metabolic rates and metabolite concentrations are

constant, and glucose utilization rates (glycolytic and/or

TCA cycle) can be linked to overall energy production.

In contrast, under non-steady-state conditions, rates may

transiently rise or fall to and from the baseline level dur-

ing activating or depressing conditions, and some of the

carbon flowing through a pathway may be used for bio-

synthetic reactions or some may be produced from other

compounds (e.g., glycogen).

Physiological relationships among mRNA level,

protein amount, and protein function. Changes in

mRNA level are not necessarily reflected by correspond-

ing alterations in protein amount, and variations in pro-

tein amount (capacity, amount or in vitro activity) need

not be reflected by parallel shifts in the in vivo activity of

the protein or metabolic pathway flux due to regulatory

controls. Some examples from the literature included in

the “Metabolomics, Transcriptomics, and Proteomics”

section illustrate the following points: (i) function-

dependent changes in mRNA and protein levels can be

discordant and also differ from shifts in pathway activ-

ity; (ii) the phenotype of a gene knockout animal may

arise, in part, from compensatory changes in the expres-

sion of hundreds of genes involved in pathways or pro-

cesses seemingly unrelated to the gene of interest; and

(iii) marked upregulation of enzyme levels by genetic

engineering need not alter either pathway flux or levels

of metabolites in the pathway. Thus, caution must be

applied to interpretation of studies that examine only

one aspect of the biological range from gene to mRNA

to protein to metabolite to function. Single time points

are not sufficient to characterize functional responses

to changes in gene expression because induction or

suppression of enzymes by various approaches can

have effects that vary with response time, duration

of response, direction of response, and magnitude of

response. In various mammalian species, substrate and

enzyme levels are more similar to each other, whereas

metabolic rates differ markedly and are scaled to brain

(and body) weight. Thus, within normal variations,

metabolic fluxes are not indicated by the concentrations

of substrates or of the amount of enzymes. Also, enzyme

amounts generally enable considerable excess catalytic

capacity compared to pathway flux, so large decrements

in enzyme amount or activity can be tolerated before

biochemical and functional changes become evident

(e.g., in genetic diseases such as phenylketonuria).
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oxygen consumption during brain activation (Table 3.1,
Box 3.1). Pathways that branch from the main glyco-
lytic pathway are also important because they partici-
pate in defense against oxidative stress (pentose
phosphate shunt pathway) and serve as precursors for
glucose storage as glycogen and for synthesis of gly-
coprotein precursors and amino acids, including
neuromodulators. Branch pathways linked to the tri-
carboxylic acid (TCA) cycle are essential for neuro-
transmitter turnover, and oxidative metabolism is
closely linked to turnover of acetylcholine, which is
synthesized from glucose via citrate, as well as to excit-
atory neurotransmission and de novo synthesis of gluta-
mate, glutamine, GABA, and aspartate. Because the
energy reservoirs in brain are very limited, brain func-
tion is dependent on a continuous supply of oxygen
and glucose to satisfy local demand for ATP to power
brain work, for excitatory and inhibitory neurotrans-
mitter synthesis to signal from cell to cell, and for
defense against reactive oxidative species produced by
working brain (Fig. 3.1).

To summarize, co-registration of changes in func-
tional activity, metabolism, and blood flow enables the
use of markers of metabolism or flow to evaluate brain
function as important tools for imaging and quantifying
brain function and activity in living subjects under nor-
mal and pathophysiological conditions. Understanding
the basis for functional imaging signals requires a
detailed knowledge of the pathways of brain energy
metabolism, cellular specialization that is unique to or
critical for brain function, and the involvement of energy
metabolism in neurological diseases or disorders.
Because metabolic reactions, mechanisms, and their con-
trol are common to many tissues, readers are referred to
biochemistry texts for details. For greater coverage of
many topics presented in this chapter, interested readers
are encouraged to consult the reference monographs
listed at the end of the chapter. Along with reviews cited
in the text, these books provide broad access to the brain
energy metabolism literature. For recent, extensive cov-
erage of brain energetics, see Gibson and Dienel (2007).

MAJOR PATHWAYS OF BRAIN
ENERGY METABOLISM

The brain requires uninterrupted delivery of glucose
and oxygen from blood to generate the energy
required to sustain consciousness. Glucose also serves
as the carbon source for biosynthesis of essential com-
pounds within brain. Minor substrates that can be
metabolized by brain slices and maintain near-normal
ATP levels in vitro do not enter brain in sufficient
quantities to satisfy the energetic or biosynthetic
demands of mature brain.

Fuel Delivery to Brain

Blood-brain barrier. As introduced in Chapter 1, tight
junctions between adjacent endothelial cells in the
cerebral vasculature form the blood�brain barrier (see
also monograph by Davson and Siegel (1996)), which
restricts entry of water-soluble or aqueous phase com-
pounds into brain from blood. This selective perme-
ability is a critical function, since blood contains many
neuroactive compounds such as cations, glutamate,
and catecholamines, and intricate control of cell-to-cell
signaling in brain would be severely disrupted if mate-
rial could readily enter the brain. Thus, transporters
are required to facilitate movement of essential materi-
als across the blood�brain barrier (Fig. 3.2). Early
studies by Oldendorf and colleagues clearly demon-
strated that glucose and neutral amino acids had high
blood�brain barrier permeability, whereas transit from
blood to brain of acidic amino acids, biogenic amines,
and short-chain mono- and dicarboxylic acids was
highly restricted (Oldendorf, 1981). Although imma-
ture brain cells in tissue culture and in slices of adult
brain are capable of metabolizing many compounds,
these metabolites are not transferred into brain in
quantities sufficient to sustain the brain’s high energy
demands. The consequence of restricted entry into
brain of critical amino acids and glucose-derived
neurotransmitters is that they must be synthesized
from glucose within brain, thereby closely linking
energy metabolism with neurotransmitter synthesis
and degradation.

Glucose transporters. In adult mammalian brain, only
glucose has a sufficiently high number of transporters
(GLUT1) to facilitate an adequate flux of carbon fuel
into brain from blood (Fig. 3.2), and from extracellular
fluid into brain cells. Specific transporter isoforms are
preferentially localized in different cell types, e.g.,
GLUT1 in astrocytes and GLUT3 in neurons (Simpson
et al., 2007). Maximal glucose transport capacity (Tmax)
is approximately three times maximal glucose utiliza-
tion capacity (Vmax) (Holden et al., 1991) (see Box 3.2,
enzyme activity). In contrast to glucose and other minor
fuels that enter brain in small quantities under normal
circumstances, oxygen diffuses across the blood�brain
barrier and cellular membranes.

The pathway fluxes for distribution of glucose within
brain are poorly understood, and the fraction that enters
astrocytic endfeet surrounding capillaries compared to
that diffusing through interstitial fluid remains to be
established. Diffusion of small molecules through inter-
stitial fluid is restricted by the tortuosity of extracellular
fluid space, and cellular membranes are barriers for
transcellular movement of aqueous compounds.
However, transporters facilitate transmembrane move-
ment, and glucose and lactate transport across the
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plasma membrane is much faster than metabolism
(Dienel et al., 1991; Holden et al., 1991; Simpson et al.,
2007). Astrocytes are extensively coupled via gap junc-
tions (see Chapter 9) to form large intracellular syncytia
comprised of thousands of astrocytes in brain in vivo,
contrasting the low-level (B10�15 cells) coupling of cul-
tured astrocytes (Ball et al., 2007). Thus, compounds
taken up into astrocytes can diffuse extensively among
coupled cells and along perivascular space through the
gap junction-coupled endfeet (Fig. 3.2; Ball et al., 2007).
Flow of perivascular fluid within brain is powered by
arterial pulsations and is capable of quickly distributing
compounds in extracellular space throughout the brain
within minutes (Rennels et al., 1985). The maximal capac-
ity for glucose transport (Tmax, Box 3.2) across microvascu-
lar membranes is calculated to be much higher than that
across neuronal and astrocytic plasma membranes
(about 260, 35, and 5 nmol per 106 cells per min, respec-
tively), and when kinetic parameters of glucose transpor-
ters and number of transport cycles per transporter per s
(kcat) are taken into account, neurons are calculated to
have a 9-fold higher capacity for glucose transport than
astrocytes at 5 mM glucose (Simpson et al., 2007).

Glucose transporters are facilitative, and glucose
moves down its concentration gradient from arterial
plasma to interstitial fluid to intracellular fluid. Thus,
brain glucose level passively follows changes in
plasma (Fig. 3.3A). Normal rats have a brain-to-plasma

ratio for glucose of approximately 0.22 for arterial
plasma glucose levels within the normal to hyper-
glycemic range (B8�25 mM). Within this wide range
brain glucose level rises and falls in proportion to that
in plasma and the brain-to-plasma ratio is stable
(Figs. 3.3A and 3.3B). However, when the steady-state
level of glucose in plasma is reduced below B8 mM in
a graded manner, the brain-to-plasma distribution
ratio progressively falls because glucose delivery is
increasingly unable to match demand (Fig. 3.3B). Brain
hexokinase has a Km for glucose of B0.05 mM and the
enzyme is saturated with substrate in normoglycemic
conditions; its rate is maximal and independent of
substrate concentration (inset, Fig. 3.3C). However,
during hypoglycemia, hexokinase becomes progres-
sively more unsaturated as brain glucose level falls
below B0.5 mM, causing the rate of glucose phos-
phorylation to fall (Fig. 3.3C). Glucose concentration
is normally relatively uniform throughout the brain,
as shown by autoradiographic studies using the
radiolabeled, non-metabolizable glucose analog,
3-O-methylglucose. Local changes in brain glucose
level during activation or during depression of brain
metabolism can be detected with labeled methylglu-
cose, but the changes are relatively small (see later,
Fig. 3.13). To summarize, glucose supply is not limit-
ing for brain metabolism. Supply matches demand
in activated brain when glucose utilization rates are

FIGURE 3.2 Transporters govern passage of hydrophilic compounds across the blood�brain barrier and cellular membranes. Glucose
transporters (GLUTs) are present in high quantities in the endothelial cells in the cerebral microvasculature; the 55kDalton isoform of GLUT1
catalyzes the bidirectional, facilitative transport of glucose (Glc) across the blood�brain barrier, whereas GLUT1 (45kDa isoform) and GLUT3
transport glucose across the plasma membranes of astrocytes and neurons, respectively. Monocarboxylic acid transporters (MCTs) have broad
substrate specificity and can transport lactate (Lac), pyruvate, ketone bodies, and short chain fatty acids across membranes. Note that an MCT
is required for pyruvate transport into mitochondria. Astrocytes are extensively coupled via gap junctions to form a large syncytium through
which many small molecules (,B1kDa) can quickly diffuse, a process called gap-junctional communication. Metabolites can also diffuse
throughout brain via the perivascular, interstitial, and cerebrovascular fluids. HbO2 denotes oxygen bound to hemoglobin (Hb) in blood, and
free oxygen can readily diffuse across the blood�brain barrier and cellular membranes.
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stimulated by several-fold, although there may be
brief transients at the onset of stimuli before compen-
satory processes respond to change in demand.

Monocarboxylic acid transporters (MCT). MCTs are
facilitative transporters with broad substrate specificity
that co-transport one H1 ion along with each monocar-
boxylic acid (e.g., lactate and pyruvate; reviewed by
Halestrap and Price (1999)). In the adult rodent (post-
natal day 60 and older), different MCT isoforms are
preferentially, but not exclusively, enriched in brain
cell types; MCT 1 is present in endothelial cells, MCT1
and MCT4 are mainly in astrocytes, whereas MCT2 is
mainly in neurons. The Km’s of these isoforms for
lactate are in the range of about 0.7 mM, 3�5 mM, and
15�30 mM for MCT 2, 1, and 4, respectively
(Halestrap and Price, 1999; Hertz and Dienel, 2005;
Simpson et al., 2007; and references cited in these
reviews), indicating that the neuronal isoform can be
close to saturation under normal physiological levels
of lactate (Table 3.1). In contrast, lactate fluxes across
the endothelial and astrocytic membranes will rise and
fall with lactate level within the normal physiological
range. An important finding is that the substrate speci-
ficity for astrocytic MCT isoform(s) is the basis for pref-
erential uptake of acetate into astrocytes, not neurons
(Waniewski and Martin, 1998). The cell-type specificity
of acetate uptake and metabolism enables its use as an
astrocyte “reporter molecule” to study astrocytic oxida-
tive metabolism, glutamate�glutamine cycling between
astrocytes and neurons (Lebon et al., 2002), and astro-
cytic responses to brain activation and pathology
(Dienel et al., 2001a; Dienel et al., 2001b; Cruz et al.,
2005; Dienel et al., 2007b). Metabolic compartmentation
and cellular aspects of metabolism are discussed in
more detail in the following text related to Fig. 3.17.

Blood-borne lactate, acetate, and ketone bodies are
minor fuels for normal adult brain due to low metabo-
lite levels in normal arterial plasma and low monocar-
boxylic acid transporter levels in the microvasculature
of adult brain. However, in the suckling mammal, the
level of the MCT1 isoform at the blood�brain barrier
is about 10-fold higher than in the adult to facilitate
utilization of ketone bodies (β-hydroxybutyrate and
acetoacetate) and lactate; after weaning, the capacity
for monocarboxylic acid transport across the blood�
brain barrier falls markedly (Cremer, 1982). The level
of MCT1 in the microvasculature can adapt to patho-
physiological conditions, and during prolonged starva-
tion or feeding of a ketotic diet to help control seizures
the MCT levels increase, thereby enabling greater use
by the brain of ketone bodies in blood (Nehlig, 1996;
Veech, 2004; Yudkoff et al., 2007; Prins, 2008). Studies
in exercising humans have shown that intense muscu-
lar activity generates increased amounts of lactate,
causing blood lactate level to rise from ,1 mM to

FIGURE 3.3 Brain glucose concentration during hyperglycemic,

normoglycemic, and hypoglycemic conditions. Steady-state concen-
tration of brain glucose (A) and brain-to-plasma glucose concentration
ratio (B) as functions of arterial plasma glucose level (Panels A and B are
plotted from data of Dienel et al. (1991)). Under normal and hyperglyce-
mic conditions (plasma glucose rangeB8�25 μmol mL21) the mean glu-
cose brain-to-plasma distribution ratio is about 0.22, but this ratio falls as
plasma glucose is clamped at progressively lower levels because glucose
delivery does not match the metabolic demand for glucose. Brain hexoki-
nase has a Km for glucose of B0.05 mM. Hexokinase is saturated with
substrate under normal conditions (brain glucose level .1 mM) (inset,
panel C), but the velocity of the hexokinase reaction, calculated using
simple Michaelis-Menten kinetics (v5Vmax S/[Km1 S], where v is the
reaction velocity, Vmax5maximal velocity, S5 substrate concentration,
and Km is the value for S at which v5 0.5 Vmax), falls progressively as
intracellular glucose concentration falls below 0.5 mM (C).
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7�15 mM, greatly exceeding brain lactate concentra-
tion which ranges from B0.5�1 μmol g wet weight 21

during rest to B2 during activation) (reviewed by
Dalsgaard, 2006; Quistorff et al., 2008). Higher blood-
to-brain lactate levels drive inward facilitative trans-
port of lactate from blood into brain where it is
oxidized as a supplementary fuel (van Hall et al., 2009)
and contributes to reducing the calculated ratio of
CMRO2/CMRglucose1lactate. In normal adult rats, labeled
lactate and glucose inserted into the interstitial fluid
via microdialysis probes are oxidized by both neurons
and astrocytes in substantial amounts (Zielke et al.,
2009). Use of endogenously generated lactate as fuel is
controversial and is discussed in more detail in follow-
ing text.

Glycolytic Pathway: Generation of Pyruvate
from Glucose

Glycolysis is a highly regulated series of reactions
that convert the six-carbon glucose (Glc) to pyruvate,
a triose, by steps that do not require oxygen (Fig. 3.4).
The first irreversible step of the pathway is catalyzed
by hexokinase and consumes 1 ATP to generate
glucose-6-phosphate (Glc-6-P), which traps the glucose
molecule inside of the cell. Glc-6-P regulates hexoki-
nase activity by feedback inhibition, and ATP also
inhibits the reaction. Glc-6-P is in equilibrium with
Glc-1-P via the phosphoglucomutase reaction and with
fructose-6-P (Fru-6-P) via the phosphoglucoisomerase
reaction. These three compounds are readily intercon-
vertible and constitute a pool that can be considered as
a major branch point. Thus, Glc-6-P has three major
fates: continuation down the glycolytic pathway, entry
into the pentose phosphate shunt pathway, and stor-
age as glycogen via Glc-1-P and UDP-glucose
(Fig. 3.4). Glycogen is the major energy reserve in brain
and is located mainly, but not exclusively, in astro-
cytes; it is actively used during normal physiological
activity. The pentose shunt pathway is present in all
brain cells and is regulated mainly by availability of
NADP; this pathway generates NADPH for biosyn-
thetic reactions and oxidative defense plus 5-carbon
precursors for nucleic acid biosynthesis, particularly in
dividing cells. Fru-6-P is also the precursor for synthe-
sis of monosaccharides and complex carbohydrates
that are key components of glycoproteins and glycoli-
pids, including mannose, glucosamine, and sialic acid.

Synthesis of fructose-1,6-bisphosphate (Fru-1,6-P2)
by phosphofructo-1-kinase (PFK) consumes a second
ATP and is the committed step for glycolysis. PFK is a
very highly regulated enzyme, with many activators
and inhibitors that together convey to the enzyme
information about the cellular energy demand and the

“status” of downstream pathways (Passonneau and
Lowry, 1964). Cleavage of Fru-1,6-P2 by aldolase gen-
erates two trioses, dihydroxyacetone-P and glyceralde-
hyde-3-P, and these three compounds form another
readily interchangeable pool.

Oxidation of glyceraldehyde-3-P to 1,3-diphospho-
glycerate by glyceraldehyde-3-P dehydrogenase
(GAPDH) requires the cofactor NAD1 and generates
NADH1H1. The next enzymatic step catalyzed by
2-P-glycerate kinase generates 1 ATP for each of the
two 3-carbon molecules formed from glucose, and
energy required to “activate” the hexose is now
“replaced.” 3-P-Glycerate is then converted via 2-P-
glycerate to phosphoenolpyruvate (PEP). 3-P-Glycerate
is also the precursor for 3-P-hydroxypyruvate, from
which L serine is synthesized (Fig. 3.4). L-serine is
then the precursor for glycine and the one-carbon pool
that is essential for the methyl-transfer reactions.
L-serine is also the precursor for D-serine, a neuromo-
dulator. PEP is converted to pyruvate by the action of
pyruvate kinase to produce 1 ATP per PEP. Thus, the
net ATP yield for direct conversion of glucose to two
pyruvate via glycolytic pathway is 2 ATP, with the
generation of 2 NADH which must be oxidized to
NAD1 for glycolytic flux to continue. Pyruvate also
has alternative metabolic fates (Fig. 3.4). If NADH is
not oxidized via a redox shuttle system (see following
and Fig. 3.5) as fast as it is generated, lactate dehydro-
genase (LDH) converts pyruvate to lactate and regen-
erates NAD1. Pyruvate can also be transaminated to
form alanine or decarboxylated by the pyruvate dehy-
drogenase complex to form acetyl CoA that is oxidized
in the TCA cycle. In astrocytes, pyruvate is a substrate
for pyruvate carboxylase, the enzyme required for CO2

fixation and anaplerotic reactions. Under normal rest-
ing conditions when the ratio of oxygen to glucose
utilization is close to 6, nearly all pyruvate is oxidized.

The concentration of each of the glycolytic inter-
mediates in brain is very low, and taken together, the
total amount of all intermediates, approximately
0.4 μmol g21, is in the range of 15�25% of the brain
glucose level (Table 3.2). Due to the small pool sizes of
these compounds and the high glucose utilization rate
(B0.7 μmol g21 min21, Table 3.1), the turnover times
(e.g., divide metabolite concentration by pathway flux
rate; Box 3.2) of glycolytic intermediates are much
higher than those of brain glucose. The total concentra-
tion of NAD11NADH is also low and oxidation-
reduction (redox) cycling of these cofactors must be
rapid to sustain a high glycolytic rate, e.g., it must be
twice CMRglc, or 1.4 μmol g21 min21, since two trioses
are formed per glucose consumed. The calculated cyto-
plasmic [NAD1]/[NADH2] and [NADP1]/NADPH2]
ratios in rapidly frozen brains are about 670 and 0.12,
respectively, and the ratio of [ATP]/[ADP][HPO4

22] in
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cytoplasm is 370 M21 indicating a high phosphoryla-
tion state in brain (Veech et al., 1973). NADH and
NADPH are fluorescent and are commonly used to
evaluate changes in redox state (expressed as change
in fluorescence divided by baseline fluorescence, e.g.,
ΔF/F) under various conditions (Shuttleworth, 2010).
However, interpretation of changes must be made
with caution because NADH levels are very low

(,0.1 μmol g21, Table 3.2) and ΔF is typically in the
range of 5�10%. This means that the very small
changes in NADH level (,0.01 μmol/g), are unlikely
to represent fluxes; they indicate net changes in redox
state. For comparison, the turnover times for brain
glucose (assume 2 μmol g21, Table 3.2, divided by
0.7 μmol g21 min21) and for NADH (0.1 μmol g21

divided by 1.4 μmol g21 min21) are 2.9 min and

FIGURE 3.4 Conversion of glucose to pyruvate and use of glucose carbon for storage and biosynthetic reactions. Glucose is the obliga-
tory carbon source for brain, and most is converted to pyruvate during normal resting conditions. However, glucose also supplies precursors
for a number of other critical pathways with diverse and essential roles in brain structure and function. The metabolites in the blue boxes can
be regarded as “branch-point” metabolites because carbon can be diverted from the glycolytic pathway to other pathways. Regulation of the
glycolytic pathway involves feedback inhibition and allosteric modulation by metabolites involved in different pathways, thereby integrating
control with overall metabolic, biosynthetic, and redox economies of the cell. Major inhibitors or activators of key glycolytic enzymes are indi-
cated in red or green boxes, respectively, adjacent to the enzymes. Abbreviations: Glc6P, glucose-6-phosphate (P); HK, hexokinase; Glc1P, glu-
cose-1-P; Fru6P, fructose-6-P; Fru1,6P2, fructose-1,6-bisphosphate; Fru2,6P2, fructose-2,6-bisphosphate; R1,5P2, ribose-1,5-bisphosphate; PFK,
phosphofructo-1-kinase; DHAP, dihydroxyacetone-P; GAP, glyceraldehyde-3-P; 1,3PG, 1,3-diphosphoglycerate; 3PG, 3-phosphoglycerate; 2PG,
2-phosphoglycerate; PEP, phosphoenolpyruvate; Pyr, pyruvate.
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0.07 min, respectively. In other words, turnover of
NADH (e.g., an oxidation-reduction cycle) is about 40
times that of glucose.

Gluconeogenesis. Reversal of the glycolytic pathway
to synthesize glucose or glycogen from triose precur-
sors (Fig. 3.4) can occur in brain but it is considered to
be a minor pathway. Thus, label from 14C-labeled (radi-
olabeled tracers, Box 3.3) lactate, alanine, aspartate,
and glutamate can be incorporated into glycogen in
cultured astrocytes (Hamprecht and Dringen, 1995).
This process involves pyruvate carboxylase to carry

out the ATP-requiring, CO2-fixation step to convert
pyruvate to oxaloacetate, followed by decarboxylation
to generate phosphoenolpyruvate (PEP), then the
actions of PEP carboxykinase and fructose-1,6-phos-
phatase to generate Glc-1-P that can be incorporated
into glycogen. A net of 6 ATP is required to convert
two molecules of lactate to Glc-6-P, and one more is
needed to incorporate the Glc-6-P into glycogen.

Redox Shuttling and Recycling Mechanisms:
Oxidation of Pyruvate or Conversion to Lactate

NADH generated in the cytosol cannot directly
cross the inner mitochondrial membrane to be oxi-
dized via the electron transport chain (see following),
and alternative processes must be used to regenerate
NAD1. When the CMRO2/CMRglc ratio is close to 6,
almost all of the glucose is oxidized and reducing
equivalents are nearly quantitatively transferred into
the mitochondria, mainly by the malate-aspartate shut-
tle (MAS). The first step of the MAS (Fig. 3.5) is reduc-
tion of oxaloacetate to generate malate, which enters
the mitochondrial matrix in exchange for α-ketogluta-
rate. Malate is oxidized in mitochondria to form
NADH, which enters the electron transport chain at
complex I (see Fig. 3.8), with the subsequent genera-
tion of ATP. Oxaloacetate is transaminated to form
aspartate that leaves the mitochondrion via the aspar-
tate�glutamate carrier, an electrogenic process driven
by co-transport of H1 with glutamate; oxaloacetate is
then regenerated in the cytosol by transamination
(LaNoue et al., 2007). Another redox shuttle, the gly-
cerol�phosphate shuttle, is thought to be minor in
brain (McKenna et al., 2006). This shuttle involves
cycling of dihydroxyacetone phosphate and glycerol-P
across the inner membrane and transfer of reducing
equivalents to Coenzyme Q, with a lower ATP yield
than the MAS (Fig. 3.8). Another potential mechanism
for redox shuttling proposed by Cerdan and colleagues
(2006) involves transcellular metabolite transfer in
which lactate moves from one cell to another where
it is converted to pyruvate, which is then shuttled back
to the originating cell and oxidized; this mechanism
can bypass the requirement for an intracellular redox
shuttle in one cell type.

Early studies demonstrated the predominance of
the malate�aspartate shuttle compared to glycerol�
phosphate shuttle system in brain (Siesjö, 1978), but
more recent reports raised the possibility of large
differences in MAS capacities in neurons and astro-
cytes. This is a very important issue related to under-
standing metabolic labeling in these cell types and
their contributions to oxidative metabolism and brain
energetics. The finding that the aspartate�glutamate

FIGURE 3.5 Redox shuttle systems transfer reducing equiva-

lents from cytosol to mitochondrial electron transport chain. NAD1

can be regenerated by conversion of pyruvate to lactate or the
malate�aspartate shuttle (MAS), which is the major redox shuttle
system in brain (McKenna et al., 2006; LaNoue et al., 2007). Note
the different ATP yields from the two processes. Lactate formation
removes pyruvate from the metabolic pathway of the cell and
NADH oxidation yields no energy but allows glycolysis to continue
by regeneration of NAD1. The MAS produces the highest yield
of ATP due to generation of pyruvate that is oxidized and generates
ATP and entry of “shuttled NADH” into the electron transport
chain at complex I. The carrier proteins involved in the MAS are
the aspartate�glutamate carrier, which is an electrogenic process
due to co-transport of H1 with glutamate, and the malate-
α-ketoglutarate carrier. Reproduced from Dienel and Cruz (2004), with
permission of Elsevier. Note that the mixing of carbon between the mito-
chondrial to cytosolic pools via the malate�aspartate shuttle serves
another function that is critical for metabolic studies of brain.
Oxidative metabolism of labeled glucose causes labeling of the tri-
carboxylic acid (TCA) cycle intermediates, including oxaloacetate and
α-ketoglutarate. By means of transaminase-mediated exchange reac-
tions, label is transferred to the mitochondrial glutamate and aspartate
amino acid pools. A key aspect of dilution of label in the large cyto-
plasmic amino acid pools is shuttling of keto and amino acids across
the mitochondrial membrane. Without this shuttling, label would be
more rapidly lost via the decarboxylation reactions in the TCA cycle.
Abbreviations: OAA, oxaloacetate; αKG, α-ketoglutarate; LDH, lactate
dehydrogenase; MDH, malate dehydrogenase; AAT, aspartate
aminotransferase. The subscripts c and m denote the cytosolic and
mitochondrial enzymes, respectively.
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TABLE 3.2 Approximate concentrations of metabolites in rodent brain

Glycolytic pathwaya TCA cycle intermediatesa Amino acidsb Energy reserves and high energy metabolites a,c

Metabolite

Concentration

(µmol g21) Metabolite

Concentration

(µmol g21) Metabolite

Concentration

(µmol g21) Metabolite

Concentration

(µmol g21)

Glucose (Glc) 1.5�2.5 Acetyl CoA 0.001�0.005 Glutamate 11.6 Glucose-1-P 0.004�0.01

CoA 0.003 Taurine 6.6 UDP-Glc 0.1

Glucose-6-P 0.06�0.2 Citrate 0.25�0.35 N-Acetylaspartate 5.6 Glycogen 1.5�12

Fructose-6-P 0.01�0.02 Isocitrate 0.02 Glutamine 4.5

Fructose-1,6-P2 0.01�0.1 α-Ketoglutarate 0.15�0.2 Aspartate 2.6 Creatine-P 4.7�4.9

Dihydroxyacetone-P 0.01�0.03 Succinate 0.45�0.7 GABA 2.3 Creatine 5.6�6.1

3-P-Glycerate 0.04�0.05 Fumarate 0.07 Glycine 0.68

Phosphoenolpyruvate 0.004�0.005 Malate 0.35�0.45 Alanine 0.65 ATP 2.5�3

Pyruvate 0.05�0.2 Oxaloacetate 0.004�0.007 Serine 0.98 ADP 0.4�0.6

Total (Glc-6-P to Pyr) B0.4 Total B1.5 Threonine 0.66 AMP 0.03�0.07

Lysine 0.21 Pi 2.0�2.7

Lactate 0.5�1.5 Arginine 0.11

Histidine 0.05

NAD 0.20�0.3 Leucine 0.05

NADH 0.03�0.1 Isoleucine 0.02

NADP 0.005�0.02 Valine 0.07

NADPH 0.003�0.02 Phenylalanine 0.05

Tyrosine 0.07

Proline 0.08

Methionine 0.04

Ornithine 0.02

Tryptophan 0.003

Glutathione 2.6

Total B40

Total

(Glu1Gln1Asp1GABA)

B21

aData from Siesjö (1978), Veech (1980), McIlwain and Bachelard (1985).
bFrom the mean values of many studies that were compiled by Clarke et al. (1989).
cData from Duffy et al. (1975), Siesjö (1978), McIlwain and Bachelard (1985), Cruz and Dienel (2002).

Metabolite levels are approximate ranges of values from rat, mouse, or guinea pig brain taken from cited sources. Note that rat brain glucose level varies with arterial plasma glucose level and the normal

brain:plasma ratio for glucose is about 0.2 over the normo- and hyperglycemic range. Concentrations of some metabolites vary with animal handling and history (e.g., glycogen) have a large range. Estimates of

the total tissue concentrations in each category were calculated using the mean values of the indicated ranges.



BOX 3.3

U SE OF RAD IOLABELED TRACERS IN B IOLOGY

Nuclide. Atom characterized by atomic number

(number of protons in nucleus) and atomic mass (num-

ber of protons plus neutrons).

Isotope. Nuclide with same number of protons but

different number of neutrons. The chemical properties

are the same but the mass is different; a preceding

superscript indicates mass.

Radioactive and stable isotopes. A radioactive atom

undergoes spontaneous disintegration with emission of

radiation, e.g., 14C. A stable isotope does not decay to gen-

erate another compound, e.g., 13C. Autoradiographic and

positron emission tomographic (PET) studies use many

different radiolabeled compounds, whereas magnetic res-

onance spectroscopic (MRS) studies use stable isotopes.

Activity. Number of nuclear disintegrations per unit

time; the standard international unit is the Becquerel

(Bq)5 1 disintegration per s (dps). A commonly used

unit of activity is the Curie (Ci), which equals 2.223 1012

disintegrations per min (dpm); 1 μCi5 2.223 106 dpm.

Specific activity. Ratio of activity to molar quantity

(e.g., dpm/mole or nCi/μmol). Knowledge of specific

activity of a precursor and counts in a compound derived

from the precursor allows calculation of the amount of a

labeled compound (e.g., dpm in unknown x mole/dpm

of precursor5moles unknown). A similar expression,

isotopic enrichment, is used in MRS studies to describe

relative proportion of an isotope (see Fig. 3.17B).

Precursor-product relationships. The specific activity

or isotopic enrichment of a precursor in a metabolic

pathway is always higher than that of the product due to

dilution of the label by the quantity of unlabeled material

in each of the successive metabolic pools through which a

compound is metabolized. For example: (1) If the specific

activity of glutamate is 1 mCi/mmol and if 1 mmol gluta-

mate is converted to glutamine in a reaction mixture that

contains 1 mmol glutamine, the specific activity of gluta-

mine will be 0.5, i.e., 1 mCi in glutamine/(1mmol unla-

beled glutamate1 1 mmol unlabeled glutamine). (2) If

[1-14C]glucose is converted to lactate, the maximal specific

activity of [14C]lactate is half that of glucose because only

one of the two lactate formed from glucose will be labeled

(see Fig. 3.17A).

Interpretation of radiolabeling studies is often com-

plicated by metabolic compartmentation and insufficient

knowledge of the specific activities of important but

small precursor pools. For example, an apparent

decrease in a pathway flux can be caused by dilution of

the precursor specific activity even if there is no flux

change. Thus, if unlabeled lactate were added to a tissue

along with labeled glucose, the equilibrative steps of

lactate�pyruvate interconversion would quickly reduce

the specific activity of pyruvate, thereby reducing the

amount of labeled pyruvate entering the TCA cycle. In

this example, reduced label accumulation into TCA

cycle-derived amino acids (e.g., glutamate) might be

incorrectly interpreted as lower oxidative metabolism

of glucose when in fact the apparent labeling was due

to dilution of the pyruvate specific activity (that was

not measured and appropriately taken into account).

Increased glycogenolysis could also cause dilution of

labeled downstream labeled metabolites derived from

labeled glucose, thereby reducing the apparent label

incorporation into astrocytic amino acid pools.

Integrated specific activity. Integral of specific activ-

ity over time (time-activity integral), or the area under

the curve when specific activity is plotted as function of

time

Beta-emitter. Decay releases an electron (beta parti-

cle). For example, 14C decays to produce electron plus

nitrogen. Beta emitters commonly used in biological

studies include 3H, 14C, 35S, 32P, 45Ca. These compounds

can be assayed by detection of the electron by liquid

scintillation counting or autoradiography using X-ray

film or imaging plates.

Positron emitter. Decay releases a positron that tra-

vels a short distance then annihilates with an electron to

produce simultaneously two photons emitted at a 180�

angle; these events are assayed with pairs of coincidence

detectors. Examples include 18F, 11C, 15O, which are

commonly used in labeled compounds in positron-

emission tomographic (PET) studies.

Physical half-life. The time for half of the atoms to

decay. For example, 14C, 5730 years; 3H, 12.3 years; 18F,

109 min; 11C, 20 min; 15O, 2 min. Isotopes used in PET

assays generally have short half-lives, thereby reducing

exposure of the subject to radiation. In contrast, the rela-

tive stability of 14C and 3H facilitates broad utilization of

these isotopes in biological and biochemical studies.

Biological half-life. The time for half of the dose to

be eliminated; biological half-life depends on the com-

pound and its metabolic and excretory fates.

Tracer amount or quantity. The dose of a radiola-

beled compound is usually so small that it does not

change the concentration of the endogenous compound

and does not alter fluxes; the higher the specific activity,

the lower the molar amount of the tracer to achieve the

same labeling sensitivity. Introduction of tracer amounts

of a radiolabeled compound allows specific enzymatic

steps, pathways, and fluxes to be studied in vitro, in cul-

tured cells, and in vivo.
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carrier (Fig. 3.5) is poorly detectable by immunocyto-
chemical procedures in astrocytes compared to neu-
rons in tissue sections from adult brain implies low
MAS activity (Ramos et al., 2003; LaNoue et al., 2007).
This was unexpected because magnetic resonance
spectroscopic (MRS) studies have shown substantial
oxidative metabolism of glucose in astrocytes in adult
brain in vivo. Entry of glucose-derived pyruvate into
the TCA cycle would not occur without a working
redox shuttle mechanism; e.g., if there were no shut-
tle, all pyruvate must be converted to lactate to main-
tain glycolysis (Figs. 3.4, 3.5). Also, astrocytes contain
pyruvate carboxylase, which confers to them the ana-
plerotic capability for net synthesis of glutamate and
aspartate via the oxidative pathway in the TCA cycle,
and CO2 fixation by pyruvate carboxylase increases
with brain activity (Yu et al., 1983; Shank et al., 1985;
Öz et al., 2004). Direct evidence for oxidative metabo-
lism of glucose in mature astrocytes acutely isolated
from adult mice comes from 13C-labeling patterns of
TCA cycle-derived metabolites after incubation with
[U-13C]glucose (Lovatt et al., 2007), and high
aspartate�glutamate carrier mRNA and protein levels
are found in astrocytes isolated from adult brain (Li
et al., 2012). The quantitative contribution of astro-
cytic oxidative metabolism to brain energetics is unre-
solved, and emerging data suggest that the
contribution of astrocytes to overall brain energy
metabolism is greater than previously recognized.

When the rate of glycolysis exceeds the redox shuttle
capacity, pyruvate is converted to lactate by lactate dehy-
drogenase (LDH), with release of lactate from the cell
(Fig. 3.5). This reaction also enables the glycolytic path-
way to operate under hypoxic or anaerobic conditions.
Coupling of glycolysis to LDH activity has the advantage
of sustaining a high flux rate at the cost of release of oxi-
dative fuel. Because (i) glucose is rarely rate-limiting
under normal conditions and (ii) glucose and lactate
transport are facilitative (e.g., driven by concentration
gradients and not energy-requiring), the energetic cost of
lactate release from brain for use by other body tissues is
negligible. However, as discussed below, lactate efflux
has consequences for metabolic imaging and spectros-
copy using labeled glucose as a tracer. Lactate carries all
of the labeled carbon atoms of glucose (except that lost
via decarboxylation reactions in the pentose shunt path-
way) and release of labeled lactate causes underestima-
tion of product formation and metabolic rate.

Glycogen—Glucose Storage and Mobilization
During Brain Activation and Energy Crisis

Incorporation of glucose into a macromolecule mini-
mizes cellular osmotic changes, and glycogen, along

with the enzymes involved in its synthesis and degra-
dation, is widely distributed throughout the brain.
Glycogen is mainly localized in the soma, perivascular
endfeet, and fine processes of astrocytes but glycogen
granules are also present in some large neurons in the
brain stem and spinal cord. The concentration of glyco-
gen in brain has historically been found to be rather
low, in the range of B1�3 μmol glucosyl units g21

(note: tissue glycogen concentration actually refers to
the glucose equivalents [i.e., glucosyl units] released
from glycogen when it is assayed in tissue extracts by
enzymatic degradation), and glycogen had been con-
sidered to be a minor energy store since its level was
similar to that of glucose (Table 3.2). However, assays
using carefully handled animals and tissue fixation
and extraction methods that prevent enzymatic degra-
dation of labile metabolites (Box 3.2) found much higher
glycogen levels in unstimulated rat brain, ranging
from 5 to 12 μmol glucosyl units g21 (Cruz and Dienel,
2002). Glycogen utilization during whisker stimulation
of the rat (Swanson et al., 1992) and large compensa-
tory increases in utilization of blood-borne glucose
during whisker stimulation when glycogenolysis is
blocked (Dienel et al., 2007a) indicate that both net
consumption of glycogen and glycogen turnover
increase during normal physiological activity of astro-
cytes. A novel finding is that glycogen is involved in
taste-aversion learning and memory formation in the
newborn chick (Hertz and Gibbs, 2009). Two studies
have linked glycogenolysis to memory formation and
lactate shuttling (Newman et al., 2011; Suzuki et al.,
2011), but direct evidence for lactate transfer to neu-
rons remains to be obtained, and it is possible that lac-
tate serves as a redox signaling compound. Increased
glycogen turnover under normoglycemic conditions
indicates that activity-evoked glycogenolysis is not due
to generalized hypoglycemia in brain and suggests
that glycogen turnover plays an important role at a
local level. Because glycogen phosphorylase is located
throughout the subcellular compartments of astrocytes
(Hamprecht et al., 2004), glycogen probably serves as a
fuel “buffer” for specific metabolic pools (Box 3.2) dur-
ing times of abrupt increases in energy demand associ-
ated with excitatory neurotransmission. For example,
glycogenolysis is predicted to support astrocytic ener-
getics of removal of K1 from extracellular space and
simultaneously raise the level of glucose-6-phosphate
in astrocytes, thereby inhibiting hexokinase and
freeing-up blood-borne glucose for utilization by
neurons during brain activation (DiNuzzo et al., 2010b;
DiNuzzo et al., 2011; Dinuzzo et al., 2012). Increased
levels of extracellular potassium and catecholamine
neurotransmitters (e.g., adrenaline, serotonin, hista-
mine), but not extracellular glutamate (Sorg and
Magistretti, 1991), are capable of stimulating
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glycogenolysis (Fig. 3.4) in cultured cells and brain
slices, thereby linking astrocyte glycogen turnover to
synaptic activity (Hertz et al., 2007). High levels of
glutamate cause glycogen levels to rise in cultured
astrocytes, 13C-MRS studies have shown that gluta-
mate can be converted to lactate, and 14C labeling
studies have shown incorporation of label from lac-
tate into glycogen, so it is conceivable that some glu-
tamate can be converted to glycogen under specific
conditions.

The reactions involved in glycogen synthesis and
degradation are tightly regulated (Obel et al., 2012),
and transfer of glucosyl groups to and from glycogen
interfaces with the glycolytic pathway at the glucose-
6-P step (Fig. 3.4). The phosphoglucomutase reaction
brings glucose-6-P into equilibrium with glucose-1-P,
which is about 7% of the level of glucose-6-P. Glucose-
1-P is next converted to uridine diphosphoglucose
(UDP-glucose) with the release of pyrophosphate. The
glucosyl moiety of UDP-glucose is then added to gly-
cogen in an α-1,4-glycosydic linkage to a growing
amylose chain by glycogen synthase, a highly regu-
lated enzyme. Epimerization of UDP-glucose forms
UDP-galactose, which is an important precursor for
complex carbohydrates. The phosphorylated form of
glycogen synthetase is dependent (D form) on glucose-
6-P as an activator, whereas the unphosphorylated
form is independent (I form) of glucose-6-P. 30,50-cyclic
AMP (cAMP) stimulates the phosphorylation of the I
form to the D form. Glycogen phosphorylase is also
very highly regulated and exists in the a (active) and b
(inactive) forms; interconversion of these forms is gov-
erned by phosphorylase b kinase and phosphorylase a
phosphatase. Phosphorylase b is activated by AMP
and inorganic phosphate (Pi) (i.e., during low energy
conditions) and inhibited by ATP and glucose-6-P (i.e.,
when energy levels are adequate). cAMP stimulates a
protein kinase to phosphorylate the phosphorylase b
kinase, which is also activated by Ca21; these steps
generate phosphorylase a and stimulate glycogenolysis
to form glucose-1-P. Regulation of glycogen turnover
is fine-tuned by intracellular metabolic regulators and
coordinated with (i) local neuronal activity by K1

uptake from extracellular fluid and (ii) local and global
neuronal activity via neurotransmitter receptors. The
noradrenergic system from the locus coeruleus has
widespread innervation throughout the brain and
β-adrenergic receptors on astrocytic membranes are
potent stimulators of glycogenolysis. Astrocytic glyco-
genolysis is also regulated by oxidative stress, and
increased demand for NADPH via the pentose phos-
phate shunt pathway is triggered by exposure of cul-
tured astrocytes to reactive oxygen species and
hydrogen peroxide, causing rapid degradation of gly-
cogen (Dringen et al., 2007).

Cultured astrocytes degrade glycogen to pyruvate,
which is converted to lactate and released to the tissue
culture medium, contrasting the liver, which converts
glycogen to glucose-6-P that is dephosphorylated and
released to blood (Hamprecht and Dringen, 1995).
There are reports of glucose-6-phosphatase activity
in brain cells, but its physiological significance is
not established. A number of studies of glucose-6-
phosphatase in brain in vivo and in cultured astrocytes
by the Sokoloff laboratory failed to detect significant
phosphatase activity, consistent with the release of lac-
tate instead of glucose from astrocytes. Thus, a major
difference between the fate of glycogen in brain com-
pared to liver is astrocytic metabolism of glycogen to
generate pyruvate and lactate, whereas liver glycogen
is used for whole body glucose homeostasis. The ulti-
mate fate of the pyruvate and lactate generated from
glycogen remains to be established, and it probably
varies with physiological condition; it may be oxidized
or released.

Under “resting” conditions (Box 3.1), the rate of gly-
cogenolysis in brain in vivo is low, on the order of
0.01 μmol g21 min21, and the glycogen molecule is
relatively stable. However, during physiological stimu-
lation, glycogenolysis rises by a factor of 6�50 to
0.06�0.5 μmol g21 min21, and increases even more
(to 0.2�2.6 μmol g21 min21) during pathophysiological
conditions with very high ATP demand, e.g., seizures,
anoxia, or ischemia (Dienel and Cruz, 2006). Note that
the highest rates of glycogenolysis are more than three
times the resting rate of utilization of blood-borne glu-
cose (Table 3.1). Thus, rapid activation of glycogenoly-
sis by physiological activity, stressful handling
conditions, and actions of neurotransmitters probably
caused the low levels of brain glycogen found in many
studies because sensory stimulation and handling
prior to tissue sampling are sufficient to stimulate
rapid degradation of this labile metabolite.

The glycolytic energy yield from glycogen can be
higher or lower than that from glucose, depending on
how the calculation is made. Conversion of one
glucosyl-unit from preformed glycogen to two pyruvate
yields 3 ATP because glycogen phosphorylase is a
phosphoryl transferase that forms glucose-1-P from
glycogen, thereby bypassing the initial ATP required
by the hexokinase reaction. Thus, metabolism of pre-
formed glycogen has a 50% higher ATP yield than gly-
colysis of blood-borne glucose (Fig. 3.4). On the other
hand, if one takes the viewpoint that there is turnover
of glycogen, the accounting must include the hexokinase
and UDP-glucose steps for synthesis of glycogen from
glucose. Two ATP are consumed for conversion of glu-
cose to glycogen to glucose-6-P and another ATP is
needed to form fructose-1-6-P2, for a net consumption
of 3 ATP per glucose cycled through glycogen.
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Because glycolysis has a net yield of 4 ATP, the overall
gain of shunting glucose through glycogen is only one
ATP per glucose. The advantage of this process is the
glycogen can be stored when fuel is readily available
and rapidly degraded upon demand, without requir-
ing the initial input of ATP.

In summary, the finding of high levels of glycogen
in brain and increased glycogen turnover during brain
activation has stimulated considerable interest in the
contributions of glycogen to astrocytic energetics. The
specific physiological functions of glycogen during
brain activation and the fate of the carbon derived
from glycogen during normal brain activity remain to
be experimentally established, but during a hypoglyce-
mic or ischemic energy crisis glycogen clearly helps
prolong the duration of brain and nerve function and
minimize cellular damage.

Pentose Phosphate Shunt Pathway:
Oxidative Defense and Biosynthesis

The pentose phosphate shunt pathway (Fig. 3.6) has
two major roles: provision of NADPH that is utilized
in biosynthetic reactions and oxidative defense, and
generation of 5-carbon intermediates that are precur-
sors for nucleic acids (Dringen et al., 2007). Both of
these functions are particularly important in develop-
ing brain when lipid biosynthesis and cell division are
most active. In adult brain the flux through the pentose
shunt pathway is approximately 5% of the rate of glu-
cose utilization, but brain tissue has a huge excess
capacity that is revealed by incubation of brain slices
with an artificial electron acceptor, phenazine metho-
sulfate, which stimulates the pathway by 20�50-fold.
Flux through the pentose shunt pathway is also

FIGURE 3.6 The pentose phosphate shunt pathway provides substrates for oxidative defense, biosynthetic reactions, and nucleotide

biosynthesis. The oxidative component of the pathway generates 2NADPH1 2 H1 in successive oxidation reactions starting with glucose-6-P
and forming 6-P-gluconate (6PG), then ribulose-5-P (R5P)1CO2. The 6-carbon glucose (denoted as C6 in a box next to glucose) is converted to
a C5 intermediate, which by means of interconversions catalyzed by transketolases and transaldolases, can regenerate C6 and C3 glycolytic
intermediates. The pentose shunt pathway is not the only source of NADPH, but it is likely to be the major supplier due to its activation by
oxidative stress and exposure to peroxides. NADPH is necessary for a variety of biosynthetic reactions, some of which are highly active dur-
ing brain growth and maturation (e.g., lipid biosynthesis) and some that are involved biosynthesis of neuroactive compounds, e.g., nitric oxide
synthase, as well as in degradation of catecholamine neurotransmitters (monoamine oxidase). An important function of the NADPH is its role
as a cofactor in the glutathione reductase and peroxidase systems to eliminate hydrogen peroxide that is produced by various cellular reac-
tions. Note that glucose-6-P can be derived from blood-borne glucose and from glycogen in astrocytes. Abbreviations for compounds in the
glycolytic pathway are as in Fig. 3.4; GSH, reduced glutathione; GSSG, oxidized glutathione.

69MAJOR PATHWAYS OF BRAIN ENERGY METABOLISM

I. CELLULAR AND MOLECULAR



stimulated by addition of catecholamine neurotrans-
mitters to brain slices, presumably due to formation of
H2O2 by monoamine oxidase, as well as by exposure
of cells to H2O2 or other peroxides that are substrates
for glutathione peroxidases (Fig. 3.6). Thus, the predom-
inant function of this pathway is likely to serve different
purposes in developing compared to adult brain.

There are two divisions of the pentose shunt path-
way, the oxidative branch and nonoxidative branch
(Fig. 3.6). The oxidative branch consists of two sequen-
tial steps that convert glucose-6-P to ribulose-5-P. The
first, catalyzed by glucose-6-P dehydrogenase (glc-6-P
DH), is the flux-regulating step and forms NADPH
plus an unstable intermediate, 6-phosphogluconolactone,
that spontaneously hydrolyzes to form 6-P-gluconate.
The concentrations of glucose-6-P, NADP1, and NADPH
in brain tissue are low (Table 3.2), and the NADP1/
NADPH ratio is B0.01 (Veech et al., 1973). NADPH is
a competitive inhibitor of glucose-6-P DH, indicating
that consumption of NADPH and formation of
NADP1 provides the required substrate for the reac-
tion which is dependent on continuous supply of
glucose-6-P that can be derived from blood-borne
glucose or glycogen. 6-P-Gluconate and NADP1 are
the substrates for the second step, oxidative decarbox-
ylation, that releases carbon 1 of glucose as CO2. This
reaction forms the basis for the most widely used
assay for pentose shunt activity, comparison of the
rate of formation of 14CO2 from [1-14C]glucose com-
pared to [6-14C]glucose. The nonoxidative branch of
the pentose shunt pathway involves interconversion
of intermediates via transketolase and transaldolase
reactions that can regenerate fructose-6-P and
glyceraldehyde-3-P. Thus, for every 6 glucose mole-
cules that enter this pathway, one molecule (17%) is
lost as CO2, and the carbon that is not used for nucleic
acid biosynthesis is returned to the glycolytic pathway
as fructose-6-P or glyceraldehyde-3-P (Fig. 3.6).
Transketolase is a thiamine pyrophosphate (vitamin B1)-
dependent enzyme, and, along with pyruvate dehy-
drogenase and α-ketoglutarate dehydrogenase of the
tricarboxylic acid cycle, the enzyme is affected by thia-
min deficiency (beriberi). Severe thiamin deficiency
affects selective areas of the central nervous system
even though all of the enzymes affected are present
in all cell types. Conversion by phosphopentose isom-
erase of ribulose-5-P to ribose-6-P forms the precursor
for 5-phosphoribosyl-1-pyrophosphate (PRPP), which
is the starting point for de novo synthesis of purine
ribonucleotides.

In summary, the overall reaction glucose-6-P plus
2 NADP1 generates ribulose-5-P1CO21 2 NADPH1
2 H1. Rearrangement of the 5-carbon intermediates that
are not utilized for biosynthesis via the non-oxidative
reactions returns carbon to the glycolytic pathway. In

astrocytes, the pentose phosphate shunt pathway is
fueled by glucose and glycogen, whereas neurons are
dependent on glucose.

The Tricarboxylic Acid (TCA) Cycle:
ATP Production and Biosynthetic Activity

Energy generation. The tricarboxylic acid (TCA) cycle
has two major functions: generation of energy and bio-
synthesis of amino acids and other compounds. After
entry into mitochondria via a monocarboxylic acid
transporter, pyruvate is converted to acetyl coenzyme
A (CoA) by pyruvate dehydrogenase (PDH), a multi-
enzyme complex, that causes oxidative decarboxyl-
ation of carbons 3 and 4 of glucose and their release as
CO2. PDH is a highly regulated enzyme, with a Km for
pyruvate of B0.05 mM, which approximates the con-
centration of pyruvate in brain tissue. Two products,
acetyl CoA and NADH, are competitive inhibitors of
the PDH reaction. PDH exists in an inactive, phosphor-
ylated form and an active, dephosphorylated form; the
protein kinase that renders PDH inactive is inhibited
by ADP, pyruvate, CoASH and NAD1, whereas it is
activated by acetyl CoA and NADH. The protein phos-
phatase is activated by Mg21 and Ca21.

Condensation of acetyl CoA with oxaloacetate to
generate citrate (Fig. 3.7) is catalyzed by citrate
synthase, a regulated enzyme that is inhibited by ATP,
NADH, and succinyl CoA and stimulated by ADP.
Citrate is converted to isocitrate by aconitase, and the
first oxidative decarboxylation step in the cycle is
carried out by isocitrate dehydrogenase to generate
NADH1H1 and α-ketoglutarate. This enzyme
requires Mg21 or Mn21 and is stimulated by ADP and
Ca21. α-Ketoglutarate dehydrogenase then converts
α-ketoglutarate to succinyl CoA in a thiamine-
dependent reaction, releasing the second CO2 in the
pathway and generating NADH1H1; this enzyme
can be inhibited by ATP, GTP, NADH, and succinyl
CoA. The next step, succinyl CoA synthetase, forms
succinate, releases CoASH, and generates GTP.
Succinate dehydrogenase oxidizes succinate to fuma-
rate, with conversion of FAD to FADH2. Because FAD
is fluorescent, this step can be used to monitor mito-
chondrial redox status by fluorescence microscopy
during brain activation, and this application is dis-
cussed below in more detail (see Fig. 3.12). Succinate
dehydrogenase is inhibited by malonate, a 3-carbon
dicarboxylic acid that has been a useful compound
for studies of the TCA cycle. Fumarase adds water
to fumarate to form L-malate, which is a substrate to
regenerate oxaloacetate with formation of the third
NADH1H1 of the cycle per acetyl CoA. The activities
of TCA cycle dehydrogenases can be stimulated by
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changes in Ca21 levels that are evoked by altered
functional activity.

In summary, the TCA cycle is a highly regulated
“regenerative” process in which two carbons enter the
cycle as acetyl CoA and two carbons are released as
CO2; there is no net gain or loss of carbon with each
full turn of the cycle (Fig. 3.7). The carbon atoms enter-
ing the cycle corresponding to carbons 2 and 5 of glu-
cose are lost on the second turn of the cycle, whereas
carbons 1 and 6 of glucose are released on the third
turn of the cycle. Note that transaminase exchange
reactions at the α-ketoglutarate and oxaloacetate steps
can transfer label from TCA cycle intermediates to
the large glutamate and aspartate pools (Table 3.2).
These reactions, along with glutamine synthetase in
astrocytes and glutamate decarboxylase in neurons,

delay release of labeled carbon atoms as CO2. The
total concentration of all TCA cycle intermediates
is low, about 1.5 μmol g21, whereas the sum of
glutamate1 glutamine1 aspartate1 γ-aminobutyric
acid (GABA) is about 21 μmol g21 (Table 3.2). Thus,
the turnover times of TCA cycle intermediates are low
due to their low levels and high flux through the cycle.
Under normal resting conditions, the overall rate of
the cycle is twice that of glycolysis due to formation of
two pyruvate molecules from each glucose.
Incorporation of label from glucose into TCA cycle-
derived amino acids is the basis for magnetic reso-
nance spectroscopic analysis of metabolic fluxes in
brain (Rothman et al., 2011) (see later, Fig. 3.17).

Electron transport chain and oxidative phosphorylation.
Only one high-energy compound is formed per turn of

FIGURE 3.7 Oxidation of pyruvate via the tricarboxylic acid cycle. Pyruvate is transported from the cytosol to mitochondria along with
H1 by a monocarboxylic acid transporter. Oxidative decarboxylation of pyruvate by the pyruvate dehydrogenase complex generates acetyl
coenzyme A (CoA) and releases CO2 corresponding to the 3 and 4 positions of glucose. This 2-carbon compound (denoted C2 in a box) con-
denses with oxaloacetate, a 4-carbon (C4) catalytic component of the TCA cycle by the action of citrate synthase. Complete oxidation of acetyl
CoA releases CO2 via the isocitrate dehydrogenase (C6-C5 step) and α-ketoglutarate dehydrogenase (C5-C4 step) reactions; since two ace-
tyl CoA are generated from glucose, a total of 4 CO2 are produced by the TCA cycle. Note that for each turn of the cycle, a two-carbon com-
pound enters and two 1-carbon compounds are released; there is no net synthesis of any intermediate. Exchange-mediated labeling of the
glutamate, glutamine, GABA, and aspartate pools occurs by transamination reactions that shuttle compounds to and from the TCA cycle,
thereby leading to label dilution and pool labeling. (Note: The transamination reaction involving oxaloacetate (C4) and aspartate (C4) is not
shown in the figure.) This characteristic of intermediary metabolism slows the release of CO2 from labeled glucose, since the route to the
decarboxylation reactions is not direct. A total of 8 NADH, 2 FADH2 and 2 GTP are also generated from one glucose via the TCA cycle, for a
net energy yield equivalent to about 32 ATP. Note that the lower yield of ATP compared to previous estimates of 36 in the earlier literature is
due to adjustments made for H1 leakage across the inner mitochondrial membrane and the electrogenic cost of transport of glutamate via the
malate�aspartate shuttle and pyruvate via the MCT. Reproduced from Hertz et al. (2007), with permission of Nature Publishing Group.
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the TCA cycle, i.e., the substrate-level phosphorylation
of GDP to form GTP at the succinyl CoA synthetase
step (Fig. 3.7). Most of the ATP generated via glucose
oxidation reactions is recovered from oxidation of the
three NADH and one FADH2 generated per turn of
the cycle. Electrons are transferred from NADH and
FADH2 to O2, the terminal acceptor, via a series of
enzyme complexes that constitute the electron trans-
port chain. Protons are pumped from the mitochon-
drial matrix across the inner mitochondrial membrane
to generate an electrochemical potential across the
membrane; the proton gradient is used to drive ATP
synthesis (Papa et al., 2007; Fig. 3.8). The NADH-
linked dehydrogenase has a higher energy yield than
FAD-linked dehydrogenases due to the additional
protons pumped across the membrane by Complex I
compared to Complex II (FAD-linked succinate dehy-
drogenase that delivers electrons to Coenzyme Q). The
active state of respiration requires a continuous supply
of oxygen, ADP, and Pi and the rate is much higher
than the “resting” respiratory rate. If all of the

cytoplasmic NADH is transferred to the electron trans-
port chain by the malate�aspartate shuttle, an esti-
mated 32 ATP are generated by the combined action of
the TCA cycle, electron transport chain, and oxidative
phosphorylation reactions (Fig. 3.7). This value is
somewhat lower than early estimates of 36 ATP per
glucose due to proton leakage across the mitochondrial
membrane (Brand and Nicholls, 2011). Note that ADP
is a required substrate for respiration, and generation
of ADP from ATP by brain work provides the “cata-
lytic link” (i.e., ATP turnover) between cellular activi-
ties and respiration because phosphorylation is
coupled to oxidation.

Biosynthetic roles of the TCA cycle—generation of neuro-
transmitters. Glucose provides the carbon for synthesis
of numerous compounds required for brain structure
and function, and various biosynthetic reactions branch
from the glycolytic pathway (Fig. 3.4), as well as in the
TCA cycle (Fig. 3.9A). The TCA cycle-derived biosyn-
thetic reactions directly link oxidative energy genera-
tion with neurotransmitter turnover in cholinergic and

FIGURE 3.8 Electron transport chain and oxidative phosphorylation. NADH generated via the malate�aspartate shuttle and from the
NAD-linked oxidative reactions in the TCA cycle enters the electron transport chain at Complex I, whereas the FAD-linked reactions enter at
the Coenzyme Q (CoQ) step, with a lower net ATP yield. Translocation of H1 from the mitochondrial matrix at three steps, Complex I,
Complex III, and Complex IV, produces a proton gradient that is coupled to ATP synthesis by ATP synthase (Complex V). The adenine nucle-
otide translocase and phosphate carrier are necessary to transfer ADP and inorganic phosphate (Pi) into the mitochondrial matrix and transfer
ATP from the matrix to cytoplasm. A continuous supply of ADP is necessary for maximal ATP synthesis. Respiration in the presence of ADP
(state 3) is much higher than in the absence of ADP (state 4). Adapted from Papa et al. (2007), with the kind permission of Springer Science and
Business Media.
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amino acid transmitter pathways. For example, synthe-
sis of acetylcholine from glucose requires the action of
the mitochondrial pyruvate dehydrogenase in neurons;
the acetyl CoA is transferred from mitochondria to the
cytosol where choline and choline acetyltransferase are
localized, but the pathways of the transfer process

remain to be established (Joseph and Gibson, 2007).
Synthesis of acetylcholine is closely linked to glucose
metabolism, and, even though less than 1% of the
glucose is used for synthesis of acetylcholine, the cho-
linergic pathway is especially sensitive to mild
hypoglycemia and mild hypoxia, both of which are

FIGURE 3.9 Anaplerotic reactions are required for net synthesis of

glutamate, glutamine, and aspartate and for normal synaptic transmis-

sion. (A) Net synthesis of TCA cycle-derived amino acids requires the
ATP-dependent CO2 fixation reaction catalyzed by pyruvate carboxylase
to generate oxaloacetate (OAA) from pyruvate. Condensation of the OAA
with acetyl CoA from a second molecule of pyruvate forms a “new” mole-
cule of citrate, a 6-carbon compound that, after decarboxylation, can gen-
erate a “new” molecule of glutamate, glutamine, aspartate, or GABA.
Pyruvate carboxylase is located in astrocytes thereby conferring this cell
type with the capacity for generation of important TCA cycle-derived
amino acids within the brain. Because the astrocytic monocarboxylic acid
transporters (MCTs) have a substrate specificity for transport of acetate,
labeled acetate preferentially labels the glutamine pool in brain, whereas
metabolic labeling by glucose preferentially labels the large glutamate
pool that is located in neurons (see text and Fig. 3.17). When given at low
doses, fluoroacetate (FAc), like acetate, is preferentially transported into
astrocytes where it is metabolized via the TCA cycle to generate fluoroci-
trate, an inhibitor of aconitase that blocks the astrocytic TCA cycle by pre-
venting conversion of citrate to isocitrate. The GABA shunt is the
pathway by which GABA is returned to the TCA cycle following transam-
ination to succinate semialdehyde and oxidation by succinate semialde-
hyde dehydrogenase; this can take place in neurons and astrocytes. See
text for discussion of the glutamate (Glu)�glutamine (Gln) cycle between
astrocytes and neurons. Modified from Hertz et al. (2007), with permission of
Nature Publishing Group. (B) The rate of glucose oxidation in neurons
(0.5VTCAn) is approximately directly proportional to the rate of glutamate�
glutamine cycling (Vcyc) or excitatory glutamatergic neurotransmission in
rat cerebral cortex. Because two molecules of acetyl CoA are generated
from each glucose, the rate of the tricarboxylic acid (TCA) cycle is twice
that of total glycolytic glucose utilization (ignoring the flux into the pentose
phosphate shunt pathway and lactate release), and the rate of glucose oxi-
dation is half that of the TCA cycle. Neuronal glucose oxidation rate
increases about 6-fold from the isoelectric state (flat EEG, Vcyc5 0) to the
awake state, i.e., from B0.09 μmol g21 min21 to .0.6 μmol g21 min21,
respectively. Reproduced from Rothman et al. (2011), with permission of John
Wiley & Sons, Ltd. The figure was kindly provided by Douglas Rothman and
Henk De Feyter, Department of Diagnostic Radiology, Magnetic Resonance
Research Center, Yale University School of Medicine, New Haven, CT.
(C) Glutamate has two major metabolic fates, conversion to glutamine,
which is exclusively an astrocytic process due to the cellular localization of
glutamine synthetase in astrocytes, and oxidation via the TCA cycle after
transamination or oxidative deamidation. Astrocytes metabolize glutamate
by both pathways in a glutamate concentration-dependent manner; the
higher the extracellular glutamate the smaller the fraction converted to glu-
tamine and the greater the fraction oxidized via the TCA cycle (plotted from
data of McKenna et al., 1996); modified from Dienel and Cruz (2006), with per-
mission from Elsevier. The 50% stimulation of oxygen consumption by gluta-
mate (0.1 μmol mL21) in cultured astrocytes that can be blocked by
ouabain (plotted from data from (Eriksson et al., 1995) is consistent with
stimulation of glutamate oxidation and respiration to help dispose of
excess glutamate and to generate ATP to fuel Na1,K1-ATPase activity. To
completely oxidize glutamate to CO2, a 4-carbon molecule, malate, must
exit from the TCA cycle, then be converted to pyruvate, then re-enter the
cycle. This process is called pyruvate re-cycling (see text) and is a conse-
quence of the catalytic nature of the TCA cycle (Fig. 3.7)
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associated with reduced acetylcholine turnover and
decrements in acetylcholine levels (see later, Fig. 3.19).

The neuroactive amino acids are highly restricted
from passage across the blood�brain barrier
(Oldendorf and Szabo, 1976), yet their concentrations
in brain are substantial (Table 3.2). The high brain-to-
plasma concentration ratios for GABA (300), aspartate
(300), glutamate (B150), and glutamine (10) (McIlwain
and Bachelard, 1985) indicate considerable net synthe-
sis of these amino acids within the brain. Because the
TCA cycle cannot support net synthesis of 4- or 5-
carbon compounds from acetyl CoA, another reaction,
CO2 fixation, is required to generate oxaloacetate that
forms a “new” 4-carbon backbone from pyruvate. This
anaplerotic reaction is carried out by pyruvate carbox-
ylase and is predominantly localized in astrocytes (Yu
et al., 1983; Shank et al., 1985). Thus, astrocytes carry
out de novo synthesis of the molecules that are used as
precursors for excitatory and inhibitory amino acid
neurotransmitters (Fig. 3.9A). Oxaloacetate can
undergo a transamination reaction to form a “new”
molecule of aspartate, or it can condense with acetyl
CoA derived from a second pyruvate to produce cit-
rate, which continues through the TCA cycle to gener-
ate α-ketoglutarate. A transamination reaction
“withdraws” this new 5-carbon compound from the
TCA cycle as glutamate. In astrocytes, the glutamate is
converted to glutamine by the action of glutamine syn-
thetase, an astrocyte-specific, ATP-dependent enzyme
(Martinez-Hernandez et al., 1977; Norenberg and
Martinez-Hernandez, 1979). Glutamine can then be
released to extracellular fluid and taken up by neu-
rons, where it is converted to glutamate by glutamin-
ase. The pyruvate carboxylase reaction consumes one
ATP and is stimulated by K1, which is taken up from
the synaptic cleft by astrocytes during neuronal activa-
tion thereby linking the anaplerotic reactions and the
astrocytic TCA cycle flux with neuronal signaling
activity (Hertz et al., 2007). In vivo studies show that
CO2 fixation increases with brain activity (Öz et al.,
2004). If all of the reducing equivalents produced from
glucose are transferred to the electron transport chain
via redox shuttle systems, then synthesis of glutamate
from glucose is an energy-producing process, with a
net yield of 11 ATP and consumption of 2 O2. This
yield contrasts with production of 32 ATP and con-
sumption of 6 O2 by complete oxidative metabolism of
glucose. Under steady state conditions, glutamate level
is constant, rates of de novo synthesis and oxidative
degradation of glutamate are equal, and glutamate
oxidation generates ATP.

Glutamate�glutamine cycle and GABA shunt. In excit-
atory neurons, the glutamate is packaged into synaptic
vesicles, released as a neurotransmitter, taken up into
astrocytes via sodium-dependent glutamate transporters,

and either oxidized or converted to glutamine (see also
Chapter 7). This cyclic process involving shuttling of
glutamine and glutamate among astrocytes and neu-
rons is called the glutamate�glutamine cycle (Fig. 3.9A).
Glutamatergic signaling increases demand for ATP that
is predominantly satisfied by oxidative metabolism,
and the calculated rate of the TCA cycle in neurons is
approximately proportional to the rate of cycling of glu-
tamate and glutamine (Fig. 3.9B) under different condi-
tions in animal and human brain (Rothman et al., 2011).
When glutamate�glutamine cycling is zero (isoelectric
EEG), there is still oxidative metabolism to support
basal activities. Oxidative and Glu�Gln cycling rates
rise in parallel with increasing level of consciousness
from the deeply anesthetized to conscious resting state
(Fig. 3.9B).

Glutamine is also a good precursor of GABA, an
inhibitory neurotransmitter. Inhibitory neurons take up
and convert glutamine to glutamate, which is then con-
verted to GABA by glutamate decarboxylase (Fig. 3.9A).
After its release to the synaptic cleft, GABA can be
taken up by neurons and astrocytes, undergo a trans-
amination reaction by GABA transaminase to generate
succinate semialdehyde. Next, oxidation by succinate
semialdehyde dehydrogenase forms succinate that
is oxidized in the TCA cycle. Because the flux from
α-ketoglutarate to glutamate to GABA to succinate
bypasses some of the TCA cycle reactions, this pathway
is referred to as the GABA shunt (Fig. 3.9A).

The gliotoxin fluoroacetate, when given in low
doses, is preferentially transported via a monocarbox-
ylic acid transporter (MCT) into astrocytes where it is
metabolized by their TCA cycle to generate fluoroci-
trate, a potent inhibitor of aconitase (Fonnum et al.,
1997) (Fig. 3.9A). Fluorocitrate blocks astrocytic TCA
cycle flux, interferes with synaptic transmission, and
reduces glial but not synaptosomal ATP levels (Keyser
and Pellmar, 1994; Keyser and Pellmar, 1997).
Blockade of the TCA cycle by fluoroacetate is circum-
vented by providing the downstream metabolite, isoci-
trate, that restores evoked potentials and ATP levels.
These findings illustrate the importance of astrocytic
oxidative metabolism for neuronal function. Note that
glutamate cannot be synthesized de novo from glucose
unless glucose-derived pyruvate enters the astrocytic
TCA cycle by two pathways, pyruvate carboxylation to
generate oxaloacetate and pyruvate dehydrogenase to
generate acetyl CoA.

Glutamate oxidation vs. its conversion to glutamine.
Glutamate released by excitatory neurons and taken
up into astrocytes has two major fates, conversion to
glutamine and oxidation via the TCA cycle. Fig. 3.9A
illustrates cycling of one molecule between an astro-
cyte and neuron as glutamate and glutamine, but it
is important to recognize that some of the glutamate is
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oxidized after its uptake, some is converted to gluta-
mine, and mixing of molecules in different cellular
pools will occur due to diffusion of glutamine (and
probably also glutamate) among astrocytes via gap
junctional channels (Ball et al., 2007; Cruz et al., 2007;
Gandhi et al., 2009). The higher the extracellular gluta-
mate level the greater the fraction of glutamate oxi-
dized, and, at 0.5 mM glutamate, cultured astrocytes
metabolize similar proportions by these two pathways
(McKenna et al., 1996; Fig. 3.9C). Glutamate concentra-
tions in the synaptic cleft reach several millimolar
(Bergles et al., 1999), suggesting that a significant frac-
tion of the released glutamate may be oxidized during
excitatory neurotransmission. The oxidized glutamate
can be replaced by deamidation of glutamine, by de
novo synthesis in astrocytes, and by diffusion of gluta-
mine through interstitial fluid and through astrocytic
gap junctional channels.

Extracellular glutamate (0.1 mM) stimulates respira-
tion in cultured astrocytes by 50% (Fig. 3.9C) and this
rise in oxygen consumption is blocked by ouabain,
directly linking Na1,K1-ATPase activity to astrocytic
oxidative metabolism (Eriksson et al., 1995).
Extracellular glutamate also inhibits glucose utilization
in cultured astrocytes (by 20% at 0.5 mM (Qu et al.,
2001), and 50% at 1 mM (Swanson et al., 1990)), consis-
tent with the oxidation of some glutamate by astro-
cytes to supply some of the ATP for Na1 extrusion
and glutamine synthesis after glutamate uptake from
extracellular fluid (Peng et al., 2001). In support of this
conclusion, later studies have shown that (i) astrocytic
perisynaptic processes contain mitochondria (Lovatt
et al., 2007; Lavialle et al., 2011; Pardo et al., 2011), and
(ii) the astrocytic glutamate transporter, GLAST, forms
macromolecular complexes with mitochondria, Na1-
K1-ATPase, and glycolytic enzymes so that some of
the glutamate taken up is oxidized (Genda et al., 2011;
Bauer et al., 2012). Glutamate is continuously synthe-
sized and degraded in astrocytes (Hertz et al., 2007;
Hertz, 2011), but the amount of glutamate oxidized by
perisynaptic processes during excitatory neurotrans-
mission in vivo remains to be established. The notion
of glutamate oxidation to support astrocytic energetics
appears to contradict the observation that total gluta-
mate levels actually increase somewhat during activa-
tion in rat (Dienel et al., 2002) and human (Mangia
et al., 2007; Lin et al., 2012) brain, probably due to
increased anaplerotic activity via the pyruvate carbox-
ylase reaction (Öz et al., 2004). This apparent discor-
dance may reflect a greater overall biosynthetic
activity compared with localized oxidation of small
quantities of transmitter glutamate in perisynaptic
processes, i.e., compartmentation of the two processes
in different regions of the astrocyte, i.e., soma and
filopodia, respectively. For example, K1 taken up by

astrocytes stimulates pyruvate carboxylase activity
(Kaufman and Driscoll, 1992). In addition, more wide-
spread activation of the anaplerotic pathway through-
out the astrocytic syncytium in association with K1

uptake from extracellular space and gap junction-
mediated spreading during synaptic signaling may
exceed perisynaptic oxidation of glutamate. This is an
exciting, emerging research area that will help clarify
the energetics of neuron�astrocyte interactions.

The metabolic effects of glutamate on cultured
astrocytes have been controversial for decades.
Glutamate has been found to stimulate glucose utiliza-
tion and lactate release in some astrocyte preparations
(Pellerin and Magistretti, 1994; Takahashi et al., 1995),
whereas other laboratories find unchanged or reduced
glucose utilization and no rise in lactate production,
indicating that glutamate-stimulated glycolysis is not a
robust phenotype of all cultured astrocytes (Dienel and
Cruz, 2004; Dienel and Cruz, 2006; Dienel, 2012a;
Dienel, 2012b). The basis for these discrepant results
remains to be established, but culture conditions and
developmental plasticity influence astrocytic oxidative
capability (Abe et al., 2006; Takahashi et al., 2012). To
sum up, the quantitative contributions of different
pathways that supply ATP to astrocytes and neurons
during glutamate�glutamine cycling (e.g., glycolysis,
glucose or lactate oxidation, glutamate oxidation, gly-
cogenolysis) and the direction and magnitude of cell-
to-cell lactate shuttling during brain activation are not
yet established (see below, lactate shuttle). These
important aspects of neuroenergetics are under active
investigation (Dienel, 2013).

Pyruvate recycling. Glutamate, glutamine, GABA,
and aspartate are continuously degraded via the TCA
cycle after entry of the carbon skeleton into the cycle at
the α-ketoglutarate, succinyl CoA, or oxaloacetate
steps. However, the TCA cycle is a catalytic process
and only two carbons are removed by decarboxylation
reactions per turn of the cycle. Thus, oxidative metabo-
lism of the 4-carbon backbone of these amino acids
requires its exit from the cycle and re-entry of pyru-
vate into the TCA cycle followed by its oxidative
metabolism, i.e., recycling of pyruvate carbon skeleton
that was used for anaplerosis (Cerdan et al., 1990).
Complete oxidative degradation of the amino acids
occurs when malate leaves the mitochondria and
undergoes oxidative decarboxylation by the cytosolic
malic enzyme to produce NADPH, CO2, and cytosolic
pyruvate. Some of this pyruvate can be converted to
lactate and released from the cell. Re-entry of pyruvate
into mitochondria generates 3 CO2 and results in a dis-
tinct labeling pattern of TCA cycle-derived amino
acids that can be detected by 13C-magnetic resonance
spectroscopy. Complete oxidation of glutamate gener-
ates 20 ATP and consumes 4 O2, and, in conjunction
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with synthesis of glutamate from glucose, the net yield
(31 ATP) of glutamate turnover (synthesis and degra-
dation) is calculated to be similar to oxidation of
glucose (32 ATP) (Hertz et al., 2007).

Oxidation of other compounds via the TCA cycle.
A variety of compounds that are taken up from blood
or turn over in brain are metabolized via the TCA cycle,
including ketone bodies, fatty acids, and amino acids,
but in adult brain these compounds are not important
energy sources compared to glucose, which is continu-
ally supplied to brain from the blood. Suckling mam-
mals have high capacity to oxidize the ketone bodies
acetoacetate and β-hydroxybutyrate (in addition to glu-
cose) due to high levels of monocarboxylic acid trans-
porters at the blood�brain barrier and the necessary
metabolic enzymes (e.g., β-hydroxybutyrate dehydro-
genase); after weaning both transport of and metabolic
capacity to use ketone bodies are markedly downregu-
lated, but the transporters and oxidative enzymes can
be induced by prolonged starvation (Cremer, 1982;
Nehlig, 2004). Fatty acid oxidation is high in cultured
astrocytes, whereas it is very low in cultured neurons
(Edmond, 1992). Beta-oxidation of fatty acids generates
acetyl CoA plus NADH, which feeds into the electron
transport chain at complex I (Fig. 3.8), thereby produc-
ing ATP and consuming oxygen without generating
equivalent amounts of CO2. Complete oxidation of
carbohydrates, such as glucose, consumes 6 O2 and
produces 6 CO2, yielding a respiratory quotient (ratio of
CO2 produced to O2 consumed) of one; the respiratory
quotient for fatty acid and ketone body oxidation is
less than one. Assays of arteriovenous differences
across the brain for oxygen and CO2 demonstrate that
the respiratory quotient for brain is close to one, indi-
cating that carbohydrate is the primary fuel for normal
brain. Thus, fatty acids, amino acids, and ketone bod-
ies taken up from blood into normal adult brain are
not significant substrates for brain energy metabolism.
However, during development or prolonged starvation
ketone bodies are consumed in much higher amounts,
and the respiratory quotient is less than one. During
severe hypoglycemia endogenous compounds, includ-
ing glycolytic and TCA cycle intermediates, amino
acids (e.g., glutamate, glutamine, GABA, alanine), and
lipids are oxidized to help maintain ATP levels until
energy failure occurs (Siesjö, 1978). Consumption of
brain constituents during severe, transient hypoglyce-
mia implies that recovery will not be complete until
normal levels of these compounds are restored.

Neutral amino acids are readily taken up into brain
via amino acid carriers (Oldendorf and Szabo, 1976)
and oxidized. The branched-chain essential amino acids
(valine, isoleucine, leucine) have similar degradative
pathways, involving transamination to form a keto
acid, followed by oxidation reactions that feed into the

TCA cycle at different points. Valine produces propio-
nyl CoA which enters the TCA cycle at the succinyl
CoA step after a CO2 fixation reaction, and isoleucine
generates acetyl CoA plus propionyl CoA. In contrast,
degradation of leucine generates acetyl CoA plus acet-
oacetate. Due to their participation in transamination
reactions, branched chain amino acids may serve as
ammonia carriers in transcellular shuttle systems that
are required to sustain the glutamate�glutamine cycle
(Rothman et al., 2012).

Summary

Glucose carbon enters the energy and biosynthetic
pathways via the hexokinase step, where phosphoryla-
tion traps the molecule in the cell where it was initially
metabolized. The glycolytic pathway is regulated at
three major sites—hexokinase, phosphofructokinase,
and pyruvate kinase—and fluxes from the major
branch point metabolites are tightly controlled.
Glycogen turnover is governed by second messengers
and phosphorylation reactions, and flux into the pen-
tose shunt pathway governed mainly by NADP avail-
ability. Pyruvate dehydrogenase and key enzymes
comprising the TCA cycle are regulated by [Ca21] and
metabolites related to the energy status of the cell.
Regulatory mechanisms have an “integrative” effect to
coordinate and satisfy the overall demands for the cell
for energy production, biosynthetic activity, and neu-
rotransmitter turnover. Because glycolysis can be rap-
idly upregulated the lactate dehydrogenase reaction
serves as a “release valve” by which pyruvate can be
converted to lactate to regenerate NAD1 so that glycol-
ysis can continue. Because lactate formation and trans-
port are equilibrative processes and because glucose is
rarely limiting in normal brain, partial metabolism of
glucose to lactate may be preferentially used to sup-
port specific processes, even though the energy yield is
much lower than that of the TCA cycle and electron
transport chain.

SUBSTRATES, ENZYMES, PATHWAY
FLUXES, AND COMPARTMENTATION

The metabolic machinery of brain and its compo-
nents are very heterogeneous in terms of distribution,
composition, and capacity at the regional, cellular, and
subcellular level. The steady state concentration of any
metabolite, mRNA, or protein (Box 3.2, Table 3.2) is
the net result of all processes that generate and remove
the compound. Enzyme activity assayed in vitro under
optimal conditions represents the capacity for catalytic
activity (i.e., enzyme activity is proportional to enzyme
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amount, Box 3.2), but activities of many enzymes are
generally in great excess of the in vivo fluxes through
the steps catalyzed by the enzymes (McIlwain and
Bachelard, 1985). For example, the in vitro activities of
many glycolytic and TCA cycle enzymes exceed in vivo
glucose utilization rate by 10�100-fold, whereas others
are present in lower amounts; energy demand and reg-
ulatory processes govern actual flux rates. Excess
capacity is extremely important so that metabolic
fluxes can change according to local demand, and are
not limited by enzyme amount. Immunohistochemical
staining of enzymes and transporters provides a repre-
sentation of the detectable amounts of these proteins
and their locations, but not their actual activities in liv-
ing brain. Thus, determination of concentrations,
amounts, or in vitro activities of biological compounds
represents a “static” description of brain function, indic-
ative of capacity. On the other hand, assays of in vivo
fluxes or pathway rates under different conditions repre-
sent dynamic activities of cells. Thus, changes in amount
with development, aging, and disease reflect altered
capacity but do not necessarily indicate changes in flux
or the actual magnitude of flux changes. There are
many examples in which enzyme amounts are reduced
by 90% or more under pathophysiological conditions,
with no adverse physiological effects; conversely
increasing enzyme amounts may, but need not, be
reflected by altered rates due to metabolic regulation
of key steps in the pathways (Fell, 1996). However, if
the catalyzed process is substrate concentration-driven,
increased capacity can reflect proportionate changes in
flux, depending on the substrate level in the system of
interest. For example, changes in enzyme or trans-
porter level will reflect differences in reaction or trans-
port rate if the enzyme or transporter is not saturated,
but not if the substrate level is well above the Km.
Thus, it is essential to understand the relationships
among concentrations, activities, and fluxes, particu-
larly under pathophysiological conditions when levels
of biomarkers are frequently used as diagnostic indica-
tors. Elucidation of function�metabolism relationships
has been driven by technological advances to assay
processes of interest in vitro and in vivo.

Metabolite Concentrations: Net Result of Fluxes
to and from the Metabolite Pool

Oliver Lowry’s laboratory pioneered the field of
“enzyme histochemistry” and metabolite analysis by
(i) devising precise, sensitive, and quantitative micro-
analytical techniques with which the maximal activi-
ties of as many as nine enzymes and many metabolites
could be measured in an extract of a single dissected
neuron, (ii) developing quantitative fluorescent assays

and cycling reactions that enabled accurate determina-
tion of 10215 to 10217 moles of specific compounds,
and (iii) evaluating changes in metabolic flux from
changes in metabolite levels in a “closed system”
under different experimental conditions (Lowry, 1990;
Passonneau and Lowry, 1993). These studies showed
that many compounds of interest are very labile (Box
3.2) because they are consumed within seconds of the
initial postmortem ischemic interval (Lowry et al.,
1964; see following later, Fig. 3.21). Thus, inadequate
procedures to inactivate enzymes yield low levels for
glycogen, glucose, glycolytic and TCA cycle intermedi-
ates, and high energy phosphates. Advances in analy-
sis of labile metabolites required development of
techniques to quickly stop metabolism, e.g., freeze-
blowing (Veech et al., 1973), funnel-freezing (Ponten
et al., 1973), and microwave fixation (Stavinoha et al.,
1973; Medina et al., 1975) as well as appropriate proce-
dures for tissue extraction and animal handling.
Because metabolism is closely integrated with neuro-
transmitter activity, changes with behavioral state, sen-
sory stimulation, stress due to handling, placement in
an apparatus for tissue sampling, anesthesia, and other
factors can substantially influence the concentrations
of metabolites of interest. For example, glycogenolysis
can be stimulated by activation of β-adrenergic recep-
tors on astrocytes and the adrenergic innervation of
the brain from the locus coeruleus, a structure
involved in attention and orienting responses, is exten-
sive. Stimuli that disrupt ongoing behavior or activity
and generate reorienting behavior elicit strong
responses from locus coeruleus neurons and activation
of this pathway may reduce glycogen levels through-
out the brain. Also, glycogen phosphorylase is quickly
activated in response to postmortem ischemia, even
during decapitation and freezing in liquid nitrogen.
Slow inactivation of enzymes in frozen tissue powders
during extraction can lead to substantial loss of glyco-
gen and other compounds, with increases in the level
of lactate (Cruz and Dienel, 2002). Thus, metabolic
activity in situ (pre- and postmortem) and in vitro can
affect the measured levels of labile metabolites and sig-
naling compounds. Interpretation of results needs to
take into account the physiological and biochemical
procedures employed with tissue sampling.

Enzyme Levels: Metabolic Capacity or Potential

Maximal activity (Vmax) of an enzyme assayed
under optimal conditions in vitro is proportional to
enzyme amount and therefore reflects catalytic capac-
ity or potential. The maximal activities of enzymes in
the glycolytic and oxidative pathways of glucose
metabolism assayed in vitro are generally much higher
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than the overall in vivo rate of brain glucose utilization
(i.e., B0.7 μmol g21 min21), indicating that metabolic
capacities of the enzymes (Box 3.2) greatly exceed the
usual fluxes through the steps they catalyze. For exam-
ple, only about 5% of the maximal hexokinase activity
is sufficient to sustain the overall resting rate of
glucose utilization in brain in vivo; the enzyme is inhib-
ited by about 95% by glucose-6-phosphate, and this
inhibition is relieved by activation of downstream
fluxes, i.e., at the phosphofructokinase step (Lowry
and Passonneau, 1964; Lowry et al., 1964). Thus, the
brain has a large reserve to meet demands of extreme
conditions that is evident during bicuculline-induced
seizures where glucose and oxygen utilization rates
increase 2�4-fold (Siesjö, 1978). Relative amounts of
enzymes in different brain structures, cells, and subcel-
lular organelles are often assessed by immunological
and histochemical assays in tissue slices and Western
blots; these types of assays report the relative capacity
of an enzyme to carry out its function, but do not
describe the actual rates catalyzed by the enzyme in
the living tissue. Nevertheless, enzyme assays are very
useful to identify compensatory responses to altered
physiological demand and abnormal conditions, as
well as the processes that regulate pathways and their
interactions.

The large excess capacity of glycolytic compared to
TCA cycle enzymes suggests that substantial decre-
ments in the anaerobic metabolic capacity are less
likely to have an impact on normal metabolic fluxes
than deficits in mitochondrial enzymes, which corre-
late with deficits in energy metabolism, biosynthetic
activity, and cognition in disease states (Gibson and
Shi, 2010). In human and rodent brain, the maximal
activity of the α-ketoglutarate dehydrogenase complex
is one of the lowest of the enzymes of energy metabo-
lism in brain and it is considered to be one of the
especially vulnerable enzymes. This enzyme complex
is particularly sensitive to damage by reactive
oxygen species (ROS), and deficiencies in its activity
occur in many neurodegenerative diseases, including
Alzheimer’s disease (Gibson et al., 2010).

Levels of Metabolites vs. Pathway Fluxes:
Magnitude or Direction of Change

Substrates of the enzymes in the major energy-
producing pathways are present in low concentrations,
and, with the exception of glycogen, there is no signifi-
cant energy reserve in brain (Table 3.2). Although
substrate concentrations can change during different
physiological states, they need not reflect the magni-
tude or direction of change in pathway fluxes. In fact,
large flux changes can occur while metabolite levels

are relatively constant or change in directions that, in
the absence of sufficient information about the system,
appear to contradict the flux change. For example, sen-
sory stimulation of the normal awake rat by brushing
of the body and whiskers causes arterial plasma glu-
cose and lactate levels to rise because the animals
move around in response to the brushing (Table 3.1).
Brain glucose levels at the end of a 10-min stimulation
interval rise in proportion to that in plasma (as
expected from equilibrative transport), demonstrating
that glucose influx across the blood�brain barrier
matched the overall increase in metabolic demand dur-
ing brain activation (Dienel et al., 2007a). Whisker
stimulation also increased local rates of glucose utiliza-
tion (CMRglc) in the somatosensory cortex by about
30%, and brain tissue lactate level rose two-fold, from
about 1 to 2 μmol g21 (Fig. 3.10). Although the percent-
age increase in lactate concentration is high, the net
change (1 μmol g21) in the quantity of glucose-derived
carbon in the enlarged lactate pool is small, corre-
sponding to , 5% of the flux from glucose to pyruvate

FIGURE 3.10 Metabolite concentrations do not provide infor-
mation about pathway flux. The amount of glucose converted to
pyruvate during rest and generalized sensory stimulation of the con-
scious rat was calculated from in vivo assays of the rate of glucose
utilization and expressed in pyruvate equivalents (2 pyruvate5 1
glucose or 1 glucosyl unit of glycogen). The net increase in pyruvate
formed in somatosensory (whisker barrel) cortex was enhanced by
prior inhibition of glycogenolysis, indicating a role for rapid glyco-
gen turnover in vivo during sensory stimulation of normal, normo-
glycemic rats. Because rats moved during stimulation (gentle
brushing of the body and whiskers), the plasma glucose and lactate
levels rose; the increase in brain glucose concentration was in pro-
portion to that in plasma. Although brain lactate level doubled, the
net increase was a tiny fraction of the glucose consumed during the
same time interval. Lactate accumulation was also considerably
smaller than net depletion of brain glycogen. Thus, the changes in
brain glucose and lactate concentration do not reflect the magnitude
or direction of the change in rate of glucose utilization during
sensory stimulation. Plotted from data of Dienel et al. (2007a).
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during the stimulus interval (Fig. 3.10). The sensory
stimulation procedure also caused net consumption of
glycogen even though overall brain glucose levels
were normal, consistent with a role of glycogen in nor-
mal physiological activity, not just as an emergency
energy reserve (Fig. 3.10). An intriguing finding was
that inhibition of glycogenolysis prior to and during
the whisker stimulation increased glucose utilization
by an additional 25�50% in sensory and parietal cor-
tex, suggesting that as much as half of the additional
glucose consumed in somatosensory cortex is involved
in glycogen turnover in astrocytes (Dienel et al.,
2007a).

In the studies described previously, the net increase
in lactate concentration was much smaller than the
stimulus-increased rise in pyruvate formation, the net
consumption of glycogen, and the net rise in glucose
utilization evoked by glycogenolysis blockade
(Fig. 3.10). If only glucose and lactate concentrations
were measured, one might incorrectly conclude that
glucose utilization was reduced causing brain glucose
levels to rise, and that the tissue became “glycolytic,”
even though there was only a very small net change in
lactate level that could arise from various pathways.
Changes in tissue concentration do not identify the origin
or fate of the metabolite, and lactate level might be
explained by contributions from the rise in plasma
lactate, increased glycogenolysis, and perhaps a rise in
pyruvate level that is reflected by higher lactate level
due to mass action and the lactate dehydrogenase
equilibrium. Comparisons of percentage changes in
levels of different metabolites (e.g., lactate and glucose)
can also be very misleading because percentages do not
account for the actual concentration differences or the
fluxes through the metabolite pools (see Tables 7 and 8
in Dienel, 2012a, and related discussion). As empha-
sized by Veech (1980), changes in levels of specific gly-
colytic and TCA cycle intermediates cannot, except
under unusual circumstances, be equated with changes
in flux through the pathway; it is necessary to consider
contributions of many conditions that affect the level
of the metabolite.

The combination of tissue low levels of metabolic
intermediates and high glucose utilization rate means
that there must be fast turnover of the glycolytic and
TCA cycle intermediates. In the simplest case, using
the mean overall rate of glucose utilization of
0.7 μmol g21 min21 (Table 3.1) and the tissue concen-
tration of a hypothetical intermediate of 0.1 μmol g21

(compare to Table 3.2) the turnover time (Box 3.2) can
be estimated by dividing the metabolite concentration
by pathway flux rate, or 0.1/0.75 0.14 min or 8 s. Note
that a triose (a 3-carbon intermediate in the glycolytic
pathway), NADH, or TCA cycle metabolite with a con-
centration of 0.1 μmol g21 would have a turnover time

of 4 s because two triose and two acetyl CoA mole-
cules are generated from each glucose. Turnover of pools
or molecules is often expressed as half time or half life,
the time required for half of the pool to be replaced
(Box 3.2).

Under steady-state conditions the concentrations of
all metabolites in a pathway are constant and the rate
of each step in the pathway is equal to the flux
through the entire pathway. In contrast, under non-
steady-state conditions, part of the flux may be used to
establish new levels of intermediates by pool filling or
depletion. Steady state is critical for the conduct of
in vivo metabolic assays to measure fluxes because the
steady state assumption enables simpler solutions of
rate equations, i.e., rates of change of levels of meta-
bolic intermediates can be set equal to zero. The high
flux and low pool size also facilitate rapid changes in
the concentrations of the various pathway intermedi-
ates compared to the large pools of amino acids; the
shorter the half-life, the faster the rate of change to the
new level (Riggs, 1970). Labeling of the large TCA
cycle amino acid pools with radioactive or
stable isotopes is used to calculate rates of oxidative
metabolism and trafficking of intermediates between
different metabolic pools located in different cell types,
as for example cycling of glutamate and glutamine
between neurons and astrocytes (Rodrigues and
Cerdan, 2007; Rothman et al., 2011; Fig. 3.9).

Heterogeneity and Compartmentation:
Glutamate Metabolism as an Illustrative
Example

Mitochondrial heterogeneity. Isolation of crude mito-
chondrial fractions in the late 1960s by the Whittaker
and De Robertis laboratories provided a means to sep-
arate “free” mitochondria (derived from the soma of
all brain cells) from synaptosomes, which are pinched-
off nerve endings that contain cytosol and mitochon-
dria. Ultracentrifugation studies using continuous and
discontinuous gradients to separate mitochondria in
conjunction with analysis of their enzyme composition
and substrate-supported respiration clearly demon-
strated differences between synaptic and nonsynaptic
mitochondria, among synaptic mitochondria, and
among mitochondria isolated from different brain
regions (Clark and Lai, 1989; Lai and Clark, 1989).
In addition to the biochemical and functional heteroge-
neity of mitochondria, these organelles also differ
morphologically as well as functionally, and their sub-
cellular localization involves specialized binding to the
cytoskeletal network (Perkins and Ellisman, 2007;
Dubinsky, 2009; Perkins et al., 2010; Keil et al., 2011).
Mitochondrial functions differ during development,

79SUBSTRATES, ENZYMES, PATHWAY FLUXES, AND COMPARTMENTATION

I. CELLULAR AND MOLECULAR



with preferential expression of specific mitochondrial
enzymes compared with mature brain. For example,
β-hydroxybutyrate dehydrogenase activity peaks prior
to weaning when ketone bodies are an important brain
fuel, and it falls rapidly thereafter (along with the
monocarboxylic acid transporter levels in the brain’s
vasculature), whereas other metabolic enzyme activi-
ties rise during maturation (Leong and Clark, 1984b;
Leong and Clark, 1984a).

Radiolabeling studies identify “large and small” gluta-
mate pools. Brain metabolism studies during the 1960s
and 1970s examined the fate of radiolabeled substrates
and developed the concept of metabolic compartmen-
tation involving at least two different functional TCA
cycles in brain that do not directly communicate with
each other (see monographs Balázs and Cremer, 1972;
Berl et al., 1975). Metabolic compartmentation was first
firmly established for glutamate metabolism on the
basis of differences in labeling of glutamate and gluta-
mine from various labeled precursors. In brief, when
[14C]glucose was injected intravenously or intraperito-
neally and brain amino acids purified and counted
to determine their extent of 14C-labeling, the specific
activity (Box 3.3) of glutamate was higher than the spe-
cific activity of its product, glutamine (Fig. 3.9A). This
is the expected precursor�product relationship because
the 14C derived from tracer amounts of [14C]glucose
sequentially traverses the glycolytic and TCA cycle
pathways, then enters the glutamate pool and finally
the glutamine pool. The label is continuously diluted
with unlabeled carbon as it flows into successive
metabolic pools, and the specific activity of the true
precursor is always higher than that of the product.

On the other hand, when [14C]acetate was used as
the precursor, the specific activity of glutamine was
unexpectedly higher than that of its obligatory precur-
sor. This finding was explained by the existence of
two “independent” TCA cycles, one associated with a
“large” glutamate pool that is predominantly labeled
by glucose, the other associated with a “small” gluta-
mate pool, the true precursor for glutamine, that is
preferentially labeled by acetate and other compounds.
The large and small glutamate pools are segregated
in vivo, but when the tissue is homogenized and amino
acids are extracted, all of the labeled and unlabeled
glutamate in the various tissue pools is combined,
thereby reducing the apparent specific activity of the
true glutamate precursor pool for glutamine; this pool
would, in fact, have a higher specific activity than
glutamine in vivo. Subsequent studies in many labora-
tories using different experimental approaches clearly
demonstrated that the “small” glutamate pool is
located in astrocytes and the “large” pool is neuronal.
Note that glucose is also oxidized in astrocytes but
trapping of the label is achieved by dilution in

glutamate, which is mainly neuronal. The basis for the
preferential uptake of acetate into astrocytes was
found to be transport (Waniewski and Martin, 1998),
and acetate and its toxic analog, fluoroacetate, are
important tools to study oxidative and biosynthetic
metabolism in astrocytes, glutamate�glutamine
cycling, and astrocyte�neuron interactions.

Biosynthetic capability and ammonia detoxification.
Studies of cellular specialization have revealed high
enrichment or exclusive localization of specific
enzymes in different cell types in brain, as would be
expected with the specialized functions of the major
classes of brain cells (Wiesinger, 1995). Neurons are
endowed with the capability to synthesize and pack-
age various neurotransmitters, including acetylcholine
from glucose. Phosphate-activated glutaminase is also
enriched in neurons, serving to convert glutamine
derived from astrocytes into glutamate prior to its
entry into the neurotransmitter pool. Inhibitory neu-
rons contain glutamate decarboxylase for the synthesis
of GABA from glutamate. Astrocytes are highly
enriched in the capability to synthesize the neuromo-
dulator D-serine from glucose (Fig. 3.4), as well as the
capability for de novo synthesis of glutamate and aspar-
tate (Fig. 3.9) due to their enrichment with pyruvate
carboxylase. Glutamine synthetase also enables astro-
cytes to detoxify ammonia entering brain from blood
by conversion of glutamate to glutamine (Cooper and
Plum, 1987; Cooper, 2012). Ammonia and ammonium
ion are rapidly interchangeable, and free ammonia
readily diffuses across lipid membranes into brain.
In patients with liver disease, removal of ammonia pro-
duced by gut bacteria by the liver is severely impaired
and blood ammonia levels rise, contributing to the
progression of hepatic encephalopathy which is charac-
terized, in part, by very high brain glutamine levels
(Butterworth, 2006). In addition to inhibitors of reactions
in the glutamate�glutamine and TCA cycles, methionine
sulfoximine, an inhibitor of glutamine synthetase, is an
important tool for studies of astrocyte�neuron interac-
tions (Sonnewald et al., 2007).

Summary

The brain is a complex, heterogeneous organ that is
very difficult to study due to cellular and subcellular
specialization of major functions and metabolic activi-
ties. Early studies of brain function and metabolism
relied on global methods (e.g., arteriovenous differ-
ences and CBF), and these approaches provided valu-
able information by identifying glucose and oxygen as
the major brain fuel, compounds that enter brain from
blood, and metabolites released from brain. However,
changes in local rates of functional activity are not

80 3. ENERGY METABOLISM IN THE BRAIN

I. CELLULAR AND MOLECULAR



detectable unless high-resolution methods are used.
Microanalytical and cell culture methods enabled anal-
ysis of the composition and capabilities of different cell
types in vivo and in vitro, and radiolabeling studies set
the stage for development of in vivo methods to study
brain function in living subjects. Magnetic resonance
spectroscopy and use of stable isotopes facilitate
dynamic in vivo studies of transport and metabolism
of specific carbon atoms via different pathways.
Glutamate metabolism is an important, instructive
example of complexities of compartmentation of func-
tional metabolism and integration of neurotransmitter
turnover with generation of energy.

IMAGING OF FUNCTIONAL METABOLIC
ACTIVITY IN LIVING BRAIN AND IN
VIVO ASSAYS OF PATHWAY FLUXES

Functional activity in brain involves electrical and
molecular events that transmit signals from cell to cell
within specific networks and anatomical pathways.
The current understanding of functional metabolism in
brain has been advanced by development of quantita-
tive local methods to measure blood flow, blood oxy-
gen levels, oxygen consumption, glucose utilization,
the fate of specific atoms in labeled precursors, and
metabolite levels. Noninvasive technologies employing
different approaches (nuclear, optical, magnetic reso-
nance, fluorescence, thermal, and acoustic imaging)
and various tracers (inert gases, radiolabeled com-
pounds, compounds labeled with stable isotopes,
voltage-sensitive dyes, bioluminescence, and endoge-
nous compounds) have been particularly important for
a wide variety of in vivo brain imaging studies of
molecular, metabolic, physiologic, and cognitive pro-
cesses in normal and disease states (Dienel, 2006).

Determination of Local Rates of Blood Flow
and Metabolism in Brain

Blood flow. Quantitative autoradiographic determi-
nation of local rates of blood flow and glucose utiliza-
tion using radioactive tracers (Box 3.3) provided high
sensitivity and appropriate spatial resolution to mea-
sure flow and metabolism in all brain regions. Kety
and colleagues (Landau et al., 1955), used a radioactive
gas, trifluoromethane, to establish activity-dependent
changes in blood flow in the cat, and Sokoloff’s group
developed the use of a less volatile tracer with high
blood�brain barrier permeability (Sakurada et al.,
1978). In brief, the experimental procedure involves a
pulse intravenous injection of the tracer, collection of
timed samples of arterial blood from which the time-

activity integral (i.e., the area under the curve; Box 3.3)
in blood is calculated, the brain tissue is sampled, cut
into thin sections, exposed to x-ray film along with cal-
ibrated radioactivity standards, local optical densities
measured and converted to tissue concentration by use
of the standard curve for that film, then blood flow
rates are calculated. Blood flow assays measuring uni-
directional uptake of a labeled tracer must be of short
duration to prevent efflux of significant amounts tracer
from tissue to blood during the assay interval, and the
tracer must have high lipid permeability so that its
accumulation in brain tissue is blood flow-dependent.
The advantage of these in vivo procedures is that the
tracers label all regions of the brain simultaneously
and assay of local tissue levels of the tracer enables
comparisons between activated and nonactivated path-
ways in the same brain. Development of the use of
calibrated 14C standards along with each x-ray film
by Sokoloff and colleagues transformed qualitative pic-
tures and relative changes (e.g., structures of interest
normalized to one other structure) to fully quantitative
autoradiographic assays, a procedure that had a high
impact on many fields that used autoradiographic
detection methods. Blood flow is often used to identify
activated brain structures, particularly in brief experi-
ments, but blood flow and the oxygen content of blood
in the brain’s microvasculature are not measures of
metabolism, and flow and metabolism do not always
change proportionately. Dynamic, calibrated functional
magnetic resonance imaging (fMRI) takes advantage of
changes in the magnetic resonance signal of deoxyhe-
moglobin (i.e., the blood oxygen level dependent
(BOLD) fMRI signals (Ogawa et al., 1990; Kim and
Ogawa, 2012)), and, in combination with modeling,
can be used to calculate changes in oxygen utilization
during brain activation (Buxton, 2010; Hyder et al.,
2010; Buxton, 2012).

Glucose utilization—radiotracer techniques. Early stud-
ies of glucose utilization rates in brain in vivo used
labeled glucose as a precursor but were limited by the
loss of labeled products at various stages of metabo-
lism of glucose at rates that vary with the position of
the label and the state of the subject. For example, label
is released from the one position via the pentose phos-
phate shunt pathway, from carbons 3 and 4 at the
pyruvate dehydrogenase step, from positions 2 and 5
during the second turn of the TCA cycle, and from
positions 1 and 6 during the third turn of the TCA
cycle; label is also lost when lactate is released from
brain (Fig. 3.11). Due to difficulties associated with
complete accounting of precursor and products of
labeled glucose in brain in vivo, radiolabeled glucose
has been most useful for assessment of specific aspects
of glucose transport and metabolism in vitro using
cultured cells, brain slices, and preparations of whole
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homogenates and subcellular fractions derived from
brain. As discussed below, determination of rates of
incorporation of 13C from [13C]glucose into amino
acids is used to calculate rates of oxidative metabolism
of glucose in animal and human brain.

A major advance in metabolic assays was develop-
ment of the use of 2-deoxy-D-[14C]glucose (DG),
a glucose analog, as a tracer to determine local rates
of glucose utilization in brain in vivo (Sokoloff et al.,
1977). Sokoloff recognized that because (i) DG
competes with glucose for transport across the
blood�brain barrier and into brain cells and for

phosphorylation by hexokinase and (ii) DG is not
metabolized via glycolysis beyond the hexokinase
step (i.e., it is a “dead-end” metabolite, Fig. 3.11),
[14C]DG can be given in tracer doses (Box 3.3) and
used to measure a single reaction, the hexokinase
step, in all regions of the living brain simultaneously
(Figs. 3.11 and 3.12). Based on the kinetic differences
between glucose and DG for transport and phosphor-
ylation, approximately two molecules of glucose are
phosphorylated for each molecule of [14C]DG phos-
phorylated. Thus, [14C]DG-6-P (and its derivatives—
there is some incorporation into other phosphory-
lated compounds and macromolecules) is trapped in
the cells where it is phosphorylated and quantita-
tively retained for a reasonable amount of time
(30�60 min). Accumulation of labeled products of
[14C]DG serves as a “meter” to register the amount
of glucose consumed at a local level.

Shortly after development of the autoradiographic
[14C]DG method, the procedure was extended for
use in human and primate brain by synthesis of a
positron-emitting analog [18F]2-fluoro-2-deoxy-D-
glucose ([18F]FDG) (Phelps et al., 1979). This tracer
has had broad application in positron emission tomo-
graphic (PET) studies of brain, particularly in meta-
bolic studies of the progression and efficacy of
treatment of human neurodegenerative diseases. [18F]
FDG is also widely used for detection and localization
of brain tumors, as well as tumors throughout the
body, which are readily detected as metabolic “hot
spots” due to their high glycolytic metabolism
compared to surrounding normal tissue. Interested
readers are referred to reviews by Sokoloff (Sokoloff,
1986; Sokoloff, 1996a) for details of the DG method
and its broad application to many fields, including
physiology, pharmacology, cognition, psychology,
behavior, and pathophysiology and to the autobio-
graphical perspectives of Seymour Kety (Kety, 1996)
and Louis Sokoloff (Sokoloff, 1996b). Since these pio-
neering studies that devised local quantitative meth-
ods to measure blood flow and glucose utilization, a
wide variety of compounds labeled with positron-
emitting isotopes have been developed for in vivo
studies of gene expression, protein, phospholipid,
and neurotransmitter turnover, receptor assays, trans-
porters, and other processes (see monographs: Phelps
et al., 1986; Phelps, 2004).

Tracking of carbon atoms through metabolic pathways—
stable isotopes and magnetic resonance spectroscopy.
Assays of the hexokinase step with deoxyglucose
quantify the amount of glucose consumed by brain but
do not provide any information regarding the down-
stream fate of glucose carbon (Figs. 3.11 and 3.12). The
complexities of compartmentation of metabolism were
established by tracer labeling studies using 14C- and

FIGURE 3.11 Metabolic imaging and spectroscopy using

labeled glucose and its analogs. Various steps of glucose metabo-
lism can be measured in different preparations by using differen-
tially labeled glucose; these assays can take advantage of loss of label
from glucose at different steps, and overall glucose utilization assays
must account for label loss. In contrast, the glucose analogs 2-deoxy-
D-glucose (DG) and 2-fluoro-2-deoxy-D-glucose (FDG) compete with
glucose for transport and for metabolism by hexokinase. Their major
metabolites, DG-6-P and FDG-6-P, respectively, are trapped intracel-
lularly; hexokinase activity and glucose utilization rates can be calcu-
lated from labeled product accumulation (see text and (Sokoloff
et al., 1977)). 2-NBDG is a fluorescent derivative of DG that is phos-
phorylated by hexokinase and trapped as 2-NBDG-6-P. 6-NBDG is a
non-metabolizable fluorescent analog that would behave like methyl-
glucose and track glucose concentration. However the kinetic proper-
ties of NBDG competition with glucose for transport and
phosphorylation are not sufficiently well established for its use in
quantitative assays of glucose utilization or comparative rates in dif-
ferent cell types. Modified from Dienel and Cruz (2008), with permission
of Wiley-Blackwell Publishers.
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3H-labeled precursors, but the analytical procedures
are time-consuming and labor-intensive and only one
time point can be obtained from each subject; many
reviews describing the history of this field are in the
monographs edited by Balázs and Cremer (1972) and
Berl et al. (1975). The next major advance was the use
of stable isotopes, magnetic resonance spectroscopy
(MRS), and metabolic modeling to evaluate fluxes in
metabolic pathways of interest in diverse preparations,
ranging from cell cultures to human brain. MRS has
the advantages of no radiation exposure, determina-
tion of time courses in each subject, and longitudinal
studies in the same subject; disadvantages are lower
sensitivity compared to radiolabeling studies and

immobilization of the brain during the assay proce-
dure, which requires use of anesthesia in experimental
animals.

Pioneering work in the Shulman laboratory dem-
onstrated the high potential for MRS with 31P and
13C studies in animal brain (reviewed by Pritchard
and Shulman (1986) and Hyder and Rothman (2012)),
and initial applications of this in vivo approach to
human brain included determination of brain glucose
levels (Gruetter et al., 1992) and assays of incorpo-
ration of 13C from glucose into C4 of glutamate
(Rothman et al., 1992). 13C- and 15N-Labeled tracers
were also used in other laboratories to explore the
complexity of brain energy metabolism, metabolite

FIGURE 3.12 Metabolic brain imaging and spectroscopic assays take advantage of transport and metabolism of specific labeled precur-

sors. By use of appropriate precursors labeled with beta- or positron-emitting radioactive or stable isotopes (see Box 3.3), transport, hexokinase
activity, pentose phosphate shunt activity, glycolytic and oxidative metabolism, and redox state can be assayed in living brain under various
experimental conditions using different technologies, positron emission tomography (PET), magnetic resonance spectroscopy (MRS), autoradi-
ography (Autorad.), and fluorescence microscopy. For example, the nonmetabolizable glucose analog, methylglucose, is used to assay blood�
brain barrier and cellular membrane transport and the steady-state glucose concentration. The glucose analogs DG and FDG are used to assay
hexokinase activity and calculate glucose utilization rates. Glucose, lactate, and acetate labeled with radioactive or stable isotopes are used to
assess rates of oxidative pathways in neurons and astrocytes, decarboxylation reactions (e.g., pentose shunt or pyruvate dehydrogenase, see
Fig. 3.11), or glutamate�glutamine cycling. Labeled oxygen is used for in vivo assays of cerebral respiration, and labeled water is used to assay
cerebral blood flow. Changes in the redox state of endogenous compounds (NAD(P)H and FAD) are assayed by fluorescence microscopy. For
simplicity, isotopes of carbon are sometimes denoted by the superscript x to collectively represent 11C-, 13C-, and 14C-labeled compounds that
can be used to evaluate similar pathways using different technologies (see text and previous figures for details and abbreviations).
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trafficking, astrocyte�neuron interactions, and meta-
bolic compartmentation (Badar-Goffer et al., 1990;
Cerdan et al., 1990; Kanamori et al., 1991; Brand
et al., 1992; Bachelard and Badar-Goffer, 1993), and
numerous subsequent MRS studies have greatly
expanded these research areas (Rodrigues and
Cerdan, 2007; Zwingman and Leibfritz, 2007); see
Figs. 3.16 and 3.17, following later). Metabolic model-
ing of brain metabolic activity and energy transfer
within cells are very important research areas that
are continually evolving to accommodate new data,
refined mathematical approaches, and revised con-
cepts describing cell�cell interactions.

Changes in redox state—fluorescence microscopy.
Optical signals are generated by activity-dependent
electrolyte- and metabolism-driven changes in proper-
ties of intrinsic molecules, and these signals can be
used to probe real-time changes in tissue metabolic
activity (Villringer and Chance, 1997). For example,
reduction of NAD and NADP generates the respective
fluorescent compounds, NADH and NADPH (often
denoted as NAD(P)H because the absorption and fluo-
rescence spectra are similar), whereas oxidation of the
mitochondrial flavoprotein, FADH2, yields a fluores-
cent product FAD (Chance et al., 1962). Thus, spatial-
temporal changes in cytoplasmic and mitochondrial
oxidation state can be assayed by fluorescence micros-
copy (Fig. 3.12) under a variety of experimental condi-
tions using biological samples of varying complexity,
ranging from isolated mitochondria to the intact ani-
mal. The pioneering studies by Chance and colleagues
demonstrated the capability of real-time, continuous
fluorescent assays of redox changes in living cells
and brain tissue during anoxia and other conditions
(i.e., Chance and Thorell, 1959; Chance et al., 1962), and
early work in other laboratories assessed NAD(P)H
fluorescence changes in isolated brain mitochondria,
brain slices, and intact cerebral cortex (i) to evaluate
effects of oxygen and ADP levels on mitochondrial
redox state, (ii) to reveal biphasic responses to electrical
stimulation (i.e., rapid oxidation followed by a slower
reduction phase with an overshoot above the initial
baseline level) that were related to changes in ions and
signaling molecules, and (iii) to characterize responses
of intact brain tissue to electrical stimulation and sei-
zure activity (e.g., Jöbsis et al., 1971; Lipton, 1973).

An advantage of functional studies that combine
electrophysiological and fluorescence techniques is that
various fluorescent indicators can be loaded into tissue
samples and interactions among cellular activity,
energy metabolism, ion concentration changes, and
mitochondrial function evoked by different electrical
stimuli or pharmacological challenge can be simulta-
neously evaluated. For example, in hippocampal slices

from mature brain the electrical stimulus-induced
biphasic response of NAD(P)H fluorescence was shown
to be an “inverted match” of the FAD fluorescence that
did not reflect mitochondrial Ca21 dynamics; both com-
ponents of the biphasic NAD(P)H response were abol-
ished by blockade of ionotropic glutamate receptors
and were therefore attributed mainly to postsynaptic
neuronal activity compared with presynaptic neuronal
activity or astrocytic glutamate uptake (Shuttleworth,
2010). Similar conclusions were drawn by Hall et al.
(2012), who showed that the NADH overshoot occurs
concomitant with increased oxygen consumption and
that oxidative consumption was enhanced even when
lactate dehydrogenase activity was blocked, consistent
with predominant postsynaptic neuronal oxidative
activity, with little, if any, astrocyte-to-neuron lactate
shuttling. Flavoprotein fluorescence imaging is also a
useful tool to evaluate dynamic, local changes in mito-
chondrial activity in brain slices and in vivo during elec-
trical and physiological stimulation. For example,
forepaw or hindpaw stimulation elicits FAD autofluor-
escence changes in somatosensory cortex that correlate
with evoked changes in field potentials in the tissue,
and transcranial imaging through the intact skull of
anesthetized mice enabled tonotopic mapping of corti-
cal responses to acoustic stimuli of different frequencies
(Shibuki et al., 2007).

In summary, autofluorescence responses of NAD(P)
H and FAD reveal major contributions of postsynaptic
activity to stimulus-evoked metabolism in various
brain regions. Interpretation of changes in concentra-
tions of redox compounds requires assessment of the
relevant fluxes that underlie the redox changes and the
effects of tissue preparation (e.g., deafferentation,
ischemia, substrate supply by diffusion from medium,
and mechanical damage). The high spatial and tempo-
ral resolution of fluorescence imaging, in conjunction
with electrophysiological, pharmacological, and meta-
bolic assays opens the door for new approaches to
studies of the cellular basis of images generated by
functional metabolism (Fig. 3.12). However, because
the relative changes in NADH or FAD fluorescence
(i.e., ΔF/F) are generally within the range of 5�10%,
the net concentration and redox state changes are very
small (i.e., 10%3 0.1 μmol g21 (Table 3.2)5
0.01 μmol g21), while at the same time CMRglc is
0.3�0.5 μmol g21 min21 in brain slices (it would be
higher in stimulated slices; CMRglc in brain slices is
about half that in vivo due to deafferentation). Thus,
NADH and FAD turnover is very high and caution
must be applied when interpreting ΔF/F in terms of
pathway fluxes because small concentration changes
are not equivalent to fluxes; they only represent the
net result of input and output to the pool.
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Function�Metabolism Relationships

Carbohydrates, amino acids, carboxylic acids, alco-
hols, aldehydes, ketones, lipids, nucleic acids, steroids,
and other compounds labeled with beta-emitting iso-
topes (Box 3.3), especially 14C and 3H, as well as 35S,
32P and 33P, have been used for over 50 years to study
metabolic reactions and pathways in biochemical and
autoradiographic studies. Positron-emitting isotopes (18F,
15O, 11C, and 13N) have been incorporated into a wide
variety of tracers used for PET studies, whereas
stable isotopes (e.g., 1H, 13C, 31P, 15N) are used in MRS
studies. Some of the specific aspects of blood�brain
barrier transport and brain metabolism that can be
evaluated by means of these technologies are illus-
trated in Fig. 3.12. Assays can be designed to deter-
mine quantitatively uptake across the blood�brain
barrier, metabolism, or concentrations of endogenous
compounds or of exogenous compounds labeled with
radioactive or stable isotopes. For example, the nonme-
tabolizable glucose analog, 3-O-methylglucose, is
useful for biochemical, autoradiographic, and PET
assays of unidirectional glucose transport across the
blood�brain barrier and into cultured cells. Because
the steady-state brain-to-plasma ratio for methylglu-
cose is proportional to brain glucose concentration,
methylglucose can also be used to measure local tissue
glucose concentration in brain. DG and FDG are
metabolized to the hexose-6-P step and procedures are
established for quantitative assays of rates of the first
(irreversible) step of glucose utilization in living brain.
Fluorescent glucose analogs, 2-NBDG and 6-NBDG,
are used to assay glucose phosphorylation and trans-
port, respectively, but the kinetics of their competition
with glucose is not sufficiently developed for their use
in quantitative, comparative studies in astrocytes and
neurons (Dienel, 2012b). Metabolism of 15O2 or 17O2

measures the terminal step of the electron transport
chain, and [15O]H2O is useful for PET assays of blood
flow in humans. 13C-Labeled glucose and acetate are
incorporated into metabolites generated by the TCA
cycle, and these precursors are particularly useful to
measure oxidative metabolism, metabolite cycling,
neurotransmitter trafficking, and compartmentation by
MRS. Finally, fluorescence microscopy can be used to
detect changes in the fluorescence intensity of NADH
and FAD with brain function, and evaluate changes in
redox status generated during activating or patho-
physiological conditions (Fig. 3.12). Taken together,
autoradiographic, PET, MRS, and fluorescence studies
of metabolism are complementary technologies, each
with its strengths and weaknesses, that can be used to
investigate complex issues in brain function and
disease.

Glucose concentration and utilization. Local rates of
glucose utilization (CMRglc) are very heterogeneous
whereas brain glucose concentration is fairly uniform,
indicating that under steady-state conditions glucose
delivery matches its rate of utilization at a local
level. CMRglc is highest in gray matter (range:
0.50�1.20 μmol g21 min21) and lowest in white matter
(range: 0.15�0.25 μmol g21 min21), and rates in various
gray matter structures in different anatomical path-
ways can differ by .2-fold (Sokoloff et al., 1977).
CMRglc varies throughout the cerebral cortex, as well
as in stations in the same pathway (e.g., auditory path-
way, Table 3.3). Unilateral acoustic stimulation of
awake rats increases CMRglc and astrocytic acetate uti-
lization in selected regions of the auditory pathway
but not in other brain structures (Table 3.3). Regional
and laminar differences are readily detectable in [14C]
DG autoradiographs of the cerebral cortex, hippocam-
pus, caudate-putamen, and thalamus (Figs. 3.13A, B;
top panels). In contrast, [14C]methylglucose autoradio-
graphs (Fig 3.13, A, B; lower panels) have relatively
uniform optical densities, reflecting similar glucose
levels throughout the brain. Note the relatively small
glucose concentration differences among gray and
white matter structures, contrasting the much larger
differences in metabolic rate (compare top and bottom
panels in Figs. 3.13A, B). Focal activation of metabo-
lism by a penicillin-induced seizure doubles cortical
CMRglc at the application site but only slightly
depresses local glucose level (i.e., glucose supply
nearly matches the two-fold rise in demand), whereas
focal suppression of brain activity by barbital
depresses CMRglc by 50% at the application sites and
causes a small increase in local glucose content (i.e.,
the excess glucose delivered returns to blood). Thus,
specific, focal changes in metabolism throughout the
brain due to altered physiological activity or pharma-
cological treatment are readily detected and quantifi-
able. At the level of autoradiographic resolution
(100�200 μm), glucose supply and demand are closely
matched over a four-fold range of CMRglc.

The cellular basis of autoradiographic images of
glucose utilization has been of intense interest for
more than 30 years because the major brain cell types
are likely to have different metabolic requirements and
routine 14C-autoradiographic assays do not have cellu-
lar resolution. Studies to identify metabolically labeled
cells have been hindered by serious technical difficul-
ties, particularly the quantitative retention of labeled
metabolites in cells and tissue during histological pro-
cessing to identify cell type; membrane damage results
in efflux of the labeled metabolites. Label losses during
tissue processing can be as high as 90%, and even in
the study with the best label retention (B50%) (Nehlig
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et al., 2004), the estimates suggest that CMRglc is simi-
lar in astrocytes and neurons under resting conditions.
Specific subsets of neurons and astrocytes are, how-
ever, known to be more metabolically active than

others during resting conditions and accumulate high
levels of [3H]DG compared to other cells (Duncan
et al., 1987a; Duncan et al., 1987b; Duncan et al., 1990).
During swimming or rotation paradigms increased

TABLE 3.3 Regional metabolic responses to unilateral broadband click stimulus

Region of interest Activated (right) Hemisphere Contralateral (left) Hemisphere Right/left ratio

Glucose utilization (µmol 100 g21 min21)

Auditory structures

Superior olive 87.36 23.6 80.26 25.4 1.116 0.17

Lateral lemniscus 92.06 29.4a 63.66 13.6 1.416 0.25

Inferior colliculus 119.86 36.9a 70.86 10.2 1.666 0.34

Medial geniculate 63.96 12.0 57.96 9.5 1.116 0.13

Auditory cortex 67.96 5.0 65.06 4.3 1.056 0.08

Other structures

Visual cortex 51.56 7.6 52.46 7.5 0.986 0.04

Sensory cortex 71.76 2.0 71.66 4.6 1.006 0.05

Sensorimotor cortex 70.56 5.2 71.76 3.9 0.986 0.03

Thalamus 62.46 6.1 63.16 5.3 0.996 0.02

Caudate 69.76 5.3 71.96 4.7 0.976 0.03

Genu corpus callosumc 17.06 7.0 16.46 6.9 1.04

Cerebellar white matterc 24.26 7.2 24.26 4.9 1.0

[2-14C]Acetate minimal net uptake coefficient (mL 100 g21 min21)

Auditory structures

Superior olive 5.96 1.5 5.76 1.5 1.046 0.05

Lateral lemniscus 6.06 1.3b 5.16 1.4 1.186 0.10

Inferior colliculus 6.16 1.2b 5.36 1.0 1.156 0.03

Medial geniculate 5.56 1.9a 5.36 1.8 1.036 0.01

Auditory cortex 5.66 1.4 5.56 1.5 1.026 0.04

Other structures

Visual cortex 5.36 2.1 5.46 2.1 0.996 0.02

Sensory cortex 5.46 1.1 5.46 1.2 1.016 0.02

Sensorimotor cortex 5.66 1.3 5.66 1.4 1.006 0.03

Thalamus 4.96 2.3 4.86 2.3 1.036 0.02

Caudate 4.96 2.6 4.96 2.7 0.996 0.01

Genu corpus callosumc 2.16 0.3 2.26 0.3 0.95

Cerebellar white matterc 2.16 0.5 2.16 0.5 1.0

The acoustic stimulus (B88 dB) was initiated 10 min prior to intravenous [14C]tracer injection into conscious rats kept in a sound-insulated environment. Glucose

utilization was assayed with the routine [14C]deoxyglucose method. The net acetate uptake coefficient were assayed during a 5-min experimental interval and were

calculated by dividing the 14C level in the region of interest by the time-activity integral for total 14C in arterial plasma. Plasma acetate levels in a parallel group of rats

averaged 0.9 μmol/ml, and net acetate uptake coefficients can be converted to μmol 100 g21 min21 by multiplying by 0.9. Note that CMRglc reflects activity in all brain

cells, whereas acetate oxidation is astrocytic. Values are mean6 SD (n5 5); statistically significant right-left differences were identified by the paired t test (aP, 0.05,
bP, 0.01). The right/left ratios are means of values calculated for each structure in each rat, not ratios of the mean values for structures in each hemisphere.

Data from Cruz et al. (2005) except for the values for two white matter structures from normal unstimulated rats from cCetin et al. (2003).
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neuronal trapping of labeled DG occurs in activated
brain structures (Sharp, 1976a; Sharp, 1976b). Increased
neuronal glucose utilization during in vivo activation is
consistent with the large excess capacity of synapto-
somes to carry out glycolysis and respiration; synapto-
somal glycolytic rate increased 10-fold for at least
30 min and respiration rose 6-fold after treatment of
synaptosomes with FCCP to uncouple respiration and
ATP synthesis (Kauppinen and Nicholls, 1986; Choi
et al., 2009; Choi et al., 2011). In spite of many attempts
to improve the cellular resolution of in vivo autoradio-
graphic studies, the available data cannot determine
the metabolic contributions of major cell types. Label

accumulation in the cell bodies of astrocytes and
neurons is most readily identified and tallied according
to cell type, but neuronal perikarya are likely to have
lower CMRglc than the active synaptic-rich regions of
neuropil. The energetic contributions of neuronal pre-
and postsynaptic processes and the fine filopodia of
astrocytes remain to be established, particularly during
activation, but increased glucose utilization and oxida-
tion in pre- and postsynaptic neuronal elements are evi-
dent when assayed in synaptosomes and brain slices.

Imaging focal activation with different metabolic tracers.
Presentation of an acoustic stimulus to a subject acti-
vates the auditory pathway in a tonotopic manner, and

FIGURE 3.13 Autoradiographic assays of local rates of glucose utilization and glucose concentration. A focal seizure was induced by
topical application of penicillin to the cerebral cortex (A) and focal anesthesia resulted from topical application of 40 or 160 nmol of barbital
(B). Local rates of glucose utilization (CMRglc) were assayed with [14C]deoxyglucose (top panels) and local glucose concentration assayed with
[14C]methylglucose (bottom panels). In brief, a pulse intravenous bolus of [14C]deoxyglucose is given to the animal; 45 min later the brain is
sampled, frozen, cut into serial coronal 20 μm-thick sections, and exposed to X-ray film along with calibrated 14C standards; the darker the
region, the higher the 14C concentration and the higher the metabolic rate or glucose level. Similar procedures were used for the [14C]methyl-
glucose assays except that a programmed infusion was used to establish steady-state conditions for the tracer. Note that in the untreated tissue
CMRglc is very heterogeneous whereas glucose concentrations are relatively uniform throughout the brain. CMRglc increased two-fold at the
site of the seizure (dark spot in the cerebral cortex in the upper figure in panel A) and barbital anesthesia reduced CMRglc (light spots in cere-
bral cortex the upper figure in panel B) by 36% and 52% at the 40 and 160 nmol barbital sites, respectively. The steady-state brain-to-plasma
ratio for [14C]methylglucose, which varies with brain glucose concentration, fell 13% at the seizure focus and rose 14�19% in the barbital foci.
Abbreviations: Cx, cerebral cortex; CC, corpus callosum (white matter); CP, caudate-putamen; Hip, hippocampus; Thal, thalamus. Reproduced
from Nakanishi et al. (1996), with permission of Nature Publishing Group.
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different groups of cells in stations of the auditory pro-
cessing pathway respond by increasing signaling and
rates of glucose utilization by all cells and rates of ace-
tate oxidation by astrocytes (Table 3.3). Focal activation
of bands of cells in the inferior colliculus of the rat by
a single tone stimulus is readily detectable with the
routine [14C]DG method using a 45-min experimental

period (Fig. 3.14A). The 45-min assay duration takes
advantage of the metabolic stability of [14C]DG-6-P in
brain tissue and minimizes the effects of uncertainties
in the true values of rate constants used to estimate
(i) the unmetabolized [14C]DG in brain and (ii) the brain
time-activity integral on the calculated CMRglc. Focal
activation is also detected with 5 min [14C]DG assays,

FIGURE 3.14 Registration of focal acoustic activation with two glucose utilization tracers. Stimulation of the auditory pathway of the
rat with a single tone increases cellular activity in a tonotopic manner. Specific groups of cells in the stations of the auditory pathway respond
to that tone by increasing their signaling and demand for ATP (Table 3.3). (A) Tonotopic bands of increased CMRglc identify regions within
the right inferior colliculus (arrows) that respond to a unilateral acoustic stimulus, and these bands are readily detected with the 45 min [14C]
deoxyglucose (DG) method (left panel), but not with [1-14C]glucose (right panel). Note the different color-coding scales for the two tracers;
rates of glucose utilization are shown for [14C]DG, whereas local tissue 14C concentrations are shown for [14C]glucose. Reproduced from Cruz
et al. (2007), with permission of Wiley-Blackwell Publishers. (B) Percent increase in quantities of metabolites of [14C]DG or [1- or 6-14C]glucose
retained in the entire activated inferior colliculus (denoted as “mean”) and in the major tonotopic band (arrows in panel A, denoted as
“peak”) in five min labeling assays of monotonic acoustic stimulation. The greater increases with labeled DG compared with glucose indicate
that fractional increase of the hexokinase reaction is about twice that of the oxidative pathways. Thus, most of the labeled products of glucose
metabolism produced by activation over and above those during rest are quickly (i.e., within 5 min) lost from the activated inferior colliculus
by [14C]lactate release and decarboxylation reactions (see Cruz et al., (2007), Dienel and Cruz (2008), Dienel (2012a), Dienel (2012b) for detailed
discussion of these findings and their implications). Reproduced from Dienel (2012b), with permission of the author. (C) Model illustrating
how shuttling of lactate from astrocytes linked to its oxidation in nearby neurons would lead to trapping of 14C in activated regions. Lactate
can be produced from [6-14C]glucose in either or both astrocytes and neurons. Release of labeled lactate to extracellular fluid followed by its
uptake and oxidation in neighboring cells would lead to incorporation of label into the large amino acid pools, mainly glutamate. However,
trapping of products of glucose via the oxidative pathways does not match that of DG, indicative of rapid loss of labeled products. In contrast,
release of 14C-labeled lactate causes underestimation of metabolic activation, as observed during acoustic activation (panels A, B).
Abbreviations: DG, deoxyglucose, Glc, glucose; Glu, glutamate; Gln, glutamine; Lac, lactate, Pyr, pyruvate; TCA, tricarboxylic acid. Modified
from Dienel and Cruz, (2004), with permission from Elsevier, and reprinted from Dienel (2012b), with permission of the author.
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but the higher proportion of unmetabolized [14C]DG
increases the background and blunts the relative
increase. Also, calculated metabolic rates for brief
assays are not as accurate as desired due to a higher
impact of estimates of values for rate constants on
unmetabolized precursor level and integrated specific
activity in brain (Adachi et al., 1995). Tonotopic bands
are registered with [14C]DG in 5-min assays but
they are barely detectable with [1- or 6-14C]glucose
(Fig. 3.14A, Cruz et al., 2007). Broadband acoustic acti-
vation is registered with [14C]acetate (Table 3.3) but
not with β-hydroxy[14C]butyrate (Cruz et al., 2005).
These findings are of considerable interest, because
glucose and β-hydroxybutyrate label the “large” gluta-
mate pool ascribed to neurons, whereas acetate labels
the small glutamate pool in astrocytes. Although ace-
tate and β-hydroxybutyrate are transported into brain
from blood by the same monocarboxylic acid carrier
MCT1 they have different metabolic fates in brain. The
discrepant labeling patterns obtained in parallel assays
with [14C]DG and [1- or 6-14C]glucose (Fig. 3.14A) are
due to rapid spreading and release of labeled metabo-
lites of glucose by various pathways, including decar-
boxylation by the pentose shunt pathway, release of
labeled lactate, spreading via gap junctions, and rapid
elimination of labeled products that correspond to
most of the additional glucose consumed during acti-
vation compared to rest (Cruz et al., 2007). Even with
5-min assays, the rise in trapping of products of [14C]
DG in the entire inferior colliculus and in the peak
tonotopic band (arrow, Fig. 3.14A) is 60 and 70%,
respectively, greatly exceeding the corresponding
values obtained with [1- or 6-14C]glucose (Fig. 3.14B).
Because DG assays the hexokinase step and most of
the label trapping from [1- or 6-14C]glucose occurs via
the oxidative pathways (Fig. 3.11), the “missing”
labeled carbon (Fig. 3.14B) corresponds mainly to
labeled lactate that is released from activated tissue in
substantial quantities (Fig. 3.14C). Lactate is quickly
labeled by [14C]glucose, it is the major readily diffus-
ible metabolite of the glycolytic pathway, and its
release from brain is detected within 2 min after onset
of activation (Dienel, 2012a; Dienel, 2012b). Lactate
release from brain is consistent with the fall in the ratio
of oxygen to glucose utilization during brain activation
and the small incremental rise in oxygen utilization
during brain activation. Lactate oxidation requires oxy-
gen consumption, and, because the rise in oxygen con-
sumption ranges from 0�30% in many studies of brain
activation in humans and rats, the contribution of
brain-derived lactate to total oxidative fuel cannot be
more than 30%. In fact, the contribution of lactate must
be lower than this upper limit of the rise in CMRO2

because both neurons and astrocytes oxidize glucose-
derived pyruvate directly. Astrocytes oxidize about

20% of the glucose under resting or anesthetized
conditions (Hertz, 2011; Rothman et al., 2011), so the
maximum contribution of lactate is reduced to B24%.
If neurons directly oxidize about half of the glucose,
then lactate shuttling might maximally contribute B12%
to total oxidation (also see Mangia et al., 2011).

Calculated rates of glucose utilization in different
brain regions during broadband acoustic stimulation
of conscious rats illustrate the pathway-specific
effects of a physiological stimulus on utilization of
glucose by all brain cells and by oxidation of acetate
by astrocytes. Structures within the auditory pathway
respond to different extents whereas nonauditory
pathways have stable rates of glucose utilization
(Table 3.3). Note the low metabolic rates in white
matter structures (corpus callosum and cerebellar
white) compared to gray matter, the large range of
CMRglc throughout brain (5�7-fold in the resting and
activated hemisphere, respectively), the more modest
range (2.6�2.9-fold) of acetate oxidation, and the
large stimulus-induced response of CMRglc (66%)
compared to astrocytic oxidative metabolism (18%)
(Table 3.3). These findings illustrate the large
dynamic range of responsiveness of glucose utiliza-
tion during physiological activity and demonstrate
that oxidative metabolism in astrocytes increases dur-
ing sensory stimulation. Astrocytes are not simply
glycolytic, as is sometimes assumed based on tissue
culture studies; they also increase oxidative metabo-
lism to generate ATP during activation.

Lactate shuttling is unlikely to provide much fuel during
brain activation in normal subjects. In 1994, the finding
that glutamate-stimulated lactate release from cultured
astrocytes was incorporated into a model that proposed
that lactate released from astrocytes is fuel for activated
neurons (Pellerin and Magistretti, 1994). The current
status of the controversial notion that excitatory neuro-
transmission stimulates glycolysis in astrocytes,
astrocyte-to-neuron lactate shuttling, and lactate oxida-
tion by nearby neurons has been reviewed (Jolivet et al.,
2010; Pellerin and Magistretti, 2012), and this idea has
persisted in the literature in spite of a paucity of direct
evidence for astrocyte-to-neuron lactate shuttling. In
fact, most of the limited number of studies selectively
cited in support of this model of brain energetics
(Jolivet et al., 2010; Pellerin and Magistretti, 2012) are
not representative of the many studies carried out in
similar model systems in other laboratories over many
decades (Dienel, 2012a). Under activating conditions
cultured neurons and synaptosomes isolated from adult
animals increase their rates of glucose uptake, glycoly-
sis, and glucose oxidation by many-fold. Furthermore,
modeling based on different assumptions predicts lac-
tate shuttling from neurons to astrocytes, along with
glycogenolysis to support energy demands of activated

89IMAGING OF FUNCTIONAL METABOLIC ACTIVITY IN LIVING BRAIN AND IN VIVO ASSAYS OF PATHWAY FLUXES

I. CELLULAR AND MOLECULAR



astrocytes, thereby freeing-up blood borne glucose for
use by neurons (Mangia et al., 2009, DiNuzzo et al.,
2010b, DiNuzzo et al., 2010a, Mangia et al., 2011,
Dinuzzo et al., 2012). In fact, glucose phosphorylation
rises markedly in neuronal nerve terminals during
seizures, contradicting predictions of and directly dis-
proving the astrocyte-to-neuron lactate shuttle model
(Patel et al., 2014). As discussed above, glutamate sti-
mulates astrocytic respiration and glutamate oxidation
and probably provides some of the ATP required by
activated astrocytes, but the extent of glutamate oxida-
tion in vivo remains to be established (Dienel, 2013).

The lactate shuttle concept has been extensively
debated because the cellular origin of lactate produced
during brain activation is unknown, the direction and
magnitude of lactate trafficking remain to be estab-
lished, and the fraction locally oxidized and the pro-
portion released to blood must be determined in vivo
in conscious subjects. These are technically difficult
assays, and data obtained in normal conscious subjects
are not equivalent to findings in anesthetized subjects,
during vigorous exercise, during lactate infusions to
raise blood lactate levels and flood the brain with lac-
tate, or during severe hypoglycemia and aglycemia.
Biochemical arguments against the lactate shuttle
hypothesis (Chih et al., 2001; Chih and Roberts Jr,
2003) are consistent with strong in vivo evidence
derived from studies in many laboratories that the
magnitude of any lactate shuttling coupled to local oxi-
dation is quite small. Most lactate is released from acti-
vated tissue (Fig. 3.14), probably by avid lactate uptake
into astrocytes, lactate dispersal throughout the astro-
cytic syncytium, and lactate discharge from endfeet for
release via perivascular fluid and blood (reviewed by
Dienel, 2012b). Furthermore, Caesar et al. (2008) found
that electrical stimulus-induced increases in extracellu-
lar lactate level, blood flow, CMRglc, and CMRO2 in the
cerebellum of the anesthetized rat were eliminated by
treatment with CNQX to block postsynaptic neuronal
activation; CNQX does not block glutamate-stimulated
glycolysis in cultured astrocytes (Pellerin and
Magistretti, 1994) or glutamate uptake into astrocytes
(Duan et al., 1999). Because glutamate would be con-
tinuously taken up into cerebellar astrocytes during
CNQX treatment, the in vivo stimulus-induced glyco-
lytic activity is not due to astrocytic glutamate uptake.
Thus, brain activation-induced lactate generation in
this intact animal preparation is dissociated from astro-
cytic glutamate transport, and the lactate released to
extracellular fluid arose from evoked postsynaptic
activity, a conclusion that is supported by studies in
hippocampal slices (Brennan et al., 2006; Shuttleworth,
2010; Hall et al., 2012). Together, these findings empha-
size the importance of inclusion of neuronal glucose
utilization and lactate production into modeling of

functional metabolism. Astrocytic glutamate uptake is
not the major or the only factor governing lactate gen-
eration during brain activation in vivo.

In summary, current data support a minor, if any,
role for lactate as fuel during brain activation in nor-
mal, physically inactive subjects, with its predominant
release from brain as a glycolytic by-product, perhaps
to help stimulate blood flow to activated tissue
(Laptook et al., 1988; Hein et al., 2006; Lombard, 2006;
Yamanishi et al., 2006; Gordon et al., 2008). However,
during exercise or lactate infusion when blood lactate
rises above that in brain, greater quantities of lactate
enter the brain and are oxidized. Also, during severe
glucose deprivation (extreme hypoglycemia or aglyce-
mia), a condition that only occurs during insulin over-
dose or experimental design, endogenous substrates,
including amino acids, lactate, glycolytic and TCA
cycle intermediates, are known to be oxidized by brain
(Siesjö, 1978). Finally, interpretation of the contribution
of lactate to total oxidation in assays carried out in
anesthetized subjects need to take into account the
effects of anesthesia and suppression of metabolism.

Flow-metabolism “coupling.” The concept of tight cou-
pling of blood flow and metabolism arose from the
correlation between local rates of blood flow and
CMRglc in different brain structures (Fig. 3.15A). This
idea was further strengthened by demonstration that
(i) GLUT1 glucose transporter density and capillary
density are also highly correlated with local rates of
glucose utilization (Fig. 3.15B) and that (ii) regional
GLUT1 and MCT1 densities are correlated (Fig. 3.15C).
Thus, the physical structure of the microvasculature,
rates of blood flow, transporter capacity, and metabolic
rate are coordinated at a local level so that fuel supply
can satisfy local energy demand. Low activity in white
matter is associated with low flow and low transport
capacity whereas high-activity structures are endowed
with high flow and transport capacity. Signaling activi-
ties of neurons and astrocytes generate compounds
that regulate vasodilation and govern local blood flow
rates (Attwell et al., 2010; Paulson et al., 2010).

Whiskers are an extremely important tactile system
in many animals, and the representation of whiskers in
the sensory cortex is correspondingly high, as is repre-
sentation of the hands and mouth in somatosensory
cortex of primates. Each whisker is represented by a
specific group of cells in sensory cortex that involves
all lamina from dorsal to ventral cortex and corre-
sponds to a “barrel.” Modulation of the activity of the
whisker-to-barrel pathway by anesthesia during rest
and sensory stimulation is illustrated in Fig. 3.15D.
Note the progressive rise in CMRglc reflecting
increased activities of cells from the resting anesthe-
tized, activated anesthetized, awake resting, and
awake activated states. CMRglc rises from anesthesia to
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FIGURE 3.15 Relationships among blood flow, glucose utilization, metabolite transport, and capillary density during rest and brain

activation. (A) Local rates of cerebral blood flow (CBF) correlate with rates of glucose utilization (CMRglc) in the same rat brain structure (plot-
ted from data of Sokoloff et al. (1977), Sakurada et al. (1978)). Note the low flow-metabolism rates in white compared to gray matter and the het-
erogeneity of rates in gray matter (also see Fig. 3.13). (B) Local capillary densities and glucose transporter GLUT1 densities in adult rat brain
are correlated with CMRglc (plotted from data of Zeller et al. (1997)). (C) Regional glucose (GLUT1) and lactate transport (MCT, monocarboxylic
acid transporter) capacities are correlated in adult rat brain (plotted from data of Maurer et al. (2004)). (D) Flow-metabolism relationships in
four stations of the whisker-to-barrel pathway of the rat during rest and whisker stimulation in α-chloralose-anesthetized and conscious rats
(plotted from data of Nakao et al. (2001). Note the much lower flow and metabolic rates in anesthetized rats and the lack of change in two struc-
tures in stimulated, anesthetized rats compared with resting, anesthetized rats (for details, see Nakao et al., 2001). (E) Rates of glucose influx
exceed rates of glucose utilization by about 60% over a four-fold range of utilization rates and over a wide range of brain and arterial plasma
glucose concentrations. Plotted from data of Cremer et al. (1983), Hargreaves et al. (1986) and modified from Dienel (2012b), with permission of the
author. (F) Relative oxidation of lactate (CMRlac) compared with glucose, expressed as percent of total oxidation rate, VTCA, in cultured imma-
ture neurons is at least four-fold higher than in normal adult human brain in vivo during exercise or during lactate infusion to raise plasma
lactate level above that in brain. Thus, lactate and glucose oxidation in cultured neurons does not correspond to mature brain. Plotted from data
of Bouzier-Sore et al. (2003), Bouzier-Sore et al. (2006), van Hall et al. (2009), Boumezbeur et al. (2010).
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awake and from rest to stimulation, but the magnitude
of CMRglc is much lower during anesthesia than in the
awake animal. Also, the local rate of cerebral blood
flow changes in proportion to metabolic rate. Because
the CMRglc is differentially suppressed in each struc-
ture by anesthesia during rest and activation, the data
in Fig.3.15D can be used to estimate the “cost of con-
sciousness” in stations of the auditory pathway.

During brain activation influx of glucose from blood
into brain exceeds glucose utilization by about 60% over
a four-fold range of metabolic activity and over a wide
range of plasma and brain glucose levels (Fig. 3.15E).
Thus, glucose demand is not limited by its delivery, sug-
gesting that brain cells do not need supplementary fuel
(i.e., lactate) during activation. This conclusion is sup-
ported by the very rapid hemodynamic response to stim-
ulation illustrated by many studies in anesthetized
subjects (that would have subnormal metabolic and
blood flow rates due to anesthesia) demonstrating
that the onset of the hemodynamic response occurs
within 0.2 to 1.8 seconds, with most values being less
than 0.7 s (Masamoto and Kanno, 2012). The readily
detectable BOLD effect (i.e., increased oxyhemoglobin in
cerebral venous blood (Kim and Ogawa, 2012)) in acti-
vated brain structures indicates that oxygen is delivered
to activated tissue in excess of demand and that a lack of
oxygen does not explain the manifestation of “aerobic
glycolysis” during brain activation, i.e., the dispropor-
tionate increase in CMRglc compared with CMRO2 (Fox
and Raichle, 1986; Fox et al., 1988; Madsen et al., 1995;
Madsen et al., 1999).

Lactate does become a significant supplementary fuel
for brain when its blood level rises during exercise or
lactate infusions and drives lactate into brain. Normal
physically inactive rats and humans have plasma lactate
levels in the range of about 0.5�1 mM and the fractional
contribution of lactate to total brain oxidative rate is
about 1�8% at 1 mM, whereas when plasma lactate level
exceeds 3 mM plasma lactate oxidation rises toB7�25%
of the total (Fig. 3.15F). In sharp contrast to these find-
ings in normal human brain, lactate oxidation by cul-
tured neurons was reported by the Pellerin-Magistretti
group to range from 45�90% of the total when medium
lactate ranged from 1�11 mM (Fig. 3.15F). These find-
ings indicate that metabolism in cultured immature neu-
rons does not correspond to that in normal adult brain,
and caution must be exercised when interpreting culture
data in terms of normal brain in vivo.

Neurotransmission�Metabolism Relationships

Glucose and oxygen requirements. Oxidation of glucose
is proportional to glutamate�glutamine cycling
(Fig. 3.9B), providing strong evidence for tight linkage

between metabolism and neurotransmission (Rothman
et al., 2011). However, the TCA cycle-derived amino
acid transmitters are not the only systems dependent
on glycolytic and oxidative metabolism of glucose
and on adequate levels of O2. The neuromodulators
D-serine and glycine are generated from the glycolytic
pathway and both the catecholaminergic and choliner-
gic pathways are linked to tissue oxygen content
and oxidative metabolism (Fig. 3.16). Catecholamine
neurotransmitter synthesis and degradation is highly
dependent on the activity of mixed-function oxidases
(tyrosine hydroxylase, tryptophan hydroxylase, dopa-
mine-β-hydroxylase, and monoamine oxidase) that
consume molecular O2 (Fig. 3.16). Generation of acetyl-
choline from mitochondrial pyruvate (Fig. 3.16) is
closely coupled to oxidative metabolism of glucose
even though only 1% of the glucose is used to synthe-
size acetylcholine (Joseph and Gibson, 2007).

Neuronal requirements for glycolysis and glycolytic
ATP. During the past decade, considerable attention
has been placed on astrocytic glycolysis and lactate
production, but neurons also depend on the glycolytic
and oxidative pathways, not only for energy, but also
to sustain neurotransmission (Schousboe et al., 2011;
Bak et al., 2012). For example, glycolysis provides the
energy for vesicular packaging of neurotransmitters
(Fig. 3.16), an integral aspect of synaptic signaling. The
driving force for the vesicular glutamate transporter
(VGLUT) is the proton gradient inside the vesicle that
is generated by H1-ATPase. Ueda and colleagues
found high enrichment of glyceraldehyde-3-P dehy-
drogenase and 3-phosphoglycerate kinase on synaptic
vesicles and showed that impairment of glycolysis
reduces vesicular glutamate content and lowers gluta-
mate release from synaptosomes (Ueda and Ikemoto,
2007). These studies demonstrate functional linkage of
these glycolytic enzymes to the vesicular protein pump
and indicate that a local pool of glycolytically derived
ATP, not mitochondrially derived ATP, is preferred by
the vesicular proton pump and that glutamate can be
synthesized by synaptic vesicles from α-ketoglutarate
and aspartate (Takeda et al., 2012).

A role for glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) in neurotransmission is not limited to
glycolytic activation during excitatory glutamatergic
activity because this enzyme can also serve as a
GABAA receptor kinase. The GABAA postsynaptic
receptor is a chloride channel that mediates fast synap-
tic inhibition by causing hyperpolarization. GAPDH
co-localizes with the α1 subunit of the GABAA recep-
tor and is proposed to become autophosphorylated by
locally produced glycolytic ATP, then this phosphoryl
group is transferred to the receptor thereby modulat-
ing the receptor-mediated responses to GABA; all of
the glycolytic machinery to sustain this process is
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localized in postsynaptic densities (Laschet et al., 2004,
and cited references). A deficiency in the GABAA
receptor phosphorylation has been reported in human
epileptogenic tissue, and abnormal GABAergic inhibi-
tion may link glycolytic metabolism and enzymes with
seizure activity (Laschet et al., 2007). GAPDH may also
be involved in seizure activity by generation of NADH
that can modulate the binding of a transcriptional
repressor complex and thereby influence neuronal
excitability; inhibition of glycolysis with deoxyglucose
can reduce epilepsy progression (Garriga-Canut et al.,
2006) or have pro-convulsant actions (Gasior et al., 2010).
Thus, glycolysis has critical roles in both pre- and
postsynaptic neuronal structures, and multifunctional
roles of NAD1, NADH, and GAPDH are important
emerging research areas that are discussed in later
following sections (Fig. 3.22).

The ability of alternative substrates (e.g., fructose,
mannose, pyruvate, lactate) to replace glucose and
maintain neurotransmission has been of intense interest

since the 1960s. Early studies observed that electrically
evoked neuronal population spikes in hippocampal
brain slices were frequently not maintained by alternative
substrates even when the ATP concentration exceeded
80% of control, indicating that high energy level is not
sufficient to sustain synaptic function (summarized in
Fig. 4 of Dienel and Hertz, 2005 and its related text). A
detailed series of studies by Okada and colleagues
showed that the specific conditions employed during
slice preparation are critical to the outcome of substrate
substitution studies. For example, the speed of slice
preparation and other conditions have a high impact on
both the functional recovery of slices and the ability of
various substrates to support neuronal function; major
factors include adenosine, glutamate, and calcium
homeostasis (Okada and Lipton, 2007).

More recent work in cultured cells and brain slices
also supports important roles for glycolytic metabolism
of glucose in neurotransmission (Allen et al., 2005; Bak
et al., 2006; Bak et al., 2012). Although synaptosomes

FIGURE 3.16 Energy metabolism and neurotransmission are closely interrelated. Oxygen and glucose have dual roles in brain, serving
as fuel for generation of ATP and as substrates for enzymes that synthesize neurotransmitters and other compounds required by brain.
Oxygen not only serves as the electron acceptor in the electron transport chain, it also is an important substrate for mixed-function oxidases
that synthesize and degrade catecholamine neurotransmitters. Glucose derived neurotransmitters are synthesized via the glycolytic and oxida-
tive pathways, and ATP generated from both processes is essential for critical processes involved in neurotransmission, e.g., packaging of neu-
rotransmitters in synaptic vesicles and maintenance and restoration of transmembrane ionic gradients. Also see Figs. 3.9 and 3.12.
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have considerable excess glycolytic, as well as oxida-
tive, capacity (Kauppinen and Nicholls, 1986; Choi
et al., 2009), about half of the vesicle-containing pre-
synaptic boutons in axons from CA3 to CA1 neurons
in the hippocampus do not have mitochondria
(Shepherd and Harris, 1998) and most dendritic spines
lack mitochondria (Bourne and Harris, 2008).
Postsynaptic densities contain glycolytic enzymes (Wu
et al., 1997), consistent with glycolytic contribution to
the functions in these neuronal structures, as well as to
fuel the plasma membrane calcium pump in dendritic
spines (Ivannikov et al., 2010). To sum up, alternative
substrates can support neuronal energetics and evoked
potentials or other functions in brain slices and cultured
cells under defined conditions for a certain amount of
time, but neurons do have specific requirements for gly-
colytic and oxidative metabolism of glucose for a num-
ber of important processes. Energy supply is an
essential, but not exclusive aspect, of glucose metabo-
lism required to support neurotransmission.

Na1, K1-ATPase activation. Maintenance and reestab-
lishing ionic gradients, mainly by Na1, K1-ATPase, is
considered to be the major energy expenditure during
brain signaling (Howarth et al., 2012). Ionic pumping
increases in neurons and astrocytes during activation
but the metabolic reactions that provide energy for
various pumps have not been definitively identified,
contrasting some peripheral tissues in which the Na1,
K1-ATPase preferentially uses ATP derived from gly-
colysis (e.g., Lynch and Balaban, 1987; Lynch and Paul,
1987; and references cited therein). Astrocytic Na1,
K1-ATPase activity rises during excitatory neurotrans-
mission because glutamate is removed from the synap-
tic cleft by its co-transport into astrocytes along with
Na1. However, as discussed above, the source of ATP
to fuel this transporter is not resolved. Glutamate oxi-
dation, glycolysis, glycogenolysis, and astrocytic oxida-
tive metabolism of acetate and other substrates rise
during activation in vivo (Dienel, 2012a; Dienel, 2012b).

Astrocytic glycogenolysis. Uptake of K1 from extracel-
lular fluid into astrocytes stimulates glycogenolysis in
a concentration-dependent manner (Hof et al., 1988;
Xu et al., 2013), and many neurotransmitters (with the
striking exception of glutamate (Sorg and Magistretti,
1991)) also activate glycogenolysis, thereby linking
astrocytic glycolytic activity to local and more distant
neuronal signaling activities (Hertz et al., 2007). The
ultimate fate of the glycogen degraded during brain
activation is also unknown, but modeling predicts its
use to support astrocytic K1 clearance and at the same
time inhibit astrocytic utilization of blood-borne glu-
cose so that more is available for neurons (DiNuzzo
et al., 2010b; DiNuzzo et al., 2011; Dinuzzo et al., 2012).
Glycogenolysis has also been linked to memory and
learning (Hertz and Gibbs, 2009; Newman et al., 2011;

Suzuki et al., 2011; Duran et al., 2013), but more work
is required to identify the specific roles of glycogen
and glycogen-derived pyruvate/lactate under different
experimental conditions.

Cellular glucose oxidation rates and turnover of excitatory
and inhibitory amino acid neurotransmitters. Magnetic res-
onance spectroscopic (MRS) studies are particularly
useful for studies of the metabolic fate of specific atoms
in labeled molecules and have made major contribu-
tions to our understanding of metabolic processes and
compartmentation in living brain. For example, rela-
tionships between rates of glutamate�glutamine
cycling and oxidative metabolism have been estab-
lished (Rothman et al., 2011), and MRS metabolomics
studies are used to characterize phenotypes of diseases
and drug effects (Griffin and Kauppinen, 2007;
Nasrallah et al., 2010; Maher et al., 2011).

As illustrated in Fig. 3.17A, metabolism of glucose
that is labeled in carbon one (i.e., [1-13C]glucose, where
the 13C-labeled carbon atom is indicated in red) labels
carbon 3 of pyruvate, carbon 2 of acetyl CoA, and, dur-
ing the first turn of the TCA cycle, it labels carbon 4 of
glutamate; the same labeling pattern is obtained with
[6-13C]glucose. Glucose metabolism labels both neu-
rons and astrocytes, but because most of the brain tis-
sue glutamate is located in neurons, dilution of 13C
into the glutamate pool mainly reflects neuronal
metabolism. [2-13C]Acetate (indicated in green circles)
is preferentially metabolized via the astrocytic TCA
cycle and it labels carbon 2 of acetyl CoA as well as
carbon 4 of glutamate and glutamine (Fig. 3.17A). In
contrast, entry of 13C derived from [1-13C]glucose into
the astrocytic TCA cycle via the anaplerotic pyruvate
carboxylase reaction (blue circles) labels carbon 2 of
oxaloacetate and glutamate. Thus, MRS assays using
differentially labeled glucose and acetate can distin-
guish between astrocytic and neuronal metabolism
and entry of pyruvate into the TCA cycle via the pyru-
vate carboxylase reaction and the pyruvate dehydroge-
nase reaction.

Metabolic compartmentation to the TCA cycles in
astrocytes and neurons in rat brain in vivo is illustrated
by the MRS assays in Fig. 3.17B. Carbon 4 of glutamate
is quickly and highly labeled by [1,6-13C2]glucose,
whereas labeling of glutamine-C4 lags and does not
attain the same extent of enrichment. In contrast,
infusion of [2-13C]acetate preferentially labels gluta-
mine-C4, with much slower incorporation into
glutamate-C4. Reversal of the labeling patterns with
the two labeled substrates is explained by differential
labeling of the large glutamate pool by glucose and
the small glutamate pool by acetate. Note the long
time (B50 min) required to reach isotopic steady state
(Box 3.3). Model-dependent analysis of the temporal
profiles of labeling of different carbon atoms of
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FIGURE 3.17 Cellular compartmentation of metabolism: Labeling patterns of glutamate and glutamine. (A) Magnetic resonance spec-
troscopy (MRS) has the advantage that labeled carbons can be identified and the extent of their labeling quantified in brain in vivo, thereby
allowing real-time assessment of metabolic pathway fluxes and metabolite shuttling between astrocytes and neurons. Metabolism of a glucose
molecule (Note: C6 denotes a 6-carbon molecule, C5, a 5-carbon molecule, etc.) that is labeled with 13C in carbon one (red), causes labeling of
(i) carbon 3 of one of the two pyruvate molecules generated from glucose, (ii) carbon 2 of one of the two molecules of acetyl Coenzyme A
(CoA) generated by the pyruvate dehydrogenase reaction (PDH), and (iii) carbon 4 of glutamate (denoted as Glu-C4) during the first turn of
the TCA cycle, followed by labeling of carbon 4 of glutamine (Gln-C4) by the glutamine synthetase reaction. The same labeling patterns are
obtained with [6-13C]glucose, but less label will accumulate with [1-13C]glucose if the pentose phosphate shunt pathway is active due to decar-
boxylation of carbon one (Fig. 3.6). Labeling patterns resulting from subsequent turns of the TCA cycle are more complex and can be detected
with current technology (e.g., Glu-C3, Gln-C3). When [1-13C]glucose is metabolized via the pyruvate carboxylase (PC) reaction in astrocytes,
carbon 2 of oxaloacetate (a 4-carbon compound, denoted by C4) becomes labeled (blue), labeling carbon 2 of glutamate (Glu-C2) and gluta-
mine (Gln-C2). Metabolism of [2-13C]acetate by astrocytes causes labeling of carbon 4 of glutamate (Glu-C4) and glutamine (Gln-C4) (green).
(B) MRS measurements of metabolic labeling by [1,6-13C2]glucose and [2-13C]acetate of metabolites in rat brain in vivo, determined at 9.4 Tesla
in a localized volume of 9x53 9 mm3 that encompasses most of the brain. The left panels of each pair show representative spectra at isotopic
steady-state (see Boxes 3.2 and 3.3). Peak intensities reflect 13C concentrations, which are the products of total concentration times isotopic
enrichment. Note the strikingly different ratios of glutamate (Glu)-C4 to glutamine (Gln)-C4 peak intensities obtained with [1,6-13C2]glucose
and [2-13C]acetate (identified as acetate-C2 in the right-panel spectrum), which directly reflects metabolic compartmentation. The right panels
in each pair show the time courses of 13C label incorporation into Glu-C4 and Gln-C4 in the rat brain in vivo during infusion of [1,6-13C2]glu-
cose (left) and [2-13C]acetate (right). With 13C-glucose, Glu-C4 is labeled more rapidly and reaches higher isotopic enrichment than Gln-C4,
consistent with glucose being metabolized predominantly in neuronal TCA cycle, followed by glutamate�glutamine cycling and incorporation
of label into glutamine in the astrocytes. Isotopic enrichment after 120 min is about 54% for Glu-C4 and 45% for Gln-C4. Assuming glutamate
and glutamine concentration to be 10 mmol L21 and 4 mmol L21, respectively, this corresponds to 13C concentrations of 5.4 mmol L21 for Glu-
C4 and 1.8 mM for Gln-C4, consistent with a 3:1 peak ratio on the NMR spectrum (left). In contrast, with 13C-acetate, Gln-C4 is labeled more
rapidly and reaches higher isotopic enrichment than Glu-C4, consistent with acetate being metabolized predominantly in the astrocytic TCA
cycle; the lower concentration of glutamate is the true precursor for glutamine, and astrocytes contain most of the glutamine. Isotopic enrich-
ment after 120 min is B42% for Gln-C4 and only 12% for Glu-C4. Also, glutamate labeling is heavily diluted by unlabeled glucose metabo-
lized in neurons and glutamate�glutamine cycling of unlabeled glutamate from neurons. Assuming glutamate and glutamine concentration
to be 10 mmol L21 and 4 mmol L21, respectively, 13C concentrations at isotopic steady state are 1.6 mmol L21 for Gln-C4 and 1.2 mmol L21 for
Glu-C4, consistent with similar peak intensities for both signals on the MRS spectrum. The figures in panel B were kindly provided by Dinesh
Deelchand and Pierre-Gilles Henry, Center for Magnetic Resonance Research, University of Minnesota, Minneapolis.
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glutamate, glutamine, and aspartate is used to calcu-
late glucose oxidation rates in neurons and astrocytes,
glutamate�glutamine cycling, and anaplerotic rate.
Current estimates of TCA cycle rates in astrocytes and
neurons are about 20�30% and 70�80%, respectively,
of the total glucose oxidation rate, and pyruvate car-
boxylase is about 10% of the oxidative flux (e.g., Hertz,
2011; Rothman et al., 2011).

Summary

Brain imaging relies mainly on metabolic fluxes that
govern the levels, labeling, or redox state reporter
molecules, and recent studies in many interrelated
fields using different combinations of technologies
have made considerable progress in understanding
function-induced shifts in metabolic activity. Brain
activation is a very complex process that can vary with
stimulus intensity and duration, physiological state of
the subject (awake or anesthetized), and the anatomical
pathway. Signaling by neural cells is heterogeneously
stimulated with varying temporal and spatial profiles
causing changes in blood flow and metabolic rates to
satisfy increased metabolic demand. Restoration of
ionic gradients is considered to be the major energy-
consuming process, and recent work has brought
attention to the contributions of postsynaptic cells dur-
ing activation. The cellular basis of increased metabolic
activity and the pathway fluxes preferentially stimu-
lated during brain activation are not fully understood
due to technical limitations of in vivo studies. It has
been argued that if (i) neurons account for most of the
oxidative metabolism of glucose, (ii) similar amounts
of glucose are consumed by astrocytes and neurons,
and (iii) the ratio of oxygen to glucose consumption is
close to six, then there may be some lactate shuttling
and oxidation within brain under resting conditions.
However, during activation, much more glucose is
consumed compared with oxygen, labeled metabolites
of glucose, including lactate, are quickly released from
brain, and CMRglc is greatly underestimated when
measured with labeled glucose compared with DG.
The physiological status of the subject, experimental
conditions, and spatial�temporal limitations of cur-
rently available methodologies must be taken into
account when interpreting data related to the cellular
basis of brain activation.

PATHOPHYSIOLOGICAL CONDITIONS
DISRUPT ENERGY METABOLISM

Derangement of brain energy metabolism arises
from many causes, including inadequate nutrition,

genetic diseases involving brain transporters and
enzymes, neurodegenerative diseases, traumatic brain
injury, mitochondrial dysfunction, diseases involving
other organ systems that result in imbalances that
seriously affect brain development and function, and
diseases that affect fuel delivery to brain (Table 3.4).
Because cardiovascular and pulmonary disease and
diabetes are becoming increasingly important as mid-
life diseases that can have profound effects on brain
function, this section will focus on some selected con-
sequences of hypoglycemia (low glucose levels), hyp-
oxia (low oxygen levels), and ischemia (no blood flow,
therefore depriving tissue of both oxygen and glucose)
on metabolite levels that reflect major shifts in overall
energy status. Impairment of mitochondrial energy
metabolism and its relationship to cell death are key
aspects of energetics of brain injury and disease, and
interested readers are referred to several reviews
(Gibson et al., 2010; Brand and Nicholls, 2011; Perez-
Pinzon et al., 2012).

Hypoglycemia

Compensatory regulatory mechanisms in peripheral
organs involving the endocrine system, mobilization of
glycogen, and use of endogenous compounds to syn-
thesize glucose (e.g., amino acids from muscle) tightly
control blood glucose levels. For this reason, overt
hypoglycemia is rare under normal circumstances.
However, with the increase in prevalence of diabetes
and the possibility of excessive insulin administration,
hypoglycemia is a potentially serious problem for dia-
betic patients because the supply of glucose to the
brain depends on the gradient from blood to brain
(Fig. 3.3A). When glucose supply cannot satisfy
demand, the brain-to-plasma glucose concentration
ratio falls (Fig. 3.3B), and when the brain glucose level
fall below about 0.5 μmol g21 (in the rat) hexokinase
becomes unsaturated, causing the rate of glucose utili-
zation to fall progressively as glucose level is reduced
(Fig.3.3C). As the severity of hypoglycemia increases,
the level of alertness shifts from lethargy to stupor and
to coma, and these transitions are characterized by
progressive changes in EEG to the point of isoelectri-
city (Table 3.5, top).

The energy status in brain is maintained at normal
levels until a threshold is reached at which point phos-
phocreatine (PCr) is consumed to buffer ATP levels;
PCr levels then quickly fall and creatine (Cr) levels rise
(Fig. 3.18A). During this interval, brain ATP, ADP, and
AMP levels are nearly constant, but once a critical
point is reached energy failure is rapid and nearly
complete; there is an abrupt fall in ATP concentration
that is accompanied by increases in ADP and AMP
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concentrations (Fig. 3.18B). During the hypoglycemic
span when ATP levels are maintained at normal levels,
endogenous substrates in brain are consumed, and the
tissue contents of glycogen and the amino acids that
can be oxidized via the TCA cycle are progressively
depleted (Siesjö, 1978). Increased cerebral blood flow
is one of the compensatory responses to severe hypo-
glycemia, and oxygen consumption is maintained
at about 80% of normal until late stages of a hypogly-
cemic episode, reflecting the continuous oxidation
of endogenous brain metabolites (Table 3.5, top).
A particular problem with diabetic patients is that
they often do not recognize the signs and symptoms of

hypoglycemia, a condition called hypoglycemic
unawareness that puts the patient at risk for serious
accidents during cognitive impairment (Cheah and
Amiel, 2012; McCall, 2012). Selective neuronal vulnera-
bility and cell death during prolonged hypoglycemia
have a variety of potential causes (Suh et al., 2007).
Administration of glucose is required to bring a subject
out of hypoglycemic coma, and, although conscious-
ness may be restored relatively quickly, the time
required for recovery is considerably longer than
might be anticipated because endogenous compounds
must be resynthesized from glucose to restore their
normal levels via the anaplerotic reactions (Amaral,

TABLE 3.4 Examples of conditions or disorders involving brain energy metabolism pathways

Category

Compound, reaction,

or processes affected Characteristics Consequences

Nutrition Thiamine (vitamin B1) Deficiency impairs transketolase and
α-ketoglutarate DH activities

Impair pentose phosphate shunt and TCA cycle
activities; selective regional brain damage

Pyridoxal phosphate Deficiency impairs transaminase and
decarboxylase activities

Many reactions affected, including synthesis of
neurotransmitters

Biotin Deficiency impairs carboxylation reactions Anaplerotic reactions affected; developmental
delay, seizures, death if not treated with
supplements

Transport Glucose GLUT1 deficiency Reduced glucose transport into brain; seizures,
developmental delay

Anaplerosis CO2 fixation Pyruvate carboxylase deficiency Reduced anaplerosis, affecting TCA cycle-
derived amino acids; severe mental retardation
or death

Fuel delivery Glucose Hypoglycemia (low glucose) Rate of glucose utilization (CMRglc) falls;
oxidative metabolism of endogenous
metabolites rises; progressive decline in level of
consciousness with time and severity, with risk
of brain damage and death

Oxygen Hypoxia, anoxia (low or no oxygen) CMRO2 is impaired but may be maintained by
compensatory mechanisms (e.g., HIF pathway);
glycolysis increases; mental capability falls with
risk of brain damage and death

Glucose and oxygen Ischemia (severe reduction or blockade of
blood flow; little or no delivery of glucose
and O2)

Unconscious within seconds; selective neuronal
death or necrotic infarction of affected tissue,
depending on severity, duration, and
restoration of blood flow

Mitochondrial
defects

Oxidative metabolism Deficiencies in pyruvate DH and
α-ketoglutarate DH

Common phenotype in many diseases that can
arise for many reasons. Oxidative deficiencies
are present in Alzheimer’s and Huntington’s
diseases, stroke, motor neuron disease

Mutations in mitochondrial or nuclear DNA
have been identified for all respiratory
chain complexes and ATP synthase

Deficiencies cause encephalopathy, lactic
acidosis, movement disorders, death

Amino acid, fatty
acid, & glycogen
metabolism

Many pathways Major effects are in peripheral pathways,
causing secondary consequences in brain

Phenylketonuria, maple syrup urine disease,
hepatic disease, homocystinuria, urea cycle
defects, and fatty acid oxidation defects involve
the central nervous system with serious
consequences, including mental retardation
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2012). Many factors associated with diabetes, including
chronic hyperglycemia and recurrent episodes of
hypoglycemia, contribute to cognitive dysfunction in
diabetic patients (McCrimmon et al., 2012).

Hypoxia

Hypoxia, an inadequate level of oxygen in the
inspired air, is frequently experienced by persons going
to high altitude. Also, patients with chronic respiratory
and cardiovascular diseases may not have sufficient
oxygen levels in their blood. Reducing the oxygen level
in inspired air from the normal value of 21% at sea level

causes progressive deterioration of mental function,
with compensatory increases in blood flow to deliver
more oxygen to the brain (Table 3.5, bottom). One of the
earliest changes during acute hypoxia is reduced neuro-
transmitter turnover. Mild hypoxia (i.e., reduction in
inspired oxygen level from 30 to 15 or 10%) causes an
increase in blood flow sufficient to maintain near-
normal CMRO2 (Fig. 3.19A). Glucose utilization also
increases during hypoxia, with greater production of
lactate (Fig. 3.19B). Acetylcholine levels are
stable during this interval, but acetylcholine synthesis
falls by more than 50% (Fig. 3.19C). Thus, acetylcholine
synthesis is closely correlated with oxidative metabo-
lism of glucose, and acetylcholine synthesis rates fall

TABLE 3.5 Influence of hypoglycemia and hypoxia on human physiology and brain function

Arterial plasma glucosea

[mmol L21 (mg dL21)] Physiological or mental statusa,b
CBFc (mL
100 g21 min21)

CMRO2
c (mL O2

100 g21 min21)

3.9�6 (70�110) Normal fasting range 54 3.3

4.5 (81) Decrease insulin secretion

3.6�3.8 (65�68) Counterregulatory hormone responses
(increase secretion of glucagon, epinephrine,
growth hormone, cortisol)

3.0 (54) Symptoms of hypoglycemia become manifest:
anxiety, palpitations, hunger, tremor, sweaty,
dizzy, weak.

2.6 (47) Cognitive dysfunction threshold: difficulty
speaking and thinking, blurred vision

1.7 (30) Mild confusional state and delirium

1.1 (20) Cognitive failure, stupor, seizures 61 2.6

,0.6 (10) Deep coma and ultimately death 63 1.9

%O2 IN INSPIRED AIRb (ESTIMATED ALTITUDE IN FEET)

21 (Sea level) Normal 54 3.3

18 (4,000) Delayed dark adaptation

16�15 (7,500�9,000) Impaired complex learning; reading test errors

14 (11,000) Hyperventilation

13 (13,000) Short term memory impairment

14�11% (11�17,000) Acute mountain sickness � headache, poor
concentration and test performance

11 (17,000) Loss of critical judgment

10 (19,000) Increase CBF 35% (no change in global CMRO2) 73 3.3

9 (21,500) Increase CBF 70% (no change in global CMRO2)

8�6 (24,000�31,000) Loss of consciousness

aFrom data reported or compiled by Ferrendelli (1974).
bData from Siesjö et al. (1974). Note that compensatory changes associated with acclimatization at altitude (e.g., increased red blood cell number, angiogenesis, and blood flow)
help to maintain normal brain function.
cFrom compilation by McIlwain and Bachelard (1985).
Note that the endocrine changes in response to reduced blood glucose levels occur well before cognitive changes. Increasing the duration of exposure to any

specific level of hypoglycemia below 3 mM can lead to progressive decline in brain function. During hypoxia (10% O2), the arteriovenous difference for oxygen

decreases, but blood flow increases and CMRO2 remains normal even though brain function is impaired.
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proportionately as glucose oxidation is impaired
(Fig. 3.19D). Biogenic amine synthesis is also very sensi-
tive to reduced oxygen content, and hydroxylation of
tryptophan (Fig. 3.16) falls by nearly half before lactate
levels rise appreciably (Fig. 3.19E). During hypoxia, the
supply of glucose from blood is not limiting, and brain
ATP levels are preserved by buffering by PCr and by
increased glycolysis to cause a large increase in tissue
lactate concentration; hypoxic energy failure begins
when the arterial oxygen content falls below about
35 mm Hg (Fig. 3.19F). To summarize, synthesis of spe-
cific neurotransmitters is much more sensitive to hyp-
oxia than concentrations of these transmitters or levels
of energy metabolites. Increased glycolysis compen-
sates for deficits in oxidative metabolism over a limited
range of graded hypoxia and lactate levels increase
markedly. ATP concentration is buffered by PCr until a
critical supply�demand energy threshold is reached
and ATP levels fall. PCr level falls before ATP during
hypoxia (Fig. 3.19E) and hypoglycemia (Fig. 3.18).

The brain and other body tissues have an oxygen-
sensing mechanism that mediates adaptation to chronic
hypoxia. The hypoxia-inducible factor-1 (HIF-1) is a
transcription factor that exists in two isoforms, one of
which serves as a sensor to assay tissue oxygen levels
and controls the coordinated expression of genes that
increase capillary density, glucose transporters, and
glycolytic enzymes (LaManna et al., 2007). In brief,
oxygen-dependent hydroxylation reactions result in the
continuous degradation of the HIF-1α subunit by pro-
teosomes (Fig. 3.20). Inadequate levels of oxygen cause
HIF-1α to accumulate to a high enough level that it
forms a heterodimer with HIF-1β. This complex binds
to the hypoxia response element, thereby stimulating
graded increases in mRNA and protein levels of factors
that substantially increase glycolytic capacity, glucose
transport, and vascular density in hypoxic tissue. To
summarize, the HIF system carries out a compensatory
program to adapt to hypoxia by increasing glucose
delivery and metabolic capability (Fig. 3.20). The effects
of this system are evident in cultured astrocytes
exposed a low oxygen atmosphere for eight hours; lac-
tate dehydrogenase and pyruvate kinase activities rise
about 3- and 4-fold, respectively, and glucose utiliza-
tion doubles during a metabolic challenge (Marrif and
Juurlink, 1999). Thus, brain cells can adapt to the levels
of essential fuel and nutrients in their environment, and
glycolytic capacity of cultured cells can be up- or down-
regulated by the oxygen level in the culture medium.

Ischemia

Ischemia is the blockade of blood flow to brain,
thereby eliminating the supply of oxygen and glucose
and preventing removal of metabolic by-products.
Ischemia can be a local event, arising from a blood clot
or vascular damage or it can be a global event secondary
to a heart attack. Oxygen depletion prevents oxidative
metabolism of amino acids and glucose depletion results
in the immediate consumption of endogenous glucose
and glycogen, with generation of large amounts of lac-
tate in the brain. PCr levels fall immediately after onset
of ischemia (Fig. 3.21A), followed quickly by decreases
in levels of ATP, glucose, and glycogen (Fig. 3.21B);
energy failure is complete within about 60 s and it results
in loss of consciousness. By 2 min after decapitation,
lactate levels rise to B10 μmol g21 (Fig. 3.21B), whereas
during hypoxia the brain lactate level approaches twice
this level (Fig. 3.19E, F) due to the continuous supply
of glucose from blood, upregulation of glycolysis, and
restricted efflux of lactate to blood because levels
of MCT1 in adult blood�brain barrier are low and the
transporter approaches saturation. Depending on the
duration of ischemia, tissue damage can be selective or

FIGURE 3.18 Energy failure occurs during severe hypoglyce-
mia. (A) Phosphocreatine (PCr) is a high-energy “buffer” for ATP,
and its concentration in brain is stable over a wide range of plasma
glucose levels (B3�16 μmol mL21). However, when plasma glucose
level is too low (2�3 μmol mL21) to maintain an adequate supply of
glucose to brain (compare to Fig. 3.3), PCr level falls and creatine (Cr)
concentration rises. (B) ATP concentration is maintained constant
over a slightly larger range than PCr due to buffering. At a critical
point, energy failure is abrupt, ATP is quickly consumed, and ADP
and AMP levels rapidly rise. Plotted from data of Lewis et al. (1974).
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FIGURE 3.19 Compensatory metabolic and blood flow responses and high sensitivity of neurotransmitter turnover to hypoxia. Mild
hypoxia, a 50% reduction in percent of inspired oxygen (from 21% at sea level to 10%), is associated with (A) a compensatory rise in blood
flow that helps maintain the rate of oxygen consumption in brain (i.e., calculated by the Fick principle, CMRO25CBF3 (A-V)O2), (B) an
increase in glucose utilization and lactate production while brain glucose levels are stable (glucose delivery is able to match demand), and
(C) a fall in the synthesis but not concentration of acetylcholine (Panels A�C are plotted from data of Gibson and Duffy (1981)). In panel B, glucose
utilization rate was calculated by dividing the quantity of label recovered in metabolites by the specific activity of [U-14C]glucose. The fall in
calculated rate when inspired oxygen was reduced from 15 to 10% (arrow, panel B), probably reflects efflux of labeled metabolites of glucose
from brain (e.g., lactate), not a fall in the true rate of glucose utilization, which should have increased in parallel with the level of lactate accu-
mulation. (D) The rate of acetylcholine synthesis is very sensitive to hypoxia, and, under a variety of conditions, it is strongly correlated with
glucose oxidation, reflected by 14CO2 production from labeled glucose (plotted from data of Joseph and Gibson (2007)). (E) Tryptophan synthesis
(see Fig. 3.16) is also highly sensitive to graded hypoxia, and its rate falls well before upregulation of glycolytic metabolism and increased tis-
sue lactate levels (plotted from data of Davis et al. (1973)). (F) The apparent threshold for a hypoxia-induced change in energy metabolism is
about PAO2 of 37 mm Hg, when lactate levels begin to rise and PCr levels begin to fall. Only after PCr concentration is reduced by more than
50% does ATP level begin to fall and ADP and AMP levels increase (plotted from data of Siesjo and Nilsson (1971)).
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severe. In the hippocampus, CA1 pyramidal neurons
are most vulnerable to duration of ischemia, but the
progression of cell death takes place over several days
after a 30 min transient global ischemic episode in the
rat; small-to medium-sized neurons in the caudate also
exhibit selective vulnerability, but they die faster, within
24 h of reperfusion. Prolonged ischemia results in
necrotic cell death or infarction, in which all cell types
in the flow-compromised tissue are killed over a rela-
tively short time course. Brief energy failure is not
sufficient to kill brain cells, and many of the deleterious
processes that irreversibly damage vulnerable neurons
(excitotoxicity, oxidative damage, loss of calcium homeo-
stasis, etc.) take place during the reperfusion interval.
Abnormal NMDA receptor activation, dysregulation of

calcium homeostasis, and impairment of mitochondrial
ATP generation are considered to be major factors in
ischemic neuronal death (Nicholls et al., 2007). Many
therapeutic strategies have been tested for postischemic
neuroprotection in various model systems, including the
HIF-hypoxia-adaptive system (Karuppagounder and
Ratan, 2012) but none have had much success in humans
(Ginsberg, 2009; O’Collins et al., 2012).

Summary

Brain can compensate for inadequate supplies of
oxygen and glucose over a varied range of fuel deficits,
depending on severity and duration. Energy levels can

FIGURE 3.20 An oxygen detection system regulates gene expression during chronic hypoxia. The transcription factor, hypoxia-inducible
factor-1 (HIF-1) exists in α and β isoforms and can form a heterodimer that binds to the hypoxia response element in the nucleus and induces
transcription of a number of genes that enable adaptation to hypoxia. HIF-1α is hydroxylated on proline (Pro) and asparagine (Asn) moieties
by enzymes that require oxygen; these posttranslational modifications influence transcriptional activity of HIF-1α and act as recognition sites
for ubiquination that leads to proteosome-mediated degradation. Thus, at normal oxygen levels, HIF-1α is continuously degraded and its
levels are low; with progressive reduction in oxygen level HIF-1α accumulates, forms heterodimers, and stimulates gene and protein expres-
sion, thereby increasing the brain’s capacity for blood flow, transport, and carbohydrate metabolism. Adapted from LaManna et al. (2007), with
the kind permission of Springer Science and Business Media.
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be maintained by increased glycolysis when oxygen
levels are reduced and by upregulation of glucose
transporters and glycolytic enzymes via the HIF system,
but it is likely that turnover of neurotransmitters depen-
dent on oxygen supply (e.g., catecholamines) and oxida-
tive metabolism (acetylcholine) is impaired. Low glucose
levels can also be tolerated to a certain extent, but once
hexokinase becomes unsaturated, glucose utilization
rates will fall and when the critical threshold is reached
energy failure is abrupt and complete. Ischemia causes
rapid energy failure and loss of consciousness within
about a minute of blood flow stoppage. Recovery from
energy failure involves several stages, restoration of
ionic gradients, generation of high-energy compounds,
and resynthesis of compounds consumed when fuel
supplies were inadequate.

ROLES OF NUTRIENTS AND
METABOLITES IN REGULATION OF

SPECIFIC FUNCTIONS AND OVERALL
METABOLIC ECONOMY

Emphasis on local control of pathway flux by regula-
tion of the activities of rate limiting enzymes by metabolic
intermediates, second messengers, and energy-related
compounds has been a hallmark of biochemistry for

decades. In addition, nutrients, metabolites, and cofactors
also regulate gene expression and have key roles in the
integration of metabolic economy. These concepts
are less developed in brain compared with peripheral
organs, but are anticipated to attract more attention by
neuroscientists in the future.

AMP-activated Protein Kinase (AMPK)
Signaling Pathway—A Metabolic Sensor

Signaling and integration of local and global metabolic
economy is the function of the AMP-activated protein
kinase system (Hardie et al., 2012). Cycling of ATP and
ADP takes place with biological work, and the cyto-
plasmic ATP pool is buffered by creatine-phosphate
(P-Cr) (Fig. 3.22A). When ATP consumption exceeds its
production, ADP accumulates and the myokinase (adeny-
late kinase) reaction converts 2 ADP to ATP1AMP. This
is a very sensitive amplification system that reports the
“energy charge” of a cell because the AMP/ATP ratio
varies with the square of the ADP/ATP ratio (Fig. 3.22A).
AMP is an allosteric regulator of phosphofructokinase
and glycogen phosphorylase (Fig. 3.4), and AMP also
signals local energy status by activating the AMPK system
by three mechanisms: (i) stimulation of LKB1, a kinase
that phosphorylates Thr172 on the alpha subunit of AMPK
to form AMPK-P, (ii) allosteric activation of the AMPK
gamma subunit, and (iii) inhibition of dephosphorylation
of AMPK-P. On the other hand, tissue and organism status
are integrated via receptor-mediated changes in intracel-
lular calcium level to activate a calmodulin kinase kinase
(CaMKK) to form AMPK-P. Phosphorylated AMPK is
allosterically modulated by the redox cofactors, NAD1

and NADH, and the AMP-activated protein kinase regu-
lates anabolic/catabolic balance by enhancing ATP-
generating pathways by regulating many steps, ranging
from reaction fluxes to gene transcription, and by inhibit-
ing ATP-consuming biosynthetic pathways (Fig. 3.22B).
The AMPK system is a very sensitive energy sensor at a
cellular and organismal level that detects metabolic stress
as increased AMP concentration. The AMPK system is
widely distributed in brain and has major roles in control
of feeding behavior and control of body weight due to
regulation of AMPK activity in hypothalamic neurons by
hormones, peptides, and nutrients (Hardie et al., 2012;
Ramamurthy and Ronnett, 2012). AMPK activation also
increases production of fructose-2,6-P2, a potent allosteric
activator of phosphofructo-1-kinase, by stimulating a
kinase (6-phosphofructo-2-kinase), thereby enhancing gly-
colytic flux (Fig. 3.22B). The fructose-2,6-P2 flux-activating
system is present in cultured astrocytes, not cultured neu-
rons, and it conveys resistance to hypoxia/anoxia and is
responsive to nitric oxide signaling (Bolanos et al., 2010).
Because AMP levels are increased in ischemia, the

FIGURE 3.21 Ischemia deprives brain of blood flow, blocking
delivery of oxygen and glucose and removal of metabolic by-

products. (A) High energy metabolites are nearly depleted within
1 min after onset of ischemia in adult mouse brain. PCr levels fall
faster than ATP levels. (B) Glucose and glycogen are quickly con-
sumed, leading to a large increase in tissue lactate concentration.
Plotted from data of Lowry et al. (1964).
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stimulation of energy-producing pathways by activated
AMPK may be neuroprotective, but activation of AMPK
exacerbates ischemic damage, and AMPK activation is
reduced by hypothermia, conveying neuroprotection (Li
and McCullough, 2010; Li et al., 2011). In summary, the
AMPK system in brain has profound effects on cellular
and whole-body energy homeostasis and it has important
roles in pathophysiology.

Novel Roles for Nutrients in Brain Function:
Signaling, Gene Expression, and Memory

Glucose is generally regarded as mainly an energy
fuel, but glucose itself, its metabolites (mimicked by
analogs 3-O-methylglucose or 2-deoxyglucose-6-phos-
phate), and downstream products (e.g., glucosamine)
are known to regulate transcription of genes in

FIGURE 3.22 Multifunctional roles of energy metabolites, redox cofactors, and enzymes coordinate metabolic signaling with cellular

function and gene expression. (A) ATP is the currency for cellular work. ATP production is highly regulated, and its concentration is buffered
by phosphocreatine (PCr). When ADP accumulates, the adenylyl kinase reaction converts 2ADP into ATP1AMP, so that increased AMP level
(and AMP/ATP ratio), which is normally quite low, amplifies small changes in ATP concentration. (B) AMP not only has regulatory roles in the
glycolytic and glycogenolytic pathways (Fig. 3.4), it is also a signaling molecule that reports “energy charge.” AMP has a key role in regulating the
overall metabolic balance by anabolic (energy-requiring reactions) and catabolic (energy-producing reactions) processes by stimulating phosphory-
lation of AMP-activated protein kinase (AMPK). Redox cofactors also modulate the activity of AMPK-P, which acts via protein phosphorylation to
inhibit anabolic and stimulate catabolic processes. In astrocytes, but not neurons, AMPK-P phosphorylates phospho-2-fructokinase to stimulate
production of 2,6-bisphosphofructose, an activator of phosphofructo-1-kinase, which enhances glycolysis. (C) NAD1 and NADH are critical cofac-
tors in the oxidation�reduction (redox) reactions of the glycolytic pathway (Fig. 3.4), but they also have important signaling roles for regulation of
diverse pathways that govern gene expression, cell survival, and intracellular signaling (see text). CtBP denotes C-terminal binding protein; LDH,
lactate dehydrogenase; GSH, reduced glutathione; GSSG, oxidized glutathione. (D) Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is a
multifunctional protein that has many important roles in cellular activity and survival. GAPDH is much more than a “housekeeping protein” that
is used as a “loading control” for western blots. Enzymatically inactive adducts are formed in reactions involving nitric oxide (NO) and reduced
glutathione (GSH) that can cause apoptosis or shift metabolic fluxes, respectively. Functions of GAPDH can be cell-type specific (e.g., when linked
to GABA receptors) or be nonenzymatic (see text).
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various tissues (e.g., glucose regulated genes) (Scott
et al., 1998; Vaulont et al., 2000; Allagnat et al., 2005;
Minn et al., 2006; Malhotra et al., 2013). Glucose
administration can influence cognitive processes in
aged rodents and humans by facilitating learning dur-
ing memory task activities (Gold, 2005; Salinas and
Gold, 2005). Cofactors, such as NAD1, NADH,
NADP1, and NADPH are integral components of the
glycolytic and pentose shunt pathways, but have
many other important functions in addition to oxida-
tion�reduction (redox) reactions (Fig. 3.22C)
(Nakamura et al., 2012; Requardt et al., 2012; Wilhelm
and Hirrlinger, 2012). For example, they have central
nervous system roles in (i) DNA repair via PARP-1
(poly[ADP-ribose]polymerase-1), a nuclear enzyme
involved in DNA repair that can cause NAD1 deple-
tion and inhibition of glycolysis (Alano et al., 2010;
Tang et al., 2010) and (ii) in calcium signaling after
NAD1 release from a cell and its conversion by
ectoenzymes to signaling molecules, nicotinic acid
adenine dinucleotide phosphate (NAADP)
(Heidemann et al., 2005; Pandey et al., 2009) or cyclic
ADP ribose (cADPR) (Higashida et al., 2007; Young
and Kirkland, 2008). NAD1 is also required for the
action of sirtuins, a family of deacetylases, that regu-
late activities of transcription factors and metabolic
cofactors in many pathways and tissues (Chalkiadaki
and Guarente, 2012; Houtkooper et al., 2012).
Emerging studies identify important roles for sirtuins
in brain development, aging, and neurodegenerative
diseases (Harting and Knoll, 2010; Bonda et al., 2011).
The transcription corepressor, C-terminal binding
protein (CtBP), is a functional dehydrogenase that
undergoes conformational change with binding of
NAD1 and NADH (Fig. 3.22C); NADH has a much
higher affinity for CtBP, allowing it to serve as a
redox sensor that destabilizes interactions with CtBP
and transcription factors (Kumar et al., 2002; Fjeld
et al., 2003). Glycolytic inhibition by deoxyglucose is
thought to lower NADH level and increase formation
of a repressor complex that acts to enhance transcrip-
tion of brain-derived neurotrophic factor (BDNF) and
its receptor TrkB and thereby increase neuronal excit-
ability; the anticonvulsant properties of deoxyglucose
are ascribed to blockade of seizure-induced expres-
sion of BDNF and TrkB (Garriga-Canut et al., 2006).
Thus, glucose, glucose metabolites, and redox com-
pounds are multifunctional, providing energy, inter-
facing with cellular damage prevention and repair,
regulating genes in pathways relevant to nutritional
status, improving cognition in old subjects, and gen-
erating signals that register metabolic fluxes or activi-
ties in different pathways (Fig. 3.12).

Multifunctional Metabolic Proteins

Many proteins involved in energy metabolism have
functions unrelated to their enzymatic activities for
which they are named. Multiple uses of a single pro-
tein is called gene sharing, and a fascinating aspect of
some metabolic enzymes is their capability for multi-
functional roles in which the protein fulfills specific
and very different functions. For example, the crystal-
line proteins account for the vast majority of the water-
soluble proteins in the transparent lens of the eye, and
specific metabolic enzymes are major components of
the crystallin lens in a species-dependent manner.
In the duck, bird, and crocodile, the glycolytic enzyme
lactate dehydrogenase (LDH) has a dual function as
the epsilon-crystallin lens protein, whereas α-enolase
is the same as tau-crystallin; in cephalopods (squid
and octopus), the S-crystallin lens protein is equivalent
to glutathione S-transferase (Piatigorsky, 2003).
Transketolase, an enzyme in the pentose phosphate
shunt pathway, is an abundant component in the
mammalian cornea (Sax et al., 2000). Aldehyde dehy-
drogenase 3A1 is also a corneal crystallin that appears
to protect against UV-induced oxidative damage by
various mechanisms (Estey et al., 2007). Aldolase is a
glycolytic enzyme (Fig. 3.4) that converts fructose 1,6-
bisphosphate to glyceraldehyde 3-phosphate and dihy-
droxyacetone phosphate, and it also has noncatalytic
roles as a scaffold protein that can bind to F-actin,
α-tubulin, dynein, glucose transporter GLUT4, sorting
nexin 9, and other proteins; these interactions are
inhibited by binding of products or substrates to the
enzyme, suggesting that the free pool of aldolase may
act to coordinate membrane events with the cytoskele-
ton (Rangarajan et al., 2010). A fascinating study that
examined siRNA-induced knockdown of glycolytic
enzymes as a means to control cancer cell proliferation
found that an 80% decrement in aldolase activity did
not alter glycolytic flux or ATP level, but reduced pro-
liferation by about 80%; proliferation was rescued by
expression of enzymatically inactive aldolase, suggest-
ing a role for aldolase interaction with the actin cyto-
skeleton in proliferation (Lew and Tolan, 2012). This
study emphasizes the large excess capacities of glyco-
lytic enzymes compared with in vivo pathway flux and
unanticipated effects of enzyme knockdown.

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH),
a glycolytic enzyme commonly used as a “housekeeping
protein” loading control for Western blots, has many
important functions (Fig. 3.22D) in addition to its enzy-
matic activity that generates NADH during the conver-
sion of glyceraldehyde-3-P to 1,3-diphosphoglycerate
(Sirover, 2012). GAPDH enzymatic activity is inhibited

104 3. ENERGY METABOLISM IN THE BRAIN

I. CELLULAR AND MOLECULAR



by S-nitrosylation, which leads to nuclear translocation
where the enzyme acts as an NO donor and regulator
of gene expression and cell death (Tristan et al., 2011).
In the diabetic retina and retinal Müller cells
exposed to 25 mM glucose for a few days, the ensu-
ing oxidative-nitrosative stress causes S-nitrosylation
of GAPDH, nuclear translocation of GAPDH, and
subsequent apoptosis of retinal Müller cells (Yego
and Mohr, 2010). S-Glutathionylation also inhibits
GAPDH activity and is thought to divert glucose to
the pentose phosphate shunt pathway to generate
NADPH and help manage oxidative stress. GAPDH
and phosphoglycerate kinase bind to the GABAA

receptor, and GAPDH autophosphorylation leads to
phosphorylation of the receptor that slows rundown
of GABAA currents, whereas prevention of receptor
phosphorylation accelerates the rundown; this
behavior links postsynaptic glycolysis to inhibitory
neurotransmission and suggests a role in epilepsy
(Laschet et al., 2007; Pumain et al., 2008). GAPDH
also functions as a scaffold protein, and its binding
to mitochondria and its oxidative stress-induced
aggregation are linked to apoptosis (Fig. 3.22D);
these and other properties of GAPDH link the protein
to various neurodegenerative diseases (Butterfield
et al., 2010; Tristan et al., 2011). To sum up, examples
of novel roles for metabolites, cofactors, and enzymes
illustrate the interactive complexity of different

systems with respect to cellular function, metabolism,
gene expression, behavior, and disease.

METABOLOMICS, TRANSCRIPTOMICS,
AND PROTEOMICS

Systems biology is increasingly important because it
describes complex profiles of metabolites, mRNAs, and
proteins in cells and tissues under different conditions.
Characterization of relationships among expression of dif-
ferent molecular species during development and aging,
under different physiological conditions, and responses
to genetic manipulation is particularly useful for develop-
ment of biomarkers for diseases, assessment of therapeu-
tic efficacies of drugs, and understanding perturbations
of regulatory systems after genetic engineering; these are
emerging topics in brain energy metabolism.

Metabolomics

Metabolomics deals with assessment of the metabolic
profile of a living cell, tissue, organism, or biological
fluid to characterize and distinguish between normal
and altered states (Box 3.4). Goals and applications of the
field include discovery and identification of biomarkers,
mechanisms of drug-induced toxicity, efficacy of drugs

BOX 3.4

METABOLOM ICS

Definitions of metabolomics vary with specialty disci-

plines and can be confusing due to different nomencla-

tures in a rapidly growing field. One set of simple

definitions (Fiehn, 2002; Nicholson et al., 2002; Goodacre

et al., 2004; Griffin, 2004) is as follows.

Metabolome. A set of metabolites synthesized by an

organism, which can be defined on all levels of complex-

ity for organisms, tissues, cells, cell components, or

fluids; the conditions of the sample need to be exactly

specified.

Metabolomics. Comprehensive analysis of metabo-

lites under a specific set of conditions in which there is a

direct connection between genetic activity, protein activ-

ity, and the metabolic activity itself.

Metabolite fingerprinting. Classification of samples

according to biological relevance or origin by high

throughput analytical methods in which unseparated

samples are analyzed and individual compounds are

not identified. Fingerprinting does not aim to identify

individual components; rather; it quickly classifies sam-

ples on the basis of their components.

Metabonomics. The quantitative measurement of the

multivariate metabolic responses of multicellular sys-

tems to pathophysiological stimuli or genetic modifica-

tion; metabonomics deals with “classifying samples,

understanding biochemical mechanisms, identifying

biomarkers, quantitatively analyzing concentrations and

fluxes, probing molecular dynamics and interactions”

(Nicholson et al., 2002).

Metabolic profiling. Analysis of a group of metabo-

lites associated with a specific pathway.

Metabolite target analysis. Restricted assays of meta-

bolites related to a specific enzyme system affected by a

perturbation, as in pharmaceutical studies.

Metabolite biomarker. A molecular indicator of

pathology or a specific “state” that might be useful for

diagnostic purposes or monitoring of effects of therapeu-

tic intervention.
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at preclinical and clinical stages of development, and
clinical disease diagnosis and prognosis. Because many
factors influence metabolite levels and pathway fluxes
(genetics, environment, temperature, nutrition and diet,
age and gender, hormones, estrus stage, health status,
diurnal and seasonal effects, physical fitness, stress, gut
microflora), a systems approach is required. This analyti-
cal process involves successive stages: (i) obtain raw data
for the metabolic signature via one or more technologies
(e.g., high pressure liquid chromatography, gas chroma-
tography, capillary electrophoresis, magnetic resonance
spectroscopy, mass spectrometry, etc.) in which the indi-
vidual peaks do not need to be identified; (ii) use data
reduction procedures to digitize complex spectra from each
sample; (iii) employ pattern recognition techniques (e.g.,
principle component analysis) to map different samples,
(iv) carry out statistical comparisons of patterns; and
(v) develop databases. For example, fingerprint analysis
(Box 3.4) is a very powerful approach that can classify and
distinguish biofluid and tissue samples. This approach is
capable of distinguishing urine samples from human, rat,
rabbit, and mouse, as well as distinguishing mouse strain,
rodent gender, stage of estrus cycle, age, and time of urine
collection (day or night) (Bollard et al., 2005).

Anatomical brain regions have specialized functions
and neurotransmitter pathways, and metabolomic
analysis of brain tissues is a rapidly progressing field
that will make major contributions to characterization
of normal brain tissue and altered brain function dur-
ing pathophysiological and drug-treatment conditions
(Kaddurah-Daouk et al., 2008). For example, analysis
of postmortem brain from schizophrenic patients
demonstrates profound changes in protein expression
and metabolite levels in tissue from subjects with low-
cumulative medication levels but not with medium-
cumulative medication compared with controls and
bipolar disorder patients, suggesting efficacy of treat-
ment (Chan et al., 2011). 1H/13C-NMR spectroscopy
and metabolomic analysis of glutamate receptor sub-
types and GABA receptor modulation revealed distinct
patterns of metabolic change evoked by receptor ago-
nists and antagonists (Rae et al., 2006; Rae et al., 2009).
Metabolomic analysis helps characterize anesthetic
effects (Makaryus et al., 2011; Jacob et al., 2012) and
facilitates the search for biomarkers to characterize
brain tumors (Hekmatyar et al., 2010) and Alzheimer’s
disease (Salek et al., 2010). Multiple “Omics”
approaches are also used to better understand
Parkinson’s disease (Caudle et al., 2010).

Transcriptomics

Analysis of mRNA expression in cultured brain
cells and tissue under different conditions provides

important information regarding changes in gene
expression arising from different developmental
stages, physiological conditions, or genetic manipula-
tions that influence the cell’s capacity to synthesize
specific proteins. For example, transcriptome analyses
of acutely isolated astrocytes, neurons, oligodendro-
cytes, and endothelial cells during early mouse brain
development generated a database comprised of more
than 20,000 genes and revealed distinct differences
among the major brain cell types (Cahoy et al., 2008;
Daneman et al., 2010).

Extensive analysis of brain transcripts relevant to
energy metabolism is rare, and findings must be
accompanied by studies to verify the functional meta-
bolic capacity suggested by the presence or absence of
specific mRNAs. For example, analysis of mRNA
levels in astrocytes and nonastrocytic cells acutely iso-
lated from mature murine brain showed distinct
enrichments of mRNA that were generally in accor-
dance with established distributions of metabolic
enzymes among astrocytes and neurons (Lovatt et al.,
2007). Many studies have examined changes in levels
of small numbers of specific mRNAs related to pro-
teins of interest, and results from some of these studies
underscore the important observation that up- or down-
regulation of mRNA need not be correlated with changes in
protein levels, implying translational regulation. Also,
mRNA and protein levels may change disproportionately
or in different directions, and even if there are large
changes in protein concentration, the altered capacity may,
but need not, be accompanied by changes in levels of rele-
vant metabolites or fluxes through the pathway in which
enzyme levels are altered (Box 3.2). For example,
during water deprivation, the hypothalamic-
neurohypophyseal system is activated by dehydration,
and greater secretion of vasopressin and oxytocin
increases the activity of magnocellular neurons that
regulate water balance; higher rates of neuronal firing
are associated with a 2.6-fold increase in glucose utili-
zation. One aspect of the compensatory response to
water deprivation is increased levels of glucose trans-
porter protein GLUT1, which is expressed in glia and
endothelial cells, and GLUT3, which is expressed in
neurons. Notably, GLUT1 mRNA levels fell by about
43% after 3 days of water deprivation, whereas the
GLUT1 protein level increased 28%; during rehydration,
the GLUT1 protein level fell towards normal, and its
mRNA level increased (Koehler-Stec et al., 2000). During
water deprivation, GLUT3 mRNA increased by about
74% and the GLUT3 protein level increased 40%, and
both normalized during rehydration. Prolonged sei-
zures quickly upregulate GLUT1 and GLUT3 mRNA
levels in 10�21-day-old rats without changes in glucose
transporter protein levels (Nehlig et al., 2006). Thus,
mRNA levels, enzymatic catalytic activities, and
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pathway fluxes can be independently regulated and
change in opposing directions by varying magnitude.
It may be erroneous to conclude that altered mRNA
levels reflect protein and functional changes.

Genetic Engineering and Metabolism

Knock-in, knock-out, or mutation. Modification,
removal, or insertion of genes is a very powerful tool
to evaluate regulation, signaling, and function, but the
phenotype arising from genetic manipulation can arise,
in part, from secondary effects in many seemingly
unrelated pathways. For example, astrocytes are exten-
sively linked together via gap junctional channels com-
prised of connexin (Cx) proteins (Cx43, Cx32, and
Cx26), and these intercellular pores enable passage
from cell to cell of many small (i.e., molecular weight
less than B1 kDalton) biological compounds, as well
as various fluorescent dyes used to assay gap junc-
tional trafficking (see also Chapter 9). Array analysis
of gene expression changes in connexin-43 knockout
mice revealed up- and downregulation of 252 mRNAs
that encode for proteins in many pathways; 35% were
downregulated and 65% were upregulated and of the
altered genes 29% were related to transcription, 19% to
energy and metabolism, 9% to cell junctions, adhesion
and extracellular matrix, 9% to cell signaling, 9% to
transport, 8% to cell cycle, 9% to organelle genetics
and cytoskeletal proteins, and 7% to unknown func-
tions (Iacobas et al., 2005; Iacobas et al., 2008). These
findings demonstrate that knockdown or knockout of
a single gene can elicit large, widespread compensa-
tory changes in gene expression in many functional
systems that do not appear to be directly related to the
function of the deleted gene. Notably, a substantial
fraction of the genes involved in compensatory
responses to Cx43 knockout is related to metabolic and
energetic functions, suggesting that (i) metabolite traf-
ficking via the astrocytic syncytium has an important
role in metabolic activities of the cells and (ii) the pres-
ence of other connexins (Cx32 and Cx26) in Cx43-null
astrocytes cannot carry out functions of Cx43. Gene
expression linkage patterns in connexin-null brain sug-
gest that regulation of networks of transcriptome is
likely to contribute to altered phenotypes when spe-
cific functions are missing (Spray and Iacobas, 2007).

Pathway modulation. Genetic engineering approaches
are often used to construct microorganisms that can
mass-produce biological compounds of interest. Even
when genes are successfully inserted and enzymes are
overproduced, a frequent observation is that metabo-
lite levels and metabolic fluxes are unchanged. For
example, increasing the activities in yeast of eight
enzymes involved in glycolysis and ethanol

production by about 4�14-fold had no effect on concen-
trations of major metabolites or ethanol formation, in
spite of enhanced levels of major rate-limiting
enzymes, hexokinase, phosphofructokinase, and pyru-
vate kinase (Schaaff et al., 1989). Selective increases in
enzyme expression of a rate-limiting enzyme such as
phosphofructokinase generally do not alter glycolytic flux
under a variety of conditions in different organisms,
including mammalian cell lines (Urbano et al., 2000).
Little is known about metabolic flux changes in brain
cells in response to “engineered” variations in enzyme
amount, but regional and cell-type differences in
amounts of mRNA and enzyme protein have been
reported, with the inference that differences in capacity
are reflected by differences in flux. However, this may
not be the case, and metabolic demand (e.g., brain
work and ADP generation from ATP) is an important
aspect of control of metabolic rates. Metabolic control
is a complex process involving interactions of many
compounds and pathways (Fell, 1996).

Proteomics

The entire set of proteins in a cell, organ, or organ-
ism comprises the proteome, and proteomic analysis
often focuses on protein profiles or proteins related to
specific functions, subcellular fractions, organelles, or
cells. Proteomic analysis of brain has been reviewed by
Maurer and Kuschinsky (2007), with coverage of tech-
niques, analysis of energy metabolism proteins, and
studies of diseases. Proteins are commonly separated
by two-dimensional gel electrophoresis (separation by
isoelectric point and molecular weight) after extraction
of samples of interest, but other separation procedures
are also employed. Proteins can be analyzed by image
analysis after staining and identified by various proce-
dures, including amino acid sequencing, mass spec-
trometry, and immunoassays. Proteomic profiling is
similar in principle to metabolite profiling and differ-
ential levels of proteins under specific conditions are
described. Functional proteomics has a somewhat differ-
ent focus related to protein or enzyme activity, pro-
tein�protein actions, posttranslational modifications
(e.g., phosphorylation, glycosylation, sulfation, proteo-
lytic cleavage). An interesting example of proteomic
analysis is the effect of 17β-estradiol on brain mito-
chondrial protein expression and function. Estradiol
treatment altered levels of 66 proteins out of the 500
spots detected by image analysis by at least two-fold,
with upregulation of 42% and downregulation of 58%;
the levels and activities of key mitochondrial enzymes
were increased, and these changes were associated
with increases in levels of specific mRNAs and in
respiratory activity assayed in isolated mitochondria,
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as well as reduced free radical formation (Nilsen et al.,
2007). Thus, estradiol has widespread effects on
mitochondrial protein levels and function that are con-
sistent with its neuroprotective effects.

High-throughput protein analysis is likely to be
very useful in characterization of complex disorders of
brain function, particularly when used in conjunction
with other systems approaches. For example, an inte-
grative study using parallel metabolomic, transcrip-
tomic, and proteomic analyses of postmortem human
brain tissue from control subjects and schizophrenic
patients identified specific alterations that are related
to energy metabolism and oxidative stress (Prabakaran
et al., 2004). Analysis of altered proteins, mRNAs, and
metabolite levels was consistent with abnormal mito-
chondrial function, upregulation of oxidative stress
response systems, and downregulation of glycolysis
and oxidative metabolism components. These attri-
butes were sufficient to differentiate controls from
about 90% of the schizophrenic patients. Integrated
approaches are also used to classify glioma tumors
(Riddick and Fine, 2011).

METABOLIC SCALING ACROSS SPECIES

Whole-body metabolic rate in mammals varies
inversely with size, and relationships are approxi-
mately linear when plotted on log�log graphs. The
smallest animals have the highest metabolic rates and
the metabolic cost of carrying out various activities by
small mammals is greater than that for large animals
(see monographs Schmidt-Nielsen, 1972; Schmidt-
Nielsen, 1984). Similarly, brain metabolic rate scales
with brain size, with larger brains having lower meta-
bolic rates (Karbowski, 2007; Karbowski, 2011). Large
brains appear to reduce signaling delays and cost in
various ways, including increasing axonal fiber vol-
ume to enhance conduction velocity and reduce energy
expenditure; over the range of brain size from the
shrew to monkey, calculated metabolic cost and mea-
sured brain glucose utilization rates fall by a factor of
10 as brain weight increases over three orders of mag-
nitude (Wang et al., 2008). Within various primate spe-
cies, the ratio of glia-to-neurons in area 9L of frontal
cortex correlates with brain weight (log�log scale),
and comparison of glial density to neuronal density in
this brain region in humans and 18 anthropoid primate
species reveals that human glial cell (astrocytes plus
oligodendrocytes, excluding microglia) density is
unexpectedly high (Marino, 2006, Sherwood et al.,
2006). Recent analyses show that neuronal density and
neuron/glial ratios do not scale universally with brain
mass across species, and human brain may be consid-
ered as a “scaled-up” primate brain that has similar

numbers of neurons and glia but high numbers of neu-
rons per unit volume that confer cognitive advantages
(Herculano-Houzel, 2012a; Herculano-Houzel, 2012b).
Thus, cognitive function, relative densities of major
brain cell types, and cellular specialization (e.g., den-
dritic arborization, axonal length and diameter, etc.)
may be linked to the energetics of neuronal signaling.
Notably, human protoplasmic astrocytes are much
larger and more complex than those in rodents, and
implantation of human glial progenitor cells into neo-
natal mice enhances synaptic plasticity and learning in
adult mice (Han et al., 2013), consistent with the
important role of astrocytic glycogen in cognitive per-
formance (Duran et al., 2013). Species differences in
scaling of metabolism, structure, and function raise the
interesting possibility that similar genetic manipula-
tions in small (mice) compared to large (primates) sub-
jects may have a different, size-dependent impact on
functional metabolism.

SUMMARY

Brain energy metabolism is a very complex process
involving specialized functions of neurons, astrocytes,
the vasculature, and other cells. Glucose and oxygen
are the primary and obligatory fuels for brain, but
minor substrates are also consumed to varying extents
under different developmental, physiological, and
pathophysiological states. The physical structure of the
brain and many regulatory systems ensure that local
capacities for fuel delivery, energy generation, and
functional activity are closely matched under normal
and activated conditions. Ion pumping is the major
energy-consuming process in brain, and neuronal
activity governs ATP demand and glucose utilization
at a local level. Because functional activity and meta-
bolic rates are closely correlated, pathways and com-
pounds involved in metabolism are commonly used
for brain imaging or spectroscopic studies using differ-
ent technologies and a wide range of experimental
approaches and systems. Metabolic fluxes can be mea-
sured in real time in vivo, and they are heterogeneous
throughout the brain at a regional, cellular, and subcel-
lular level. The cellular contributions to brain energet-
ics and brain images are not firmly established, but
specific neurons in the brainstem can control the over-
all metabolic economy of the body and feeding behav-
ior. Glucose utilization is integrated with pathways of
glucose-derived neurotransmitter turnover, which is
much more sensitive to metabolic disruption than
metabolite or transmitter concentrations. The brain has
no significant energy reserves except glycogen, and
progressive decrements in cognitive activity occur
when oxygen and glucose levels are inadequate.
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During abnormal states, brain ATP levels are main-
tained within the normal range until a critical thresh-
old is reached. Subsequent energy failure is abrupt
and complete, with loss of consciousness. Recovery
from transient energy failure requires restoration of
ionic gradients and levels of high-energy compounds,
resynthesis of endogenous compounds consumed dur-
ing the episode, and repair of damage. Evaluation of
disease states and pharmacological treatment para-
digms is often monitored by metabolic brain imaging.
Emerging systems biology approaches are powerful
procedures to characterize and identify tissue and bio-
fluid samples. Major advances in brain energetics are
technology-driven, and multimodal approaches are
making important contributions to understanding
functional metabolism in brain.
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