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Dienel GA. Brain Glucose Metabolism: Integration of Energetics with Function. Physiol
Rev 99: 949–1045, 2019. Published December 19, 2018; doi:10.1152/phys-
rev.00062.2017.—Glucose is the long-established, obligatory fuel for brain that fulfills
many critical functions, including ATP production, oxidative stress management, and
synthesis of neurotransmitters, neuromodulators, and structural components. Neuro-

nal glucose oxidation exceeds that in astrocytes, but both rates increase in direct proportion to
excitatory neurotransmission; signaling and metabolism are closely coupled at the local level. Exact
details of neuron–astrocyte glutamate–glutamine cycling remain to be established, and the specific
roles of glucose and lactate in the cellular energetics of these processes are debated. Glycolysis is
preferentially upregulated during brain activation even though oxygen availability is sufficient (aer-
obic glycolysis). Three major pathways, glycolysis, pentose phosphate shunt, and glycogen turn-
over, contribute to utilization of glucose in excess of oxygen, and adrenergic regulation of aerobic
glycolysis draws attention to astrocytic metabolism, particularly glycogen turnover, which has a
high impact on the oxygen–carbohydrate mismatch. Aerobic glycolysis is proposed to be predom-
inant in young children and specific brain regions, but re-evaluation of data is necessary. Shuttling
of glucose- and glycogen-derived lactate from astrocytes to neurons during activation, neurotrans-
mission, and memory consolidation are controversial topics for which alternative mechanisms are
proposed. Nutritional therapy and vagus nerve stimulation are translational bridges from metabo-
lism to clinical treatment of diverse brain disorders.
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I. INTRODUCTION

A. Glucose: The Brain’s Obligatory Fuel

The earliest studies to provide information about substrate
utilization in brain were carried out in the late 1920s to
1930s and revealed that carbohydrate is the major fuel.
Himwich and Nahum (287) measured arteriovenous (A-V)
differences across the brain of dogs, and reported that the
mean respiratory quotient [RQ � (A-V)CO2/(A-V)O2] was
1.00. An RQ of unity is characteristic of carbohydrate me-
tabolism, whereas protein and lipids/ketones have RQs of
0.8 and 0.7, respectively, with intermediate values indicat-
ing mixed fuel utilization. In 1942, Gibbs et al. (223) con-
firmed these findings in normal adult male human brain,

demonstrating net uptake of glucose (Glc) into brain [pos-
itive (A-V)], net release of lactate (Lac) from brain [negative
(A-V) corresponding to ~17% of glucose influx], and an
RQ of 0.99 � 0.03 (n � 50). These findings established that
glucose was the major energy source for the brain, most was
oxidized to CO2 (plus water that was not measured), and
glucose oxidation was incomplete, with some conversion to
lactate that was released from brain. Since these early stud-
ies, the only consistent findings of net substrate uptake into
brain from blood were for oxygen and glucose, with vari-
able amounts of lactate efflux [see the review by Sokoloff
(603) and his citations of earlier reviews of brain metabo-
lism and blood flow]. Development of quantitative methods
for cerebral blood flow (CBF) in the 1940s [e.g., the inert
gas method of Kety and Schmidt (345)] enabled calculation
of cerebral metabolic rate (CMR) under steady-state condi-
tions for substrates of interest, in which CMRsubstrate �
CBF(A-V)substrate.

Evidence that glucose is the major oxidative fuel for brain
came from measurements of the stoichiometry between ox-
ygen (CMRO2) and glucose (CMRglc) utilization: 6 O2 � 1
glucose¡ 6 CO2 � 6 H2O. The ratio of CMRO2/CMRglc or
of their (A-V) differences, (A-V)O2/(A-V)glc, is called the
oxygen–glucose index (OGI). When no other substrates are
metabolized, complete oxidation of glucose gives an OGI
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close to 6.0, the theoretical maximum. Indeed, most (A-V)
studies found that global OGI ranged from ~5.5–6 in ani-
mal and human brain, indicating metabolism of glucose in
excess of oxygen (Section V). Quantitative regional assays
of CMRO2 and CMRglc also obtained similarly high values
for OGI (310). Submaximal OGI in resting brain is ascribed
mainly to lactate production and efflux from brain, whereas
in activated brain, lactate release, pentose phosphate shunt
pathway activity, and glycogen turnover contribute to re-
ducing OGI (Section V).

Evidence that glucose is the obligatory fuel for adult brain
came from insulin-induced hypoglycemia. The cognitive
status of hypoglycemic subjects progressively changed from
mild sensory disturbances to lethargy, stupor, and coma as
plasma glucose level fell or as the duration of hypoglycemia
increased. Administration of glucose rapidly reversed these
behavioral consequences of inadequate glucose levels, and
of other tested compounds, only mannose and maltose were
effective, whereas many others (e.g., glycerol, ethanol, lac-
tate, pyruvate, glyceraldehyde, fumarate, acetate, �-hy-
droxybutyrate, and galactose) were ineffective (603). In-
ability of lactate and �-hydroxybutyrate to reverse effects of
hypoglycemia was an important observation because these
two substrates and constituents of milk are important fuels
for mammalian brain during the suckling period. However,
after weaning, the level of monocarboxylic acid transport-
ers in the brain’s vasculature falls markedly, and �-hy-
droxybutyrate dehydrogenase activity also falls to the much
lower adult levels (122, 123, 184, 185). This means that,
although adult brain tissue can metabolize most of the in-
effective substrates, blood-brain barrier (BBB) transport ca-
pacity and their normal blood concentrations are insuffi-
cient to deliver enough of these alternative oxidative fuels to
brain to support cognitive activities when glucose levels are
inadequate. Lactate and ketone bodies can, however, sup-
plement glucose utilization under various physiological
conditions (Section VI), such as physical activity when mus-
cle produces large amounts of lactate that is released to
blood and during prolonged starvation when blood levels of
ketone bodies rise (Section IVA). Glucose is stored as gly-
cogen mainly in astrocytes, and glycogen has important,
active roles in the energetics of brain functions (Section VII).

B. Minor Oxidative Substrates

Minor oxidative substrates for brain also include fatty acids
and amino acids, and studies of their metabolism have con-
tributed to characterization of metabolic compartmenta-
tion in brain (Section III-A). Oldendorf showed that short-
chain monocarboxylic acids (acetate, propionate, and bu-
tyrate) are taken up into brain and their transport can be
inhibited by pyruvate, whereas octanoate and decanoate
have high brain uptake indices and do not compete with
pyruvate for uptake (464). Octanoate is quickly oxidized by
brain and, along with the short-chain monocarboxylic acids

and many amino acids [see (153), its Supplemental material
and references cited therein] preferentially labels glutamine
compared with glutamate, whereas glucose, pyruvate, lac-
tate, and ketone bodies label glutamate more highly than
glutamine, revealing compartmentation oxidative metabo-
lism (125) (Section III). The major cellular compartments
were subsequently identified as astrocytes that preferen-
tially label glutamine and neurons that label glutamate
more highly (31, 50). These findings agree with metabolic
studies in cultured brain cells by Edmonds and colleagues
who demonstrated that fatty acids are readily oxidized by
astrocytes, not neurons or oligodendroglia (186). Adult rat
brain can oxidize fatty acids (327), as well as amino acids
taken up from blood or synthesized within brain [reviewed
by (570, 614)], but based on the OGI and RQ of normal
brain, these compounds make small contributions to over-
all brain energy metabolism compared with glucose. Nev-
ertheless, phospholipid metabolism is considered to con-
sume a considerable portion of brain ATP consumption for
de novo synthesis, brain signaling, and membrane recycling
(509). Emerging studies of nutritional therapy for brain
disorders (Section VIII) illustrate the importance of minor
substrates to compensate for deficiencies in neurological
diseases.

C. Glucose-Derived ATP and Carbon

The brain relies on catabolism of glucose for ATP genera-
tion and many other aspects of its normal activities (Section
IV), and an inadequate supply of either glucose or oxygen
degrades brain function, ultimately causing death. The ma-
jor energy demands of the brain are associated with neuro-
nal signaling (resting potentials, action potentials, post-
synaptic receptors, glutamate cycling, postsynaptic
Ca2�) and account for ~70% of the calculated energy
expense, with nonsignaling activities (protein, phospho-
lipid, oligonucleotide turnover, axonal transport, mito-
chondrial proton leak, actin cytoskeleton remodeling,
etc.) consuming an estimated 30%; excitatory neurons
consume ~80 – 85% of calculated ATP use, whereas in-
hibitory neurons and glia account for 15–20% (708).
Gray matter has regionally heterogeneous metabolic
rates that are considerably higher than white matter
(606) that has a higher fraction of nonsignaling energy
demands than gray matter. Glucose is not only used for
ATP generation, it is also the precursor for many com-
pounds synthesized within the brain, including neu-
rotransmitters and neuromodulators (Section IIC).

D. Assay Methods

A wide variety of experimental approaches and methodol-
ogies have been used to study metabolic pathways and en-
ergetics in brain in vivo, in brain slices, and in cultures of
brain cells. The use of stable and radioactive isotopes to
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track metabolism of compounds of interest and their bio-
synthesis in many organisms and tissues began in the 1930–
1940s after Urey discovered deuterium and enriched nitro-
gen for 15N, enabling their use by his colleagues at Colum-
bia University (Rittenberg, Schoenheimer, Bloch, Ratner,
Shemin, and others) to study intermediary metabolism.
11CO2 and [11C]lactate, along with labeling with the stable
isotope 13C, were used to study carbohydrate metabolism
(109, 549, 607). Later, 14C labeling opened the door to
studies of glucose metabolism in brain. The earliest studies
in the 1950s and early 1960s demonstrated 14CO2 fixation
in retina (120, 121) and brain (543) and rapid incorpora-
tion of [14C]glucose into brain amino acids and proteins
(36, 41, 217, 218). Initial work used uniformly labeled
glucose, and subsequent synthesis of variously labeled com-
pounds with 3H, 14C, or 13C in specific carbon atoms en-
abled many types of studies in vivo and in vitro. A major
advance was the use of [13C]glucose and magnetic reso-
nance spectroscopy (MRS) in conjunction with metabolic
modeling for studies of astrocytic and neuronal metabolism
in living brain (Sections II and III). Metabolic labeling stud-
ies have been extremely important for elucidation of path-
ways and rates of transport and metabolism of glucose and
other compounds in brain.

In addition, many other techniques are useful, including
1H- and 31P-MRS, to measure brain metabolite concentra-
tions in vivo [(252, 506); metabolomics, proteomics, and
genomics to evaluate patterns of metabolite and protein
concentrations in body fluids and tissue extracts and gene
expression levels under different physiological conditions
and diseases (238, 333, 684); the classic enzyme-based an-
alytical procedures devised by Lowry, Passonneau, and col-
leagues (482); fluorescence microscopy using biosensors
(e.g., for NADH/NAD� (140), for cAMP, D-glucose, and
L-lactate (658), and for ATP (646)]; seahorse metabolic
analyzers (Agilent.com) to assay oxygen consumption rate
and extracellular acidification rate as measures of respira-
tion and glycolysis in cultured cells [e.g., (295, 548)]; and
combinations of approaches designed to address specific
questions (38). A recent major advance is use of in vivo
31P-MRS in combination with magnetization transfer that
enabled direct, noninvasive quantification of the rates of the
ATP synthase and creatine kinase reactions in human brain
during rest and visual stimulation (714). The ATP synthase
rates were 8.1 and 10.6 �mol/g/min during rest and visual
stimulation, respectively, whereas the corresponding crea-
tine kinase rates were considerably faster, 88.0 and 91.3
�mol/g/min, and help maintain intracellular ATP levels
constant.

Enormous progress has been made in understanding brain
energetics (Sections II and III) since the early studies, but
large knowledge gaps still exist, particularly at the cellular
level. The emphasis of this review is on glucose metabolism
and its involvement in brain functions, and the major focus

is on in vivo studies, with discussion in greatest depth of
topics that are debated in the literature. Readers who want
a “companion” overview of brain energy metabolism are
referred to text chapters (145, 423). Those interested in
more background and comprehensive discussion of a wide
range of subjects are referred to monographs (31, 50, 225,
421, 482, 594).

E. Metabolic Rates

Dependence of adult mammalian brain on uninterrupted
delivery of glucose and oxygen is a well-established fact.
Oxidative metabolism of glucose provides nearly all of the
ATP used by brain but the biosynthetic routes that branch
from the glycolytic pathway and the tricarboxylic acid
(TCA) cycle and other pathway fluxes, including the pen-
tose phosphate shunt, glucose storage as glycogen, and the
malate–aspartate shuttle (MAS), all have essential roles in
normal brain function (FIGURE 1; see Section II). Alternative
substrates are metabolized by brain under various condi-
tions, but they cannot fully replace glucose or reverse the
effects of hypoglycemia (105, 529). The whole-brain
CMRglc in normal resting adult humans is ~0.2–0.3 �mol/
g/min (105, 394), and based on CMRglc of 0.25 �mol/g/min
and an adult brain weight of ~1400 g, the human brain
consumes ~91 g of glucose/day, equivalent to ~23 tea-
spoons or cubes of sugar (for simplicity, sucrose is equated
with glucose). The whole-brain CMRO2 in normal resting
adult human brain ranges from ~3.3–4.2 ml/100 g/min or
1.5–1.9 �mol/g/min (105), equivalent to ~68–86 liters of
oxygen per day that is contained in 324–410 liters of air
with 21% oxygen at sea level.

Similar rates of oxidation of one glucose molecule and syn-
aptic transmission reveal temporal integration of energetics
with function at the subcellular level. To an electrophysi-
ologist who uses technology with microsecond time resolu-
tion and measures action potential propagation over milli-
second intervals, brain metabolic rates with units of �mol/
g/min may seem slow, but this is not the case. To make
rough comparisons of glucose utilization and synaptic ac-
tivity on the same time scale, the units of metabolic rate
were converted to molecules of glucose metabolized per
synapse per millisecond. These calculations reveal that me-
tabolism of approximately one molecule of glucose per ms
would produce approximately two molecules of ATP by
glycolysis plus ~28 ATP by the oxidative pathways per syn-
apse (lines 4–6, TABLE 1).

Na�,K�-ATPase is an ion pump that is considered to con-
sume about half of the brain’s ATP (24, 257, 305). How-
ever, when early studies that evaluated the effect of ouabain
to inhibit Na�,K�-ATPase are examined, it is likely that the
fractional ATP use by cation pumping is higher than recog-
nized. For example, Whittam (681) reported a 50% fall in
oxygen consumption in rabbit cortical slices during
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ouabain treatment. Brain slices are recovering from decap-
itation ischemia and tissue damage, they are deafferented,
and they have lower metabolic rates than living brain. For
example, CMRglc assayed in 500-�m-thick slices of rat hip-
pocampus and hypothalamus in 4 mmol/l glucose were
~42% and 68% (455), respectively, of those in living rat
brain (606), giving a mean value of 55% of in vivo rates for
these two regions. As an approximation of the effect of slice
preparation on metabolic rate, control brain slice CMRO2

was divided by 0.55 to estimate the in vivo rate, and from
this value, the fall elicited by ouabain was calculated to be
75%. Astrup et al. (22) treated halothane-anesthetized (1–
1.5% in 25%/75% O2/air) dogs with pentobarbital (40
mg/kg) to produce a flat EEG, then infused lidocaine (160
mg/kg) to block Na� and K� leak fluxes, followed by
ouabain (100 mg/kg) to inhibit Na�,K�-ATPase. The flat
EEG represented complete inhibition of synaptic transmis-
sion, and cation transport accounted for ~40% of total
energy production remaining after pentobarbital treatment.
However, pentobarbital reduced CMRO2 to ~70% that of

the halothane treatment, and 1–1.5% halothane would re-
duce CMRO2 to ~75% of the awake state (621). This means
that after halothane–pentobarbital treatment, CMRO2 is
reduced to about half of the awake rate. Signaling involves
Na� and K� fluxes, and if half of the energy demand from
the awake to flat EEG states were due to Na� and K�

pumping, the fraction of energy demand assigned to the
ATPase would rise to ~65% (i.e., 25% � 40%). Another
caveat is that pentobarbital (and other intravenous anes-
thetics) inhibits GLUT-1–mediated glucose transport in a
dose-dependent manner (618) and may also have had an
impact on metabolic rates. Nevertheless, these rough ap-
proximations support the notion that cation pumping con-
sumes more than 50% of total ATP.

When Na�,K�-ATPase operates at an assumed 10,000 cy-
cles/min (6), it would transport 0.33 K� ions and 0.5 Na�

ions per ms and consume 0.167 ATP/ms (TABLE 1). Nota-
bly, the ATP/ms required by Na�,K�-ATPase can be satis-
fied by metabolism of far fewer glucose molecules than ions
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transported [i.e., four- and sixfold more K� and Na� mol-
ecules are transported per glucose metabolized glycolyti-
cally and 66- and 100-fold more ions are transported per
glucose oxidized, respectively (divide line 8 by line 9 or 10,
TABLE 1)]. In other words, ATP is produced in large excess
of the demand by a major ion pump which, of course, is not
the only ATP-requiring reaction.

During the time interval in which one-to-two synaptic
transmission events and calcium channel open-closure cy-

cles take place (~0.4–1 ms, TABLE 1), about one glucose
molecule per synapse per ms is taken up from blood into the
cell and completely oxidized under resting conditions in
awake adult human brain. The approximate total number
of reactions and their respective ATP yields to carry out this
process are shown in TABLE 2. Conversion of one glucose to
two pyruvate molecules generates a net of 2 ATP and re-
quires three glucose transport steps and 15 metabolic steps
for a total of 18 steps; four more reactions [2 � lactate
dehydrogenase (LDH) � 2 � monocarboxylic acid trans-

FIGURE 1. Major pathways of glucose metabolism. Together, the glycolytic (yellow highlighted) and mitochondrial tricarboxylic acid (TCA) cycle
(tan) pathways are responsible for metabolism of most of the glucose (Glc) entering brain cells and generation of the ATP required to support
brain work. A net yield of two ATP is obtained from glycolysis and another 30 from oxidative metabolism of one molecule of glucose; the total is
less than the theoretical maximum because of proton leaks. Pathways that branch from these two predominant catabolic routes have lower flux
rates but are critically important for brain function because of their roles in Glc storage as glycogen (pink), oxidative stress management (purple),
and synthesis of Glc-derived compounds (green) required for a variety of purposes. Sorbitol (brown) is formed when glucose levels are very high,
as during diabetes. The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) step produces NADH, and NAD� must be regenerated by either
the lactate dehydrogenase (LDH) reaction or the malate–aspartate shuttle (MAS) (blue). Transfer of reducing equivalents from the cytosol to
mitochondria by the MAS maximizes ATP yield from glucose. Lactate (Lac) is produced when glycolytic rate exceeds the rate of the MAS or TCA
cycle in subcellular domains lacking mitochondria or under hypoxic or anoxic conditions. The Lac must be released from the cell, otherwise its
accumulation would drive the LDH reaction in reverse by mass action and impair glycolysis. Lac formation deprives the cell of pyruvate (Pyr) as
substrate for pyruvate dehydrogenase (PDH) and pyruvate carboxylase (PC), an astrocyte-specific enzyme required for de novo synthesis of
aspartate (Asp), glutamate (Glu), glutamine (Gln), and �-aminobutyric acid (GABA). Glycolytic enzymes are cytosolic, and they can be associated
with various subcellular compartments in different cell types. For example, GAPDH and 3-phosphoglycerate kinase (3-PGK) are bound to 1) the
astrocytic glutamate transporter, GLT-1, along with other glycolytic and mitochondrial enzymes (219), 2) synaptic vesicles in the presynaptic
compartment of glutamatergic neurons and are thought to glycolytically produce the ATP required for transport of neurotransmitter glutamate
into vesicles (649), and 3) bound to actin along with other glycolytic enzymes in postsynaptic densities (693). Abbreviations: AATc, aspartate
aminotransferase cytoplasmic isoform; AATm, aspartate aminotransferase mitochondrial isoform; ACh, acetylcholine; AGC, aspartate–glutamate
carrier; CIT, citrate; DHAP, dihydroxyacetone phosphate; D-Ser, D-serine; Fru-1,6-P2, fructose-1,6-bisphosphate; Fru-6-P, fructose-6-P; Gal, galac-
tose; GAP, glyceraldehyde-3-P; Glc-1-P, Glc-1-phosphate; Glc-6-P, Glc-6-phosphate; Glc-6-PDH, glucose-6-phosphate dehydrogenase; Gly, glycine;
GSH, reduced glutathione; GSH-Per, glutathione peroxidase; GSH-R, glutathione reductase; GSSG, oxidized glutathione; HK, hexokinase; �KG,
�-ketoglutarate; L-Ser, L-serine; MAO, monoamine oxidase; Man, mannose; MDHc, malate dehydrogenase cytoplasmic isoform; MDHm, malate
dehydrogenase mitochondrial isoform; OAA, oxaloacetate; OGC, oxoglutarate (�KG)–malate carrier; PEP, phosphoenolpyruvate; PFK, phosphofruc-
tokinase; 1,3PG, 1,3-bisphosphoglycerate; 2PG, 2-phosphoglycerate; 3PG, 3-phosphoglycerate; 6PGDH, 6-phosphogluconate dehydrogenase; PK,
pyruvate kinase; Ru-5-P, ribulose-5-phosphate; SOD, superoxide dismutase.

Table 1. Comparison of human cortical glucose utilization rate with estimated rates of selected synaptic activities

1. CMRglc (�mol/g/min) 0.25
2. Molecules of glucose metabolized/g/s 8.4 � 1014

3. Synapses/g human cerebral cortex 0.95 � 1012

4. Molecules of glucose metabolized/synapse/ms 0.88
5. ATP produced by glycolysis � oxidation/synapse/ms 28
6. ATP produced by only glycolysis/synapse/ms 1.8
7. Number of ions transported by Na�,K�-ATPase (0.167 cycles/ms) 0.33 K�/ms; 0.5 Na�/ms
8. ATP consumed per Na�,K�-ATPase cycle 0.167 ATP/ms
9. Oxidation of Glc to produce 0.167 ATP per ATPase cycle 0.005 Glc molecules/ms
10. Glycolytic Glc metabolism to produce 0.167 ATP per ATPase cycle 0.08 Glc molecules/ms
11. Synaptic transmission from presynaptic action potential arrival to postsynaptic evoked current 0.6 ms
12. Opening and closing rates of a calcium channel 0.8 ms and 0.4 ms, respectively

1., Approximate glucose (Glc) utilization rate (CMRglc) in resting adult human cerebral cortex or whole brain with nearly complete oxidation of
glucose (103, 394); 2., based on Avogadro’s number; 3., calculated from ~109 synapses/mm3 � 1012 synapses/ml human cerebral cortex
(11), assuming a brain density of 1.05g/ml (450); 4., metabolic rate divided by synaptic number (line 2 divided by line 3); 5. and 6., assuming
yields of 32 ATP per glucose oxidized and two ATP per glucose metabolized glycolytically (see TABLE 2); 7. and 8., Na�,K�-ATPase transport
rate is ~10,000 cycles/min with a stoichiometry of 3Na� and 2K� transported per cycle and one ATP consumed per cycle (6); 9. and 10.,
number of Glc molecules required to support ion transport by Na�,K�-ATPase; 11. and 12., time scales of selected synaptic activities, from
(526) that should be compared with the number of reactions to oxidize 0.88 molecules of glucose per synapse per millisecond in TABLE 2.
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port] are needed to generate and release two molecules of
lactate from the cell (FIGURE 1). Thus, if glucose is not
oxidized, 22 reactions are involved to make and clear lac-
tate from the cell. Complete oxidation of glucose-derived
pyruvate requires an additional 152 reactions involving the
MAS, pyruvate transport and decarboxylation, TCA cycle,
electron transport chain, ATP synthesis, and nucleotide and
phosphate transport to generate 30 more ATP (TABLE 2).
Thus, at least 170 reactions are involved in oxidation of one
glucose molecule, and 150 reactions per millisecond can
take place in one synapse, or ~75 reactions within the time
scale of synaptic transmission or calcium channel opening/
closing (TABLE 1). The 22 reactions to form two lactate
correspond to ~13% of the 170 steps involved in oxidation
of one glucose that produces a total of 32 ATP. If a high rate
of ATP generation is required, and if rates of each of the
reactions in these pathways are similar (they are equal at
steady state), an approximately eightfold upregulation of
lactate production would consume eight glucose molecules,
involve 176 reactions, and produce 16 ATP or half the yield
of oxidation of one glucose molecule. Continuous glucose
influx into rat brain exceeds its metabolism by 1.6-fold over
a fivefold range of CMRglc from ~0.4–2 �mol/g/min (124,
146, 255), so there is a wide margin of safety for glucose
delivery to satisfy demand (see section IIA1).

In fact, the rate of generation of ATP must match its rate of
hydrolysis by energy-requiring processes at a local level,

otherwise signaling or other vital functions would fail. In-
deed, ATP supply–demand equivalence has been directly
demonstrated in presynaptic nerve terminals of cultured
hippocampal cells (519), with the caveat that the cultured
cells may have some metabolic abnormalities because they
were grown in 33 mmol/l glucose, which is approximately
fivefold greater than the level in diabetic rat brain and dis-
rupts metabolism in cultured astrocytes (1, 209, 632). Pre-
synaptic ATP concentration was stable during 10 Hz elec-
trical stimulation, indicating equivalence of ATP synthesis
and utilization rates, but fell markedly when glycolysis, ox-
idative metabolism, or both were blocked; notably, ATP
demand for the synaptic vesicle cycle greatly exceeded that
of Na�,K�-ATPase (519). A ballpark estimate of the range
of ATP molecules needed per ms to fill a synaptic vesicle
with glutamate can be derived from the recent report of
Egashira et al. (187) while recognizing that there are many
uncertainties in the mechanisms and stoichiometry of each
the processes involved in vesicle filling. The calculations
assume time constants (the time to reach 63% of the max-
imal value) � � 5 or 15 s [see references cited by (187)] to
reacidify a vesicle by a vacuolar H�-ATPase with either
1200 protons (assumed to be equivalent to 1200 glutamate
molecules) or 4000 protons [4000 glutamate molecules
(24)] and a stoichiometry of 2H� transported to the vesicle
lumen per ATP hydrolyzed. Estimated rates of ATP utiliza-
tion to acidify one vesicle are 0.027 and 0.057 ATP/ms to
transport 1200 protons with � � 15 and 5 s, respectively,

Table 2. Reactions required for oxidation of approximately one glucose molecule per synapse per millisecond

Metabolic Process
Number of
Reactions

ATP
Yield

Uptake of 1 glucose from blood into cell: transport across luminal and abluminal capillary membranes and
cellular plasma membrane. 3 0

Glycolysis: Glucose ¡ 2 glyceraldehyde-3-phosphate (Gal-3-P): 5 steps 5 0
2 Gal-3-P ¡ 2 pyruvate (2 � 5 steps) � 2 NADH � net 2 ATP. 10 2
Malate-aspartate shuttle (MAS): transfer 2 NADH to mitochondria. 33 5
1 NADH: 6 MAS reactions � 3 ETC reactions � 2.5 ATP synthase reactions � 2.5 ATP/ADP translocase

reactions � 2.5 Pi transport into mitochondria � 16.5 reactions/NADH or 33 reactions per glucose.
Oxidize pyruvate in TCA cycle: 1 transport into mitochondria � 1 pyruvate dehydrogenase step � 9 TCA cycle

reactions � 11 per pyruvate x 2 pyruvate/glucose � 22 steps with a yield of 2 GTP � 2 ATP. 22 2
Oxidize NADH and FADH2 produced from 2 pyruvate/glucose:
1 Pyr ¡ 4 NADH � 1 FADH2.
1 NADH: 3 ECT � 2.5 ATP synthesis � 2.5 ATP/ADP translocase � 2.5 Pi transport � 10.5/NADH x

4 � 42 reactions yielding 10 ATP per pyruvate for a total of 84 reactions and 20 ATP.
84 20

1 FADH2: 2 ETC � 1.5 ATP synthesis � 1.5 ATP/ADP translocase � 1.5 Pi � 6.5 reactions yielding 1.5
ATP per pyruvate x 2 � 13 reactions yielding 3 ATP.

13 3

Total per molecule of glucose oxidized 170 32
Total for 0.88 glucose molecules oxidized per synapse per millisecond 150 28
2 Pyruvate � 2 NADH ¡2 NAD� � 2 lactate (intracellular) ¡ 2 lactate (extracellular) 4 steps. 4
Uptake of 1 glucose ¡ release 2 lactate. 22 2

Calculations to estimate the number of molecules of glucose consumed per synapse per millisecond (0.88) in adult resting human brain and the
time scales of synaptic events to compare with the number of glucose transport and metabolic reactions are shown in TABLE 1. The number
of reactions is considered to be approximate and is probably an underestimate; for details, see (145, 280). FADH2 enters the ETC at Complex
II and has a lower ATP yield than NADH. ATP synthase � Complex V. Abbreviations: ETC, electron transport chain (Complexes I, III, and IV); MAS,
malate–aspartate shuttle (see FIGURE 1); Pi, inorganic phosphate.
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with corresponding rates of 0.084 and 0.252 ATP/ms for
4000 protons. Estimated total ATP demand for vacuolar
reacidification after release of 2–10 vesicles per action po-
tential from a single glutamatergic synapse (398) with � � 5
s and 4000 protons is ~0.5–2.5 ATP/ms, similar to the rate
of ATP production by glycolytic metabolism of one mole-
cule of glucose and ~10% that of its oxidation (TABLE 1).
All of the above calculations are approximate and serve to
illustrate the fact that glucose utilization rate readily satis-
fies ATP demand for specific processes. Readers interested
in a detailed analysis of the brain’s energy budget are re-
ferred to the comprehensive evaluation and studies cited by
Yu et al. (708) (see section IIE). To summarize, brain glu-
cose utilization 1) involves many complex, highly regulated
metabolic steps that are integrated with functional activity,
2) takes place on a similar time scale as synaptic events, and
3) has high capacity to match substantial fluctuations in
ATP demand at a local level.

F. High Oxidative Rate

The brain is widely recognized as a highly oxidative organ,
and emphasis is frequently placed on the disproportionately
high fraction of oxygen consumed by adult brain per unit
mass. However, the brain is not unique in this regard, and
other organs (i.e., kidney, liver, and heart) are also highly
oxidative (TABLE 3). Predominant ATP utilization in body
organs is specialized (e.g., to provide energy for signaling in
brain, osmotic work in kidney, biosynthesis and detoxifica-
tion in liver, and muscle contraction in the heart). The intact
brain can increase CMRO2 by two- to threefold for at least
2 h under various conditions (594), including during sei-
zures (54, 86, 427), and isolated synaptic endings also have
very high capacity to upregulate both glycolysis (10-fold)
and respiration (sixfold) (339). Curiously, the brain does
not use its high capacity for oxidative metabolism during
functional activation. Instead, glycolysis is preferentially
upregulated more than oxygen consumption to sustain
functions that include signaling, ion homeostasis, oxidative
stress management, and glycogen turnover (see section V).

Perhaps a less well-recognized property of brain is its higher
metabolic rate during development. Global CMRO2 in

brain of a 6-yr-old child is ~25% higher than young adult
brain and accounts for about half of whole-body oxygen
consumption (342), contrasting with 20% in adults (TABLE
3). On the other hand, CMRglc in cerebral cortex of 3– to
8-yr-old children is about twice that of young adults (103).
The total daily glucose utilization by brain peaks at age 4–5
yr, and corresponds to 66% of the body’s resting metabolic
rate [i.e., the fraction of the body’s energy expenditure that
could be met by glucose consumed by brain (355)]. A higher
proportion of glucose metabolized by developing brain is
thought to be used to support growth, synaptic prolifera-
tion, and remodeling during adolescence.

G. Consequences of Insufficient Glucose or
Oxygen

As should be anticipated from the above discussion, hypo-
glycemia or hypoxia can degrade brain function to an ex-
tent that depends on the magnitude and duration of the
supply deficit. Even during weeks of prolonged starvation,
arterial plasma glucose levels are maintained at normal lev-
els by muscle breakdown and upregulation of gluconeogen-
esis; ketone bodies from fat catabolism supplement glucose
as brain fuel and provide about half of the oxidative sub-
strate (468). However, recurrent moderate-to-severe hypo-
glycemia has become a serious problem because of in-
creased incidence of diabetes and insulin treatment for tight
regulation of plasma glucose levels. Reduction of human
arterial plasma glucose level from the normal range of 4–6
mmol/l to 3 mmol/l causes endocrine responses and symp-
toms of hypoglycemia (e.g., anxiety, palpitations, hunger,
tremor, sweaty, dizziness, and weakness), a further 13%
decrease to 2.6 mmol/l causes cognitive dysfunction (diffi-
culty speaking and thinking and blurred vision), 1.7 mmol/l
is associated with mild confusion and delirium, 1.1 mmol/l
leads to cognitive failure, stupor, and seizures, and �0.6
mmol/l causes coma and, ultimately, death (for references,
see Table 3.5 in Ref. 145). Maintenance of plasma glucose
level close to normal is essential for brain function.

Acute exposure of normoglycemic humans to air with re-
duced oxygen content can also have serious cognitive ef-
fects. A rapid change from 21% O2 at sea level to 15%

Table 3. Relative oxygen consumption in selected adult human organs

Organ % Body Mass % Whole-Body Oxygen Utilization % CMRO2/% Mass

Liver 2 17 8.5
Gastrointestinal tract 2 10 5
Kidney 0.5 6 12
Heart 0.4 11 27.5
Brain adult 2 20 10
Brain 5-yr-old 6 50 8.3

Values are from Rolfe and Brown (539), except adolescent brain (342).

INTEGRATION OF ENERGETICS WITH FUNCTION

955Physiol Rev • VOL 99 • JANUARY 2019 • www.prv.org
Downloaded from www.physiology.org/journal/physrev by ${individualUser.givenNames} ${individualUser.surname} (130.063.180.147) on December 20, 2018.



(corresponding to an altitude of ~9,000 ft) impairs complex
learning and reading scores, 11% O2 (17,000 ft) causes loss
of critical judgment, and 6–8% (24–31,000 ft) leads to loss
of consciousness (332, 594). Acclimatization to hypoxia is
well known and involves a variety of acute and chronic
mechanisms, including increases in ventilatory rate, blood
flow, red cell number, capillary density, and upregulation of
gene expression in brain to increase glycolytic rate and ca-
pacity (358). However, even with acclimatization, moun-
tain climbers and others who ascend to high altitude are still
susceptible to subtle, insidious cognitive deficits arising
from inadequate oxygen levels. For example, before em-
barking on the first winter ascent of Mt. McKinley (Denali,
20,300 ft) in 1967, the climbing team “found it unsettling
to watch our mental function, balance, and coordination
deteriorate while heart rate increased as we tested at simu-
lated altitudes up to 20,000 feet in a decompression cham-
ber” (134). After reaching the peak, the summit party de-
scended to Denali Pass (18,200 ft), where they were forced
to bivouac for ~4 days because of the extremely severe
conditions (wind speed of �150 miles per hour, tempera-
ture of �50°F, and wind-chill temperature of �148°F).
When the weather cleared, the weakened, frost-bitten
climbers took mental tests before descending with the fol-
lowing outcome: “Dave said he was thinking as clearly as he
ever had; the test results did not agree. It took each of us
twice as much time to answer a series of subtraction prob-
lems” (compared with before their ascent) (134). They
knew that they did not have normal cognitive ability, yet
did not recognize the impairments without testing. Climb-
ing at extremely high altitudes on Mount Everest causes
aphasia and deficits in memory and recall, along with other
performance problems, that persist after return to low alti-
tude (299, 300). Even with its extraordinary ability to func-
tion under many conditions, the brain cannot produce
enough energy to support its normal activities when either
oxygen or glucose supply is inadequate. Brain function is
degraded in both obvious and subtle ways, and long-term
brain damage can be incurred.

H. Perspective

The following discussion is intended to engage both non-
specialists and experts in brain energy metabolism by pro-
viding background material, describing advances in a com-
plex field, and presenting debated topics with in-depth dis-
cussions so that important, controversial issues can be
evaluated by readers. First, the major pathways of glucose
metabolism and their functional roles are described. Then,
some unique aspects of brain glucose utilization and com-
plexities of its involvement in neurotransmission are dis-
cussed. Next, three major, interrelated topics of current
interest and debate are reviewed in detail: astrocyte–neuron
shuttling of glucose- and glycogen-derived lactate, aerobic
glycolysis, and emerging roles for glycogen in brain func-
tion. Comprehensive presentation of selected data sets rel-

evant to these three subjects is necessary to help understand
the technical difficulties encountered in metabolic assays
during function-related activities of brain cells in vitro and
in vivo and the complexities and some pitfalls involved in
data interpretation. Different points of view and testable
alternative explanations are provided with the goal that
future work can be driven in new directions and help fill
knowledge gaps. Finally, emerging uses of nutritional ther-
apy for treatment of brain disorders are briefly discussed to
provide a translational bridge from basic science to clinical
application.

II. GLUCOSE METABOLISM AND
METABOLIC ASSAYS

Primary and secondary pathways of glucose catabolism
generate the energy required for brain activities; provide the
building blocks for brain structure, function, and plasticity;
and carry out protective functions to defend against oxida-
tive stress and toxic products of nonspecific enzymatic re-
actions. Function–metabolism coupling is the basis for met-
abolic brain imaging using glucose analogs and for MRS
assays of pathway fluxes. Metabolic rates are heteroge-
neous on the regional, cellular, and subcellular levels, with
signaling activities requiring the largest amounts of ATP.
Mitochondrial heterogeneity and their paucity in high-de-
mand structures calls attention to gaps in understanding of
energetics at a local level.

A. Major Pathways of Glucose Metabolism
in Brain

1. Glucose delivery to brain

Glucose is reversibly transported from arterial blood across
endothelial membranes into and from brain cells via iso-
forms of equilibrative glucose transporters (GLUTs) that
have different kinetic properties, with GLUT1 localized in
endothelium and astrocytes and GLUT3 and GLUT4 in
neurons (21, 491, 595). The driving force for net glucose
uptake into brain is the lower brain concentration because
of continuous metabolism of glucose. The extraction frac-
tion [([arterial]-[venous])/[arterial] or (A-V)/A)] for glucose
is ~10–12%, whereas that for oxygen is ~40–50% (393).
The brain-to-plasma distribution ratio for glucose is ~0.2 in
humans and rats, and the maximal transport capacity
across the BBB is two- to threefold greater than resting
glucose utilization rate (241, 296). The adult rat brain glu-
cose concentration is ~2–3 �mol/g, and with a whole-brain
CMRglc of ~0.7 �mol/g/min, the precursor pool of glucose
in brain could sustain the resting utilization rate for 3–4
min. At steady state, continuous influx of glucose into brain
matches CMRglc, and, although transient increases in
CMRglc may result in small decreases in glucose concentra-
tion, the ongoing glucose influx from blood to brain mini-
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mizes this change and keeps total brain glucose level well
above that required to saturate hexokinase (Km ~0.05
mmol/l) (686). Excess fuel delivery compared with utiliza-
tion protects the brain against transient energy failure that
would have serious consequences, as noted above. The ex-
act routes taken by glucose as it diffuses down its concen-
tration gradient from arterial plasma into brain cells are not
resolved, but kinetic modeling predicts that most glucose
diffuses via interstitial fluid (595). Glucose can certainly
travel into and out of cells, depending on local concentra-
tion gradients and supply–demand relationships in individ-
ual cells, and diffusion of glucose down its concentration
gradient from an astrocyte to a neuron in brain slices was
demonstrated by Gandhi et al. (210). Thus, the overall flow
of glucose will be from source to sink, through interstitial
fluid and intracellular fluid via glucose transporters, de-
pending on local gradients.

2. A major function of glucose catabolism is ATP
generation

Once inside a cell, glucose can have one of three fates: 1)
transport back to extracellular fluid and blood, 2) reduction
to sorbitol, or 3) phosphorylation by hexokinase to produce
glucose-6-phosphate (Glc-6-P) that is trapped intracellu-
larly (FIGURE 1). The unmetabolized glucose in brain is an
exchangeable pool because a considerable fraction of glu-
cose entering brain is released back to blood. Reversible
transport across the BBB is an essential aspect of the 2-de-
oxy-[14C]glucose ([14C]DG) method to measure local rates
of glucose utilization in brain (606) (see Section IID2). De-
oxyglucose (DG) is a glucose analog that competes with
glucose for transport and phosphorylation, but it cannot be
metabolized beyond DG-6-P via the glycolytic pathway be-
cause of the lack of the hydroxyl group at carbon two, and
it cannot be converted to deoxyfructose-6-P. If [14C]DG
were immediately phosphorylated upon its entry into brain
and trapped in brain cells, it would behave as a blood flow
marker and reflect glucose delivery to brain, which is not
the case. In contrast, 3-O-methylglucose is a nonmetaboliz-
able glucose analog that competes with glucose for trans-
port and can be used to measure the steady-state tissue
glucose concentration (156, 229). The rate of sorbitol syn-
thesis in normal brain is very low because of the high Km of
aldose reductase for glucose (70–200 mmol/l) (264, 324),
but sorbitol concentration rises during hyperglycemia and
contributes to formation of cataracts and other complica-
tions of diabetes.

Glucose phosphorylation is the first irreversible step of the
glycolytic pathway, and Glc-6-P is a “branch point” metab-
olite that can have different fates; it can continue down the
glycolytic pathway, enter the pentose phosphate shunt
pathway, serve as precursor for a number of compounds, or
be stored as glycogen (FIGURE 1). Downstream metabolites,
fructose (Fru)-6-P and 3-phosphoglycerate (3PG), are also
precursors for a number of important brain structural com-

ponents, amino acids, and neurotransmitter/modulators.
The end product of glycolysis is pyruvate, another branch
point metabolite that can be oxidized to acetyl coenzyme A
(CoA), reduced to lactate, transaminated to alanine, or car-
boxylated to form oxaloacetate (OAA). Action of the pyru-
vate dehydrogenase (PDH) complex produces acetyl CoA
that enters the TCA cycle to generate ATP via the electron
transport chain and oxidative phosphorylation. The TCA
cycle is series of catalytic reactions in which two carbons
enter the cycle by condensation of acetyl CoA with OAA,
and two carbons leave the cycle as CO2 to regenerate OAA.
The net ATP yield from glycolysis is two ATP, whereas
oxidation produces ~30 ATP, somewhat fewer than the
theoretical maximum because of the proton leaks, for a net
yield of ~32 ATP per glucose molecule oxidized (TABLE 2).
Because the metabolism of glucose and oxygen is nearly
stoichiometric in awake, resting brain, the major fate of
glucose is oxidation to CO2 � H2O.

Regulation of the glycolytic, pentose shunt, glycogen
shunt, and TCA cycle pathways is complex, and involves
various ions (e.g., K�, Ca2�, and H�) and many metab-
olites that serve to integrate glycolytic and oxidative
fluxes with each other and with local functional require-
ments. Details of metabolic flux regulation have been
covered in recent text chapters and references cited
therein (145, 423), as well as in biochemistry textbooks.
An emerging, interesting area of metabolic flux regula-
tion is posttranslational modification of metabolic en-
zymes with modulation of their activity. Gibson and col-
leagues (90, 227) showed that the TCA cycle enzyme
��ketoglutarate (�KG) dehydrogenase can succinylate
other mitochondrial proteins and alter their activities,
and that metabolic shifts alter mitochondrial protein suc-
cinylation. Enzyme modification by acetylation (547,
548), glutathionylation (10), and other moieties has been
documented for many proteins, and, as the effects of
these covalent modifications are established, fine-tuning
of metabolic regulation in brain will be understood in
more detail.

3. Redox reactions link cytosol and mitochondria:
MAS

Redox cycling, the interconversion of the cytosolic cofac-
tors NADH/NAD� (and NADP�/NADPH; see Section
IIA4, pentose shunt), is an essential aspect of glucose and
lactate utilization. Use of pyruvate as substrate for the
TCA cycle requires oxidation of NADH produced by the
glyceraldehyde-3-phosphate (GAP) dehydrogenase
(GAPDH) step to regenerate NAD� by a redox shuttle
system that transfers reducing equivalents to mitochon-
dria (FIGURE 1). The MAS is thought to be the major
shuttle system in brain (426), and it is regulated by
[Ca2�] (560). When glycolytic rate exceeds the MAS rate
or the pyruvate oxidative rate, the LDH reaction regen-
erates NAD� by converting pyruvate to lactate, which
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must be released from the cell for glycolysis to continue.
Otherwise, depletion of NAD� would impair glycolysis
because NAD� is present at low levels and serves a cat-
alytic role in redox cycling (214).

Release of lactate deprives a cell of pyruvate as an oxidative
substrate and markedly reduces the ATP yield from glucose
metabolism. However, an advantage of glycolysis is fast
production of ATP at subcellular sites with high ATP turn-
over (e.g., plasma membrane ion pumps) and lactate re-
leased to blood can be used by other organs as fuel or for
gluconeogenesis. An extreme example of the speed and ca-
pacity of upregulation of glycolysis is the rate of the first
irreversible reaction, the hexokinase step. In normal, resting
adult mouse brain, hexokinase activity is calculated to be
�3% of maximal capacity (i.e., a potential 33-fold increase
in flux), and glycolytic rate increased by more than seven-
fold at 4 s after decapitation ischemia (383). Delivery of
glucose to brain in large excess of demand under normal
resting and activated conditions means that the brain can
afford to release metabolic by-products to support specific
energy-dependent events by glycolytic upregulation. Me-
tabolism of exogenous lactate also requires the MAS for
conversion of lactate to pyruvate and its subsequent oxida-
tion (FIGURE 1).

A different viewpoint of redox shuttling from cytosol to
mitochondria is that lactate produced from glucose is the
final product of glycolysis in peripheral tissues and brain,
and that lactate derived from the same cell or taken up
from other cells or blood is transported into mitochon-
dria, converted to pyruvate by mitochondrial LDH, then
oxidized (not shown in FIGURE 1) (70, 196, 538, 575).
However, brain stands apart from other tissues with
much more oxidation of labeled glucose compared with
labeled lactate after uptake of these 13C-labeled sub-
strates from blood (90). If lactate generated from glucose
in brain were the major oxidative substrate and it directly
entered mitochondria, inhibition of the MAS would have
no effect on glucose oxidation. However, MAS inhibition
has a huge impact on brain glucose oxidation providing
strong evidence against predominant lactate uptake into
brain mitochondria, followed by its oxidation. In rat
brain, liver, and kidney cortex slices, impairment of the
MAS by partial inhibition of aspartate aminotransferase
(AAT) (FIGURE 1) substantially reduced oxygen con-
sumption with glucose as substrate, the concentrations of
ATP and phosphocreatine (PCr) fell, lactate concentra-
tion increased, lactate efflux was enhanced, and lactate/
pyruvate ratio rose, all consistent with substantial trans-
fer of reducing equivalents from cytoplasm to mitochon-
dria via the MAS (197), not direct transport and
oxidation of lactate in mitochondria. Similar findings
were reported from studies in isolated nerve endings pre-
pared from adult guinea pigs and rats. Partial inhibition
of the MAS in synaptosomes caused the lactate/pyruvate

ratio to rise, oxidation of [14C]glucose to 14CO2 fell,
incorporation of label from glucose into acetylcholine
(which is thought to occur, in part, via conversion of
acetyl CoA to citrate in mitochondria, with citrate export
to cytoplasm for neurotransmitter synthesis) was lower,
mitochondrial membrane potential was reduced, and
ATP/ADP ratio fell, all consistent with a predominant
requirement for MAS shuttling to mitochondria of
NADH equivalents generated by glycolysis and oxida-
tion of cytoplasmic pyruvate after its uptake into mito-
chondria (88, 340). Another component of the MAS, the
aspartate– glutamate carrier (AGC1 or Aralar; FIGURE 1)
that is the regulatory step in the NADH shuttle into
mitochondria is required for rescue of cultured neurons
from glutamate excitotoxicity (377). Exogenous L-lac-
tate protected against glutamate-induced cell death, pre-
vented the decrease in ATP/ADP ratio, and diminished
accumulation of reactive oxygen species (ROS) in cul-
tured neurons from wildtype mice, but not from Aralar-
deficient mice. These findings are consistent with oxida-
tion of exogenous L-lactate by cytoplasmic LDH to pro-
duce pyruvate and NADH that is transferred to
mitochondria in wildtype, not MAS-impaired, mice. If
lactate directly and primarily entered mitochondria for
oxidation by mitochondrial LDH, then exogenous lac-
tate should have contributed, satisfying the high energy
demand evoked by glutamate treatment and protected
the MAS-deficient neurons. Another line of evidence
against a major contribution of lactate uptake oxidation
within brain mitochondria is demonstration that isolated
nonsynaptic and synaptic mitochondria do have LDH
activity, but it is less than 1% of that in the whole ho-
mogenate, indicating that ~99% is nonmitochondrial
(356, 357). In fact, LDH has been long regarded as a
cytoplasmic marker for subcellular fractionation of brain
(328, 636). Unless most of the mitochondrial LDH is
released during the isolation procedure, it is difficult to
accept that �1% of the LDH activity can process in
mitochondria the lactate produced by 99% of total LDH
in cytoplasm on a quantitatively and timely basis. If it
can’t there must be lactate efflux from the cell.

Collectively, these findings support an essential role for the
MAS in glucose oxidation in brain, consistent with predom-
inant oxidation of cytoplasmic pyruvate rather than lactate
in mitochondria. Further studies are required to evaluate
the quantitative contribution of mitochondrial uptake and
oxidation of lactate compared with pyruvate in brain, but
current evidence based on MAS inhibition and rescue by
lactate in Aralar-knockout neurons indicates that it is not a
major flux. Nevertheless, the possibility of some lactate ox-
idation in mitochondria does not alter the stoichiometry
between brain glucose utilization and brain oxygen con-
sumption (see Section V), and it does not matter whether
pyruvate or lactate is oxidized because both are intermedi-
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ate metabolites between glucose phosphorylation and oxy-
gen.

4. Pentose phosphate shunt pathway: oxidative
stress management and biosynthesis

A) THE PATHWAY. The pentose phosphate shunt pathway me-
tabolizes Glc-6-P and generates NADPH for use in manage-
ment of oxidative stress and in biosynthetic reactions (FIG-
URE 1). It also produces ribulose-5-P that is converted to
ribose-5-P and used for purine ribonucleotide biosynthesis
or to other pathway intermediates that are rearranged to
form Fru-6-P plus GAP. In astrocytes, the Glc-6-P can be
derived from either or both glucose and glycogen, whereas
in neurons, it is only from glucose. Biosynthetic contribu-
tions of the shunt pathway are highest in developing brain
(34, 35), whereas in adults, NADPH generation is impor-
tant for the glutathione (GSH) pathway. GSH is used to
detoxify (along with catalase) hydrogen peroxide generated
from superoxide arising from the respiratory chain and gen-
erated from metabolism of biogenic amine neurotransmit-
ters [serotonin, dopamine, and norepinephrine (NE)] by
monoamine oxidase (179) as well as to inactivate other
reactive compounds such as methylglyoxal (see Section IIB)
and formaldehyde (516). NADPH is also used for fatty acid
and cholesterol biosynthesis, for nitric oxide synthase, cy-
tochrome P450 reductase, aldehyde reductase, and aldose
reductase, which produces sorbitol from glucose under hy-
perglycemic conditions.

The pentose shunt comprises two divisions, the oxidative
and nonoxidative branches. The oxidative branch carries
out decarboxylation of Glc-6-P by the sequential actions of
Glc-6-P dehydrogenase and 6-phosphogluconate dehy-
drogenase and causes loss of carbon one of Glc-6-P as
CO2 without oxygen consumption while producing two
NADPH plus ribulose-5-P. The nonoxidative branch in-
volves rearrangement of shunt pathway intermediates via
transketolase and transaldolase reactions to produce
Fru-6-P and GAP that can re-enter the glycolytic path-
way, otherwise phosphate would be trapped in shunt
intermediates and reduce its availability for ATP synthe-
sis. Of three Glc-6-P that enter and traverse through the
shunt, three carbons (� 0.5 Glc-6-P) are lost as CO2 to
support redox management, and the remaining 2 Fru-6-P
(� 2 Glc-6-P) and 1 GAP (� 0.5 Glc-6-P) can be used to
support cellular energetics as well as oxidative stress,
depending on the extent of recycling of Fru-6-P back into
the pentose shunt after its conversion to Glc-6-P by phos-
phoglucose isomerase (PGI) (see below). This means that
if the pentose shunt flux rises, so does total glucose utiliza-
tion at the hexokinase step, and downstream glycolytic rate
would also increase to metabolize the GAP and the shunt-
derived Fru-6-P that is not recycled.

B) PATHWAY RATES. Under resting conditions, most studies in
the literature report that the pentose shunt accounts for less

than ~5% of glucose utilization in adult brain in vivo and in
cultured brain cells (179, 205), but, as discussed below, the
shunt rate may be underestimated. However, in vivo assays
in the inferior colliculus (a midbrain auditory structure) of
awake rats revealed an increase in shunt flux from ~7% to
25% of labeling of the total metabolite pool in the major
tonotopic band during acoustic stimulation (see FIGURE
6C-1 in Ref. 146). Pathway flux requires Glc-6-P availabil-
ity and is regulated mainly by inhibition of glucose-6-P
dehydrogenase by NADPH, and when NADPH is con-
sumed, inhibition is released and flux increases. Numerous
studies have shown that electrical stimulation of brain slices
(346) or addition of hydrogen peroxide or biogenic amine
neurotransmitters to brain slices, isolated synaptosomes,
cultured brain cells, or brain in vivo greatly stimulate pen-
tose phosphate shunt flux and that the pathway has a large
reserve capacity for upregulation [e.g., (16, 35, 43, 44, 179,
303)]. The basis for the neurotransmitter-evoked activation
is production of H2O2 plus an aldehyde by monoamine
oxidase (FIGURE 1). The aldehyde is reduced to an alcohol
by an NADPH-requiring aldehyde reductase generating
NADP�. The H2O2 is removed by GSH peroxidase that
converts two reduced GSH to oxidized GSH, followed by
the action of GSH reductase (plus 2 NADPH) to regenerate
2 GSH, forming 2 NADP�. NADPH utilization disinhibits
Glc-6-P dehydrogenase, and for each monoamine neu-
rotransmitter molecule oxidized by monoamine oxidase,
1.5 molecules of Glc-6-P must enter the shunt pathway to
produce the necessary NADPH. GSH has a critical role in
oxidative stress management, and its concentrations in neu-
rons are much lower than in astrocytes, both in tissue cul-
ture and in brain in vivo (516, 625). GSH levels are higher
in developing neurons in the subgranular zone of the den-
tate gyrus than older, nearby neurons (625). Pentose shunt
flux is also much lower in cerebrocortical astrocyte–neuron
cocultures compared with astrocyte cultures (all grown in
30 mmol/l glucose) and astrocytic shunt flux is stimulated to
a greater extent by H2O2 than in cocultures (43, 44). Lower
GSH levels and lower pentose shunt activity in neurons
have led to the suggestion that neurons are more vulnerable
to oxidative stress than astrocytes. However, one might
speculate that astrocytes may be endowed with higher GSH
levels and pentose shunt activity because they have greater
exposure to oxidative stress than neurons and/or higher
NADPH demand for other activities [e.g., for synthesis and
turnover of lipids in the fine peripheral astrocytic processes
(PAPs) that account for a high fraction of the astrocytic
volume (78) and actively extend and retract (138, 361)].

C) PATHWAY ASSAY METHODS. Pentose shunt activity is often
measured in vitro as the difference in rates of 14CO2 pro-
duction from [1-14C]glucose minus that from [6-14C]glu-
cose ((14C1-14C6)glucose) via the oxidative branch. For
both tracers, the rates of 14CO2 release during the third turn
of the TCA cycle are equal, and the additional 14CO2 from
[1-14C]glucose is derived from the pentose shunt. An in vivo

INTEGRATION OF ENERGETICS WITH FUNCTION

959Physiol Rev • VOL 99 • JANUARY 2019 • www.prv.org
Downloaded from www.physiology.org/journal/physrev by ${individualUser.givenNames} ${individualUser.surname} (130.063.180.147) on December 20, 2018.



approach is to inhibit 6-phosphogluconate dehydrogenase
and measure the rate of incorporation of 14C into 6-phos-
phogluconate from [U-14C]glucose over short time intervals
(205). More recent MRS assays in vitro and in vivo include
use of [2- or 3-13C]glucose (67), [1,2-13C2]glucose (66,
183), and [1,6-13C2,6,6-2H2]glucose (542) with analysis of
isotopomers of metabolites, mainly lactate but also TCA
cycle–derived amino acids.

Relative shunt flux rates are expressed in various ways: the
ratio of 14CO2 from C1/C6 glucose, increased 14CO2 pro-
duction from [1-14C]glucose relative to a control baseline,
(14C1-14C6)glucose 14CO2 production relative to glycolysis,
or (14C1-14C6)glucose 14CO2 production relative to glycol-
ysis plus pyruvate oxidation at the PDH step. In spite of
apparent methodological simplicity, quantitative assays of
pentose shunt flux are technically difficult for a number of
reasons.

D) COMPLEXITIES OF PENTOSE SHUNT ASSAYS. I) Recycling. Recycling
of Fru-6-P back into the pentose shunt would cause under-
estimation of shunt flux based on 14CO2 release from [1-
14C]glucose. Rodriguez-Rodriguez et al. (532) provided ev-
idence for recycling of Fru-6-P back to Glc-6-P via PGI and
re-entry into the shunt (FIGURE 1). They showed that when
pentose shunt activity measured as 14CO2 production from
(14C1-14C6)glucose and was reduced by 50% with dehydro-
epiandrosterone (DHEA) to inhibit 6-phosphogluconate
dehydrogenase, there was a twofold increase in 3H2O re-
lease from [3-3H]glucose (ascribed to glycolysis, but see
below) and a 3.5-fold rise in [Glc-6-P]. Also, there was a
50% rise in 14CO2 production when PGI level was knocked
down by 70%. Because the rise in rate of 3H2O production
exceeded the fall in the rate of 14CO2 production by a wide
margin when the shunt was inhibited, the authors reasoned
that the unlabeled Fru-6-P derived from decarboxylated
[1-14C]glucose-6-P contributes to shunt activity, but the
additional flux from recycling is not detectable because
14CO2 is not be generated. In contrast, re-entry and recy-
cling of [6-14C]glucose-derived [6-14C]Fru-6-P will retain
the label in C-6, causing pentose shunt flux based on (14C1-
14C6)glucose to be too low.

This is very important finding, but there are also some un-
certainties to be resolved. The vehicle for DHEA was not
identified, but if it were dissolved in dimethyl sulfoxide
(DMSO) [as used in (239)], the metabolic effects of DMSO
(447) may complicate interpretation of metabolic responses
to DHEA. Also, DHEA is not a specific inhibitor of 6-phos-
phogluconate dehydrogenase, and it has many other biolog-
ical actions in different cell types [reviewed in (507)]. For
example, after 24-h treatment with DHEA (acute effects on
brain cells were not reported), the energetics, respiration,
and levels of ROS in neuroblastoma cells are increased, and
primary cortical neurons exhibited higher ATP levels and
increased respiration rate (239). Presumably, partial inhibi-

tion of pentose shunt activity will lead to an increase in ROS
because of the inadequate GSH turnover.

II) Dilutional fluxes. Fluxes of unlabeled Glc-6-P from gly-
cogen and unlabeled Fru-6-P derived from [1-14C]glucose
via the pentose shunt may interfere with comparison of
pentose shunt fluxes in astrocytes and neurons. Glycogen-
olysis in astrocytes provides unlabeled Glc-6-P as substrate
for the shunt pathway to produce NADPH to detoxify
H2O2 (517). Glycogen also generates (mostly unlabeled)
lactate that is released from cultured astrocytes to the me-
dium (178). Thus, labeled Glc-6-P and labeled lactate from
labeled glucose will be diluted by glycogenolysis, causing an
unrecognized underestimation of shunt flux in astrocytes.
Also, equilibration of unlabeled Fru-6-P derived from the
pentose shunt with labeled Glc-6-P via the PGI reaction
would dilute the specific activity of these two labeled pools
from precursor [14C- or 13C]glucose, reducing downstream
labeling via the shunt and glycolysis and causing errors in
calculated rates when they are based on the specific activity
of precursor glucose.

III) Label scrambling. The method used to determine gly-
colytic or glycolytic plus PDH rate as a reference for relative
pentose shunt flux can be influenced by label scrambling
and by contributions of multiple pathways. Gaitonde et al.
(206) reported effects of label scrambling in the nonoxida-
tive branch on glutamate labeling [see (5) below], and
Bouzier-Sore and Bolanos (58) recognized that recycling of
Fru-6-P in the shunt and recycling of pyruvate via the TCA
cycle would alter the labeling pattern in lactate. Scrambling
of label in Glc-6-P occurs during its first pass through the
pentose shunt to produce Fru-6-P plus GAP, and subse-
quent scrambling varies with the extent of recycling of Fru-
6-P. When fluxes of the pentose shunt are expressed relative
to glycolysis and glycolysis is based on analysis of lactate
isotopomers, recycling of Fru-6-P and pyruvate must be
taken into account (58).

IV) Shunt flux relative to glycolysis. Shunt fluxes are often
expressed relative to glycolytic rate or to lactate production.
Glycolytic rate in brain slices and cultured cells is artifactu-
ally high because the LDH reaction and lactate transport
are equilibrative reactions, causing continuous and elevated
efflux of lactate to the medium because of its dilution in the
large extracellular volume. In slices, lactate efflux was re-
ported to be �60% of glucose utilization (553), but the
magnitude may vary with the slicing speed, slice thickness,
and other aspects of slice preparation that can influence
metabolic rate and oxygenation of the tissue (302, 456).
Cultured cerebrocortical and cerebellar neurons and astro-
cytes release lactate to the medium equivalent to 50–60%
of the glucose consumed (275), but other studies have re-
ported higher release from astrocytes compared with neu-
rons [e.g., (672)]. High in vitro glycolytic rates cause under-
estimation of relative shunt fluxes.
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V) Shunt flux relative to glycolysis plus pyruvate oxidation.
This approach is also subject to uncertainties because of
label scrambling. Baquer and colleagues (35) assayed pen-
tose shunt activities based on 14CO2 produced from [1-
versus 6-14C]glucose relative to glycolytic plus PDH rate
that was determined by 14CO2 production from [3,4-14C]-
glucose (via decarboxylation of the generated [1-14C]pyru-
vate by PDH). The relative rates in brain slices from 1-day-
old and adult rats were quite low, ~9 and 1%, respectively.
Use of [3,4-14C]glucose assumes decarboxylation of two
molecules of [1-14C]pyruvate per [3,4-14C]glucose at the
PDH step, with no loss of labeled lactate. However, [3,4-
14C]glucose would also enter the pentose shunt (just as
[1-14C and 6-14C]glucose), and label scrambling would oc-
cur. From three Glc-6-P entering the shunt, five pyruvate are
produced, three labeled in carbon 1 that are lost at the PDH
step, one labeled in carbons 1 and 2, and one labeled in
carbon 2, and as shown by Gaitonde et al. (206), pyruvate
enters the TCA cycle by two routes, via conversion to OAA
by pyruvate carboxylase (PC) in astrocytes and via conver-
sion to [14C]acetyl CoA by PDH, both of which label glu-
tamate, aspartate, glutamine, and �-aminobutyric acid
(GABA). This scrambling was confirmed and extended in
MRS studies by Brekke et al. (67) with [2-13C]- and [3-
13C]glucose. Thus, the PDH flux is underestimated by
14CO2 release from [3,4-14C]glucose, and the apparent rel-
ative shunt flux is too high. More scrambling would occur
with recycling of labeled Fru-6-P. Any [14C]lactate forma-
tion from glycolytically derived pyruvate from [3,4-
14C]glucose with its release to the medium would increase
the magnitude of underestimation of glycolysis/oxidation,
and true pentose shunt rates relative to glycolysis would be
even lower than reported.

Similar experiments carried out by Baquer et al. in synap-
tosomes isolated from 10-day-old rats showed that the
shunt flux was 9% of glycolysis plus PDH under resting
conditions, and it rose to 59% in the presence of serotonin
(35). In this experiment, activation of monoamine oxidase
and aldehyde reductase activities would increase demand
for NADPH. Interestingly, 14CO2 production from [3,4-
14C]glucose and [6-14C]glucose did not change with sero-
tonin treatment, whereas decarboxylation of [1-14C]glu-
cose rose considerably. Presumably, the net rise in shunt
flux determined with [1- versus 6-14C]glucose also involves
[3,4-14C]glucose with its label scrambling via the shunt.
Ignoring Fru-6-P recycling, the rise in glycolysis during se-
rotonin treatment might be roughly estimated by dividing
the net rise in shunt flux rate in Table II of Ref. 35 by three
because only four of the six labeled pyruvate carbons (2/3)
are released at the PDH step, and two carbons (1/3) are
retained. The calculation is as follows: (14C1-14C6) � 0.4
�g atoms glucose carbon yield of 14CO2/g of protein/15 min
at rest and 2.72 in the presence of serotonin for a net rise in
shunt flux of 2.32 �g of atoms glucose carbon/g of pro-
tein/15 min. Multiply by 1/3 to account for the 14C retained

after PDH step � 0.77 �g atoms glucose underestimation
of glycolysis plus PDH. Adding this to the glycolytic � PDH
rate in the presence of serotonin (0.77�4.57) � 5.34 �g
atoms glucose carbon as the corrected value. Dividing this
value by basal CO2 release from [3,4-14C]glucose (4.33 �g
of atoms glucose carbon/g of protein/15 min) gives a 23%
rise in glycolysis plus PDH. Thus, glycolytic flux probably
rose during serotonin treatment of synaptosomes, along
with increased shunt activity.

VI) Assay of glycolytic rate as 3H2O release is not pathway
specific. To avoid issues related to lactate labeling patterns
and amount, Bouzier-Sore and Bolanos (58) recommended
use of [3-3H]glucose to measure glycolysis based on tritium
release as 3H2O at the aldolase/triose isomerase steps (Fru-
1,6-P2 ↔ DHAP ↔ GAP; FIGURE 1), citing an earlier study
by Katz et al. (337). However, Katz et al. (337) also re-
ported that tritium is transferred from [3-3H]Glc-6-P to
NADP� at the 6-phosphogluconate dehydrogenase step,
the second reaction of the pentose shunt pathway, to pro-
duce detritiated ribulose-5-P and NADP3H. If the NADP3H
is used in the GSH reductase–peroxidase reactions to con-
vert H2O2 to H2O, the 3H is recovered in 3H2O, causing
glycolytic rate to be overestimated. Thus, for each molecule
of [3-3H]Glc-6-P entering the shunt (equal to 14CO2 from
[1-14C]Glc), one 3H2O would be released. On the other
hand, 3H can also be transferred to other compounds, such
as fatty acids and glycerol in rat epididymal fat pad slices
(337), reducing the amount in water. Based on the stated
importance of the pentose shunt for neuronal oxidative
stress management (52), most of the 3H from shunt activity
in cultured neurons may be recovered in 3H2O, but the
metabolic fate of the 3H after passage through the shunt
remains to be established.

A shortcoming of the analysis of uncertainties in pentose
shunt assessment by Bouzier-Sore and Bolanos (58) is that
they did not discuss the issue that 3H2O release is not spe-
cific for glycolysis, and the assay of glycolysis with [3-3H]-
glucose does not discriminate between release by the aldo-
lase/triose isomerase and pentose shunt/GSH reductase–p-
eroxidase reactions. Any contribution by the shunt to 3H2O
release increases apparent glycolytic rate and reduces of
shunt flux relative to glycolysis. For example, in the Rodri-
guez-Rodriguez et al. (532) study of Fru-6-P recycling dis-
cussed above, if all of the 3H removed by the shunt is trans-
ferred to 3H2O, then their control glycolytic rate (1.2 nmol/
min/mg) would be overestimated by shunt flux (0.2 nmol/
min/mg), causing a 20% overestimation of control
glycolytic rate (1.2/[1.2–0.2]), and 4% overestimate in the
DHEA-treated cells. Because the pentose shunt is more ac-
tive in astrocytes than neurons, glycolysis may be overesti-
mated to a greater extent in astrocytes when based on 3H2O
release. The magnitude of 3H2O formation via the pentose
shunt in cultured neurons and astrocytes in previous studies
(8, 267) is not known, but a 46% reduction in pentose
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shunt flux [measured as 14CO2 release from (14C1-
14C6)glucose] after partial inhibition of 6-phosphoglu-
conate dehydrogenase with 6-aminonicotinamide caused
27% and 40% decreases, respectively, in 3H2O production
from [3-3H]glucose in cortical and cerebellar brain slices
from 20-day-old rats (304). In contrast, use of DHEA to
inhibit the pentose shunt stimulated 3H2O release from cul-
tured neurons by 3.5-fold (532). This apparent discrepancy
underscores the importance of evaluating metabolic side
effects of DHEA/DMSO and quantifying the contributions
of residual pentose shunt activity to 3H2O release.

VII) Cellular preparation used for shunt assays. The cellular
preparation, cell suspension versus attached cells, used for
metabolic assays also has a high impact on glycolytic and
shunt rates. Herrero-Mendez et al. (267) reported that the
rate of the pentose shunt pathway based on 14CO2 release
from (14C1-14C6)glucose in their cultured cortical neurons
was about 200% that of 3H2O release ~1 nmol/mg pro-
tein/h (FIGURE 3a in Ref. 267) and ~0.47 nmol/mg pro-
tein/h (their FIGURES S2a and S3c, respectively) when as-
sayed in cell suspensions [note: the reported values per 106

neurons were converted to per mg protein by dividing by
0.7 mg/106 neurons based on the legend to their FIGURE
S3c in (267)]. A previous study by the same group in
trypsinized/suspended cells also reported low pentose shunt
activities in cultured neurons compared with astrocytes, ~1
and 3 nmol/mg/h, respectively (212). These values contrast
with pentose shunt flux of ~15% of 3H2O release (~12 and
78 nmol/mg/h, respectively; note: reported units of per min-
ute were converted to per hour) when measured by the same
laboratory in attached cortical neurons by Rodriguez-Ro-
driguez et al. (532). Cell suspensions have been previously
recognized as having lower metabolic rates compared with
attached cells, presumably because of the damage and loss
of processes (275), and 3H2O release putatively from gly-
colytic activity in attached cells was 166 times that of sus-
pended cells, whereas pentose shunt flux was 12-fold higher
than in the study of Herrero-Mendez et al. This means that
glycolytic flux is either severely impaired by detachment
and assay in suspension or it can increase in cultured at-
tached neurons when both rates are reported per mg protein
to account for loss of processes in detached cells. This key
issue needs to be resolved experimentally to evaluate in
which the glycolytic activity is highest in these neurons.

Because the pentose shunt releases one 3H from [3-3H]Glc-
6-P, a rough estimate of a correction of glycolytic rate for
contribution from the shunt might be obtained by subtract-
ing the shunt flux rate from 3H2O production rate. For
3H2O release from attached cortical cells, the correction is
15% (78–12 � 66 nmol/mg/h), and raises calculated shunt
flux to 18% of 3H2O release. For the cortical cell suspen-
sions, the same calculation yields a negative glycolytic rate
(0.47 � 1 � �0.53 nmol/mg/h) that is impossible, suggest-
ing that most of the NADP3H may be used for lipid synthe-

sis or other processes in the damaged cells in preference to
GSH peroxidase to generate 3H2O. For comparison, Brekke
et al. (67) reported rates of incorporation of [2-13C]glucose
into glutamate as 6 and 1 nmol/h/mg via glycolysis and
pentose shunt, respectively, in attached cortical neurons
without correction of the shunt rate caused by scrambling
(58). These results emphasize the importance accounting
for the influence of cell preparation/assay procedures on
rates of glycolysis and the pentose shunt (626) as well as
complexity arising from label scrambling (58, 67, 206, 267,
532).

VIII) Influence of tissue culture procedures on shunt activ-
ity. Critical issues with all tissue culture metabolic studies
include the age (developmental stage) of the cells and exact
culture conditions, including glucose concentration of the
medium. The levels of all metabolic enzymes in fetal and
newborn brain are extremely low, and phosphofructoki-
nase (PFK) has the largest developmental increases between
5 and 10 days and 30–40 days of age in vivo (i.e., beyond
the age of cultured neurons) (12). Also, the levels of aldo-
lase, LDH, and other glycolytic and mitochondrial oxida-
tive enzymes of glucose metabolism rise four- to fivefold
between ~10 and 30 days (368, 369) [also see Figure 2 in
(146)]. Most investigators obtain cerebral cortical neurons
[a model for GABAergic neurons (67)] from embryonic day
15–16 rodents and grow them for about a week in 20–30
mmol/l glucose, so the cells are equivalent in age to 1– to
2-day-old pups, and they are chronically severely hypergly-
cemic. Cerebellar neurons [a model for glutamatergic neu-
rons (67)] were harvested from 7-day-old mice, grown in 12
mmol/l glucose for 7–8 days, for an equivalent age of ~2 wk
(67). Of note, cultured cerebellar glutamatergic neurons
have glucose utilization rates ~5 times higher than cultured
GABAergic cortical neurons (275). Astrocytes are harvested
from newborn (0–2 days old) rodents and grown in culture
for 2–4 wk (275). Thus, cultured astrocytes are usually
older than cultured neurons and have more extensive mat-
uration via the neonatal growth spurt, both in vivo before
tissue harvest and in culture (571). Higher enzyme activities
and metabolic capacities in astrocytes contribute to ob-
served differences with neurons that are often used before
the developmental surge in metabolic capability.

High-glucose (20–30 mmol/l) media are commonly used
for tissue culture, exceeding the normal brain glucose level
of 2–3 �mol/g by 10- to 15-fold. A serious concern is that
chronic hyperglycemia causes diabetes-like consequences in
cultured cells, including oxidative stress and synthesis of
sorbitol by aldose reductase. Both processes consume
NADPH and put an additional demand for pentose shunt
activity on these cells. A high glucose medium stimulates
large increases pentose shunt flux in cultured astrocytes,
and removal of the culture medium and its replacement
with incubation medium with a different glucose concen-
tration also governs the pentose shunt activity (632). Cul-
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ture of astrocytes in 22 mmol/l glucose causes 50% lower
rates of oxidation of glucose and lactate compared with 2
mmol/l (1). In cultured astrocytes, removal of the medium
used to prelabel glycogen with [13C]glucose, followed by a
wash and addition of a different assay medium was suffi-
cient to cause the loss of all of the prelabeled glycogen
(670). Perhaps this may be due to oxidative stress, which
does stimulate glycogenolysis (517). Thus, differences be-
tween neurons and astrocytes can arise from culture proce-
dures, developmental stage, medium glucose level, and their
inherent properties.

E) DISPUTE REGARDING NEURONAL INABILITY TO UPREGULATE GLYCOLY-

SIS. In addition to the above uncertainties in the true and
relative magnitude of the pentose shunt flux, there has been
an important debate in the literature regarding whether
cortical neurons (and by extension all neurons) can upregu-
late glycolytic rate. The underlying idea is that enhanced
glycolysis may compete with the pentose shunt pathway for
Glc-6-P, thereby reducing the ability of neurons to generate
NADPH, rendering them vulnerable to oxidative stress (58,
267, 532). An inference of this notion is that neurons may
oxidize lactate as a supplemental substrate, circumventing
their need to increase glycolysis (58, 267, 532) (see Section
VI). However, when activated cerebellar glutamatergic neu-
rons are given access to both glucose and lactate, they in-
crease oxidation of glucose, not lactate (28).

Almeida et al. (8) observed nitric oxide–induced apoptosis
in cultured cortical neurons, not in astrocytes, secondary to
inhibition of cytochrome c oxidase and respiration. NO
treatment increased lactate production in astrocytes (at
12–14 days in vitro in 20 mmol/l glucose media) but not in
neurons (from embryonic day 16–17 and assayed at day 9
in vitro), indicating that these neurons did not upregulate
glycolysis (8). Herrero-Mendez et al. (267) provided strong
evidence that cultured cortical neurons cannot increase gly-
colytic rate because PFK1, a major regulator of glycolytic
flux, cannot be upregulated. The basis for this conclusion is
that neurons in brain slices and in culture have low levels of
6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-3
(Pfkfb3) that produces fructose-2,6-bisphosphate (Fru-2,6-
P2), a strong activator of PFK1, whereas astrocytes have
high levels of Pfkfb3. Genetic manipulations to upregulate
Pfkfb3 in cultured cortical neurons increased glycolytic
flux, reduced pentose shunt flux, and increased oxidative
stress with lethal consequences.

The extrapolated inference from the above results in cul-
tured cortical cells [i.e., that all neurons in vitro and in vivo
and all neuronal preparations cannot substantially upregu-
late glycolysis (267, 396)] is challenged because at least 17
independent studies in cultured neurons demonstrated in-
creased glycolysis or oxygen consumption with glucose as
sole substrate, at least 18 studies using isolated synaptic
endings demonstrated robust increases in glycolysis and res-

piration, and 5 studies with cultured neurons demonstrated
increases in cell surface expression of glucose transporters
and elevated transport of glucose analogs (144). Experi-
mental conditions in the above tabulated studies included
anoxia, hypoxia, electron transport chain inhibitors, other
metabolic poisons, or metabolic stimulators. Furthermore,
fluorodeoxyglucose (FDG) phosphorylation, a marker for
flux through the hexokinase step, increases in synaptic end-
ings in vivo when brain metabolism is enhanced (485). Also,
neuronal glycolysis with lactate production (not extracellu-
lar lactate uptake) increases during electrical stimulation in
brain slices and in the whisker barrel cortex in vivo during
whisker stimulation (140). In addition, mobilization of the
glucose transporter GLUT4 from internal stores to the syn-
aptic plasma membrane is necessary to support synaptic
vesicle recycling (20, 21) and to support memory consoli-
dation (490, 491). Synaptosomes and brain slices from
adult brain have the advantage that they have gone through
the normal maturation process in vivo, and these studies
demonstrate that neuronal glucose utilization and respira-
tion do increase substantially during activation, and glucose
transport and/or capacity also rises to support enhanced
glycolytic activity. Conceivably, the additional glucose me-
tabolized over and above the basal level in all of the above
experiments involving cultured neurons or synaptosomes
was diverted through the pentose shunt then back to glyco-
lysis. However, even if this occurred, glycolysis must have
increased, at least to the extent of metabolism of the GAP
produced by the pentose shunt if all of the Fru-6-P is con-
tinuously recycled. In sharp contrast to the study of
Almeida et al. (8), the large increases in neuronal lactate
production during anoxia, hypoxia, and other treatments
demonstrate glycolytic upregulation, whether or not the
Glc-6-P traversed through the pentose shunt. The key un-
answered question is whether the flux from Glc-6-P directly
through PFK1 can increase along with greater flow of Glc-
6-P into the pentose shunt. As noted above, there is tenta-
tive evidence that both fluxes may rise in synaptosomes
treated with serotonin. Further experimental clarification
of whether flux through neuronal PFK1 can increase re-
quires comprehensive assays of all metabolic pathways un-
der graded activating conditions.

Bolanos (52) reviewed the series of studies from his labora-
tory to elucidate regulation of the pentose shunt and glyco-
lysis in cultured cortical neurons versus cultured astrocytes.
Strong, detailed evidence was presented to document the
inability of cortical neurons to upregulate PFK1 and the
lethal consequences of removal of the block. However, it is
still not convincing that their cultured neurons cannot up-
regulate glycolysis and/or lactate production at all. The stoi-
chiometry of the pentose shunt is three Glc-6-P are metab-
olized to produce three CO2 plus one GAP plus two Fru-
6-P. Start with the assumption that all of the Fru-6-P
generated by the shunt is completely and continuously re-
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cycled after the pathway is primed by metabolism of three
Glc-6-P. During the first round of recycling, the two shunt-
derived Fru-6-P are converted to two Glc-6-P that re-enter
the shunt. To maintain the above stoichiometry, an addi-
tional (blood- or culture medium–derived) glucose-derived
Glc-6-P is required to produce the three CO2 plus one GAP
from the net reaction, and one new Glc-6-P would be re-
quired for each subsequent complete recycling event. The
GAP is further metabolized by glycolysis to be oxidized or
converted to lactate. If the starting tracer is [3-3H]glucose
and the shunt-derived NADPH is used to manage oxidative
stress, one 3H2O would be released per cycle. This means
that one GAP and one 3H2O are produced per new Glc-6-P
entering the shunt with a 1:1:1 stoichiometry, and down-
stream glycolytic flux must rise above the basal rate equal to
half of the increase in the hexokinase rate. In this case, all of
the increase in 3H2O during shunt flux stimulation (e.g.,
during biogenic amine neurotransmission) would be de-
rived from the shunt, not glycolysis.

If recycling is incomplete, the Fru-6-P would have to tra-
verse the PFK1 step or be used for other pathways that may
also require a bottleneck at PFK1 in developing neurons to
have adequate supplies of Glc-6-P and Fru-6-P (both gen-
erated by recycling and the isomerase reaction). For exam-
ple, Glc-6-P is the precursor for galactose, glucuronate,
myoinositol-1-P, and cerebrosides. Fru-6-P is the precursor
for synthesis of mannose-6-P, N-acetyl-glucosamine-6-P,
N-acetyl-mannosamine, N-acetyl-galactosamine, fucose,
sialic acid (N-acetyl-neuraminate), and complex carbohy-
drates in glycolipids and glycoproteins (FIGURE 1). Conceiv-
ably, these pathways are also critically important for devel-
oping neurons growing in culture and synthesizing and
elaborating processes. Perhaps, once the axons and den-
drites have completed development (in vitro and in vivo),
the bottleneck at PFK1 could be removed. The specific,
unresolved issues are whether PFK1 flux in neurons can be
increased and whether the bottleneck is only in cortical
(putative GABAergic) neurons or also in other neurotrans-
mitter classes of neurons and in vivo.

F) FRU-6-P RECYCLING AND AEROBIC GLYCOLYSIS. An interesting out-
come of continuous, complete recycling of all Fru-6-P and
the requirement for new glucose per cycle is that three CO2

are released without oxygen consumption for each new Glc-
6-P entering the cycle (one from Glc-6-P and two from
Fru-6-P). As discussed in more detail in Section V (Aerobic
Glycolysis), the OGI is the ratio CMRO2/CMRglc that has a
theoretical maximum of six because of the stoichiometry of
glucose oxidation: 6O2 � one glucose ¡ 6CO2 � 6H2O.
The lower OGI, the more glucose consumed in excess of
oxygen. Normal resting brain has an OGI close to six, and
OGI falls during brain activation in sedentary subjects and
during vigorous exercise even though oxygen level and de-
livery to brain are sufficient.

In the case of total recycling via the pentose shunt, and if the
GAP is oxidized, the OGI would be three because the equiv-
alent of half of each incoming Glc-6-P is converted to three
CO2, consuming 0.5 Glc without O2. On the other hand, if
the GAP is converted to lactate and released from the cell,
OGI would be 0. In contrast, if there is no recycling and all
Glc-6-P traversed the pentose shunt, only one carbon from
Glc-6-P is lost as CO2 and the contribution to reducing OGI
from 6.0 would be 1/6 or ~17% (OGI � 5). In our studies
noted above, pentose shunt flux in the major tonotopic
band in the inferior colliculus of awake rats rose from 7%
of glucose oxidation to 25% during acoustic stimulation. If
it assumed that shunt recycling is complete so that half of
the rate of glucose utilization via the shunt is converted to
CO2 and the GAP is oxidized (OGI � 3) and the remaining
glucose is completely oxidized (OGI � 6), the overall cal-
culated OGI falls from 5.6 at rest to 4.6 during acoustic
stimulation caused by pentose shunt activity. Lactate pro-
duction and release from the tissue would further reduce
OGI. This suggests that the neuronal and astrocytic pentose
shunt fluxes may make a substantial contributions to aero-
bic glycolysis during brain activation, particularly if Fru-
6-P recycling is high or complete. In addition to reducing
OGI, the glucose consumed in excess of oxygen via the
pentose shunt is released as CO2 that would contribute to
the difficulty of identification and quantification of release
of labeled metabolites from activated tissue in vivo in met-
abolic labeling experiments (see Section V).

G) PFK REGULATION IN VIVO. The reasons for and mechanisms of
regulation of PFK activity during development of cultured
cortical and cerebellar cells and in immature and adult brain
are relevant to the discussion of increases in PFK flux. Cul-
tured neurons, in sharp contrast to mature neurons in vivo,
are extending processes on the culture plates that involve
lipid, glycoprotein, glycolipid biosynthesis requiring high
pentose shunt activity, diversion of Glc-6-P and Fru-6-P
from the glycolytic pathway into synthesis of complex car-
bohydrates, and they also need NADPH for biosynthesis
and to manage high-glucose–induced oxidative stress and
sorbitol synthesis caused by the hyperglycemic culture me-
dia. A glycolytic bottleneck at PFK1 (caused by low Pfkfb3
and Fru-2,6-P2) to provide more Glc-6-P for the shunt and
Glc-6-P and Fru-6-P for biosynthesis may be extremely im-
portant for neuronal growth, development, and survival at
the youngest ages in culture. In contrast, if older (in vitro)
astrocytic cultures have reached confluence, growth slows
and demand for membrane precursors is reduced, allowing
for PFK1 regulation according to metabolic demand. These
alternative interpretations could be experimentally tested.

Discordance between in vivo age-dependent increases in
CMRglc and changes in Fru-2,6-P2 levels raises doubt that it
is the only or most important regulator of PFK1 in living
brain. For example, glucose utilization increased 20-fold
from age 6–15 days, whereas there was a 25% fall in Fru-
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2,6-P2 level (174, 175). Also, Fru-2,6-P2 levels did not rise
with large increases in glycolysis in cultured astrocytes, neu-
rons, or neuroblastoma cells (488). Importantly, many me-
tabolites serve as regulators of PFK activity (e.g., Glc-1,6-
P2, ATP, ADP, AMP, cAMP, citrate, Pi, NH4

�, K�, and
H�) (14, 39, 382, 483). Ribose-1,5-P2 is second in potency
to Fru-2,6-P2 to stimulate PFK activity (315), and during
ischemia, ribose-1,5-P2 concentration quickly increased
and caused a fourfold activation of PFK with no change in
Fru-2,6-P2 level (462). There is increasingly-strong evidence
that glycolysis is required for neuronal functions and it is
upregulated in neurons during activation (20, 702) (see Sec-
tion IV).

H) SUMMARY. The pentose phosphate shunt pathway has been
historically considered to be a minor flux with very high
capacity for upregulation across age (35). However, com-
plex technical issues related to pentose shunt and glycolytic
flux assays and label scrambling complicate quantification
of its magnitude in both absolute and relative assays and
probably cause underestimation of shunt flux. Culture con-
ditions, extremely high glucose levels in media, develop-
mental stage of neuronal versus astrocytic cultures, influ-
ence of glycogenolysis, and other factors have a high impact

on experimental outcome, and new approaches will be re-
quired to address these problems. Stimulation of neuronal
glycolysis is likely to occur during various conditions, and
the proportion of Glc-6-P diverted into the shunt compared
with direct metabolism by glycolysis may depend on ATP
demand compared with requirements for NADPH produc-
tion for biosynthesis and oxidative stress management. The
inability of cultured cortical neurons in a specific experi-
mental preparation to increase 3H2O release or lactate pro-
duction is not compelling evidence against the wealth of
data demonstrating that neurons and synaptic endings in-
crease glycolytic rate under various conditions. Translation
of findings in immature, severely hyperglycemic–cultured
cells to living brain and adult brain slices and synaptosomes
must be made with caution.

5. Glucose storage: glycogen

The glycogen shunt (590) involves cycling of Glc-6-P into
and from glycogen (FIGURES 1 AND 2), a process that in-
volves highest turnover of the outermost tiers of glycogen
compared with inner tiers (677). The life cycle of a glyco-
gen–protein granule is complex and poorly understood in
brain. Glycogen is the major fuel storage in the brain, and
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recent studies have revealed higher levels of glycogen in the
brains of unstressed animals and mobilization of glycogen
during normal brain functional activities in the presence of
normal supplies of glucose (629). Glycogen is mainly in
astrocytes and located throughout the cell: cytosol, end-feet
surrounding the vasculature, and perisynaptic processes.
Glycogen has been rarely detected in neurons, with few
striking exceptions [e.g., dendrites in the vestibular nucleus
that are packed with glycogen and mitochondria (610)].
More recently, use of very sensitive assays revealed small
amounts of glycogen, glycogen synthase, and glycogen
phosphorylase in neurons (554). Activation of glycogen
phosphorylase is very fast, and glycogenolysis has the ad-
vantage of a 50% higher ATP yield than glycolytic metab-
olism of glucose because Glc-6-P is produced from glycogen
without consuming ATP (the cost is “prepaid” during gly-
cogen synthesis). Three ATP are generated from glycogen-
derived Glc-6-P versus two ATP from glucose-derived Glc-
6-P. Glycogen turnover is a very highly regulated process
(460), and its dysregulation with accumulation of abnormal
glycogen structures causes severe seizures and death in pa-
tients with Lafora disease (528).

Novel functions of glycogen include an essential role in
memory formation demonstrated by knockout of glycogen
synthase (182) and of neuronal glycogen synthase Gys1
(Dr. Jordi Duran, personal communication), fueling of K�

uptake from extracellular fluid in cultured astrocytes (697),
and fueling the ATPase that pumps Ca2� into the endoplas-
mic reticulum (ER) in cultured astrocytes (440). Release of
glycogen-derived lactate from brain during activation and
utilization of blood-borne glucose to resynthesize the gly-

cogen during recovery from activation can consume glucose
without oxygen consumption (aerobic glycolysis, see Sec-
tion V). Active involvement of glycogen in brain energetics
and its contributions to aerobic glycolysis have stimulated
interest in functions and regulation of glycogen turnover
(see Section VII).

6. Glucose is a precursor for many biosynthetic
reactions

Inspection of FIGURE 1 reveals that side reactions from the
glycolytic pathway generate compounds required for brain
structure and function. These include the glucose-derived
amino acids (serine, glycine, alanine, and glutamine), neu-
rotransmitters and neuromodulators (glutamate, GABA,
aspartate, D-serine, glycine, and acetylcholine), and com-
plex carbohydrates that are components of glycolipids and
glycoproteins. In general, the rates of these processes must
be very low compared with glycolytic and oxidative fluxes,
because glucose utilization and oxygen consumption are
tightly coupled under resting conditions (i.e., the CMRO2/
CMRglc molar ratio), the OGI is close to 6.0. Details of
these pathways and their roles in inherited and degenerative
diseases can be found in reviews by different authors in
various editions of Basic Neurochemistry (American Soci-
ety for Neurochemistry) to which interested readers are
referred.

7. Summary

The major role for glucose, particularly in adult brain, is
generation of ATP, but it is also essential for synthesis of

FIGURE 2. Assays of total glucose utilization, pathway fluxes, and astrocyte–neuron interactions. 2-Deoxy-D-[14C]glucose ([14C]DG) and
2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG) are glucose (Glc) analogs used in autoradiographic and positron-emission tomographic assays, respectively,
of total glucose utilization. These analogs compete with Glc for transport into brain cells and phosphorylation by hexokinase (HK). In contrast with
glucose-6-phosphate (Glc-6-P), [14C]DG-6-P and [18F]FDG-6-P are trapped in cells because they cannot be further metabolized by the glycolytic
pathway. The rate of total glucose utilization (CMRglc-total) (purple text and highlight) in all brain cells can be calculated from the rate of [14C]DG or
[18F]FDG phosphorylation. Magnetic resonance spectroscopic (MRS) studies using [13C]glucose (or other substrates) labeled in different positions can
track metabolism of glucose through the oxidative pathways in neurons (yellow) and astrocytes (pink) because the label is trapped in tissue by dilution
into the large unlabeled pools of tricarboxylic acid (TCA)–derived amino acids. Labeling of aspartate (Asp) and glutamate (Glu) occurs via transaminase-
mediated exchange reactions with labeled TCA cycle components, oxaloacetate (OAA), and �-ketoglutarate (�KG). Astrocytes can synthesize “new”
molecules (i.e., de novo synthesis from glucose) of Asp via the astrocytic enzyme pyruvate carboxylase (PC) and of Glu through the combined actions
of pyruvate carboxylase (PC) and pyruvate dehydrogenase (PDH). Glutamine (Gln) is synthesized from Glu in astrocytes and shuttled to neurons as
precursor for the excitatory and inhibitory neurotransmitters, Glu and �-aminobutyric acid (GABA), respectively. The neuronal Gln transporter [solute
neutral amino acid transporter (SNAT)] is not definitively identified but is probably electrogenic, driven by Na� uptake; the mechanism of Na� extrusion
is also not known but may require 1ATP (denoted by ?). After Gln processing to generate vesicular Glu (requiring one ATP), followed by its release during
excitatory signaling, Glu is avidly taken up into astrocytes by Glu transporters (GLT-1 or GLAST) along with Na� that is extruded by Na�,K�-ATPase,
requiring one ATP. Some Glu can be retaken up into neurons, but its quantitative significance is debated and thought to be small. About 20% of the
Glu taken up into astrocytes is oxidized and must be replaced by de novo synthesis, and both of these processes generate ATP. Conversion of Glu to
Gln requires one ATP, and Gln release is believed to employ an equilibrative, electroneutral SNAT. Metabolic modeling of data obtained in MRS studies
is used to calculate the fluxes in different pathways. Lactate can be produced by all types, depending on conditions, and its trafficking among brain cells
occurs via equilibrative plasma membrane monocarboxylic acid transporters (MCTs) or through gap junctions of coupled astrocytes; lactate diffusion
is concentration-gradient driven. Glycogen is contained mainly in astrocytes, and the outer tiers represented by the small circles on the surface of the
glycogen “core,” turnover at a higher rate than the limit dextrin. See text for discussion of the Glu–Gln (green) and Gln–GABA (maroon) cycles (Section
III) and glycogen shunt (Section VII). Abbreviations: GABAergic neurons use GABA as an inhibitory neurotransmitter; glutamatergic neurons use
glutamine as an excitatory neurotransmitter; Lac, lactate; postsyn, postsynaptic; PPP, pentose phosphate shunt pathway; Pyr, pyruvate; V, rate of
the reaction in the cell type indicated in the subscript: a � astrocyte, n � neuron. The PDH, PC, TCA cycle rates can be determined by MRS and
metabolic modeling for glutamatergic (blue) and GABAergic (maroon) neurons and astrocytes (grey).
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compounds required for signaling, management of oxida-
tive stress, and brain structure and remodeling. Glucose
metabolism is tightly regulated and fluxes through different
pathways change with physiological status. ATP demand
varies in microdomains of all cell types and changes with
functional activity of brain (e.g., sensory perception, neuro-
muscular activities, learning and memory, higher integra-
tive behaviors, and sleep/wake cycle).

B. “Metabolite Proofreading”

Textbook presentation of the stepwise catabolism of glu-
cose via the glycolytic and TCA cycle pathways gives the
impression that the enzymes are highly selective with re-
spect to their substrates and very specific in terms of the
product(s) produced. However, side reactions take place at
very low rates and lead to production of abnormal metab-
olites that have no biological function and can inhibit en-
zymes in other pathways. The presence of these compounds
can be repaired by specific enzymes that metabolize and
remove them, a concept called “metabolite proofreading,”
analogous to DNA proofreading (375, 655, 656). The fol-
lowing three examples illustrate the importance of meta-
bolic repair enzymes to eliminate toxic or useless by-prod-
ucts.

First, L-2-hydroxyglutarate is formed in a side reaction of
the mitochondrial L-malate dehydrogenase that reduces
OAA to L-malate using NADH as cofactor (see FIGURE 1;
MAS). L-Malate dehydrogenase also reduces �KG to L-2-
hydroxyglutarate with a catalytic efficiency 107-fold lower
than for OAA (552). L-2-Hydroxyglutarate is normally ox-
idized by a mitochondrial FAD-linked L-2-hydroxygl-
utarate dehydrogenase to form �KG, but a mutation in this
repair enzyme causes L-2-hydroxyglutaric aciduria (552).
L-2-Hydroxyglutarate inhibits lysine metabolism and
causes mental retardation, seizures, and many pathological
changes in brain, presumably due, in part, to its accumula-
tion in oligodendroglia and astrocytes (551).

Second, formation of the hydrated form of NADH (called
NADHX) occurs spontaneously as well as during the
GAPDH reaction, and the damaged cofactor can inhibit
several dehydrogenases. NADHX is converted back to
NADH by the action of two enzymes, an epimerase and a
stereospecific ATP-dependent dehydratase, both of which are
widely distributed in cytosol and mitochondria in mammalian
tissues (404). NADHX inhibits cytosolic glycerol-3-phosphate
dehydrogenase, the enzyme that catalyzes the reduction of
dihydroxyacetone phosphate (a product of aldolase action on
fructose-1,6-P2; FIGURE 1) into glycerol-3-phosphate, which
can be dephosphorylated to glycerol that is important for lipid
biosynthesis (503). NADPH is similarly hydrated to
NADPHX, which inhibits glucose-6-P dehydrogenase and
6-phosphogluconate dehydrogenase, both of which comprise
the oxidative branch of the pentose-phosphate shunt pathway

to convert glucose-6-P to ribulose-5-P plus 2 NADPH (703).
The dehydratase repairs both hydrated forms.

Third, phosphoglycolate phosphatase acts to dephosphor-
ylate two compounds, 4-phosphoerythronate (4PE) and
2-phospho-L-lactate (2-P-lactate), formed by side reactions
of different enzymes (107). 4PE is produced in two steps,
the glycolytic enzyme GAPDH also acts on the pentose
shunt intermediate erythrose-4-phosphate to form 1,4-bis-
phospho-erythonate that is converted to 4PE by an acyl
phosphatase. 4PE is an inhibitor of 6-phosphogluconate
dehydrogenase and impairs the pentose phosphate shunt.
2-P-lactate is produced by the glycolytic enzyme pyruvate
kinase by phosphorylation of lactate. 2-P-lactate inhibits
PFK2 and impairs formation of fructose-2,6-bisphosphate,
an activator of PFK that enhances glycolytic flux. Thus,
these two toxic side products of the glycolytic pathway
would impair management of oxidative stress by the pen-
tose shunt pathway to produce NADPH and impair upregu-
lation of glycolytic flux by an important activator.

Methylglyoxal and glyoxal are two highly reactive by-prod-
ucts of glycolysis formed by the spontaneous decomposi-
tion of glyceraldehyde-3-P and dihydroxyacetone phos-
phate, and the reaction is accelerated by triose-phosphate
isomerase (516). Methylglyoxal can also arise from catab-
olism of serine and threonine and from lipid peroxidation,
and in animal studies, tissue levels of methylglyoxal are
increased after high glycemic index meals, hyperglycemic
bouts, and intake of large amounts of fructose (290, 680).
Methylglyoxal and glyoxal are detoxified by the very-active
glyoxalase system that is present in neurons and astrocytes.
In this process, GSH combines with methylglyoxal to form
a hemithioacetal that is converted to D-lactoylglutathione
by glyoxalase I, then to D-lactate plus GSH by glyoxalase II.
If not quickly detoxified, methylglyoxal can form a Schiff
base with amino acid residues in proteins and undergo the
Maillard reactions to form advanced glycation end prod-
ucts that are resistant to proteolysis when cross-linked. Re-
duced GSH has an important role in management of oxida-
tive stress and their interconversion is catalyzed by GSH
reductase, which uses NADPH as cofactor to regenerate
reduced GSH. The NADPH is generated via the pentose
shunt pathway (FIGURE 1). Thus, diseases in which GSH
levels are reduced or inadequate are susceptible to effects of
methylglyoxal, including multiple sclerosis (97–99, 680),
diabetes (674), Parkinson’s disease (290), and other condi-
tions (516). Based on studies in cultured neurons and astro-
cytes grown in 25 mmol/l glucose, which is ~5 times higher
than in diabetic rat brain and causes oxidative stress and
inhibits gap junctional communication in cultured astro-
cytes (33, 209); Belanger et al. (40) reported that neurons
are more vulnerable to methylglyoxal than astrocytes be-
cause of lower glyoxalase activity, but, as noted by Rae and
Williams (516), detoxification was measured after removal
of GSH from the medium, and it is not clear whether the
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toxicity is due to low glyoxalase or GSH. Furthermore, the
use of high glucose media in these immature cells may have
greatly enhanced oxidative stress, contributing to depletion
of GSH before the methylglyoxal toxicity assays.

To sum up, these examples reveal a greater potential com-
plexity of network regulation by minor metabolites with
inhibitory properties that are formed by side reactions. Re-
pair enzymes that remove them serve as a remedy for the
nonspecificity of metabolic enzymes. Mutations in repair
enzymes lead to serious inborn errors in metabolism.

C. Neurotransmitter and Neuromodulator
Synthesis From Glucose

Intermediates in the glycolytic and TCA cycle pathways are
precursors for biosynthesis of glucose-derived neurotrans-
mitters [acetylcholine, glutamate (Glu), GABA] and modu-
lators [D-serine (Ser), glycine (Gly), and D-aspartate (Asp)].
L-Ser is synthesized from 3-phosphoglycerate (FIGURE 1)
and converted to D-Ser by serine racemase, an enzyme
found in both astrocytes and neurons. Serine racemase can
also convert L-Ser to pyruvate (688). D-Ser has a key role in
modulation of N-methyl-D-aspartate (NMDA) receptors to
influence synaptic plasticity (437), but its roles as a glio-
transmitter and the major sites of its synthesis are complex
and still unresolved (331, 476, 687). D-Asp is also an en-
dogenous NMDA-receptor agonist, and serine racemase
(298, 316), not aspartate racemase (415), is implicated in its
synthesis, although there are probably other unidentified
biosynthetic pathways. D–amino acid oxidase has broad
substrate specificity and degrades D-Ser, whereas D-Asp
oxidase is specific for acidic D–amino acids and controls
levels of D-Asp in brain (336). Knockout of these oxidases
increases the brain levels of their respective D–amino acids
and causes changes in behavior, cognition, and develop-
ment (195, 508, 711). For example, the absence of D-Asp
oxidase in mice causes 10- to 20-fold increases in brain
D-Asp and numerous changes in brain structure and func-
tion, including longer dendrites, greater number of spines,
enhanced NMDA receptor–dependent, early-phase, long-
term potentiation (LTP), and changes in schizophrenia-re-
lated circuits and behaviors (194). Deficits in L-Ser synthe-
sis caused by deficiencies in 3-phosphoglycerate dehydroge-
nase or phosphoserine aminotransferase cause severe
neurological deficits (65). Deficiencies in the levels of D-
amino acid and their oxidases have developmental and neu-
rological consequences.

De novo synthesis of the carbon backbone of the TCA cy-
cle–derived amino acids from glucose is carried out by as-
trocytes, not neurons. Pyruvate is converted to OAA by the
astrocyte-specific, CO2-fixing enzyme PC (582, 707), and,
when combined with acetyl CoA from a second pyruvate
molecule, a new molecule of �KG is synthesized (FIGURE 2).
CO2 fixation (and oxidative metabolism) in astrocytes rises

as brain activity increases (469), and a potential mechanism
to coordinate neuronal activity with astrocytic production
of Glu is uptake of potassium by astrocytes from extracel-
lular space after its release from depolarized neurons (271).
K� stimulates the activities of both pyruvate kinase (467)
and PC (338), enhancing CO2 fixation in cultured astro-
cytes, and extracellular K� also stimulates glycogenolysis in
a concentration-dependent manner (294, 697) and can pro-
vide substrate for anaplerosis. On the other hand, exoge-
nous glutamate inhibits pyruvate carboxylation, probably
because of the glutamate metabolism and its entry into the
TCA cycle (510). K� and glutamate exposure also increase
gap junctional communication among astrocytes, facilitat-
ing metabolite trafficking throughout the astrocytic syncy-
tium (136, 190). OAA and �KG can increase the capacity of
the TCA cycle by generating more acceptor molecules for
acetyl CoA, and they are precursors for the TCA cycle–
derived amino acids, Asp, Glu, glutamine (Gln), and GABA.

The acetyl moiety of the neurotransmitter acetylcholine is
also derived from glucose, but the exact pathway(s) of its
incorporation into acetylcholine are still unsolved. The pro-
cess may include, in part, entry of pyruvate-derived acetyl
CoA into the TCA cycle, then transfer of citrate from mito-
chondria to the cytoplasm where it can be cleaved by citrate
lyase (332). Neurotransmitter/neuromodulator biosyn-
thetic pathway fluxes are smaller than the overall rate of
pyruvate formation for energy production, but, neverthe-
less, they are very important for brain function. For exam-
ple, acetylcholine synthesis rate is ~1% that of glucose uti-
lization and it is extremely sensitive to hypoxia, thereby
contributing to cognitive dysfunction (226, 332).

To summarize, catabolic and anabolic aspects of the path-
ways of glucose metabolism are closely interrelated for en-
ergy production, neurotransmission, oxidative stress man-
agement, and growth and repair of cellular components. In
addition to its use for glucose oxidation, oxygen is required
for synthesis of dopamine, NE, and serotonin via the rate-
limiting hydroxylation reactions catalyzed by dopamine-�-
hydroxylase, tyrosine hydroxylase, and tryptophan hy-
droxylase, respectively. All of these reactions are very sen-
sitive to hypoxia. Both glucose and molecular oxygen are
required for neurotransmitter synthesis as well as neu-
rotransmitter degradation that utilizes the TCA cycle or
monoamine oxidase that produces H2O2 as a by-product.
Detoxification of H2O2 via GSH peroxidase stimulates pen-
tose shunt pathway (see Section IIA4) flux to produce
NADPH (179).

D. In Vivo Assays of Total and Pathway-
Specific Glucose Utilization

1. Global A-V assays

Global methods were the first to establish that glucose was
the major brain fuel. CMR are calculated by determination
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of CBF rate, A-V differences for substrates of interest, and
use of the Fick equation: CMRsubstrate � CBF(A-V)substrate.
Global assays have been important for evaluation of overall
oxygen–carbohydrate stoichiometry during mental work
(394), sensory stimulation (393), and exhaustive exercise
(131, 514, 654) (see Section V), but have the disadvantage
that large metabolic changes in small brain structures can-
not be detected.

2. Assay of the hexokinase reaction in all cells

Local methods to measure brain metabolic activity use var-
ious substrates labeled in different positions with radioac-
tive or stable isotopes. The earliest studies used [14C]glu-
cose to measure CMRglc, but had the disadvantage that
metabolic rates are underestimated when labeled metabo-
lites are not quantitatively retained in tissue. Label from
specific glucose carbon atoms is released at different rates
under various conditions and causes time-dependent under-
estimation of calculated CMRglc (363), with labeled lactate
being released to blood faster and in larger quantities than
14CO2 and other labeled glucose metabolites (126).

Louis Sokoloff recognized that use of tracer doses of 2-de-
oxy-D-[14C]glucose (DG) could overcome the problem of
product loss. DG competes with glucose for transport and
for phosphorylation by hexokinase and has the advantage
that DG-6-P is not further metabolized by the glycolytic
pathway. Intracellular trapping of DG-6-P for the duration
of the experimental period is a measure of overall glucose
utilization. Sokoloff and colleagues (606) developed the
quantitative autoradiographic [14C]DG method, followed
by the 2-[18F]fluoro-2-deoxy-D-glucose ([18F]FDG)
method for metabolic assays in human brain using posi-
tron-emission tomography (PET) (497, 524). At steady
state, the rate of the hexokinase reaction equals the rates of
downstream reactions, and measurement of [14C]DG or
[18F]FDG phosphorylation rate is used to calculate the total
rate of glucose utilization (CMRglc-total) in all cell types
(FIGURE 2). Some DG-6-P is metabolized to other labeled
compounds in brain [e.g., DG-1-P, DG-1,6-P2, and glyco-
gen (155, 451)] that are also retained in the cell where DG
was phosphorylated and they do not interfere with the
method. A caveat is that DG-1-P and DG-1,6-P2 are highly
acid labile and are rapidly converted to DG or DG-6-P,
respectively, during the routine perchloric acid tissue ex-
traction procedure. Loss of product causes an artifactual
increase in precursor in the test tube and compromises anal-
ysis of precursor–product relationships. An ethanol-based
extraction procedure must be used to preserve these acid-
labile products (158, 159). To sum up, the [14C]DG and
[18F]FDG methods revolutionized studies of brain function
by using glucose metabolism as a surrogate for functional
activity, enabling quantitative imaging assays of CMRglc

simultaneously in all regions of the brain at a local level
under a wide variety of conditions (605).

The quantitative in vivo [14C]DG or [18F]FDG methods
have the limitations that they do not have cellular resolution
and do not provide information about the downstream
fates of glucose. The cellular basis of glucose utilization
assayed with the DG method is a very important but long-
standing, unresolved issue. Many studies have tried to eval-
uate contributions of neurons and astrocytes, but, unfortu-
nately, there are large losses of labeled products from tissue
sections during immunostaining to identify labeled cells.
The conclusions of the study with the least label loss
(~50%) that showed similar DG-6-P levels in neurons and
astrocytes in resting brain (449) are extremely important
but tentative. Early qualitative autoradiographic studies in
rats with [3H- or 14C]DG showed that neuronal DG phos-
phorylation increased during functional activity in vivo
[e.g., (584, 585)], contradicting the assertion by Magistretti
and Allaman (396) that neurons cannot increase glycolysis,
a claim that is invalid for many reasons (141, 148, 151) (see
Section IV). In fact, a study in which in vivo metabolic
labeling with FDG was carried out, followed by isolation of
gliosome-free neuronal synaptic endings, showed that pre-
synaptic accumulation of FDG-6-P during in vivo activa-
tion was similar to that of the whole-brain homogenate,
indicating a substantial increase in neuronal glycolysis
(485). These findings are consistent with many previous in
vitro studies that documented the high capacity of isolated
synaptosomes to increase both glycolysis and oxidative me-
tabolism [e.g., 10- and sixfold, respectively (339)], and cul-
tured neurons are also capable of increasing glycolysis (see
Tables 3 and 4 in Ref. 144).

In quantitative in vivo DG and FDG assays, CMRglc is
calculated by dividing the quantity of DG-6-P or FDG-6-P
in brain regions of interest by the product of integrated
specific activity of the precursor pool in arterial plasma and
the lumped constant (LC). This requires measurement of
the time courses of plasma levels of [14C]DG or [18F]FDG
and glucose. The LC is the factor that takes into account
kinetic differences between glucose and DG or FDG for
transport and phosphorylation and converts DG or FDG
phosphorylation rate to glucose phosphorylation rate. In
rat brain, the value of the LC is 0.48 [i.e., 2 glucose mole-
cules are phosphorylated for each DG molecule phosphor-
ylated (606)]. The LC is relatively stable in the normo- and
hyperglycemic range, but it progressively increases as glu-
cose level is reduced because of less competition of DG (or
FDG) with glucose and the appropriate value must be used
(157, 296, 574, 622). In human brain, the measured LC for
[18F]FDG has increased from initial values of ~0.4–0.5
(497, 523) to ~0.8–0.9 in more recent studies (237, 310,
682). The increase is thought to arise from technical rea-
sons, including improved resolution of the scanners, and the
true value is debated.

Qualitative assays with DG or FDG omit the steps required
to determine absolute rates of glucose utilization. When
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plasma glucose and [14C]DG or [18F]FDG levels are not
measured, differences in labeled product accumulation in
brain among subjects and experimental groups can arise, in
part, from unrecognized changes in plasma glucose level
that can be due to stress-evoked glycogenolysis in liver or
other factors. This is a key issue when a standardized up-
take value is calculated as radioactivity in the brain region
of interest normalized to the injected dose. Other variants of
the qualitative method include normalization of label accu-
mulation in a region of interest to that of whole brain or
another selected brain region, such as white or gray matter.
Relative values can be informative but comparisons among
experimental groups require demonstration that CMRglc in
the reference structure is the same in all conditions. Without
this information, changes in the ratio could arise from the
numerator, denominator, or both. DG assays in cultured
cells can set the medium labeled DG and glucose concentra-
tions at desired levels, but a serious limitation is lack of
knowledge of the LC for brain cell types. Differences in
labeled DG phosphorylation rate among cell types, culture
conditions, developmental stages, and tumor cells can arise
from variations in transport or phosphorylation capacity or
hexokinase isoform, and CMRglc cannot be determined
without use of the LC (160, 611).

3. Local coupling of function, CBF, and CMRglc

Unique advantages of quantitative autoradiographic
[14C]DG (606) and CBF (555) methods are that the respec-
tive rates can be measured simultaneously in all structures
of the brain and in various stations of functional pathways.
Application of this methodology helped establish the con-
cept of flow-metabolism coupling (i.e., that changes in func-
tional activity, signaling, and energy demand in specific
structures under a wide variety of conditions are accompa-
nied by proportionate changes in blood flow and glucose
utilization) (601, 602, 604). Support for structural–
functional coupling comes from the following linear rela-
tionships: 1) local CBF versus local CMRglc in resting brain,
2) CBF versus CMRglc in resting and activated brain regions
in awake and anesthetized rats, 3) glucose transporter den-
sity (GLUT1) and capillary density versus CBF, 4) GLUT1
density versus monocarboxylic acid transporter 1 (MCT1)
lactate transporter density, and 5) 1.6-fold higher glucose
influx versus glucose phosphorylation (see Figure 3.15 in
Ref. 145, Figure 29.3 in Ref. 602, and Figure 3 in Ref. 146).
Thus, brain regions with greatest energy demand have the
highest capillary densities and numbers of transporters that
were “put into place” during brain development, thereby
facilitating the highest glucose–oxygen delivery rates to sat-
isfy the high local fuel consumption to satisfy energy de-
mands of signaling in specific brain structures.

4. Fates of specific carbon atoms labeled with stable
isotopes and pathway fluxes

Development of in vivo MRS methods was the next major
technological milestone that enabled measurement of brain

concentrations of selected metabolites and metabolism of
compounds labeled with stable isotopes. In conjunction
with metabolic modeling, rates of different pathways are
calculated in brain of animals and humans by use of specif-
ically labeled precursors. This approach opened the field to
many types of noninvasive studies of metabolic pathways of
interest, some examples of which are illustrated in FIGURE
2. [1-13C-, 6-13C, and 1-,6-13C2]glucose are routinely used
to measure rates of incorporation of 13C into carbon 4 of
Glu from �KG via transaminase-mediated exchange reac-
tions in neurons (FIGURE 2), with delayed incorporation
into carbon 4 of Gln in astrocytes via the Glu–Gln cycle and
into other isotopomers with increasing turns of the TCA
cycle [reviewed by (312, 545)]. In brief, the Glu–Gln cycle
involves neuronal release of the excitatory neurotransmitter
glutamate, astrocytic uptake of glutamate, and its conver-
sion to glutamine, followed by glutamine release, uptake
into neurons, conversion to glutamate, and insertion into
synaptic vesicles (FIGURE 2). Glutamate and its analog
D-[3H]Asp are also taken up into neurons in culture and
brain slices and into isolated synaptosomes, but the amount
is debated and considered to be small compared with astro-
cytic Glu uptake from the synaptic cleft (see below and
legend to FIGURE 2). The Gln–GABA cycle between astro-
cytes and inhibitory neurons (FIGURE 2) involves Gln trans-
fer from astrocytes to GABAergic neurons that convert Gln
to Glu, followed by its decarboxylation to generate GABA;
after release, some of the GABA is taken up into both
astrocytes and neurons and is metabolized via the TCA
cycle in both cell types (570). [1-13C]Glucose is also used
to measure glycogen turnover in brain of normal and
diabetic human subjects and after acute or recurrent hy-
poglycemia (470 – 472). [2-13C]Glucose is useful to eval-
uate PC flux in astrocytes (409, 469). [13C]Acetate is
preferentially oxidized by astrocytes and incorporated
into Gln faster than into Glu and is used as a measure of
astrocytic oxidation (84), but acetate metabolism is more
complex than generally recognized (547). [13C]Acetate
oxidation is also useful to evaluate the Gln–GABA cycle
(484). Other stable isotopes are used for specific pur-
poses, as, for example, 1H to assay metabolite levels (91),
31P to assay high-energy phosphates (119), 17O for
CMRO2 (715), and 2H to measure glycolytic and TCA
cycle rates (385).

MRS studies have some limitations, including an expensive
infrastructure and considerable expertise to maintain the
magnets and carry out metabolic modeling. MRS studies
are less sensitive than radioactive tracer studies with 14C,
and they depend on dilution of the 13C-label into the large,
unlabeled TCA cycle amino acid pools to trap the label. For
this reason, MRS metabolic studies mainly focus on the
oxidative pathways, and do not measure glycolytic metab-
olism because of low concentrations and high turnover of
upstream intermediates. Programmed infusions of non-
tracer doses of 13C-labeled precursors are frequently used to
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achieve constant levels in arterial plasma to achieve steady
state and simplify modeling. Motion artifacts must be min-
imized, and animals are routinely anesthetized, paralyzed,
and ventilated, causing metabolic rates to be reduced to an
extent that varies with the anesthetic, dose, and duration.
This physiological feature has, however, been quite useful
to establish relationships between the level of brain activity,
glucose oxidation rate, and glutamate–glutamine cycle rate
(see FIGURE 4C, below).

5. Summary

Global and local methods using radioactive and stable iso-
topes facilitate quantitative assays of oxygen–glucose stoi-
chiometry, total glucose utilization rate, and pathway
fluxes in astrocytes, excitatory glutamatergic, and inhibi-
tory GABAergic neurons in vivo and in vitro. Each meth-
odological approach has strengths and limitations, and
comprehensive analysis of metabolism requires use of mul-
tiple techniques. Strong emphasis is placed on quantitative
studies because qualitative assays do not generate rates that
can be compared with other assays and differences in rela-
tive values can arise for reasons that could have otherwise
been taken into account.

E. Brain Energy Budget

1. Many uses for high-energy molecules

ATP is the currency for nearly all energy-dependent reac-
tions, with PCr serving as an ATP buffer. In adult rat brain,

ATP and PCr concentrations range from 2.5 to 3 and 4–5
�mol/g, respectively (498, 662). GTP and UTP levels are
similar to each other but lower than ATP, whereas CTP
level is lowest (381, 638). High-energy phosphates are used
in many pathways, including DNA/RNA synthesis. Individ-
ual nucleotides also have specialized functions: ATP and
GTP in microtubule and actin cycling, GTP in gluconeogen-
esis, protein synthesis, and precursor for biopterin (tetrahy-
drobiopterin is the cofactor for phenylalanine, tyrosine, and
tryptophan hydroxylases), UTP in glycogen synthesis, and
CTP in lipid synthesis. ATP and AMP are allosteric regula-
tors of regulatory metabolic enzymes, and derivatives of
ATP and GTP (cAMP, cGMP, and adenosine) have impor-
tant functions as second messenger or signaling molecules.

2. Regional heterogeneity of CMRglc

Total glucose utilization rates measured with the [14C]DG
method in brain of awake, resting rats vary considerably
among gray matter regions, ranging from ~0.5–2 �mol/g/min,
with white matter ~0.3–0.4 �mol/g/min (606). CMRglc in
most cerebral cortical structures is �1 �mol/g/min, so the
demand for glucose in gray matter is approximately two- to
sevenfold higher than white matter, depending on the region.
In resting brain most of the glucose is oxidized, indicating its
predominant use for energy production. Anesthesia suppresses
consciousness, reduces energy demand for signaling, depresses
CMRglc in resting and stimulated brain, and blunts the stimu-
lus-evoked rise in CMRglc (146). For example, a low dose of
halothane (0.5%) reduced CMRglc in cerebral cortex by

Table 4. Glucose utilization rates during rest and activation in awake and anesthetized rats

Brain Region Awake
Awake-

Stimulated % Change Anesthetized
Anesthetized-
Stimulated % Change

A. Halothane anesthesia (0.5% in 70%
N2O � 30% O2)a

Frontal cortex 0.89 0.99 11.2 0.72 0.80 11.1
Prefrontal cortex 0.94 1.10 17.0 0.78 1.01 29.5
Parietal cortex 0.94 1.04 10.6 0.56 0.73 30.4
Sensory motor cortex 0.97 1.04 7.2 0.65 0.73 12.3
Visual cortex 0.83 0.94 13.3 0.69 0.78 13.0
Mean � SD 0.91 � 0.06 1.02 � 0.06 11.9 � 3.6 0.68 � 0.08 0.81 � 0.12 19.3 � 9.8

B. �-Chloralose anesthesia (50 mg/kg, i.v.,
followed by continuous i.v. infusion of 40
mg/kg/h)b

Spinal trigeminal nucleus 0.60 1.45 131 � 11 0.45 1.3 158 � 13
Principal sensory trigeminal nucleus 0.60 1.1 92 � 7 0.50 1.1 112 � 7
Ventral posteromedial thalamic nucleus 1.0 1.75 75 � 5 0.50 0.75 39 � 6
Somatosensory cortex, barrel field 1.0 1.5 54 � 3 0.40 0.55 28 � 4

Rates of total glucose utilization (CMRglc, �mol/g/min) were measured with the quantitative [14C]deoxyglucose (DG) method. aMean values for
each structure are from Savaki et al. (564). Rats were given unilateral electrical stimulation of the substantia nigra that started 2 min before
injection of the intravenous (i.v.) bolus of [14C]DG, and continued for an additional 15 min during the routine 45-min experimental period. The
halothane anesthesia reduced mean CMRglc by 25 � 11% in the unstimulated group and by 21 � 9% in the stimulated group. bMean values
are from Nakao et al. (446). Rats were given unilateral vibrissal stimulation that was initiated simultaneously with the [14C]DG injection and
continued throughout the 45-min experimental interval, and CMRglc assayed in stations of the whisker-to-barrel pathway. The �-chloralose
anesthesia reduced mean CMRglc by 52 � 24% in the unstimulated group and by 33 � 32% in the stimulated group.
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~25% (TABLE 4A). Electrical stimulation of the substantia
nigra increased cerebral cortical CMRglc by 12% in awake rats
and by 19% in halothane-anesthetized rats. However, the
anesthetized animals had a lower baseline CMRglc that
caused the larger percentage increase, and they had a ~20%
lower rate when stimulated than in awake stimulated rats.
Vibrissal stimulation activates signaling in stations of the
whisker-to-barrel somatosensory pathway in rats, and
causes large, heterogeneous increases in CMRglc in these
structures ranging from 54 to 131% in awake rats and from
28 to 158% in �-chloralose–anesthetized animals (TABLE
4B). Anesthesia differentially affected the magnitude of re-
duction of regional CMRglc (mean decrease 53%) as well as
the magnitude of regional CMRglc during whisker stimula-
tion compared with awake rats. These effects were small in
the trigeminal structures, but sizeable in the thalamic nu-
cleus and sensory cortex where the rates were only 37–42%
of the corresponding values in awake rats. To summarize,
cortical CMRglc was most strongly altered by either halo-
thane and �-chloralose in resting or stimulated rats. Percent
changes can be quite misleading, because they vary with the
baseline value that depends on the depth and type of anes-
thesia. Furthermore, percent changes do not reveal whether
regional CMRglc is below- or near-normal in the anesthe-
tized-stimulated rats.

3. Neurons have high-energy requirements

Detailed analyses of ATP usage to satisfy the energy de-
mands for different functions in cerebral cortical gray mat-
ter, white matter, and cerebellar cortex were carried out by
the Attwell laboratory (24, 188, 189, 256, 257, 305, 306).
The results predict that signaling in cerebral cortical gray
matter consumes ~75% of the ATP, whereas “housekeep-
ing” or “basic” cellular activities consume ~25%; ion
pumping by Na�,K�-ATPase probably utilizes more than
half of the total, within the range of 65–75% (See Section
IB). Breakdown of the signaling requirements yielded the
following: 44% for synaptic processes (37% for postsynap-
tic receptors, ~4% for presynaptic Ca2� entry and vesicle
cycling, and ~3% for neurotransmitter glutamate cycling),
16% for action potentials, and 15% for resting potentials.
Basic cellular activities include turnover of phospholipids,
proteins, and oligonucleotides, cycling of tubulin and actin,
and mitochondrial proton leak. Calculated energy demand
for phospholipid turnover is 26% of net ATP consumption
rate (509), and higher-than-recognized costs for other basic
activities that may be involved in local signaling activities
(e.g., actin cycling as astrocytic filopodia advance or retract
in response to neuronal activity; see Section IIE5) would
require budget adjustments. Much less is known about the
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Pathway flux definitions
CMRglc-total = ∑CMRglc all cells: HK step
PPPtotal = ∑PPP all cells
Lac release to blood = ∑Lac release all cells
CMRglc-ox-total = CMRglc-ox-a+n
CMRglc-ox-n-total = CMRglc-ox-Glu+GABA
CMRglc-ox-n = 0.5VTCA-n = 0.5VPDH-n 
CMR glc-ox-a = 0.5 VTCA-a + fVPC  
VTCA-n = VPDH-n
VTCA-a = VPDH-a - VPC 
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Pathway flux Approximate rates 
in cerebral cortex 
of awake subjects 

(�mol/g/min)
Rat Human

CMRglc-total 0.90 0.45
CMRglc-ox-total 0.79 0.39
CMRglc-ox-n 0.73 0.36
CMRglc-ox-Glu 0.60 -
CMRglc-ox-GABA 0.13 -
CMRglc-ox-a 0.07 0.06
CMRglc-ox-a /CMRglc-ox-n 0.10 0.16

Vcycle-total 0.65 0.28
Vcycle-Glu 0.49 -
Vcycle-GABA 0.15 -

VTCA-n = VPDH-n 1.45 0.71
VTCA-a 0.08 0.07
VPC 0.07 0.06
VPDH-a 0.14 0.13
VPC / VPDH-n 0.05 0.09
VPDH-a / VPDH-n 0.10 0.19

Estimated major pathway fluxes (%CMRglc-total) in cerebral cortex of resting awake rats
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actual energy demands for these processes, and housekeep-
ing cost assignments are tentative and incomplete. Cerebel-
lar cortex has a different partitioning of ATP demand than
cerebrum: 38% for housekeeping, 34% for resting poten-
tials, 10% for action potentials, 14% for postsynaptic re-
ceptors, and ~2% each for presynaptic Ca2� entry and ves-
icle cycling; regional differences in ATP usage are also pre-
dicted. White matter is envisaged to use a much larger
fraction of its ATP for housekeeping, with less for resting
potentials and action potentials (i.e., 63, 30, and 7%, re-
spectively, in partially myelinated white matter, and 56, 44,
and �1% for fully myelinated white matter). During brain
development more of the glucose is used for biosynthetic
processes related to growth and synaptic plasticity, and
nonsignaling demand for ATP is higher than in the adult.

Yu and colleagues (708) extended the quantitative analysis
of brain energetics for human and rat brain by including
astrocytic calcium responses to neuronal spiking and com-
parison of calculated estimates of ATP usage with 1) meta-
bolic rates measured by [18F]FDG-PET, [14C]DG autora-
diography, and 13C-MRS and 2) neuronal activity assayed
by electrophysiology. Signaling and nonsignaling activities
in cerebral cortical gray and white matter accounted for
~70%/30% and 20%/80%, respectively, of total energy
demand. Halothane anesthesia depressed the fraction of
energy demand assigned to signaling and increased the pro-
portion attributed to nonsignaling activity, consistent with
changes in total CMRglc under anesthesia shown in TABLE

4. 13C-MRS labeling and metabolic modeling were used to
evaluate glutamatergic, GABAergic, and astrocytic oxida-
tive fluxes, and 75–80% of signaling demands were ac-
counted for by glutamatergic neurons, with 15–20% by
GABAergic neurons and astrocytes. Synaptic transmission
(pre- and postsynaptic ion fluxes) accounted for nearly half
of the respective energy demands of excitatory and inhibi-
tory neurons, with action potentials 10–15%, calcium re-
sponses 4–8%, and neurotransmitter cycling 5–10%. The
rate of glucose oxidation in resting awake rat brain is about
twice that of human brain. When calculated, total or neu-
ronal glucose oxidation rates under various conditions were
normalized to that in the awake resting state for human and
rat brain and plotted against neuronal activity level normal-
ized to the awake resting condition, the intercept (represent-
ing nonsignaling activity) was similar, and glucose oxida-
tion rate increased linearly with activity and with the rate of
the glutamate–glutamine cycle (see below and FIGURE 4C)
(312, 708). FIGURE 2 identifies the rates (denoted as V) of
different pathways (denoted by subscript) and FIGURE 3
illustrates calculated fluxes of glucose through major path-
ways in excitatory and inhibitory neurons and astrocytes
that are expressed as percent of the total rate glucose con-
sumption (i.e., the hexokinase rate assayed with [14C]DG)
in brain of awake resting rats. The sizes of the arrows de-
noting the major pathway fluxes in FIGURE 3 are scaled in
proportion to their respective rates. The rate of the Glu–Gln
cycle somewhat less than that of glucose oxidation in glu-
tamatergic neurons, and greatly exceeds the rate of the Gln–

FIGURE 3. Estimated pathway fluxes in the awake, resting rat and human brain. Pathway flux definitions are from Hyder et al. (311). The metabolic
rates in occipital–parietal cortex of awake resting human brain are from Table 2 of Hyder et al. (311) and are similar to those tabulated in Table 4 of
Rothman et al. (545). Estimated metabolic rates for cerebral cortex in awake resting rats were derived from Figure 3 of Hyder et al. (311) after
renormalization of all values to the total rate of glucose (Glc) oxidation (CMRglc-ox-total). To compare rates in rat brain to those in human brain,
recalculations were required because the MRS data in Hyder Figure 3 were from rats anesthetized with 1% halothane in 70% N2O and 30% O2. The
mean total cerebral metabolic rate (CMR) for glucose (or Glc utilization rate, CMRglc-total) measured at the hexokinase step with [14C]DG in four cerebral
cortical regions (frontal, prefrontal, parietal, sensory motor, and visual) in awake, unstimulated rats was 0.9 �mol/g/min, and exposure to 0.5%
halothane in 70% N2O/30% O2 reduced CMRglc-total in these cortical structures by ~25% (563); an error arises from the different halothane doses.
The [14C]deoxyglucose (DG) method does not have cellular resolution and does not provide information about the downstream fate of glucose, whereas
routine MRS assays of oxidative metabolism do not provide information about the upstream fate of glucose. If all glucose is oxidized, CMRglc-total �
CMRglc-ox-total, and these rates are half that of total pyruvate (Pyr) dehydrogenase (PDH; VPDH-total) because two Pyr are produced per glucose. To be
consistent with the Hyder data, the ratio of oxygen to glucose metabolic rates CMRO2/CMRglc � 5.3 (while recognizing that values closer to 6 are
commonly obtained, see FIGURES 5, 7) was used to calculate CMRglc-ox-total in awake, resting rats as 88% of the CMRglc-total, from which the rates
of the other reactions or pathways were calculated using the renormalized values converted to metabolic rates and pathway flux definitions. This
calculation assumes that all rates are proportionately reduced by the anesthesia, which may not be the case. Not all of the values determined in rats
are available for humans, and in some instances, missing values were calculated for human brain from the flux definitions (italicized values in smaller
font size). The schematic diagram shows pathway rates expressed as percent of CMRglc-total in resting awake rat brain. The arrows representing major
fluxes are proportionately sized to that of glucose oxidation in glutamatergic neurons (CMRglc-ox-n-Glu) (purple) so that the relative rates can be visualized.
The cellular contributions of glucose-6-phosphate (Glc-6-P) entering the pentose phosphate shunt pathway (PPP) (orange) and of Pyr conversion to
lactate (Lac) (red) with its release to blood are not known, and the representative totals for cerebral cortex are from the literature [e.g., (44, 393)]
are illustrated. About 75–80% of the glutamate (Glu) taken up by astrocytes is converted to glutamine (Gln) that continues participating in the Glu–Gln
cycle (green), and the remaining 20–25% is oxidized in astrocytes and must be replaced by anaplerosis to maintain mass balance. To synthesize a
“new” molecule of �-ketoglutarate (�KG), the rates of the pyruvate carboxylase (PC) and PDH reactions are matched, and the difference is the rate of
acetyl CoA oxidation in the tricarboxylic acid (TCA) cycle. Metabolic rates in postsynaptic neuronal subcompartments have not been directly measured,
and are anticipated to be glycolytic in most spines because of their lack of mitochondria (see text). Abbreviations: CMRglc, cerebral metabolic rate for
glucose; GABA, GABAergic neuron using GABA as inhibitory neurotransmitter (maroon); glutamatergic neuron using glutamate (green) as excitatory
transmitter that cycles to astrocyctes for uptake and conversion to glutamine (Glu-Gln cycle); MRS, magnetic resonance spectroscopy; ox, oxidative
rate in the indicated cell type indicated in the subscript: a � astrocyte (pink), n � neuron (yellow); V, rate of the reaction in the indicated pathway and
cell type. The PDH, PC, TCA cycle rates can be determined by MRS and metabolic modeling for glutamatergic (blue) and GABAergic (maroon) neurons
and astrocytes (gray).
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GABA cycle. The rank order of TCA cycle rates is excit-
atory neurons � inhibitory neurons � astrocytes. Most of
the Glu taken up into astrocytes is converted to Gln for
transfer to neurons via the Glu–Gln cycle. However, a por-
tion of the glutamate taken up by astrocytes (estimated as
20–25%) is oxidized, and must be replenished by de novo
synthesis from glucose. Two molecules of pyruvate (one
metabolized by PC and one via PDH; FIGURE 3) are re-
quired to synthesize one �KG that leaves the cycle and is
converted to glutamate, so the astrocytic TCA cycle rate is
less than the PDH rate. Neurons do not have PC, so the
PDH and TCA cycle rates are equal, with TCA cycle rate
exceeding total CMRglc because two pyruvate are produced
per glucose. Postsynaptic fluxes are absent from measured
values in FIGURE 3 because they are very difficult to measure
experimentally, and Yu et al. (708) included these rates into
overall synaptic transmission. However, ATP demand in
postsynaptic compartments of neurons is calculated to be
very high, with postsynaptic receptors accounting for 84%
of the cost of synaptic processes (see Attwell data, above).
Also, shown in FIGURE 3 are results of separate studies in
resting awake rats and humans in many laboratories that
have shown that ~5% of the total glucose phosphorylated
traverses the pentose phosphate shunt pathway, and an-
other ~5% is released to blood as lactate. Quantitative eval-
uation of the cellular basis of glucose phosphorylation, pen-
tose shunt flux, and lactate release is a long-standing unre-
solved issue because of the spatial–temporal limitations of
current technologies. Fluxes of glucose-derived carbon
through cholinergic pathways are small and difficult to
track in vivo. The energetics of other neurotransmitter sys-
tems (catecholamines, serotonin, histamine, purines, and
peptides) cannot be evaluated by measuring the flow of
labeled carbon from glucose through pools of these trans-
mitters, but total CMRglc assays with [14C]DG do provide
information about energetics of pathways in which a single
transmitter is dominant or during modulation of signaling
by receptor agonists or antagonists [e.g., (417, 418, 565)].

4. Neuronal mitochondria have heterogeneous
subcellular localization

Neurons have the highest energy demands, and mitochon-
dria are the power plants of all cells, producing ~16 times
more ATP per molecule of glucose oxidized than glycolysis.
Glycolytic and oxidative fluxes are tightly coupled (i.e.,
CMRO2/CMRglc is close to 6; see Section VA) in whole
brain of awake resting humans (514) and synaptosomes
isolated from guinea pig cerebral cortex (339). Mitochon-
dria have a major, but not exclusive, role in the brain’s
energy budget, and they also have other important func-
tions, including biosynthetic capability, calcium sequestra-
tion, and generation of ROS. Anatomical localization and
density of mitochondria is heterogeneous at the regional,
cellular, and subcellular levels.

In neurons, presynaptic and postsynaptic compartments
have very different numbers of mitochondria. For example,
in the hippocampus, where the ultrastructure of synapses
and axons has been intensively studied, a remarkable find-
ing is that mitochondria are present throughout the length
of dendrites, but are rarely found in postsynaptic dendritic
spines and spine heads, with the notableexception that
some mitochondria are present in complex branched spines
on proximal dendrites of CA1 pyramidal neurons and in
cultured neurons during intense synaptic remodeling [re-
viewed in (56, 258, 587)]. Localization of mitochondria in
hippocampus is heterogeneous with highest numbers in pre-
synaptic boutons (442). However, only about half of the
presynaptic varicosities along axons that make excitatory
synapses in CA1 hippocampus have mitochondria (588), a
finding that was confirmed and extended to include cerebral
cortex and cerebellum (87). These data are consistent with
the report that about half of isolated hippocampal synap-
tosomes had mitochondria that have an important role to
provide ATP for exocytosis (318). In layer 4 of whisker
barrel sensory cortex, ~85% of the synaptic boutons are
excitatory, and the larger ones contained two to three mi-
tochondria, whereas smaller ones had none or one (540). In
prefrontal cortex, postsynaptic mitochondrial density was
~10% of the total (379), consistent with low levels in hip-
pocampus noted above, as well as scarcity of mitochondria
in cerebellar spines (694). Notably, the number of total and
normal, straight presynaptic mitochondria correlated posi-
tively with working memory score, whereas abnormal, do-
nut-shaped mitochondria in boutons with smaller synaptic
contacts and fewer vesicles correlated inversely with work-
ing memory score (253). Mitochondria are motile, and in
cultured hippocampal neurons, their movement within ax-
ons and their residence near or within presynaptic boutons
increases with neuronal activity and has a role in ATP level
and synaptic vesicle release (624).

Absence of mitochondria in about half of presynaptic struc-
tures complicates the simplified schematic presentations of
presynaptic energetics, glutamate–glutamine cycling, and
conversion of glutamine into glutamate by mitochondrial
enzyme glutaminase (FIGURES 2 AND 3). There must be
some reliance on other precursors for glutamate, selective
local dependence on glycolysis, and/or substantial ATP-PCr
diffusion between spine heads or varicosities and dendritic
or axonal shafts (408, 649). Presynaptic glutamate trans-
porters are present on neurons (FIGURE 2), but their contri-
butions to neurotransmission are debated and they are
thought to have a minor role in glutamate uptake compared
with astrocytes (133, 527).

In support of at least some presynaptic glutamate uptake is
accumulation of its analog D-[3H]Asp (and L-[3H]Asp) into
cultured neurons, synaptosomes, or neurons in brain slices,
with its depolarization-evoked release characteristic of ve-
sicular release (114, 176, 177, 242, 435). However, the
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vesicular Glu transporter (VGLUT) that inserts D-Asp or
L-Asp into synaptic vesicles is not identified. D- and L-Asp
do not interfere with L-Glu vesicular loading (444, 445)
and VGLUTs 1, 2, and 3 do not recognize Asp (522). A
population of purified synaptic vesicles can take up small
amounts of L-Asp, 7.5% of L-Glu, but this uptake is re-
duced to �1% in immunoprecipitated vesicles (444). A lys-
osomal sialic acid transporter, sialin, transports both Glu
and Asp and does not discriminate between their D- and
L-isomeric forms (430). However, assays with tissue from
sialin-knockout mice revealed that the sialin transporter is
not required for the small vesicular accumulation of L-Asp
(that is not blocked by Rose Bengal, an inhibitor of vesicu-
lar Glu uptake, indicating a different, unidentified L-Asp
transporter) (435), and L-Asp has a minor role in excitatory
neurotransmission (268). More work is required to evalu-
ate mechanisms of vesicular D-Asp and L-Asp uptake.

Conceivably, presynaptic plasma membrane glutamate
transporters may contribute to glutamate uptake and pack-
aging in presynaptic endings without mitochondria. Post-
synaptic densities contain glycolytic enzymes, and are capa-
ble of ATP synthesis (537, 693). Glycolytic upregulation in
pre- and postsynaptic structures during brain activation
suggests a considerable neuronal contribution to aerobic
glycolysis and lactate production (402). Critical details of
these processes in small structures devoid of mitochondria
are poorly understood and novel, quantitative approaches
are needed to overcome current spatial–temporal limita-
tions of metabolic assays.

5. Astrocytic energetics is complex and integrated
with neuronal activity

Astrocytic ATP usage has not been as comprehensively
itemized as for neurons because less is known about their
energetics. Astrocytes have a high rate of oxidative metab-
olism of glucose (280), and the proportion of total glucose
oxidation ascribed to astrocytes (~20–25%) approximately
corresponds to their volume fraction in brain, indicating
similar overall oxidative rates per unit volume in astrocytes
and neurons (269). Note that the rates in FIGURE 3 are
expressed per gram tissue, and re-expression of rates per
volume fraction illustrates their similarity. If the sum of
oxidative rates in astrocytes (VPC � VPDH-a � 0.07 �
0.14 � 0.21 �mol/g/min) is multiplied by 4 to give the rate
per fractional volume of 25%, the rate is 0.81 �mol/g/min.
If VPDH-n (1.45 �mol/g/min) is multiplied by the neuronal
volume fraction of ~60% (269), the rate becomes 0.87
�mol/g/min. Note that the astrocytic volume fraction of
25% is probably an overestimate, and lower values have
been reported in the literature, in the range of 4–6% with
regional and preparative variations that are rarely above
20% (243), so astrocytic oxidation rates would proportion-
ately higher. Subcellular compartments are likely to have
different energy requirements because astrocytes have com-
plex structures with major processes that comprise ~15% of

the cell volume and are detected by staining against glial
fibrillary acidic protein. On the other hand, the fine pro-
cesses account for ~85% of cell volume (78), they are diffi-
cult to visualize, and they contain very small mitochondria
(139). Localization of mitochondria in astrocytic perisyn-
aptic structures was previously discounted because of the
small size of processes (280), but their presence has been
documented by a number of laboratories, and their motility
and proximity to synapses is governed by neuronal activity
[(617); reviewed in (321, 530)]. Neuronally driven energy
demands and oxidative metabolism in astrocytic processes
is likely to be high, particularly adjacent to excitatory syn-
apses where energetics is influenced by K� and glutamate
uptake, glutamine synthesis, glutamate oxidation, and gly-
cogen utilization (for details, see Sections VI and VII). As-
trocytic alkalization occurs when extracellular [K�] rises
(68, 69) and glucose utilization is enhanced (550, 643).
PFK, the major rate-limiting enzyme of glycolysis is highly
pH sensitive with a steep pH-activity profile between pH
7.1 and 7.2; it is inhibited by acidification and activated by
alkalinization (250, 648, 683). K� also stimulates the activ-
ities of pyruvate kinase (467), PC (338), and glycogenolysis
(294, 697). Thus, uptake of K� and glutamate into astro-
cytes are processes that couple astrocytic energetics with
neuronal activity.

Astrocytic filopodial movements respond to synaptic activ-
ity, with spontaneous extension and retraction in brain
slices (244, 292, 521). These activities may be driven, in
part, by glutamate release from neurons and astrocytic re-
ceptor activation because application of glutamate to cul-
tured astrocytes induces Ca2� waves and filopodial exten-
sion involving actin (112, 113, 138, 361), increasing ATP
utilization for actin polymerization–depolymerization (89)
and for restoration of calcium homeostasis. Actin cycling
during filopodial movement may be powered by glycolysis
because GAPDH and other glycolytic enzymes bind to F-
actin in other circumstances (e.g., during axonal transport),
and enzyme-actin filament complexes occur in synapto-
somes, postsynaptic densities, and muscle (200, 537, 669,
693, 709). Spontaneous, wide-spread Ca2� waves through
astrocytic networks also occur, and can be independent of
or accompanied by changes in neuronal network activity
rather than being caused by changes in electrical-stimula-
tion–evoked neuronal activity (351, 559). Re-establishing
Ca2� homeostasis includes its ATP-dependent uptake into
ER that is preferentially fueled by glycogenolysis (440),
with a secondary influence on glucose utilization.

Some of the glutamate taken up into astrocytes is oxidized
and can help provide the ATP required for sodium extru-
sion and glutamine synthesis [reviewed in (143, 280, 422);
see Sections VI and VII]. NAD(P)H oxidation and over-
shoot phases and oxygen consumption in astrocytes after
glutamate puffs reveal a substantial metabolic activation
that is blocked by inhibition of glutamate transport, consis-
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tent with stimulation of both glutamate oxidation and gly-
colysis (319). Astrocytic K� uptake from extracellular fluid
after release from neurons after depolarization requires en-
ergy, but the cost was not included in the predicted energy
budget discussed above. In contrast to glutamate, K� can-
not be metabolized, and its uptake stimulates glycogenoly-
sis (697) that will secondarily increase glucose utilization to
replenish glycogen level, perhaps with a temporal delay.
Computational analysis reveals that the cost of K� uptake is
approximately fourfold higher than Na�-glutamate uptake
and cycling (169) that was assigned ~3% of the total in gray
matter energy budget (see above). To sum up, excitatory
signaling by neurons triggers metabolic responses in astro-
cytes because of the uptake of K�- and Na�-glutamate,
filopodial movements, and calcium waves that involve glu-
tamate oxidation, glutamate resynthesis, glucose utiliza-
tion, and glycogen turnover.

F. Summary

Glucose delivery to normal adult brain exceeds demand and
is primarily used as an oxidative substrate to generate ATP
that is mainly used to support signaling in excitatory neu-
rons. Energy demands of inhibitory neurons and astrocytes
are lower than glutamatergic neurons. Under resting condi-
tions, redox cycling via the MAS occurs at the same rate as
the coupled glycolytic–oxidative fluxes. Fluxes in pathways
branching from the glycolytic pathway and TCA cycle are
low, but essential, for brain function, serving diverse roles,
including control of oxidative stress, biosynthesis of glu-
cose-derived neurotransmitters and neuromodulators, and
precursors for complex carbohydrates that are components
of glycolipids and glycoproteins. Metabolic repair enzymes
are essential to remove toxic or useless compounds pro-
duced by side reactions and suggest greater complexity of
regulation of network fluxes than the established control
mechanisms. Quantitative metabolic assays are used to
measure total glucose utilization at the hexokinase step and
fluxes of specific carbon atoms through the oxidative and
neurotransmitter cycling pathways. Metabolic activity is
regionally diverse, higher in gray matter and neurons than
white matter. Oxidative rates in subcellular compartments
are influenced by mitochondrial heterogeneity that leads to
uncertainties in details of model systems and schematics.
However, current models are sufficiently accurate to mea-
sure total glucose utilization, oxidation, and pathway fluxes
in different cell types in vivo.

III. COUPLING OF GLU–GLN–GABA
CYCLING WITH RESPIRATION

Glucose provides the carbon for de novo synthesis of major
neurotransmitters and glucose metabolism provides the en-
ergy to sustain neurotransmission. Rates of cycling of Glu–
Gln and GABA–Gln between astrocytes and excitatory and

inhibitory neurons, respectively, are directly proportional
to rates of glucose oxidation in both neurons and astrocytes
over a wide range of brain activities. Both glycolysis and
oxidation are required to support the energetics of astro-
cyte–neuron neurotransmitter shuttling, but details of the
mechanisms are not complete.

A. Cellular Compartmentation of TCA Cycles

Early labeling studies revealed the presence of large and
small pools of glutamate that were differentially labeled by
glucose, acetate, and other compounds, and subsequent
work in many laboratories identified two major, separate
TCA cycle compartments as neuronal and astrocytic (31,
45, 50, 653). Quantitative immunocytochemical studies
demonstrated that the large glutamate pool is in neurons,
whereas glutamine levels are highest in astrocytes (465,
466, 620). The regional distribution of the glutamatergic
system is paralleled by that of cytochrome oxidase (the
mitochondrial enzyme that catalyzes oxidation of cyto-
chrome c and reduction of oxygen to produce water), and
neuronal activity regulates the local level of cytochrome
oxidase at the transcriptional level (689, 690). Excitatory
glutamatergic neurons constitute the largest percentage of
neurons (~80%) in cerebral cortical gray matter and inhib-
itory GABAergic cells comprise ~20% (24, 708). Linkage of
fluxes between Gln and Glu and GABA with mitochondrial
enzymes and glucose oxidation has been a driving force for
elucidation of astrocyte–neuron metabolic interactions in-
volving these neurotransmitters.

B. Glutamate Labeling Versus Glutamate De
Novo Synthesis

Neurons do not have the capability for de novo synthesis of
Glu, Asp, or Gln from glucose, and both glutamatergic and
GABAergic neurons depend on astrocytes to synthesize pre-
cursors for these neurotransmitters [reviewed by Hertz and
colleagues (270, 276)]. For this reason, it is important to
distinguish between metabolic labeling and de novo synthe-
sis of the TCA cycle–derived amino acids. For example,
label from glucose is rapidly incorporated into Glu and Asp
(36, 706) in neurons via transaminase exchange reactions
that transfer label from TCA cycle ketoacid carbon skele-
tons (OAA and �KG) to the respective amino acids (FIGURE
2), but there is no net synthesis, only labeling. Neuronal
assignment of rapid glutamate labeling and delayed astro-
cytic glutamine labeling by glucose via the glutamate–glu-
tamine cycle was based on 13C-MRS studies and metabolic
modeling (see Section IIIC below). The MAS not only trans-
fers reducing equivalents from cytosol to mitochondria
(426), it is also essential for transfer of glucose-derived label
from TCA cycle intermediates to the cytoplasm (FIGURE 1),
where it is diluted in the large cytoplasmic amino acid
pools. Exchange labeling is the basis for MRS studies of the
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Glu–Gln cycle because of the large number of glutamatergic
neurons, the high rate of glucose oxidation in neurons, and
high exchange rate that transfers label from the TCA cycle
intermediates to transmitter Glu, the high Glu concentra-
tion in neurons to dilute the label, and the subsequent con-
version of Glu into Gln in astrocytes (FIGURES 2 AND 3).
These conditions also favor registration of neuronal metab-
olism with labeled glucose because the astrocytic glutamate
pool is much smaller and label dilution requires incorpora-
tion into glutamine.

Net synthesis of a new molecule of Glu takes place in astro-
cytes and requires the actions of the astrocyte-specific, ATP-
requiring mitochondrial enzyme PC (556, 582, 583, 707)
along with PDH to generate �KG that is converted to Glu
(FIGURE 2). Gln is synthesized from Glu by the astrocyte-
specific, cytoplasmic, ATP-requiring enzyme glutamine syn-
thetase (15, 407), followed by Gln transfer to neurons via
specific transporters (367). Exact details of the transcellular
glutamine transport are not established, but it is likely that
Gln is released from astrocytes along with Na� in exchange
for H� [this process is enhanced by intracellular sodium
that rises when glutamate is taken up (645)], so transport is
electroneutral and probably driven by the Gln concentra-
tion gradient. On the other hand, Gln uptake into neurons
appears to be electrogenic, but the mechanism and ATP
dependence of Na� extrusion from the presynaptic com-
partment are not known. Gln enters neuronal mitochondria
where the action of phosphate-activated glutaminase (PAG)
generates Glu with release of ammonia. Ammonia is con-
sumed in astrocytes and produced in neurons during the
Glu–Gln cycle, and ammonia balance and cell-to-cell shut-
tling of ammonia, perhaps via branched chain amino acids,
has been a topic of keen interest because of the high rate of
the Glu–Gln cycle (544).

C. Neuronal Processing of Gln to Enter the
Glu Transmitter Pool

The exact location of the active site of PAG that is thought
to be on the outer surface of the inner membrane in mito-
chondria and the detailed mechanisms of Glu release from
mitochondria and loading into synaptic vesicles are ex-
tremely important issues that link glucose utilization to neu-
rotransmission rate. There are two possibilities for the ac-
tions of PAG: first, after deamidation, glutamate can exit
from the mitochondria directly to cytoplasm where it can
enter the transmitter pool. Second, Glu release from mito-
chondria involves components of the MAS, thereby mech-
anistically linking glucose oxidation with Glu–Gln and
Gln–GABA cycling. Available evidence supports this mech-
anism, but exact details need confirmation (270, 570). This
relationship can be briefly explained as follows: Palaiologos
et al. (473) observed that depolarization-evoked, Ca2�-de-
pendent neurotransmitter glutamate release from cultured
cerebellar granule (glutamatergic) neurons was inhibited by

aminooxyacetic acid to reduce cytosolic and mitochondrial
AAT activity (amino group exchange involving Asp, Glu,
�KG, and OAA; FIGURE 4A) and also by phenylsuccinate
that blocks the mitochondrial keto-dicarboxylic acid car-
rier (reaction 2 in FIGURE 4A). To explain their results, they
devised the model illustrated in FIGURE 4A in which Glu
produced by PAG enters the mitochondrial matrix with exit
of Asp via the Asp–Glu carrier (AGC1 or Aralar, reaction 1;
FIGURE 4A). AGC1 is also localized in the inner mitochon-
drial membrane with access to the intermembrane space
and matrix (13, 137, 561). Next, the Glu is transaminated
by mitochondrial AAT (with OAA derived from malate) to
generate �KG that exits the mitochondrial via the keto-
dicarboxylic acid carrier in exchange for malate. The cyto-
solic �KG is then transaminated with Asp by cytoplasmic
AAT to generate Glu that preferentially is packaged into
synaptic vesicles for subsequent evoked release. If PAG-
derived Glu were released from mitochondria directly to the
cytoplasm and incorporated into synaptic vesicles there
should be no inhibition by aminooxyacetic acid and phe-
nylsuccinate. Follow-up studies reinforced the conclusion
that PAG activity involves Glu entry into the matrix and
showed that exogenous �KG was a precursor for transmit-
ter glutamate (429, 474, 494, 581). By use of histidine (His)
to partially inhibit Gln uptake into isolated mitochondria,
Zieminska et al. (716) showed that the concentration of
Glu in mitochondria fell without decreasing the Gln con-
centration (His has small effects on PAG), suggesting that
external Gln had access to PAG via a His-sensitive trans-
porter. Bak et al. (30) showed that His reduced the forma-
tion of [13C]Glu in isolated mitochondria from exogenous
[13C]Gln and that the label in the Glu carbon skeleton re-
vealed its metabolism via the TCA cycle, indicating that
Gln-derived Glu had access to the mitochondrial matrix.
Glucose oxidation requires MAS activity to transfer into
mitochondria the NADH-reducing equivalent that was gen-
erated by production of one pyruvate (0.5 glucose) (FIGURE

1). Leif Hertz recognized that this reaction could drive the
exit of one astrocytic Gln-derived Glu from mitochondria
via a pseudo-MAS (FIGURE 4A) to provide cytoplasmic Glu
to enter the neurotransmitter pool and participate in the
Glu–Gln cycle (272, 281, 286). In this case, the glutamate
that traverses the pseudo-MAS is derived from astrocytic
Gln after its uptake into neurons instead of from the neu-
ronal cytoplasmic Glu as in the “true MAS” (compare FIG-

URES 1 AND 4A).

Packaging of neurotransmitter glutamate into synaptic ves-
icles (FIGURE 4B) is another complex process that has some
knowledge gaps. A vacuolar-type H�-ATPase is believed to
pump two protons/ATP (as opposed to 3–4 H�/ATP for
F-ATPases) into the lumen of the synaptic vacuole (46, 329)
(see Section IA). VGLUTs use the electrochemical driving
force to load the vesicles with Glu, but the stoichiometry
between Glu, H�, and Cl� is not fully worked out and the
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immediate source of the vesicular glutamate (�KG, gluta-
mate, or both) is uncertain (635, 649). Ted Ueda and col-
leagues showed that glycolytic ATP generated by synaptic
vesicle-bound GAPDH and 3-PGK (FIGURE 4B) is preferen-
tially used to drive the proton pump (314, 650) and cannot
be rescued by pyruvate when glycolysis is inhibited. This
provides an example of neuronal glycolysis that is function-
related and proportionate to Glu–Gln cycle rate. The fates
of the glucose-derived pyruvate and NADH remain to be
established.

The models illustrated in FIGURE 4A AND 4B for conversion
of Gln to Glu require mitochondria that have heteroge-
neous distributions, indicating that neurotransmitter cy-
cling pathways are more complex than portrayed. Hip-
pocampal CA3-to-CA1 axons are mainly glutamatergic,
and a surprising observation was that ~90% of presynaptic
axonal varicosities have synaptic vesicles, but only ~50%
have mitochondria (588). Presynaptic glutamatergic bou-
tons lacking mitochondria and the mitochondrial enzyme

PAG cannot convert Gln to Glu, implying that they may be
inactive or dependent on an unidentified source for �KG or
Glu, perhaps supplied by diffusion from those with mito-
chondria. These boutons would also require glycolysis for
their ATP and/or diffusion of energy metabolites (ADP,
ATP, Cr, and PCr) to and from mitochondria located in
axonal shafts. Similar unresolved complexities of the Gln–
GABA cycle include GABA synthesis from Gln, vesicular
loading, and turnover (281, 570). Detailed reviews (272,
281, 282, 425) discuss controversial aspects of Glu and Gln
metabolism.

D. Coupling of Glucose Oxidation With
Neurotransmitter Cycling Rates

A nearly linear 1:1 relationship between the rates of neuro-
nal glucose oxidation and glutamate–glutamine cycling
over a range of synaptic activities produced by different
anesthetics was first reported by Sibson and colleagues

FIGURE 4. Stoichiometry of rate of neuronal glucose oxidation to glutamate–glutamine cycling. A: The mechanisms by which glutamine (Gln)
is converted to glutamate (Glu) are still unresolved, but a requirement for presynaptic glycolysis and the malate–aspartate shuttle (MAS) could
explain half of the 1:1 stoichiometric relationship between neuronal glucose oxidation and Glu–Gln cycle rate (see C, below). Phosphate-activated
glutaminase (PAG), the aspartate–glutamate carrier, aralar are located on the outer surface of the inner mitochondrial membrane, and evidence
suggests that Glu formed from Gln is transported into the matrix by aralar (reaction 1), and after its transamination to �-ketoglutarate (�KG) by
mitochondrial aspartate aminotransferase (AATm) is released to the cytosol via the ketodicarboxylic acid carrier (reaction 2) in exchange for
malate (Mal). Cytoplasmic �KG is converted to Glu via cytoplasmic AAT (AATc), then preferentially enters synaptic vesicles. Shuttling of
glycolytically derived NADH into mitochondria (red) by the pseudo-MAS (see FIGURE 1) would enable release of Gln-derived �KG to the cytosol,
where it can be converted to Glu and inserted into synaptic vesicles (SVs). The pyruvate can then serve as oxidative substrate in the presynaptic
neuronal compartment, so that the stoichiometry is 0.5 glucose–oxidized per transmitter Glu produced via the Glu–Gln cycle. For more details,
see reviews by Hertz and colleagues (270, 272, 281, 282, 570). Modified from Figure 5 of Hertz and Chen (272) (kindly provided by the
authors) that was derived from Figure 3 of Palaiologos et al. (473) (1988, John Wiley and Sons, with permission). B: Neurotransmitter
glutamate (Glu) is generated in the presynaptic neuronal compartment before its insertion into the SV, but the exact processes are uncertain.
Glutamine (Gln) is considered to be the predominant precursor for transmitter Glu, but small amounts of �KG may be transported directly from
astrocytes to serve as Glu precursor without the requirement for processing of Gln in presynaptic mitochondria (see legend to A). Cytoplasmic
�KG from astrocytes or mitochondrial metabolism of Gln can interact with an SV-bound, mitochondrial-type aspartate (Asp) aminotransferase
(AAT) isoform (which has different kinetic properties than the cytosolic AAT) to generate Glu plus oxaloacetate (OAA). Glu transport into the
vesicle by a VGLUT utilizes an electrochemical gradient generated by an H�-ATPase to acidify the lumen of the SV. This ATPase preferentially uses
glycolytically derived ATP, and the key enzymes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 3-phosphoglycerate kinase (3-PGK),
are also bound to SVs. For more details, see reviews by Ueda (649, 650). Abbreviations: Ac-CoA, acetyl coenzyme A; 1,3-BPG, 1,3-
bisphosphoglycerate; BY, Brilliant Yellow; CA, citric acid; GAP, glyceraldehyde-3-phosphate; GDH, glutamate dehydrogenase; IA, iodoacetate;
PA, pyruvic acid; PC, pyruvate carboxylase; Pi, inorganic phosphate; TB, Trypan blue. [From Ueda (649), 2016 Springer International Publishing
Switzerland, with permission]. C: The rate of neuronal glucose oxidation (CMRglc(ox), N) is approximately directly proportional to the rate of total
neurotransmitter cycling (Vcycle(tot)) over a wide range of activities from isoelectric EEG to the resting awake state in rat and human brain. The
ordinate intercept where Vcycle(tot) equals zero was obtained under deep pentobarbital anesthesia and is interpreted to represent the glucose
oxidation rate to support nonsignaling (green arrows) or “housekeeping” activities that account for ~20% of that in the resting awake state.
Graded levels of different anesthetics were used to obtain different metabolic and Glu–Gln cycling rates (591), and data from additional studies
compiled by Hyder et al. (Table S3 in Ref. 313 and Table S1 in Ref. 309) were used to construct the figure. The linear regression line (black)
(CMRglc(ox), N � 0.87 Vcycle(tot) � 0.10) is from Ref. 313. D: The basis for the ~1:1 relationship between neuronal glucose oxidation rate and the
glutamate–glutamine cycle rate and the total neurotransmitter cycle rate (C) is not definitively established, but one possibility is illustrated as a
mechanistic model. Glycolytic metabolism of one glucose generates two NADH (red) that must be shuttled into mitochondria so that two pyruvate
molecules can be oxidized in the presynaptic compartment of glutamatergic neurons. The pseudo-MAS transfers one NADH (green) into
mitochondria and could explain oxidation of 0.5 glucose per glutamine converted to glutamate (A). Transfer of the second NADH (blue) into
mitochondria via the “true”-MAS could explain another 0.5 glucose oxidized when same glutamate molecule produced by the pseudo-MAS is
loaded into a synaptic vesicle with preferential use of glycolytic ATP (B). The Glu–Gln cycle rate increases with signaling activity implying that
mitochondrial processing of Gln and packaging of Glu need to occur at similar rates. For each molecule traversing the neuronal compartment
of the Glu–Gln cycle one glucose molecule is oxidized to yield ~32 ATP (i.e., 30 ATP in excess of the ~2ATP for the cycle), one for putative
extrusion for Na� taken up with glutamine (see FIGURE 2), and one for the H�-ATPase (red) to acidify the vesicle lumen (B). This model minimizes
any need for lactate as a supplemental fuel when excitatory transmission is enhanced, and it is compatible with either “coupled” relationships
between aspects of glycolytic and oxidative reactions involved glutamine processing or spatial separation between these components, but would
be most efficient when coupled. ETC, electron transport chain.

INTEGRATION OF ENERGETICS WITH FUNCTION

979Physiol Rev • VOL 99 • JANUARY 2019 • www.prv.org
Downloaded from www.physiology.org/journal/physrev by ${individualUser.givenNames} ${individualUser.surname} (130.063.180.147) on December 20, 2018.



(591). A larger data set was since assembled by Hyder and
colleagues (309, 313) from quantitative assays in rats over
the range from isoelectric EEG (pentobarbital-anesthetized,
120 mg/kg plus supplemental doses) to the resting, awake
state in rats and humans (FIGURE 4C). Human brain has
lower oxidative and cycling rates than rats, but the values
fall along the same regression line. Sonnay et al. (608) re-
cently extended the linear relationship between glucose ox-
idation rate and cycle rate to include both neurons and
astrocytes during visual stimulation of the tree shrew under
light isoflurane anesthesia. Increased astrocytic oxidative
metabolism with neurotransmission rate is consistent with
greater metabolism of [14C]acetate during sensory stimula-
tion and spreading depression in awake rats (129, 163, 166)
(Section IID4). The ordinate intercept in FIGURE 4C is the
value for CMRglc(ox),N when transmitter cycling is zero, and
it represents energy demand for nonsignaling or “house-
keeping” activities. Nonsignaling activities account for
~20% of the energy consumed by neurons in the awake,
resting rat, with ~80% used for signaling activities. Of in-
terest, rats subjected to seizures while anesthetized with
2–3% halothane in N2O/O2 (70%/30%) had values similar
to resting, awake rats, whereas similarly anesthetized rats
without seizures had much lower rates (CMRglc(ox),N � 0.22;
Vcycle � 0.26). Cycling rates were not determined during
seizures induced in paralyzed rats anesthetized with
N2O/O2 (70%/30%), but they had prolonged, severalfold
increases in both CMRglc and CMRO2, with a dispropor-
tionately larger increase in CMRglc (594), indicating uncou-
pling of glycolytic and oxidative metabolism. A key unre-
solved issue is why glycolytic rate outstrips MAS and oxi-
dative rates, particularly in awake, activated subjects (see
Section V and FIGURE 5).

E. Models for CMRglc(ox),N–Vcycle
Stoichiometry

Mechanistic explanations for the 1:1 stoichiometry be-
tween neuronal glucose oxidation rate and neurotransmit-
ter cycling rate (FIGURE 4C) have been elusive and remain to
be definitively established. Hertz (272) recognized that half
of the relationship could be explained by the pseudo-MAS,
with a stoichiometry of oxidation of one pyruvate (0.5 glu-
cose) per Gln–Glu cycled, a “tight” mechanistic linkage
(FIGURE 4A). To explain the other half of the 1:1 relation-
ship, a model (FIGURE 4D) is proposed in which the models
in FIGURE 4A AND B are combined. Starting with ongoing
presynaptic glycolysis and/or the preferential utilization of
glycolysis to fuel the H�-ATPase for acidification of the
synaptic vesicles [FIGURE 4B (649)], glycolysis produces
two ATP, two NADH, and two pyruvate per glucose. One
NADH can power conversion of one glutamine to gluta-
mate via the pseudo-MAS with oxidation of 0.5 glucose
(FIGURE 4A), and the glycolytically derived ATP can fuel
vesicular acidification for glutamate loading. Shuttling of
the second NADH molecule into mitochondria via the true

MAS can facilitate oxidation of a second pyruvate molecule
(0.5 glucose). Because Gln conversion to Glu and vesicular
Glu packaging occur at similar rates, their near-simultane-
ous rates could explain the observed 1:1 stoichiometry over
a wide range, yet allow upregulation of glycolysis during
activation of awake subjects with higher signaling rates.

Several lines of evidence obtained in isolated presynaptic
nerve endings (synaptosomes) reveal their high MAS and
glycolytic–oxidative capacities and their ability to support
oxygen–glucose stoichiometry and metabolic upregulation
with glucose as sole substrate. First, the MAS is required for
glucose oxidation, and its inhibition causes a large reduc-
tion in the rate of synaptosomal glucose oxidation (88,
340). Second, under resting conditions, glycolytic and res-
piration rates in cerebral cortical synaptosomes are close to
stoichiometric, and under activating conditions, both in-
crease in parallel, revealing high oxidative capacity (339,
341), a finding at odds with half of hippocampal synapto-
somes lacking mitochondria (318) (see Section IIE4). No-
tably, the stoichiometry was retained during veratridine
treatment to open voltage-gated Na� channels, but glycol-
ysis increased ~20% more than pyruvate oxidation during
depolarization with 45 mmol/l KCl. However, when Ca2�

was chelated with EDTA during KCl treatment, the stoichi-
ometry was restored, suggesting a role for Ca2� in dissoci-
ation of MAS and TCA cycle rates in this situation (i.e.,
Ca2� influenced coupling of glycolysis and MAS with oxi-
dation). Third, glucose-dependent respiration generates the
vast majority of the ATP required for synaptosomal
Na�,K�-ATPase activity under various conditions (191,
192).

A 0.5:1 or 1:1 stoichiometry means that presynaptic oxida-
tion of glucose generates 16 or 32 ATP. After “payment” of
two ATP, one for extrusion of the Na� thought to be taken
up with Gln and one for vesicular packaging the glutamate,
the remaining 14 or 30 ATP produced from glucose oxida-
tion per glutamine processed can be used for signaling en-
ergy demands and ion homeostasis. Glucose oxidation in
the presynaptic compartment maximizes ATP yield at the
time and place of elevated demand. Astrocytic oxidation of
some glutamate upon its uptake coupled with glucose oxi-
dation to replenish this glutamate also provides a large ex-
cess ATP compared with Glu–Gln cycling requirements (see
Section IVB).

Linkage of the overall 1:1 Glu–Gln cycle pathway to glu-
cose oxidation is “looser” than with 0.5:1 via the pseudo-
MAS because LDH can oxidize the NADH when Glu–Gln
cycling rate outstrips total MAS capacity. One potential
regulatory factor that governs relative rates of the MAS and
TCA cycle is Ca2� level. Low Ca2� levels stimulate the
MAS, and higher levels stimulate the TCA cycle dehydro-
genases so that the two pathways then compete for �KG
(376, 560) (FIGURE 1). If the MAS rate slows down, glyco-
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lysis could still support loading glutamate into vesicles, but
lactate would be generated and released from the presynap-
tic compartment. If conversion of Gln to Glu via the pseudo-
MAS lags the Glu vesicular loading rate, cytoplasmic Glu
could supplement the Glu generated from Gln during very
high signaling activity. This flexibility may retain a fixed
relationship between glucose oxidation and cycling rate
over a wide range, yet enable substantial glycolytic upregu-
lation with lactate release from presynaptic terminals,
thereby contributing to aerobic glycolysis (Section V).

A limitation of this model is its emphasis on the presynaptic
compartment and does not include postsynaptic energetics.
CMRglc(ox),N represents total neuronal glucose oxidation,
~82% of which is glutamatergic (FIGURE 3), and would
involve both pre- and postsynaptic compartments. An im-
plicit assumption is that the released glutamate triggers a
proportionate increase in postsynaptic glucose oxidation at
sites other than in postsynaptic spines lacking mitochon-
dria. Alternatively, the pseudo-MAS explains the presynap-
tic oxidation–cycling relationship, and the true-MAS in
conjunction with unidentified processes in other compart-
ments may account for the second half, with proportions
that can vary with experimental conditions, neurotransmit-
ter cycling rate, and metabolic demands. When glycolysis
outstrips MAS, LDH could oxidize some or all of the sec-
ond NADH to generate lactate that is released from the
synaptic terminal. Most glycolytic enzymes have been iden-
tified in the synaptic vesicle proteome, including GAPDH,
3-PGK, and LDH (76, 77, 633), and close proximity of
these enzymes may favor oxidation of NADH produced by
GAPDH by LDH. In favor of this argument is the observa-
tion that [3H]glutamate packaging in intact, isolated synap-
tosomes is relatively unaffected by inhibition of respiration
(314). However, synaptosomes have high LDH activity
(142) that could easily compensate for impairment of glu-
cose-dependent respiration that requires MAS activity.
GAPDH is a “promiscuous” protein with many functions
and many binding partners, over and above its role in the
glycolytic pathway (597, 598, 647). There is some evidence
that NADH may be directly transferred among NAD(H)
dehydrogenases, with formation of enzyme1–NADH–en-
zyme2 complexes, and enzyme pairs of GAPDH–LDH and
GAPDH–cytosolic malate dehydrogenase are capable of
NADH transfer (615). Metabolite channeling has been con-
troversial because of the difficulties in detecting complexes
between the dehydrogenases, although a GAPDH–LDH in-
teraction has been demonstrated (628). If GAPDH were
able to transfer NADH to cytosolic malate dehydrogenase
that converts OAA to malate for participation in the MAS
(FIGURE 1) during glutamate loading, glucose oxidation
would be stoichiometric with cycling rate. These alternative
possibilities using LDH or MAS to oxidize the NADH need
to be tested experimentally for cycling and oxidation rates
that exceed resting awake rates.

F. Summary

Cellular TCA cycle compartmentation and the glutamate–
glutamine cycle have been known for decades, but key de-
tails of processes involved in the energetics of excitatory and
inhibitory neurotransmission remain to be established. A
major step forward was demonstration of the direct pro-
portionality between neuronal, and now also astrocytic,
glucose oxidation and transmitter cycling rates. However,
assays of glucose oxidation and transmitter cycling provide
no direct information about the concurrent, upstream gly-
colytic rates at the hexokinase step and oxygen–glucose
stoichiometry. More work is required to better understand
metabolic upregulation as signaling is increased by activa-
tion of awake subjects. Knowledge gaps include mecha-
nisms that underlie 1:1 coupling of respiration and signal-
ing activities and contributions of presynaptic and postsyn-
aptic compartments to this relationship. Mitochondria
have essential roles in neuronal glutamine–glutamate pro-
cessing but are not present in many presynaptic nerve end-
ings and are absent in most postsynaptic spines. Postsynap-
tic activity has a high calculated energy demand, yet lacks
the powerhouse at sites of transmitter action.

IV. ESSENTIAL ROLES FOR NEURONAL
GLYCOLYSIS DURING ACTIVATION

In this section, the analysis of neuronal fuel use for different
purposes is extended to consider glucose supplementation
under various physiological and experimental conditions in
vitro and in vivo. The data strongly support neuronal up-
regulation of glycolysis and glucose oxidation during acti-
vation and to support specific neuronal functions in subcel-
lular compartments.

A. Supplemental Oxidative Substrates for
Adult Brain

Glucose-sparing, oxidative substrates serve as fuel for adult
brain under physiological conditions that elevate their lev-
els in blood, and classic examples are lactate during vigor-
ous physical activity and ketone bodies during prolonged
starvation (529). Lactate generated by intense muscular ac-
tivity is released to blood causing arterial plasma lactate
levels to rise from ~0.5–1 mmol/l to as high as 20 mmol/l,
and lactate becomes an opportunistic substrate for all brain
cells. Brain lactate levels are normally within the range of
0.5–2 �mol/g during rest and activation, respectively, and
when blood lactate concentration rises above the brain
level, the usual lactate concentration gradient is reversed (it
is normally outwardly directed in sedentary subjects, with
some lactate release to blood), and brain takes up and oxi-
dizes lactate as a supplemental fuel (55, 514, 654). Under
resting conditions, plasma-derived lactate contributes
�10% to brain oxidative metabolism, and the labeling pat-
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tern is the same as that with [13C]glucose, suggesting a
similar proportion of lactate and glucose is metabolized in
both neurons and astrocytes (55, 281). Calculations indi-
cate that transport-saturating levels of lactate in blood can
supply up to ~60% of total oxidation, with glucose provid-
ing the rest. These findings sharply differ from reports that
immature cultured neurons consume lactate in the presence
of glucose equal to �50% of total oxidation metabolism
(28, 59, 60). Substrate “preference” and relative rates of
lactate oxidation in immature cultured cells remains to be
proven to be equivalent to mature brain in vivo.

During prolonged starvation, muscle is degraded and
plasma glucose levels are maintained in the normal range
by gluconeogenesis. Body fat is also metabolized, plasma
ketone levels rise, and MCT capacity at the BBB in-
creases. The net effect is that ketone bodies can provide
about half of the oxidative fuel for human brain, with
glucose accounting for the rest (468). A high-fat (ketotic)
diet increases the concentration of ketones in blood and
reduces glucose utilization proportionately in rat brain
(712), and when ketones are infused into human subjects,
their fractional oxidation in neurons and astrocytes is
similar to that of glucose (475). A notable finding is that
acute intravenous infusion of �-hydroxybutyrate to pro-
duce transport-saturating blood levels (~17 mmol/l) dis-
placed oxidation of glucose in pentobarbital-anesthe-
tized rats with isoelectric EEG, indicating that it can fully
support nonsignaling activities (102, 281). However,
when infused into awake resting rats, �-hydroxybutyrate
accounted for only ~50% of the energy required by sig-
naling, with the balance from glucose.

To sum up, supplemental oxidative substrates in blood can
supply a considerable fraction of the energy required by
adult brain in vivo. However, they cannot satisfy all of the
ATP demand for signaling because, in part, of the transport
limitation and to inability to replace roles fulfilled by gly-
colysis, consistent with failure of lactate, pyruvate, or �-hy-
droxybutyrate to prevent or reverse effects of hypoglycemia
(602). Cytoplasmic oxidation of lactate generates NADH
that may participate in the pseudo-MAS to support gluta-
mate efflux from mitochondria, whereas mitochondrial me-
tabolism of �-hydroxybutyrate does not because it does not
involve the MAS (2).

B. Glycolysis Is Required for Normal
Synaptic Activity

The effectiveness of glucose replacement or supplementa-
tion with alternative substrates has been assessed in many
laboratories under different conditions, often with appar-
ently conflicting results that have caused their roles in brain
function to be controversial and extensively debated, espe-
cially lactate [e.g., (94, 144, 529)]. Most replacement/sup-
plementation studies are carried out with brain slices and

cultured cells, and when evaluating the literature, it is im-
portant to take into account the biochemical and physio-
logical properties of tissue or cells at the developmental
stage used for assays, substrate concentrations used for cell
culture and metabolic assays, and the influence of the exact
preparative and experimental procedures on outcome. Al-
ternative substrates have important roles under various cir-
cumstances, and key questions include when, where, and
how much they contribute. The following discussion pro-
vides examples to illustrate these issues and reveal the im-
portance of glycolysis for brain function, as demonstrated
by effects of glucose replacement or supplementation, in-
sufficient quantity (hypoglycemia), and inhibition of glyco-
lysis.

1. Glucose replacement with lactate does not
robustly support function

It well known that electrical stimulation of brain slices pro-
duces lactate in greater quantities under aerobic conditions
than without stimulation, and that slices respire with lactate
as substrate. As an example, the rate of oxygen consump-
tion with lactate as sole substrate for adult brain slices was
only ~25% that of glucose when the level of either substrate
was 2 mmol/l, and glucose-dependent respiration and lac-
tate production rose substantially with electrical stimula-
tion, whereas the lactate-supported increase in oxygen con-
sumption was small (see FIGURE 4.5 in Ref. 421). In addi-
tion, glucose-supported respiration was maximal at 2
mmol/l and did not rise further as its concentration in-
creased (i.e., because of the tight regulation), whereas lac-
tate-driven oxygen utilization during electrical stimulation
progressively rose as its medium level increased from 2 to
10 mmol/l when it equaled the respiration rate observed
with 2 mmol/l glucose (419, 420). These findings suggest
that lactate oxidation is restricted and high lactate levels
bypass the regulatory mechanisms that limit glycolytic flux
when glucose supply is sufficient.

The ability of lactate to replace glucose has been debated
since the 1988 report by Schurr and colleagues (578) that
20 mmol/l lactate supported synaptic transmission in brain
slices in the absence of glucose. This finding has been repli-
cated by some studies [e.g., (202, 320, 576)], but not by
others, and technical aspects of brain slice experiments con-
tribute to discrepant findings (92, 634, 699). For example,
the Okada group found that removal of glucose from the
slice medium led to failure of evoked population spikes well
before ATP and PCr were depleted and that lactate could
not substitute for glucose [reviewed by Okada and Lipton
(463)]. When Okada and colleagues investigated the basis
for discrepant results, they recognized that their preparative
method was faster (slices cut within 1 min) than those of
Schurr and other laboratories in which lactate immediately
supported synaptic transmission (slice cutting �1 min).
When Okada et al. used a slower slicing procedure, the slice
ATP and PCr levels were lower, and lactate could immedi-
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ately support evoked population spikes. Calcium entry
from the medium through NMDA and L-type calcium
channels was found to remove the glycolytic dependency of
synaptic transmission by unidentified mechanisms. Okada
and Lipton concluded that the effectiveness of lactate re-
placement of glucose appears to depend on the “health” of
the tissue after slice preparation, which includes duration of
transient ischemia and ability to recover normal metabolic
properties.

Studies of alternative substrate support for recovery from
hypoxia and ischemia in brain slices may seem to be simple,
but they are, in fact, quite complex [reviewed in (93, 94,
161, 463)]. Effectiveness of substrate replacement studies
(e.g., lactate or pyruvate for glucose) varies with the slice
preparative and assay procedures (slicing speed, thickness,
and perfusion system), duration of the hypoxic/anoxic in-
sult, substrate concentration, age of animal when slices are
prepared, and other factors. Importantly, most lactate re-
placement levels are quite high, 5–20 mmol/l, being justified
by lack of blood flow in the slice and their relevance to
hypoxic and ischemic brain while greatly exceeding that in
normal brain. The neuronal lactate transporter MCT2 has a
Km for lactate of ~0.7 mmol/l (248), and it is ~88% satu-
rated at ~5 mmol/l, so the requirement for high lactate levels
for recovery of functions may involve astrocytic uptake [as-
trocytic MCT1 and MCT4 have Km values for lactate of 3.5
and 28 mmol/l, respectively (248)] and metabolism as the
lactate level rises, perhaps contributing to recovery of neu-
ronal function (e.g., by K� clearance) rather than neuronal
lactate oxidation. Recovery of function per se does not iden-
tify the processes required for recovery. Also, brain slices
are an acute experimental paradigm, and long-term recov-
ery and cellular survival cannot be assessed. Indeed, as dis-
cussed below, many studies have clearly demonstrated a
requirement for nonoxidative metabolism of glucose to sus-
tain neuronal functions, including synaptic transmission.
The fact that many studies do not find that lactate is as good
or better substrate than glucose during posthypoxic or post-
ischemic recovery indicates that it is not a robust phenom-
enon. Interpretation of the findings requires detailed exam-
ination of the exact preparative, experimental, and analyt-
ical procedures used in the discordant studies to understand
why or why not the glucose-replacement substrate is effec-
tive [e.g., see (92, 161, 463)].

2. Glucose supplementation with lactate can inhibit
glycolysis

Metabolism of lactate supplied by an exogenous source
(i.e., to culture or slice medium or injection into blood or
brain) is sometimes considered to support its importance or
the notion of transcellular lactate shuttling coupled with
local oxidation. However, supplemental lactate concentra-
tions often range from 5 to 30 mmol/l, greatly exceed nor-
mal brain lactate levels (0.5–2 �mol/g) during rest and ac-
tivation, overwhelm local lactate gradients, disrupt lactate

release to blood, inhibit metabolism and neuronal firing,
and stimulate receptor activity to a greater extent than dur-
ing brain activation. For example, addition of 10–30
mmol/l lactate to hippocampal slices in the presence of 10
mmol/l glucose did not alter the presynaptic fiber volley
transmission, but it reversibly suppressed population excit-
atory postsynaptic potentials (EPSPs) in the CA1 dendritic
layer (671), consistent with greater vulnerability of postsyn-
aptic activity caused by scarcity of mitochondria in spines
and their presumed glycolytic dependence. An in vivo study
in which lactate was introduced into the hippocampus of
normal, awake rats by microdialysis demonstrated that fir-
ing of pyramidal neurons was reversibly inhibited by 88%
when the estimated lactate level at the site of the recording
electrode was 12.5 mmol/l, and neuronal firing inhibition
was irreversible at 25 mmol/l; in hippocampal organotypic
slice cultures, 10, but not 1, mmol/l lactate inhibited glucose
oxidation (228).

Glycolysis is highly regulated, and glycolytic inhibition by
lactate can have various causes. The GAPDH and LDH
reactions compete for available NAD�, and concentration-
driven lactate influx can overwhelm the system by driving
the LDH reaction toward pyruvate plus NADH, possibly
exceeding MAS capacity when there is an “infinite” exoge-
nous lactate source (FIGURE 1). In addition, lactate is
cotransported with a proton and can cause intracellular
acidification to an extent that can vary with the preparation
(e.g., cultured cells versus adult brain slice), lactate concen-
tration, exposure time, and various transporters that influ-
ence pH and buffering capacity (62, 319, 322, 448). De-
creases in intracellular pH reduce the activity of PFK be-
cause of its high pH sensitivity (250, 648, 683). In
postsynaptic spines and other predominantly glycolytic
structures, efflux of lactate is important to sustain NAD�

availability, and high extracellular levels would interfere
with lactate release. The neuronal lactate transporter
MCT2 is found in spines (49) and has a Km of 0.7 for
L-lactate (248), indicating that it can become nearly satu-
rated during high activity and restrict lactate fluxes even
without exogenous lactate administration. Inhibition of
lactate efflux from glycolytic cells is deleterious and causes
intracellular lactate accumulation, intracellular acidifica-
tion, and reduced glycolytic rate (42, 666). In fact, MCT
inhibition to impair glycolytic metabolism takes advantage
of these characteristics as a strategy to kill glioblastoma
cells (106, 362, 414).

Modulation of neuronal activity by lactate can also occur
independent of direct metabolic effects. In cultured neu-
rons, both D- and L-lactate inhibit firing of excitatory and
inhibitory neurons via a Gi protein–coupled receptor
(GPR81 or HCAR1, hydroxycarboxylic acid receptor 1)
with an IC50 of ~4 mmol/l in the presence of 5 mmol/l
glucose, whereas pyruvate had a much smaller effect (62).
Assessment of HCAR1 localization in the brain (360) re-
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vealed regional heterogeneity of its mRNA and protein ex-
pression, with highest protein levels in neurons and mi-
crovessels and low levels in astrocytes, including their peri-
synaptic membranes. Electron microscopic analysis showed
predominant HCAR1 localization on postsynaptic spines
of excitatory synapses, and biochemical assays demon-
strated that activation of the receptor downregulated cAMP
levels in brain slices. This receptor has been proposed to be
involved in volume transmission by extracellular lactate
levels to govern neuronal activity, particularly in spines that
have the MCT2 lactate transporter and rarely have mito-
chondria (47). In the locus coeruleus, L-lactate has concen-
tration-dependent excitatory effects on neurons within the
physiological range (EC50 � ~0.68 mmol/l) that cause de-
polarization mediated by cAMP and protein kinase A, in-
crease intracellular [Ca2�] and enhance action potential
firing. These lactate-mediated effects cause release of NE
and have the potential to evoke widespread signaling and
metabolic effects throughout the brain (637). Lactate sig-
naling is discussed in more detail in recent reviews (47, 148,
168, 436). A recent, novel finding is that very high levels
of L-lactate (20, but not 2, mmol/l) can increase the level
of cAMP and lactate in astrocytes, presumably by acting
via an unidentified excitatory receptor-like mechanism
that stimulates adenylyl cyclase and protein kinase A
(658), increasing the complexity of metabolic responses
to and signaling functions of lactate differentially affect-
ing neurons and astrocytes at different lactate concentra-
tions. Thus, lactate can have a direct influence on glyco-
lytic and oxidative metabolism of glucose and secondary
metabolic effects because of the governing of neuronal
firing rate and neurotransmitter actions via the locus
coeruleus and NE release.

3. Inadequate glucose concentration impairs
synaptic activity

Glucose concentration–dependence of synaptic transmis-
sion is a critical issue during hypoglycemic episodes experi-
enced by diabetic patients who use insulin to strictly control
their plasma glucose levels. Human brain glucose is ~1
�mol/g at plasma glucose of 5 mmol/l (241), well above the
Km of hexokinase for glucose (0.05 mmol/l). However, dur-
ing progressive hypoglycemia, glucose demand exceeds de-
livery, reducing brain glucose levels and eventually compro-
mising brain function. Bachelard, Cox, and colleagues car-
ried out a series of studies to help understand the basis for
occurrence of neurological and EEG changes during hypo-
glycemia (26, 115–118). They evaluated the dependence of
synaptic transmission in hippocampal dentate granule cells
in brain slices on glycolysis with the following observations:
1) Reducing the medium glucose levels from �2 to be-
tween 0.5 to 0.2 mmol/l attenuated evoked population
spikes without altering ATP or PCr concentrations and
had a smaller effect on EPSPs. These data indicate greater
postsynaptic sensitivity to glucose availability without
ruling out presynaptic effects because EPSPs represent

the amount of transmitter released from presynaptic ter-
minals as well as depolarization of postsynaptic den-
drites. 2) Replacement of glucose with pyruvate, lactate,
or other mitochondrial substrates did not fully restore
normal synaptic function, indicating an essential, but un-
identified, role for nonoxidative metabolism of glucose.
Effects of reducing glucose from 1 to 0.2 mmol/l on ex-
citatory synaptic transmission in CA1 hippocampus were
examined by Fleck et al. (199), who found that low glu-
cose reduced Glu release, enhanced Asp release, and differ-
entially suppressed �-amino-3-hydroxy-5-methyl-4-isoxa-
zole-propionic acid (AMPA) and NMDA receptor–mediated
responses without altering ATP level, membrane potential,
fiber volleys, or antidromic population spikes. Attenuation of
population spikes when ATP level is 60–100% of control
has been observed in a number of studies [see FIGURE 4 and
related text in (161)], supporting the overall conclusion that
impairment of synaptic transmission during hypoglycemia
occurs before overt energy failure. The dependence of ve-
sicular glutamate loading on glycolytically derived ATP
(314, 649) (FIGURE 4B) may contribute to effects of hypo-
glycemia on neurotransmission (314).

4. Activated neurons prefer oxidation of glucose to
lactate or �-hydroxybutyrate

Tests of the ability of either glucose or lactate alone to
support activation of hippocampal slices by treatment
with NMDA revealed that synaptic transmission and K�

homeostasis were lost more rapidly and synaptic trans-
mission recovered less completely with lactate as sole
substrate compared with glucose (92). Based on their
analysis of the literature, Chih et al. (92) reasoned that
when glucose is continuously supplied from blood during
brain activation, increased glycolytic rate would drive
glucose metabolism toward lactate production and in-
hibit utilization of lactate. The biochemical and physiological
arguments supporting this conclusion are presented in the au-
thors’ reviews (93, 94). Indeed, in cultured neuroblastoma
cells, glycolysis was directly demonstrated by Hung et al.
(308) to oppose the LDH equilibrium and change the
NAD�/NADH ratio so that this redox ratio reflects the
balance between glycolysis and the LDH reaction, not just
the LDH reaction.

In a series of three important studies in cultured cerebellar
glutamatergic neurons using uniformly 13C-labeled or un-
labeled glucose and lactate (2.5 and 1 mmol/l, respectively),
preferential glucose oxidation during activation was es-
tablished by Bak and colleagues (27–29). When neu-
rotransmission was stimulated by pulses of NMDA (300
�mol/l) plus K� (15 mmol/l), oxidation of glucose, not
lactate, was enhanced, and glucose was required to pre-
vent reversal of glutamate transporters that occurred
with lactate as sole substrate. Even though oxidation of
lactate was high under resting and activated conditions in
these cultured cells [contrasting its small contribution to
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total oxidation (�10%) in resting human brain (55)],
lactate utilization did not increase when synaptic activity
was stimulated.

Neuronal depolarization by NMDA increases intracellular
[Ca2�], and the Satrústegui laboratory found that low levels
of cytosolic Ca2� stimulated the MAS (FIGURE 1), and
higher levels of Ca2� enter mitochondria to stimulate the
activities of pyruvate, isocitrate, and �KG dehydrogenases
and enhance TCA cycle rate and respiration (376, 477).
They found that because �KG participates in both the MAS
and TCA cycle, there is a point at which substrate compe-
tition limits the MAS, thereby restricting oxidative metab-
olism when calcium levels rise. Bak et al. (27, 29) hypothe-
sized that NMDA-evoked increases in Ca2� may limit the
MAS activity and prevent increases in lactate oxidation,
then experimentally demonstrated that the increase in gly-
colysis and glucose (but not lactate) oxidation correlated
with the NMDA-evoked increase in intracellular [Ca2�].
Next, graded doses of a calcium ionophore were shown to
give similar results, independent of NMDA-induced synap-
tic activity. Glycolytic rate, lactate release to the medium,
and glucose oxidation all rose as intracellular [Ca2�] in-
creased, whereas lactate oxidation did not. Both glycolysis
and lactate oxidation are dependent on the MAS to shuttle
reducing equivalents into mitochondria (FIGURE 1), imply-
ing that coupling of glycolysis with the MAS is stronger
than lactate oxidation, and glucose is preferentially oxi-
dized under the activating conditions, in accordance with
the conclusions drawn by Chih et al. (92–94) and the ob-
servation by Hung et al. (308).

Lund and colleagues (387, 388) carried out similar types
of studies with 13C-labeled and unlabeled glucose and
�-hydroxybutyrate as the above Bak studies and com-
pared oxidation of glucose with �-hydroxybutyrate dur-
ing depolarization of cultured glutamatergic or GABA-
ergic cells. They reported that oxidation of glucose in-
creased, whereas �-hydroxybutyrate oxidation fell in
glutamatergic neurons or remained unchanged in
GABAergic neurons. These findings are consistent with
no increase in �-hydroxy[14C]butyrate utilization during
acoustic stimulation in awake rats, contrasting the in-
creases in glucose and acetate utilization under the same
conditions (129). Furthermore, glutamate–aspartate ho-
meostasis was altered by the presence of this ketone body
and the fraction of glutamate plus aspartate released by
depolarization was lower. These changes were ascribed
to lack of MAS activity during oxidation of �-hydroxy-
butyrate compared with glycolytic metabolism of glucose
(388). �-Hydroxybutyrate could sustain spontaneous fir-
ing in the absence of glucose in GABAergic neurons in
slices of substantia nigra pars reticulata (391). However,
when glycolytic inhibitors were added to the paradigm to
block glycogenolysis and glycolysis, firing decreased in

the presence of �-hydroxybutyrate or lactate, indicating
a requirement for glucose utilization.

To sum up, glycolytic and oxidative metabolism of glucose
rise during synaptic transmission in preference to oxidation
of lactate or �-hydroxybutyrate in cultured glutamatergic
and GABAergic neurons. Glucose utilization during depo-
larization and increased synaptic transmission appears to
“displace” a rise in oxidation of exogenous lactate, perhaps
by preferential access of glycolytic NADH to the MAS com-
pared with NADH produced by oxidation of lactate by
LDH (FIGURE 1). The biochemical basis for this phenome-
non remains to be established, but may involve channeling
of glycolytic reactants, including NAD� and NADH,
through multi-enzyme complexes (metabolons). Indeed,
one of the outstanding problems in understanding meta-
bolic control during activation is how different pathway
fluxes respond at a metabolic intersection (i.e., utilization of
cofactors common to the pathways and MAS) to enable
optimal function. Clearly, glycolysis is essential for neuro-
nal function, and disruption of glycolytic flux by exogenous
lactate could have serious deleterious consequences if un-
checked.

5. Glycolysis and glucose oxidation fuel activated
neurons in brain slices

The cellular basis of metabolic activity in mature brain tis-
sue is extremely difficult to assess because of spatial–tem-
poral limitations of current technology. However, the fol-
lowing studies provide compelling evidence for neuronal
upregulation of glycolysis and oxidation during activation.
Hall and colleagues (249) demonstrated that stimulation of
hippocampal slices using glucose as substrate caused oxy-
gen and NAD(P)H concentrations to fall immediately, in-
dicating rapid onset of oxidative metabolism. Analysis of
effects of pharmacological blockade of pre- and postsynap-
tic events revealed that oxygen consumption was required
to support the major synaptic signaling activities. Blockade
of LDH had no effect on the onset of increased oxygen
consumption indicating that lactate shuttled from glyco-
lytic astrocytes to neurons (see Section VI) was not neces-
sary to fuel the increase in synaptic activity.

Gamma oscillations are fast network rhythms (30–100 Hz)
associated with sensory perception, memory formation,
motor activity, and other higher brain functions, and they
require glycolytic and oxidative metabolism of glucose in
hippocampal networks in brain slice cultures (207, 334,
567, 568). The Kann laboratory showed that glucose was
the most effective substrate, and best results were obtained
with 10 or 5 mmol/l glucose, but 2.5 mmol/l could support
oscillations that had lower amplitude and other distur-
bances. Lactate (2 mmol/l) did not support gamma oscilla-
tions, whereas high concentrations (20 mmol/l) of lactate or
pyruvate could sustain oscillations but with reduced ampli-
tude. Supplementation of 5 mmol/l glucose with 2 mmol/l

INTEGRATION OF ENERGETICS WITH FUNCTION

985Physiol Rev • VOL 99 • JANUARY 2019 • www.prv.org
Downloaded from www.physiology.org/journal/physrev by ${individualUser.givenNames} ${individualUser.surname} (130.063.180.147) on December 20, 2018.



lactate had small effects on peak frequency. The high energy
demands of network rhythms stimulate oxygen consump-
tion and require glucose as the optimal substrate.

The Zilberter laboratory provided strong evidence for in-
creases in glycolysis and oxidative metabolism in both neu-
rons and astrocytes when network activity was increased by
stimulation of the Shaffer collateral–commissural pathway
in hippocampal slices from mature mice (319). Pharmaco-
logical techniques and substrate manipulations were used
to separate effects of electrical stimulation on NAD(P)H
and FAD autofluorescence transients and the simultaneous
decreases in oxygen concentration in neurons and astro-
cytes. Increases in both glycolytic and oxidative activities in
response to electrical stimuli were demonstrated in both cell
types. Of particular interest, the response to glutamate puffs
assayed in the presence of a cocktail containing glutamate
receptor blockers plus tetrodotoxin (a Na� channel blocker
that inhibits neuronal firing of action potentials) revealed
smaller NAD(P)H responses with a concurrent rise FAD
fluorescence and a decrease in oxygen concentration, indi-
cating astrocytic glycolysis and mitochondrial oxidation in-
creased. Blocking astrocytic glutamate uptake eliminated
these responses, providing direct evidence for stimulation of
astrocytic glycolysis and oxidation that is also consistent
with metabolism of some glutamate upon its uptake.
Samokhina et al. (557) emphasized different responses of
glucose, lactate, and oxygen levels in hippocampal slices
compared with hippocampus of freely moving mice. Extra-
cellular glucose level in the slice was about half that in the
medium and electrical stimulation caused a rapid fall in
oxygen and glucose levels and rise in lactate level, with slow
recovery after stimulation. In contrast, in living tissue, the
extracellular oxygen level fell after the stimulus, whereas
glucose and lactate levels were more stable, indicating that
blood replenished fuel levels quickly. In both cases there
was large, prolonged lactate release to extracellular fluid,
not rapid lactate uptake into cells and oxidation.

6. Neuronal glycolysis increases during stimulation:
cellular assays

An elegant series of experiments carried out in the Yellen
laboratory by Diaz-Garcia et al. (140) measured the neuro-
nal cytoplasmic redox state (NADH/NAD� ratio) with a
biosensor during stimulation, demonstrated that neurons
upregulate glycolysis more than oxidation and release lac-
tate, and established that activated neurons are not fueled
by extracellular lactate. These findings disprove, at the cel-
lular level, the tenets of the astrocyte–neuron lactate (ANL)
shuttle model [i.e., glutamate uptake into astrocytes stimu-
lates glycolysis and lactate release that serves as a major
neuronal fuel during activation (see Section VIA)].

The first experiments showed that a 3-s stimulus evoked a
rapid, prolonged (~3 min) rise in the redox ratio in dentate
gyrus neurons that coincided with an immediate, transient

rise in intracellular [Ca2�] after either synaptic or anti-
dromic stimulation of acute hippocampal slices from adult
mice. Blockade of postsynaptic receptors that would not
alter presynaptic glutamate release caused disappearance of
the Ca2� and redox responses, indicating that astrocytic
activation by glutamate uptake does not cause the neuronal
redox response. The redox peak increased when MCTs or
LDH were blocked, it had modest changes when exogenous
lactate (2 mmol/l) was added, it was prevented by inhibition
of GAPDH, it was increased and prolonged by inhibition of
the MAS that transfers NADH reducing equivalents to mi-
tochondria, and it was accompanied by a rise in intracellu-
lar lactate level that was unaffected by MCT inhibition.
Furthermore, neuronal intracellular glucose concentration
fell after stimulation, the dip was diminished by MCT inhi-
bition, implying that lactate accumulation depressed glyco-
lytic rate, and its decrement was enhanced by blocking glu-
cose transporters indicating utilization of glucose supplied
from extracellular fluid. When assayed in neurons in the
whisker-to-barrel cortex in awake adult mice during whis-
ker stimulation, the rise in the NADH/NAD� ratio was
coincident with the transient calcium peak, whereas adja-
cent neurons were unresponsive. Treatment with exoge-
nous lactate evoked a biosensor response that was reduced
by MCT inhibition, but the redox response to whisker stim-
ulation was still robust during MCT blockade.

To summarize, the abrupt, prolonged rise in the redox ratio
indicated an immediate increase in neuronal glycolysis, fol-
lowed more slowly by oxidation because MAS inhibition
prevented the return to baseline. Enhancement of the fall in
intracellular glucose level by glucose transporter blockade
indicates stimulation of neuronal glucose uptake and glyco-
lysis, consistent with blockade of the redox transients when
GAPDH was inhibited. Elevation of the redox peak by
MCT inhibition indicates lactate efflux from the neurons
during activation. The Diaz-Garcia study clearly demon-
strates the absence of a significant contribution of extracel-
lular lactate derived from astrocytes to neuronal metabo-
lism during activation, and the redox status of nearby as-
trocytes is not relevant because extracellular lactate was not
consumed. It also rules out astrocyte–neuron shuttling of
glycogen-derived lactate (see Section VIII for analysis of this
issue).

Diaz-Garcia et al. (140) discussed the caveat that their re-
dox assays were made in cell bodies and cited other studies
that provide strong evidence for increased glycolysis in syn-
aptic terminals. The Ryan laboratory showed that both gly-
colysis and oxidative metabolism are required to support
synaptic vesicle cycling (519). Subsequently, they found
that activation of the metabolic sensor AMP kinase drives
mobilization of the glucose transporter GLUT4 from endo-
somes to the presynaptic plasma membrane during neuro-
nal activity (21). Knockdown (KD) of GLUT4 blocked en-
docytosis of synaptic vesicles after increased activity evoked
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by more than ~10 action potentials, indicating increased
glucose transport capacity is required to support upregula-
tion of glucose metabolism. In C. elegans subjected to neu-
ronal stimulation or hypoxia, glycolytic enzymes accumu-
late at presynaptic terminals in close association with syn-
aptic vesicles, and disruption of this clustering impairs
vesicle cycling and locomotor activity (323). Together,
these four studies at the cellular level underscore the impor-
tance of glycolytic and oxidative metabolism of glucose in
presynaptic structures and strongly support findings that
evaluated neuronal and astrocytic metabolic responses to
activation in brain slices (249, 319, 334).

Results of the Diaz-Garcia (140) study also provide alter-
native interpretations of data obtained by Mazuel et al.
(416). These authors knocked down the protein level of
neuronal lactate transporter MCT2 in somatosensory cor-
tex by ~26%. Then, anesthetized rats were subjected to one
hour of whisker stimulation during [1-13C]glucose infu-
sion, and tissue was assayed for 13C-labeled lactate, gluta-
mate, and glutamine. Activation increased lactate enrich-
ment by ~25% in controls, but not in MCT2-KD animals.
Incorporation of 13C into carbon 4 of glutamate mainly
reports neuronal glucose oxidation, and it was lower in
stimulated KD rats compared with controls. Label incorpo-
ration into glutamine via the glutamate–glutamine cycle
was also reduced in the KD rats. 1H-NMR spectroscopy
showed elevated lactate levels in controls during whisker
stimulation, but not in KDs. Blood oxygen level-dependent
(BOLD) functional magnetic resonance imaging (fMRI) sig-
nals were evoked by whisker stimulation in controls, but
not the MCT2-KDs. Possible explanations offered by the
authors were as follows: 1) lactate was produced by neu-
rons and reduced efflux could inhibit glycolysis. 2) Lactate
shuttling from astrocytes was reduced, causing insufficient
energy supply to maintain normal synaptic activity. 3)
Lower neuronal oxidation and cycling of glutamate to glu-
tamine in astrocytes is consistent with reduced neuronal
activity. The methods used in this study do not have cellular
resolution and cannot measure lactate trafficking, but the
authors, who are ANL shuttle proponents, favored the lac-
tate shuttle interpretation.

The critical unanswered question remains: why was neuro-
nal activity suppressed? Was it due to blockade of lactate
efflux or influx? The former explanation is supported by
results of the Diaz-Garcia (140) study that showed that
neurons in whisker barrel cortex increase glycolysis during
whisker stimulation of awake, unanesthetized mice and do
not depend upon import of lactate. Inhibition of lactate
efflux in the Mazuel et al. study (416) probably impaired
neuronal glycolysis, thereby reducing label incorporation
into glutamate and glutamine. Neuron–astrocyte activity
and lactate stimulate blood flow, and if blood flow does not
rise during whisker stimulation, the BOLD response would
be abolished. It is surprising that a small, 26% reduction of

total MCT2 protein level has these effects. Perhaps MCT2
KD has a higher impact on its plasma membrane expression
than on total protein level or that unidentified side effects of
the KD have occurred. Although the ultimate explana-
tion(s) require more work, there is no evidence for ANL
shuttling.

7. Pathway inhibition to evaluate ATP source(s) to
support neuronal functions

Inhibition of glycolysis and/or mitochondrial oxidation has
been used in many studies to evaluate the contributions of
these pathways to various cellular functions. For example,
clearance of cytosolic Ca2� by a plasma membrane calcium–
ATPase pump in cultured cerebellar granule neurons and
acute cerebellar slices was delayed by inhibition of glycoly-
sis, but not by blockade of mitochondrial oxidation,
whereas the ER calcium-ATPase (SERCA) could be powered
by ATP from glycolysis or mitochondria (317). Notably,
Ca2� clearance was most affected in postsynaptic spines
indicating high dependence on glycolysis, consistent with
their overall lack of mitochondria (317). Increases in post-
synaptic Ca2� level via NMDA receptors have a strong
influence on synaptic efficiency, with moderate postsynap-
tic Ca2� influx inducing long-term depression and a large
influx inducing LTP (265). Ca2� also governs mitochon-
drial activity of mitochondria that can take up Ca2� via a
uniporter (27, 110), and one might speculate that the lack
of mitochondria in postsynaptic spines is to prevent inter-
ference with Ca2� signals and regulation of synaptic plas-
ticity. In contrast to the spines, evoked exocytosis of synap-
tic vesicles and ATP level in hippocampal synaptosomes
(only about half of which had mitochondria) were very
sensitive to inhibition of the mitochondrial respiratory
chain, whereas glycolytic inhibition had small effects on
ATP level or exocytosis (318). Basal evoked synaptic trans-
mission in cocultures of hippocampal neurons and astro-
cytes grown for 1–2 wk in 17 mmol/l glucose was main-
tained by either glycolysis or oxidative metabolism,
whereas inhibition of both pathways caused considerable
vesicular exocytosis and endocytotic arrest that was depen-
dent on oxidative metabolism (599). In addition, cells re-
covered best after strong depolarization (90 mmol/l K�)
when oxidative phosphorylation was intact, and separate
experiments revealed that oxidative metabolism was inde-
pendent of any lactate shuttling from astrocytes (599). On
the other hand, basal neurotransmission in the presynaptic
terminal of the calyx of Held in acutely prepared brain slices
was dependent on glycolysis because mitochondrial oxida-
tive metabolism could not compensate for glycolytic block-
ade (386). In this preparation, low-frequency, evoked ex-
citatory postsynaptic currents (EPSCs) assayed at 33–35°C
were highly variable when glycolysis was blocked, but not
during respiratory inhibition. When similar experiments
were carried out at room temperature, only glycolytic im-
pairment attenuated the amplitude of the evoked EPSC,
indicating that glycolytic ATP could not be replaced by
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mitochondrially derived ATP, whereas glycolysis could
compensate for inhibition of respiration. Glycolytic impair-
ment also decreased the presynaptic resting membrane po-
tential and altered the shape of the presynaptic action po-
tential waveform (smaller, broader, and delayed time to
spike initiation) that is hypothesized to lessen Ca2� influx,
decrease transmitter release, and reduce the EPSC during
low-frequency stimulation.

In addition to synaptic processes, other neuronal activities
depend on glycolysis. Fast axonal transport in axons of
cultured cortical neurons and Drosophila larva requires gly-
colytic ATP, not oxidative metabolism (289, 710). Inhibi-
tion of GAPDH with iodoacetate and silencing GAPDH
reduced fast axonal transport of vesicles, whereas inhibi-
tion of respiration or relocation of mitochondria from ax-
ons had no effect. Proteomic analysis of purified vesicles
revealed the presence of GAPDH and all glycolytic en-
zymes, and reconstitution of vesicles in vitro demonstrated
that the glycolytic pathway is sufficient to support the en-
ergetics of molecular motors that transport cargo long dis-
tances through axons.

Glycolysis is required to maintain specific functions in
different neuronal compartments, and high ATP yield
from oxidative metabolism is necessary for high-demand
activities. However, there are considerable differences in
experimental outcome that depend on the exact prepara-
tion and specific methodology to evaluate neuronal ac-
tivity. An interpretive difficulty of inhibition studies is
that if a process being evaluated is not affected by block-
ade of a specific pathway, then another pathway can
compensate for the intervention, but the results do not
rule out a primary role for the blocked pathway even if
there is compensation.

C. Summary

Glucose metabolism is essential for brain function even
when supplemented by alternative oxidative substrates un-
der specific physiological conditions. Oxidative metabolism
provides most of the ATP used by brain, but synaptic dys-
function occurs before energy failure when glucose supply is
inadequate or when glucose is replaced by or supplemented
with high concentrations of lactate or other fuels. Supra-
physiological levels of lactate can inhibit glucose utilization
by competition for NAD�, intracellular acidification, and
receptor-mediated signaling. Activation of cultured gluta-
matergic and GABAergic neurons preferentially upregu-
lates oxidation of glucose, whereas lactate and �-hydroxy-
butyrate metabolism is not increased when all substrates are
present at their normal levels. Neurons metabolize glucose
and release lactate during activation in preference to utili-
zation of extracellular lactate derived from glucose or gly-
cogen in brain slices and somatosensory cortex in vivo dur-
ing whisker stimulation. Neuronal glycolysis, along with

oxidation, is not only required for synaptic activity, it pro-
vides the ATP used for axonal transport, activities of post-
synaptic spines that lack mitochondria, and specific ion
pumps. Taken together, the above and related (141) find-
ings strongly refute the claim by Magistretti and Allaman
(396) that neurons cannot increase glycolysis. Heterogene-
ity of metabolic demand in different brain regions and neu-
ronal networks contributes to diversity of assignment of
metabolic pathways to support cellular functions.

V. AEROBIC GLYCOLYSIS

Aerobic glycolysis is a fascinating aspect of brain func-
tional energetics. Although brain is a highly oxidative
organ, it preferentially upregulates nonoxidative metab-
olism of glucose during activation. Aerobic glycolysis
occurs at both the global and local level and involves
three major pathways, glycolysis with lactate production
and release, pentose phosphate shunt, and astrocytic gly-
cogen turnover. Aerobic glycolysis is regulated by poorly
understood adrenergic mechanisms, and the magnitude
of its manifestation across age and in different brain
regions is challenged.

A. Definition and Quantification of
Magnitude

Aerobic glycolysis is the disproportionately greater utiliza-
tion of glucose or total carbohydrate compared with oxy-
gen when the level and delivery of oxygen are normal and
sufficient. This situation contrasts with upregulation of gly-
colytic rate when oxygen is inadequate (hypoxia) or absent
(anoxia or ischemia; anaerobic glycolysis). Aerobic glycol-
ysis is detectable in normal resting brain, and its magnitude
increases during and after physiological activation and un-
der pathological conditions. Aerobic glycolysis is usually
associated with glycolytic upregulation and increased lac-
tate production and release, but can include the pentose
phosphate shunt, glycogen synthesis, and other biosyn-
thetic processes. Pathway contributions can vary in magni-
tude and duration with age and throughout the time course
of metabolic activation/recovery.

Aerobic glycolysis can be quantified as follows: OGI
(OGI � CMRO2/CMRglc), oxygen– carbohydrate index
(OCI) (OCI � CMRO2/[CMRglc � 0.5CMRlac]) with lac-
tate expressed in glucose equivalents (1 Glc � 2 Lac), or
CMRcarbohydrate – CMRO2/6, in which oxygen consumption
is expressed in glucose equivalents. This calculation as-
sumes that ketone bodies or other substrates with a differ-
ent oxygen/substrate stoichiometry are not consumed. OGI
and OCI are molar ratios based on the stoichiometry of
carbohydrate oxidation with units of �mol O2/(�mol glu-
cose or carbohydrate) and OGI has a theoretical maximum
of 6.0 (1 glucose � 6O2 ¡ 6CO2 � 6H2O) as long as no
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other substrates are metabolized by the brain. OCI takes
into account utilization of lactate during intense exercise.
Calculation of OGI and OCI requires quantitative, accurate
determination of metabolic rates or A-V differences. When
(A-V) differences are assayed, OGI and OCI are ratios of
net substrate uptake: OGI � CBF(A-V)O2/CBF(A-
V)glc � (A-V)O2/(A-V)glc or its equivalent for OCI � (A-
V)O2/[(A-V)glc� 0.5(A-V)lac]. When other substrates are
consumed during the assay interval, they need to be in-
cluded in the calculation. For example, inclusion of glyco-
gen consumed during activation increases the amount of
carbohydrate and drives OGI or OCI to lower values (TA-
BLE 5). Also, failure to include oxidization of blood-borne
substrates (e.g., milk-derived nutrients in suckling mam-
mals, lactate in physically active subjects, and ketone bodies
in fasted or starved subjects) can lead to CMRO2 in excess
of measured carbohydrate utilization, causing OGI to be
too high and even exceed 6.

Under resting, nonstimulated conditions, OGI and OCI are
close to 6.0 in adult rat and human brain, whereas they fall
during activation when glucose or total carbohydrate is
consumed in excess of oxygen (see below, FIGURES 5A and
7B). The larger the fall, the greater the magnitude of aerobic
glycolysis, which is inversely related to OGI and OCI. For
example, if OGI falls from 6 to 4 during activation, 33%
more glucose is consumed in excess of oxygen [i.e.,
4/6 � 0.67 and 100 � (1 � 0.67) � 33%]. Neither OGI
nor OCI provides any information about the downstream
fate of carbohydrate carbon, and comprehensive, quantita-
tive metabolic assays are required to measure relevant path-
way fluxes and evaluate their contributions to the excess
consumed.

Experimental interest in aerobic glycolysis has its roots in
three independent, nearly contemporaneous approaches to
studies of brain function and metabolism. Starting in the

Table 5. Glycogen turnover during and after sensory stimulation

Cerebral Cortex
Unlabeled Glycogen

(�mol/g)

Prelabeled
[14C]glycogen1

(103[nCi/g])

[14C]Glucose Incorporation
into Glycogen1

(�mol/g/min) CMRglc
1 (�mol/g/min)

CMRglycogen
(�mol/g/min)

A. Glycogen concentrations, labeled glucose incorporation, metabolic rates, and label release from glycogen
Rest 12.31 0.003 0.74
Activation, 6 min 9.61 0.002 0.93* 0.45 (48% CMRglc)

1

Recovery, 15 min 8.21 0.005* 0.73 0.09 (12% CMRglc)
1

Rest 12.52

Activation, 5–6 min 9.62 0.482

Recovery, 15 min 8.5*2 0.072

Rest ¡Activation3

Cerebral cortex 4.6¡4.0* (13%) 2.3¡1.75* (24%)
Inferior colliculus 4.1 ¡4.0 2.4¡2.0* (17%)
Superior

colliculus
3.7¡ 3.7 2.0¡1.8* (10%)

Cerebral Cortex Unlabeled Glycogen2

(�mol/g)
OGI Calculated
from Mean A-V
Differences4

(A-V)O2/(A-V)glc

Recalculated OCI
(A-V)O2 (A-V)glc

��[glycogen]/min

Calculate with Measured
[14C]Glc Incorporation

Rate (0.005
�mol/g/min)

Calculate Assuming
Synthesis Rate is 5% of
Resting CMRglc (0.037

�mol/g/min)

B. Impact of glycogenolysis on oxygen–carbohydrate index and time to restore baseline glycogen level
Rest 12.5 5.5
Activation, 6 min 9.6 5.0 2.7
Recovery, 15 min 8.5* 7.2* 6.3
Time to restore

glycogen level
(hours)

13.3 1.8

Values are means from 1 (167); 2 (128); 3 (149); 4 (393). *P � 0.05. Glycogen levels were measured in ethanol extracts of funnel-frozen brain.
Incorporation of [6-14C]glucose (glc) during a 5-min interval in resting, stimulated, and recovering (during the 10- to 15-min interval) were
normalized to integrated specific activity (ISA) of plasma glucose in each animal. CMRglc was assayed with the routine [14C]DG method.
CMRglycogen was calculated as 	[glycogen]/time interval duration, assuming a constant rate. Glycogen was prelabeled with [1-14C]glucose 30
min before sensory stimulation, and the quantity of [14C]glycogen in each animal was normalized to its ISA; labeled and unlabeled glycogen and
the percentage of change from rest to stimulation calculated. The oxygen–glucose index (OGI) was calculated from mean arteriovenous (A-V)
values in Ref. 4 (note: these OGI values differ from means of individual values in Ref. 4) that were used to calculate the oxygen–carbohydrate index
(OCI) by including glycogen consumed in a 1-min A-V sampling interval during activation or recovery. To estimate the duration to replace the
glycogen consumed (4 �mol/g), two synthesis rates were used: 1) the measured rate of incorporation of plasma glucose into glycogen during
recovery in panel A, and 2) setting the rate approximately sevenfold higher at 5% of CMRglc measured during recovery in panel A.
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1970–1980s, neurochemists worked to resolve the contro-
versy between use of labeled DG or glucose as metabolic
tracers in animals, PET imagers developed methods to assay
local changes in CBF, CMRO2, and CMRglc in human brain
during activation, and medical physiologists and biochem-
ists used global methods in humans to determine if meta-
bolic changes could explain mental fatigue during exhaus-
tive exercise. All three approaches revealed aerobic glycol-
ysis.

1. Local aerobic glycolysis in activated brain of awake
rats: autoradiographic assays

When autoradiographic methods using 14C-labeled DG and
glucose were introduced to measure local rates of glucose
utilization, these two competing methods were challenged
as nonquantitative on the basis of underestimation of
CMRglc because of either dephosphorylation of DG-6-P or
incomplete retention of labeled metabolites of glucose.
Claims of high glucose-6-phosphatase activity in rat brain
in vivo and in cultured astrocytes were painstakingly dis-
proven by the Sokoloff laboratory (164, 233, 452, 453).
Release of glucose metabolites from brain was assessed by
A-V difference by Hawkins et al. who reported 1) release of
unlabeled lactate from normal awake rats was ~4% of glu-
cose entering brain but rose to 13% in ammonia-treated
rats (263), 2) efflux of labeled lactate was negligible in anes-
thetized rats (261), and 3) release of 14CO2 was label-posi-
tion and time-dependent in sedated rats (262). In awake
rats, glucose label loss was time- and position-dependent
(363), and many studies reported higher release of unla-
beled and labeled lactate from the brain and eye under
various conditions (see Table 6 in Ref. 144), indicating that
stimulation of lactate efflux to blood is characteristic of
brain activation.

Detailed investigation of the basis of discordant brain im-
ages obtained with [14C]DG and variously labeled (1-14C,
6-14C, 3,4-14C) glucose revealed aerobic glycolysis in acti-
vated tissue in awake rats. Use of differentially labeled glu-
cose enabled assays of downstream metabolism of glucose-
6-phosphate (i.e., the pentose shunt, PDH, labeling of TCA
cycle–derived amino acids, lactate diffusion and release,
and glycogen turnover to elucidate the metabolic pathway
changes during aerobic glycolysis). Relative increases regis-
tered by [14C]DG exceeded those for [14C]glucose during
visual and acoustic stimulation, spreading depression, and
seizures by a greater magnitude when metabolic rate was
higher (FIGURE 5A). In all of the [14C]DG studies illustrated
in FIGURE 5A, the value of the LC was appropriately ad-
justed for changes, if any, in brain glucose concentration.
The LC accounts for kinetic differences between [14C]DG
and glucose for transport and phosphorylation, and its
value in normal adult rat brain is 0.48 (606). This means
that two glucose are phosphorylated per [14C]DG phos-
phorylated (i.e., net uptake and metabolism of glucose is
twice that of DG) and, if [14C]DG-6-P concentration were

not corrected with the LC, the accumulation of labeled
products of glucose should be twice that of [14C]DG. In-
stead, accumulation of labeled products of glucose was
much lower than with DG, consistent with rapid and sub-
stantial loss of labeled products from the activated tissue.
Note that these were autoradiographic assays that regis-
tered total 14C in the tissue, so if labeled metabolites of
glucose were retained, they would have been quantified.
These findings were ascribed to preferential upregulation of
glycolysis and lactate release because DG reports total (gly-
colytic plus oxidative) glucose utilization, whereas glucose
label mainly reflects oxidative metabolism because most
of the label enters the TCA cycle and is diluted in the
large unlabeled amino acid pools (364). Rapid labeling of
pyruvate occurs because the half-life of glucose in brain is
short, ~1.5 min (562), the concentrations of glycolytic
intermediates are very low (see Table 3.2 in Ref. 145),
and flux through the glycolytic pathway is high. Lactate
concentration is ~10 –13 times higher than pyruvate be-
cause of the LDH equilibrium, and lactate is the most
highly labeled, diffusible metabolite of glucose, achieving
maximal specific activity (i.e., �Ci/�mol), half that of
[6-14C]glucose, within 5–7 min after pulse labeling (153).
During spreading depression, labeled lactate release to
blood was detected within 2 min accounted for nearly all
of the label released to blood, and both labeled and un-
labeled lactate equaled ~22% of the respective labeled
and unlabeled glucose entering brain in the same A-V
samples (126). Lactate was subsequently shown to be
quickly released, not only to blood, but also to the me-
ninges and perivascular–lymphatic drainage system (32).

Astrocyte-derived lactate was proposed to be shuttled to
neurons and oxidized as major fuel during activation (492)
(see Section VI), a notion incompatible with the DG–glu-
cose mismatch and rapid lactate loss because lactate oxida-
tion would label TCA cycle–derived amino acids with label
retention. This concept was tested by diffusion of [3,4-
14C]glucose into the inferior colliculus during acoustic ac-
tivation by microdialysis and analysis of labeled com-
pounds recovered in microdialysates. The idea was that
14CO2 is released from lactate at the PDH step, and if lac-
tate oxidation were rapid and extensive, the quantity of
14CO2 would greatly exceed that of extracellular [14C]lac-
tate. In fact, the level of [14C]lactate was three- to fourfold
greater than14CO2, consistent with little, if any, lactate-
shuttling oxidation and with the DG–glucose mismatch
(32). Release of lactate proves CMRglc � CMRO2 in acti-
vated tissue but does not rule out contributions of other
pathways to nonoxidative metabolism of glucose (e.g., pen-
tose shunt and glycogen synthesis).

2. Local aerobic glycolysis in activated human brain:
PET assays

PET studies of CBF, CMRO2, and CMRglc during activation
have also registered disproportionately higher glucose uti-
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FIGURE 5. Aerobic glycolysis during brain activation and anesthesia. A: Glucose utilization was assayed in
awake rats during rest and activation in parallel quantitative autoradiographic studies using [14C]deoxyglucose
(DG) or [18F]fluorodeoxyglucose (FDG) and [1- or 6-14C]glucose. All values for each tracer during activation
were normalized to the corresponding resting value in the same brain structure, and normalized values were
plotted; black line is the line of identity. Total glucose utilization assayed with DG or FDG exceeds that registered
by [14C]glucose, indicating a larger increase in glycolysis compared with oxidative metabolism during activation
coupled with rapid release of diffusible labeled metabolites from tissue. Data are from the following sources:
visual stimulation (108), kainate-induced seizures (3), spreading cortical depression in which lactate release
predominated (4, 126), and acoustic stimulation (127). B: Representative examples of aerobic glycolysis
during brain activation characterized by a fall in the oxygen-glucose index (OGI) (OGI � CMRO2/CMRglc) or
oxygen-carbohydrate index (OCI) (OCI � CMRO2/[CMRglc�0.5CMRlac]). OGI is calculated for activation in sed-
entary subjects when lactate fluxes to and from the brain are small, and OCI is calculated for exercising humans
in whom plasma lactate levels rise to high levels and is oxidized by brain in addition to glucose. Under resting
conditions, OGI 
OCI 
6.0 (the theoretical maximum denoted by the green horizontal line is 6.0 (i.e., 1
glucose � 6O2 ¡ 6CO2 � 6H2O), and a fall in the ratio below the resting value during activation indicates
disproportionate upregulation of carbohydrate utilization compared with oxygen consumption. Horizontal black
lines denote group means. Arrows indicate the trend of change in OGI or OCI during activation. Data are from
the following sources: dogs, anesthetized with 1–1.5% halothane in O2/air (20–25%/75–80%), 1–1.5%
halothane in O2/air (20–25%/75–80%) � pentobarbital (40 mg/kg to give flat EEG), or 1–1.5% halothane
in O2/air (20–25%/75–80%) � lidocaine (160 mg/kg with flat EEG) (23); rats, alerted or sensory stimulated
(393, 395, 566); rats, anesthetized with 1% halothane in N2O/O2 (70%/30%) or pentobarbital (40 mg/kg)
(372, 373); humans, mental testing with Wisconsin card sorting (394), visual stimulation (203), intense
finger tapping (651), and vigorous exercise to exhaustion (514). Note the following: 1) the resting OGI for the
visual stimulation group is much lower than the other control values, and 2) the single value during exhaustive
exercise that was close to 6 was with maximal handgrip exercise, whereas all others were cycling or rowing.
The extent of the fall in OCI during exercise is related to the exercise paradigm and is greatest with both arm
and leg involvement (131), suggesting that activation during the handgrip exercise was masked by normal
metabolism in larger fraction of nonactivated brain.
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lization in specific regions of human brain. The study by
Fox et al. (203) received a lot of attention as an early
report of localized aerobic glycolysis in human brain dur-
ing which OGI fell from a resting value of 4.1 in whole
brain and in primary visual cortex to 2.8 in visual cortex
during visual stimulation (FIGURE 5B). These data are
notable because the resting OGI is much lower than all in
other studies, and the activation value is much lower than
during mental testing and approximates values during
exhaustive exercise. Intense finger tapping also caused
metabolic changes detected in PET assays from which a
fall in OGI was calculated (FIGURE 5B).

3. Global aerobic glycolysis in activated rat and
human brain: (A-V) assays

Assays of (A-V) differences across the brain for glucose,
lactate, and oxygen are typically made by simultaneous
sampling from an artery and either the jugular bulb in hu-
mans or the superior sagittal sinus in rats. Global metabolic
assays revealed aerobic glycolysis in the entire brain under a
variety of activating conditions, including alerting, sensory
stimulation (touching, acoustic, and visual), mental activ-
ity, and exercise to exhaustion (rowing and cycling) (FIG-
URE 5B). In sedentary subjects at rest, and during activation,
lactate fluxes make a small contribution to OGI, and release
of small amounts of lactate from brain is consistent with
measured values of OGI �6. Lactate release expressed as a
percentage of glucose uptake in the awake, resting subjects
illustrated in FIGURE 5B was 2.9% � 2.9% (n � 12) for
humans and 3.7% � 1.1% (n � 9) for rats, corresponding
to OGIs of 5.83 and 5.78, respectively. In humans perform-
ing mental work, OGI fell to ~5.3, whereas it decreased to
4–5.1 in awake rats during alerting or sensory stimulation.

Anesthesia can also affect OGI, depending on the specific
regimen. Halothane administered in N2O/O2 (70%/30%)
has dose-dependent metabolic effects: 0.5% halothane re-
duced total cerebral cortical CMRglc by 25% (TABLE 4A),
whereas 1% enhanced neuronal glucose oxidation by ~7%
above that in awake rats (FIGURE 4C). In rats given 1%
halothane in N2O/O2 (70%30%), OGI fell from the resting
value of 5.8 to 4.3 (FIGURE 5B) because CMRglc increased,
whereas CMRO2 did not change (372, 373). In contrast,
Astrup et al. (23) reported that OGI � 5.8 � 0.23 in dogs
anesthetized in 1–1.5% halothane in O2/air (20–25%/75–
80%) (FIGURE 5B). An important difference between these
studies is inclusion of N2O in the inhalation gas. N2O (30–
60%) stimulates NE release in cerebral cortex in a dose and
time-dependent manner (704, 705) and has the potential to
influence neuronal and astrocytic activities and metabolic
rates (see FIGURE 7B), perhaps underlying the dispropor-
tionate rise in CMRglc in the presence of N2O. Astrup et al.
also reported approximately proportionate decreases in
CMRO2 and CMRglc when halothane-anesthetized dogs
were treated with pentobarbital (40 mg/kg by infusion to
produce isoelectric EEG; OGI � 5.4) or with lidocaine (160

mg/kg; OGI � 6.2), indicating relative stability of OGI dur-
ing deep anesthesia in the absence of N2O, which agrees
with OGI � 5.6 in pentobarbital-anesthetized rats (40 mg/
kg) (FIGURE 5B). Thus, during treatment with 1% halo-
thane in N2O/O2 (70%30%), glycolytic rate can exceed
glucose oxidation rate while a 1:1 relationship between
neuronal glucose oxidation and cycling rate is maintained
(FIGURE 4C). In other words, neuronal glucose oxidation
and Glu–Gln cycling rates may vary in parallel yet be inde-
pendent of total CMRglc and OGI. These issues are dis-
cussed in detail in the stoichiometric modeling study by
Massucci et al. (410).

In sharp contrast to the stability of plasma lactate level in
sedentary subjects, plasma lactate levels rise markedly dur-
ing exercise to exhaustion from a resting level of ~0.5–1
mmol/l up to as high as 20 mmol/l, and additional factors
have a high impact on OCI. The increased plasma level
drives lactate down its concentration gradient into the
brain, where its oxidation in all cells makes a large contri-
bution to brain carbohydrate utilization, causing OCI to
fall to as low as 1.7 (514, 520, 654) (FIGURE 5B). Thus, the
fall in OCI during exercise is complex because of the sub-
stantial lactate uptake and oxidation compared with seden-
tary subjects where lactate release is a major factor, along
with the pentose shunt and glycogen that presumably also
contribute to OCI changes during and after exercise. An
important, unresolved issue in these studies is that the car-
bohydrate taken up in excess of oxygen during exhaustive
exercise does not accumulate in brain (514), indicating that
there may be unrecognized efflux pathways for compounds
taken up into brain but are not metabolized. One possibility
is the perivascular–lymphatic drainage system that could
disperse metabolites after uptake across the BBB and dis-
charge them to blood downstream of the venous sampling
sites (32, 64, 82, 293, 348, 443). Bradbury and Westrop
(63) showed that small molecules preferentially leave cere-
brospinal/lymphatic fluid by diffusion into fenestrated cap-
illaries (i.e., they are permeable, in contrast to brain capil-
laries with tight junctions) primarily in the nasal submu-
cosa, with a minor egress in lymph nodes. Thus, most of the
glucose and lactate washed out of brain after crossing the
BBB could return to blood via the nasal submucosa. For this
reason, some conclusions drawn by Lundgaard et al. (389)
may be questioned because their fraction of brain-derived
lactate recovered in lymph nodes is unknown and is prob-
ably a small proportion of the total lactate in nodal extracts.
In addition, this study did not use appropriate procedures to
prevent postmortem lactate production in brain or lymph
nodes. Awake or anesthetized mice were decapitated, then,
the heads were frozen, whereas anesthetized animals were
killed by cervical dislocation, followed by dissection of
lymph nodes. Some glucose will be converted to lactate
upon decapitation before the tissue freezes (390, 499, 662),
and lymph node cells will upregulate glycolysis after death
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and convert endogenous glucose to lactate, independent of
any lactate transported to the node from brain.

4. Regional variations in simulated aerobic glycolysis
in resting human brain

Vaishnavi et al. (652) in the Raichle laboratory extended
the earlier work by Fox et al. in the same laboratory by
seeking to evaluate regional distributions of aerobic glyco-
lysis in human brain in the resting state using qualitative
PET assays for oxygen and glucose. They calculated voxel-
wise relative values for oxygen and glucose utilization (i.e.,
each value was normalized to its respective whole-brain
mean value). Then, simulated OGIs (not true OGIs, because
molar units of CMR are lost by normalization to whole
brain) were calculated as ratios of the normalized oxygen to
normalized glucose values (i.e., ratios of ratios). Also, vox-
elwise linear regressions of normalized CMRglc on normal-
ized CMRO2 were determined for each subject, followed by
analysis of the rescaled residuals above and below the line
of regression [denoted as the glycolytic index (i.e., more or
less relative utilization of glucose compared with relative
utilization of oxygen, respectively)], and their regional dis-
tributions analyzed after further data processing to identify
statistical significance from the line of regression. Impor-
tantly, the units for metabolic rate in normalized values for
oxygen and glucose cancel out yielding dimensionless ra-
tios, and the simulated OGIs are also dimensionless. Nei-
ther ratio represents absolute metabolic rates that are re-
quired to evaluate CMRO2–CMRglc molar stoichiometry.

Simulated OGIs appear similar to OGI because Vaishnavi
scaled the values by multiplying by 5.323, a value derived
from selected literature reports (61, 502, 518). An OGI of
5.323 is within the range of reported values for the resting
state but lower than most of those obtained by A-V differ-
ence assays that are close to 6 (see above and FIGURES 5B
AND 7A), so the three reference literature reports were ex-
amined. The Boyle study (61) reported OGI � 4.85 before
sleep at 2300, and OGI � 5.33 during sleep at 0300. OGI
was determined by A-V difference during CBF assays using
9% N2O. As noted in Section III, above, a caveat is that
N2O causes NE release in brain in a time- and dose-depen-
dent manner (704, 705) and may increase CMRglc relative
to CMRO2 and depress OGI. The Powers PET study (502)
reported control OGI values of 5.5 for hemispheres and 5.1
for the striatum. They stated that the true value of LC for
[18F]FDG is uncertain, and calculated 0.64 as the value that
yielded a hemispheric CMRO2/CMRglc ratio of 5.6. Thus,
the true CMRglc cannot be determined in this study, and the
calculated OGI was obtained by a circular computation;
the CMRglc and OGI values are not valid reference values.
The Raichle study (518) reported CMRO2 and CMRglc val-
ues for humans determined by A-V differences but did not
include the units of measure in their TABLE 4. Assuming that
the respective units were ml/100 g/min and mg/100 g/min,
values were converted to �mol/100 g/min by multiplying by

0.446 and 0.0556, respectively, to obtain quite varied OGIs
of 6.61, 4.21, and 4.96 for the three control subjects. None
of these OGI reference studies is free of complications, and
the mean of 4.85, 5.5, 6.61, 4.21, and 4.96 is 5.23. Given
the large number of OGI values determined by A-V differ-
ence in the literature for normal controls, a more reliable
scaling factor could have been determined. When the sim-
ulated OGI values in TABLE 1 of Vaishnavi et al.
(4.94 � 0.51, mean � SD, n � 12) are divided by 5.323,
the initial ratio values can be obtained, giving a mean of
0.93 � 0.10. Multiplying each of the unscaled ratios by
5.91 (the mean OGI or OCI for 15 resting control values in
FIGURES 5B AND 7A, excluding the low Fox value), yields
rescaled, simulated OGIs that are 11% higher, averaging
5.49 � 0.57, and the magnitude of apparent aerobic glyco-
lysis is reduced. The glycolytic indexes were not scaled by
OGI, but are also small in magnitude and do not report the
local molar quantities of glucose consumed relative oxygen.
Hyder and colleagues (310) carried out a quantitative PET
study of regional CMRO2 and CMRglc, found no significant
regional differences in OGI and aerobic glycolysis, and at-
tributed findings of Vaishnavi et al. to their normalization
process.

5. Aerobic glycolysis in human brain across age

Another follow-up study from the Raichle laboratory by
Goyal et al. (234) carried out a meta-analysis of studies
of CMRglc, CMRO2, and CBF as functions of age and
concluded that aerobic glycolysis peaked in 3- to 5-yr-old
children when CMRglc was reported to be ~33% higher
than CMRO2. Consumption of glucose in excess of oxy-
gen was ascribed to brain growth, synaptogenesis, and
synaptic remodeling. This and related reports (236, 664,
665) have a high impact on evaluation and interpretation
of metabolic demands in developing and aging human
brain. However, reanalysis of the CMRglc data used by
Goyal et al. in their meta-analysis leads to questions re-
garding the validity of calculated OGIs across age with
this data set.

CMRglc was determined in [18F]FDG–PET assays that re-
quire use of the LC to convert the rate of [18F]FDG phos-
phorylation to glucose utilization. The LC is the factor takes
into account kinetic differences in transport and phosphor-
ylation between glucose and FDG. The accumulated quan-
tity of [18F]FDG-6-P in brain tissue is divided by the LC and
integrated specific activity of the [18F]FDG/[glucose] time
course in arterial plasma to obtain CMRglc (606). CMRglc

was determined in 5-day-old to 15-yr-old children by
Chugani et al. (103) who used LC � 0.42, a value previ-
ously determined in the Phelps laboratory for normal adults
(307, 497). The [18F]FDG-PET studies in ~20- to 80-yr-old
adults by Petit-Taboue et al. (496) and Kuhl et al. (352) also
used LC � 0.42. However, CMRglc in children up to 6 mo
old in the study by Kinnala et al. (347) was based on
LC � 0.52 so the calculated CMRglc is 24% lower than
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with LC � 0.42, and would depress the apparent rate of
rise in CMRglc during early development in the meta-anal-
ysis shown in FIGURE 2A of Goyal et al. The LC � 0.42 is
reasonable, and many laboratories have used LC values
ranging from ~0.4 to 0.7. The Phelps group (692) subse-
quently updated the LC to 0.65, and higher values (0.8–
0.9) were determined in more recent studies (237, 259, 260,
310) that discussed reasons for changes in the LC that in-
clude technical and methodological issues, improved PET
scanner resolution, and MRI anatomical overlays with PET
images. The wide range for the LC and its variation with
glucose level led to debates in the PET literature regarding
its true value under normal and abnormal conditions (230,
354, 612, 682). Any errors in the LC will not yield the true
value for CMRglc and will cause proportionate errors in
calculated OGI.

To test the possibility that the molar relationships between
CMRO2 and rescaled CMRglc would be substantially al-
tered by use of updated LC values, OGIs were first recalcu-
lated for the peak CMRglc and CMRO2 (0.58 and 2.40
�mol/g/min, respectively) in 3- to 5-yr-old children in Fig-
ure 2A of Goyal et al. (234) that gave OGI � 4.1. Updated
CMRglc and OGI are calculated as follows: for LC � 0.65,
updated peak CMRglc � (0.42/0.65)CMRglc � 0.65CMR-
glc, and OGIupdated � 4.1/0.65 � 6.3. For LC � 0.80, up-
dated peak CMRglc � (0.42/0.8)CMRglc � 0.53CMRglc,
and OGIupdated � 4.1/0.53 � 7.7. Either updated value for
the LC abolishes the low OGI and aerobic glycolysis in
young children, consistent with very low brain lactate levels
and low calculated rates of lactate efflux in 2- to 7-yr-old
children. For further analysis and discussion of the role of
lactate and other issues, see the study by Benveniste et al.
(46a). Values exceeding 6 raise the possibility that brains of
young children may have been oxidizing milk-derived ke-
tone bodies and lactate as supplemental fuel. These sub-
strates were not measured and were not included in the OGI
calculations. Goyal et al. (234) did not take into account the
impact of the LC or supplemental substrate utilization on
OGI, and it is premature to conclude that aerobic glycolysis
is a robust characteristic of developing brain. Another flaw
in the Goyal analysis of OGI in the 5- to 10-yr-old children
is that CMRglc was measured regionally by Chugani et al.
(103), and cortical values were plotted, whereas CMRO2

determined by Kennedy and Sokoloff (342) was measured
by A-V difference and represents whole brain, which has a
lower metabolic rate for CMRglc and CMRO2 than various
brain regions. Systematic decreases in calculated CMRglc

blunt or eliminate the high magnitude of aerobic glycolysis
at ages 3–5 yr.

Because large changes in OGI were obtained for young
children, the entire profile of CMRglc across age from 1 to
80 yr (excluding children �1year old and fetal samples) in
the Goyal meta-analysis was recalculated using updated
LCs of 0.65 and 0.80. This procedure rescaled the temporal

profile of CMRglc, and the relative peak rate in young chil-
dren and the decline with age would be still evident as long
as the LC is stable across all ages. All CMRglc values were
reduced by use of updated LCs (FIGURE 6A), causing the
corresponding OGIs to rise (FIGURE 6B). The blue lines in
FIGURES 6A AND 6B illustrate data derived from
LC � 0.42, with green (LC � 0.65) and brown (LC �
0.80) lines representing updated profiles across age. With
higher LC values, oxygen and glucose are consumed with
approximate stoichiometric balance at ages 3–5 yr, and
OGI exceeds 6 in the youngest children and older adults,
raising the possibility of oxidation of supplemental sub-
strates and impacting the claim by Goyal et al. (236) that
aerobic glycolysis is lost in normal aging. Most updated
OGIs not only exceed 6 in subjects older than 10 yr of age
(FIGURE 6B), they are also greater than the global resting
OGIs obtained by A-V assays (5.91 in FIGURES 5B AND 7A,
see above) that are independent of the value of the LC.
Discrepant OGIs could arise from methodological issues or
errors in calculated values for CMRglc, CMRO2, or both.

A serious limitation of the Goyal OGI meta-analysis is that
CMRglc and CMRO2 were not measured at the same time in
the same subjects in precisely the same brain regions and the
subjects, especially young children, were not matched for
nutritional status and utilization of alternative substrates in
blood (ketone bodies, lactate, short chain carboxylic acids,
etc.). The data were derived from separate cohorts in many
studies using different scanners, methodologies, and subject
screening criteria and are not appropriate for accurate eval-
uation of aerobic glycolysis across age. CMRO2 in fetal
brain tissue should not have been included in the meta-
analysis because brain minces were assayed in a Warburg
respirometer within 1.5–8 h after death (288), and meta-
bolic rates in slices from adult rodent brain are lower than
intact brain. To try to minimize some effects of method-
ological differences on the metabolic age profiles, data were
also plotted from assays carried out in 1) one laboratory
(FIGURE 6C) that used the same strict criteria for healthy
aging and reported ~6% decrements in CMRglc and
CMRO2 per decade in different cohorts (405, 496), and 2)
two laboratories that observed 4–5% decreases in CMRglc

and CMRO2 per decade (352, 366) and discussed each oth-
er’s results (FIGURE 6D). In both cases, OGI was below or
close to 6 between age 20 to 60 or 80 when LC � 0.42, but
rescaling with LC � 0.65 depressed CMRglc and increased
OGI above 6. OGI was either relatively stable or tended to
increase with age. Rescaling with LC � 0.80 has even larger
effects on CMRglc and OGI (not shown). In FIGURE 6D, the
cortical brain regions differed and may contribute to OGI
changes with age. CMRO2 and CMRglc studies in different
laboratories during healthy aging (discussed in the refer-
ences cited in FIGURE 6, C AND D) have reported either
age-dependent decreases or stability across age, indicating
that additional, unidentified factors also influence CMRglc

and OGI. Unfortunately, even use of selected data sets from
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FIGURE 6. CMRglc and oxygen–glucose index as functions of age in human brain. Plotted values for CMRglc

and CMRO2 (A) and oxygen–glucose index (OGI) (B) are from Supplementary Table 1 of Goyal et al. (234). All
three of the studies in the Goyal meta-analysis that measured CMRglc across age (blue symbols and blue lines)
between ~1 and 80 yr old used a value of the lumped constant (LC) of 0.42 (103, 352, 496), whereas
LC � 0.52 was used to calculate CMRglc for children aged 0.6 to 1.16 yr (347), and these data were not
included in the updates. CMRglc was recalculated for ages 1–80 with updated values for the LC of 0.65 (green)
and 0.80 (brown), from which the respective updated OGIs (green and brown) were calculated (see text,
Section VA5). CMRO2 was divided by 6 to obtain glucose equivalents (black) that could be plotted on the same
scale as CMRglc. The Lowess curves (solid lines) in A and B were calculated with GraphPad Prism 5.04. Note
that the peak for the blue Lowess CMRglc curve is somewhat lower than that in Goyal Figure 2A, but the overall
profiles are similar. C and D: Blue and green symbols/lines correspond to CMRglc calculated with LC � 0.42
and 0.65, respectively; black symbols are glucose equivalents of CMRO2 so values can be plotted on the same
scale. Lines are linear regressions calculated with GraphPad Prism 5.04. Note that the higher, updated value
of LC � 0.65 reduces calculated CMRglc and increases OGI; use of LC � 0.8 (not shown) would further
enhance these changes (see A, B). C: CMRO2 and CMRglc were measured in the same laboratory in different
studies and cohorts using similarly strict criteria for healthy aging. Global CMRglc for each decade was
calculated from the regression equation in Figure 1 of Petit-Taboue et al. (496), and the corresponding values
for CMRO2 were extrapolated from Figure 3 of Marchal et al. (405). D: CMRO2 and CMRglc were measured in
two laboratories that reported similar age-dependent metabolic decreases and referred to each other’s work.
Mean temporal cortical CMRglc versus mean age were plotted from Table 1 in the Kuhl study (352), noting that
mean values were similar for frontal, temporal, and parietal cortex. Corresponding CMRO2 values for insular
gray matter were calculated from the regression line in Figure 4 of the Leenders study (366). Note the different
cortical regions in the two data sets. The ratio of global CMRglc across age for Petit-Taboue/Kuhl studies was
1.01 � 0.06 (mean � SD), and the insular/cortical CMRO2 ratio across age for the Leenders/Marchal
studies was 1.16 � 0.08, with 7% differences at age 20–30 yr and 19–24% differences at 40–60 yr.
Horizontal black lines in B–D denote the maximal OGI � 6 when no other substrates are metabolized.
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the same laboratory or laboratories with similar age-depen-
dent metabolic changes (FIGURE 6, C AND D) does not re-
move the ambiguities regarding the absolute values and
temporal profiles of OGI in adult brain. The true CMRglc

and OGIs at any age are not as accurate as required to
interpret oxygen–glucose stoichiometry. For best results,
measurements of CMRglc and CMRO2 should be made se-
quentially in the same brain region in each individual, op-
timally at each age.

6. Summary

OGI falls during activation of normal brain by many types
of sensory, motor, and cognitive stimuli, by abnormal con-
ditions (seizures and spreading depression) and by intrave-
nous adrenaline infusion. The decrease in OGI generally
arises from rapid release of diffusible labeled metabolites of
glucose, mainly lactate, and its magnitude increases as CM-
Rglc rises in brain of awake rats (see Sections VB and VII).
OGI is relatively stable under anesthesia unless N2O is in-
cluded in the regimen when OGI falls, presumably because
of enhanced NE release throughout brain. Uncertainties in
the true value of the LC must be resolved to attain the
required accuracy of calculated CMRglc across age. The
OGI profiles used by Goyal et al. (234–236) and Vlassenko
et al. (664, 665) are not supported by an incontrovertible
data set. Furthermore, use of normalized values for CMRglc

and CMRO2 that have lost their molar units to calculate
simulated OGI and scaling of the simulated OGIs by a sub-
optimal value for OGI by Vaishnavi et al. (652) trigger
doubts regarding the true regional magnitudes of aerobic
glycolysis. Global OGI determined by A-V differences is
independent of the LC, and OGI in normal, resting human
and rat brain is close to 6.0 (FIGURES 5B AND 7A). Intrave-
nous adrenaline evokes aerobic glycolysis in resting hu-
mans, indicating that plasma catecholamine levels should
be measured during brain metabolic assays to help identify
and take into account stress-, alerting-, and anxiety-induced
increases that may evoke changes in brain metabolism and
distort regional-to-global ratios of oxygen/glucose utiliza-
tion during metabolic assays. Activation of locus coeruleus
signaling may reduce OGI and OCI, particularly under rest-
ing conditions and in specific brain regions with high nor-
adrenergic innervation and/or high levels of adrenoceptors.
Sensory stimulation during the PET procedures would also
influence regional metabolic rates. Assays of aerobic glyco-
lysis are not trivial and many technical and physiological
factors can influence outcome.

B. Pathways That Contribute to Aerobic
Glycolysis in Adult Rat Brain

Detailed analysis of metabolic changes during brain activa-
tion in normal awake rats and of lactate trafficking within
brain and among brain cells in my laboratory revealed that
three pathways (see FIGURE 1) mainly contribute to utiliza-

tion of glucose in excess of oxygen. Experimental evidence
supporting this conclusion was presented in detail in a re-
cent review (151), and a only brief synopsis is provided
below.

The first and predominant contributor to the fall in OGI
during activation is the glycolytic pathway in conjunction
with lactate production and release from activated tissue.
Lactate produced in activated regions quickly spreads
within the tissue, extracellular lactate is avidly taken up by
astrocytes and dispersed among gap junction-coupled as-
trocytes, and can be discharged to perivascular fluid for
clearance via the lymphatic drainage system and to cerebral
venous blood for use by other body tissues. Lactate metab-
olism and shuttling are discussed in Section VI. One of the
important unresolved issues related to glycolytic upregula-
tion and aerobic glycolysis is whether the activity of the
PDH complex is downregulated during brain activation. If
so, the lactate/pyruvate ratio would rise, as recognized by
Dr. Robert A. Harris (Department of Biochemistry and Mo-
lecular Biology, University of Kansas Medical Center), con-
trasting parallel changes in lactate and pyruvate concentra-
tions and stability of the lactate/pyruvate ratio if glycolysis
and oxidative metabolism increased proportionately. Un-
der control conditions, the brain lactate level is directly
proportional to brain pyruvate concentration, with lactate
levels ranging from 0.5 to 2 �mol/g (see FIGURE 10B in
Ref. 146). The lactate/pyruvate ratio would also rise if gly-
colytic rate outstripped pyruvate oxidation or if the MAS
could not match glycolytic rate because of the competition
of the MAS and TCA cycle for �KG. Determination of
lactate and pyruvate concentrations and lactate/pyruvate
ratios during rest and activation may be help dissect the
regulatory mechanisms that govern aerobic glycolysis.
These metabolite assays, along with tissue oxygenation
level, are routinely used to distinguish among ischemia, mi-
tochondrial dysfunction, and arousal in brain-injured pa-
tients who monitored by intracerebral microdialysis at the
bedside (459).

Second, the pentose phosphate shunt pathway involves de-
carboxylation of carbon one of glucose-6-P as the molecule
enters the pathway. Thus, 1/6, or ~17%, of the carbon is
released as CO2 without oxygen consumption. The pentose
shunt flux is normally a small fraction, ~4–7%, of CMRglc

in the resting state, but it rose to 25% in the major tono-
topic band in the inferior colliculus (a midbrain auditory
structure with the highest CMRglc, CBF, and capillary den-
sity in the brain) during acoustic stimulation of awake rats.
The pentose shunt pathway in adult brain has high capacity
for upregulation when an electron acceptor is provided in
the assay, and shunt flux is stimulated by H2O2 and by NE,
serotonin, and dopamine that are metabolized by mono-
amine oxidase to produce H2O2 as well as by agents that
activate glutamate receptors, NMDA, AMPA, and kainate
(34, 43, 303). Thus, if pathways using monoamines as pre-
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dominant neurotransmitters are activated to increase the
activity of monoamine oxidase and H2O2 production, the
pentose shunt flux would increase and contribute to aerobic
glycolysis. The magnitude of the effect would rise with the
extent of recycling of Fru-6-P back into the shunt. The
pentose shunt may, in fact, be a major contributor to the fall
in OGI if recycling is complete such that half of the equiv-
alents of each incoming glc-6-P are released as CO2 (see
Section IIA4F).

The third pathway that influences manifestation and the
magnitude of aerobic glycolysis is glycogen turnover. Gly-
cogen is consumed during brain activation, but it is rarely
measured in experimental animals and cannot be easily
quantified in human brain during activation. A limitation of
current CMRglc and A-V difference assays is that they do
not take into account metabolism of endogenous sub-
strates, particularly glycogen, and CMRO2 assays do not
reveal which compounds are oxidized. If the glycogen con-
sumed were included in the total carbohydrate metabolized,
all of the calculated OGI or OCI values would be lower
(TABLE 5). Furthermore, the low OGI and OCI values
would persist during the interval after activation when gly-
cogen is being resynthesized because blood-borne glucose is
consumed but not oxidized (TABLE 5). Glycogen utilization
and replenishment are discussed in more detail in Section
VII.

C. Adrenergic Regulation of Aerobic
Glycolysis

Adrenergic receptors (ARs) have a key role in regulating
aerobic glycolysis in rat and human brain during activation
and exhaustive exercise. When rats were pretreated with
propranolol, a nonspecific �1,2-AR antagonist, the fall in
OGI during alerting was prevented (FIGURE 7A). Meto-
prolol, a specific �1-AR antagonist, had no effect on the
decrease in OCI during exercise, whereas propranolol
blocked the exercise-evoked fall in OCI, both in normal
human subjects and in cirrhotic patients who received the
drug as part of their treatment. These findings implicated

�2-receptor–mediated actions in regulation of metabolic re-
sponses that underlie disproportionate utilization of glu-
cose compared with oxygen. Intravenous infusion of adren-
aline into resting human subjects also caused OCI to fall
(580). This was an unexpected finding because cat-
echolamines are restricted from crossing the BBB.

Review of the extensive older literature (151) revealed that
the vagus nerve has �2-receptors and can transmit signals
from blood to the brainstem, activate the locus coeruleus,
and stimulate NE release throughout the brain (FIGURE 7B).
This pathway has very important implications for memory-
related events, because many of the training paradigms use
adverse events that trigger epinephrine and NE release to
blood and initiate signaling to brain. Furthermore, many
biochemical studies of cultured astrocytes and brain slices
have identified actions of NE on astrocytic metabolism via
�- and �-AR subtypes (FIGURE 7B). Propranolol blocks
mainly nonoxidative actions of NE while allowing �-recep-
tor–mediated effects to persist. This effect would tend, at
least for astrocytes, to suppress the rise in CMRglc more
than the rise in CMRO2, stabilizing the OGI or OCI during
activation. NE certainly also affects neuronal metabolism,
but the mechanisms are not as well studied in cultured neu-
rons as astrocytes. In mammalian brain, glycogenolysis is
activated by �1-ARs (versus �2-receptors in young chick
brain), suggesting that glycogen mobilization via these re-
ceptors during activation may not contribute to aerobic
glycolysis. However, other glycogenolytic mechanisms, in-
cluding Ca2� mobilization, K� uptake, and energy demand
can stimulate glycogen breakdown and would not be af-
fected by propranolol or metoprolol treatment. For more
details and background see Ref. 151.

D. Vagus Nerve Stimulation for Treatment
of Brain Disorders

Vagus nerve stimulation by intravenous adrenaline infu-
sion can evoke aerobic glycolysis, activate the limbic sys-
tem, and enhance widespread noradrenergic signaling
throughout the brain by the locus coeruleus. Vagus nerve

FIGURE 7. Adrenergic regulation of aerobic glycolysis and astrocytic metabolism. A: The fall in OGI and OCI is blocked by propranolol, a
nonspecific �1,2-adrenergic antagonist, but not by metoprolol, a specific �1-adrenergic antagonist, and OCI falls in resting humans given an
intravenous adrenaline infusion. Data are from the following sources: rats, alerted plus propranolol (566); humans, exercise plus metoprolol
(132), exercise plus propranolol (359), exercise in normal subjects and exercise in cirrhotic patients whose treatment protocol included
propranolol (208), resting subjects given adrenaline (580). Arrows indicate the trend of change in OGI or OCI. The horizontal green line denotes
OGI 
OCI 
6.0 under resting conditions. B: Plasma (pink) epinephrine (adrenaline) can stimulate noradrenergic signaling in the locus coeruleus
(tan) via �2-adrenergic receptors on the vagus nerve, enhancing norepinephrine release throughout the brain (blue) where it has a strong
influence on many aspects of astrocytic metabolism (green) and functions (purple) via �- and �-adrenergic receptors (yellow). The red lines with
a ball denote inhibition by propranolol or metoprolol. An overall impact of propranolol during brain activation is to suppress nonoxidative utilization
of glucose by astrocytes while allowing stimulation of oxidative processes. Actions of norepinephrine also affect neurons, but these are less-well
documented than in astrocytes. For more details, see the review by Dienel and Cruz (151). Abbreviations: Asp, aspartate; cAMP, cyclic AMP;
CMR, cerebral metabolic rate for indicated substrate; glc; glucose; Gln, glutamine; Glu, glutamate; �KGDH, �-ketoglutarate dehydrogenase; OCI,
oxygen–carbohydrate index; OGI, oxygen-glucose index; PDH, pyruvate dehydrogenase. Reproduced from Figure 3 of Dienel and Cruz (151)
(2016 International Society for Neurochemistry, with permission).
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stimulation is increasingly used for treatment of brain
disorders and cognitive problems (667), and it is ap-
proved by the US Food and Drug Administration for
treatment of intractable epilepsy (37, 201) and severe
depression (111, 240). Vagal stimulation is also used for
treatment of traumatic brain injury (TBI) (454), stroke
(80), headache (297), and other disorders. The mecha-

nisms and sites of action in brain of vagus nerve stimu-
lation (FIGURE 7B) are poorly understood, but a recent
study demonstrated that it modulated neuronal firing
rates (up or down) and altered the proteome of the post-
synaptic density by decreasing levels of some proteins
and increasing those of others, including three with roles
in formation of excitatory synapses (7). Vagus nerve
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stimulation has many potential therapeutic benefits, and
its mechanisms of action are ripe for more experimental
attention.

E. Summary

The hallmark of aerobic glycolysis is preferential upregula-
tion of glucose utilization via the glycolytic, pentose shunt,
and glycogen turnover pathways compared with oxidative
pathways during activation. The fractional contributions of
astrocytes and neurons to these pathways remains to be
established except that glycogen is predominantly astro-
cytic. Glycogen turnover has a high impact on OGI and
OCI that is discussed in Section VII. Aerobic glycolysis oc-
curs under normal physiological conditions (alerting; vi-
sual, auditory, and tactile stimulation; mental testing; and
motor activity and vigorous exercise) as well as pathologi-
cal conditions (seizures and spreading depression). Aerobic
glycolysis is also evoked by intravenous infusion of adren-
aline and blocked by propranolol, a nonspecific �1,2-adren-
ergic antagonist. These characteristics demonstrate key
roles for plasma catecholamine levels, vagus nerve signal-
ing, locus coeruleus activity, and NE release throughout
brain. Aerobic glycolysis is probably an essential compo-
nent of stress, fear, conditioned responses, sensory process-
ing, cognitive activity, memory, and other functional activ-
ities of brain. Rapid (within 5 min) and substantial lactate
release from brain to blood and perivascular lymphatic
drainage pathways explains much of the quantitative differ-
ence between CMRglc and CMRO2. Unfortunately, lactate
release assays cannot be carried out at a local level because
of the inaccessibility of the vasculature, but autoradio-
graphic assays with labeled tracers are consistent with
rapid spreading and efflux of labeled metabolites demon-
strated by A-V studies. This means that any cell– cell
lactate shuttling among brain cells coupled with its local
oxidation must be a minor flux for two reasons: 1) sig-
nificant lactate oxidation would cause CMRO2 to match
the rise of CMRglc, which does not occur, and 2) incor-
poration of label from lactate into the TCA cycle– derived
amino acids (this is the basis for [13C]glucose MRS as-
says) would be registered by autoradiographic assays.
Interpretation of changes in OGI during brain develop-
ment and aging must take into account the effects of the
LC on calculated CMRglc and effects of situational stress
during metabolic assays in both resting and activated
subjects. Therapeutic benefits of vagus nerve stimulation
underscore the importance of understanding the meta-
bolic and functional consequences of NE release and aer-
obic glycolysis.

VI. LACTATE: CONTROVERSIES AND
EMERGING ROLES

Since the 1990s, discussions of metabolic roles of lactate
in brain function in the literature and at scientific meet-

ings have intensively debated various models for and
quantification of the magnitude transcellular lactate traf-
ficking (i.e., astrocyte to neuron, neuron to astrocyte, and
astrocyte to astrocyte via gap junctional transfer and
lactate release from brain). Cumulative evidence in many
experimental systems provides strong evidence against
glutamate-evoked glycolysis in astrocytes coupled with
lactate shuttling to neurons to serve as major oxidative
fuel. The cellular sources of lactate in brain remain to be
established, and neurons have many specific functions
fulfilled by glycolysis, so it is risky to assume that lactate
is always astrocyte derived. Recent discoveries that re-
vealed novel signaling functions for lactate are significant
advances.

A. ANL Shuttle Model

1. Linking glutamatergic signaling with glucose
utilization

The ANL shuttle was proposed in 1994 by Pellerin and
Magistretti (492) as a mechanistic explanation for coupling
of glutamatergic neurotransmission with glycolytic rate in
astrocytes. They observed that treatment of their cultured
astrocytes with glutamate increased DG phosphorylation
(TABLE 6) and enhanced lactate release to the culture me-
dium, and proposed that this lactate may be taken up by
neurons and used as an important, supplemental fuel. The
model states that the two ATP required by astrocytes to
take up glutamate (i.e., extrude Na�) and synthesize glu-
tamine can be satisfied by glycolysis, with a 2:1:1 stoichi-
ometry for two lactate released per glucose consumed per
glutamate cycled (FIGURE 8A). This scheme does not rule
out glucose utilization by neurons but predicts preferential
upregulation of glycolysis in astrocytes and increased oxi-
dation of lactate in neurons during brain activation. Meta-
bolic compartmentation suggests that DG and FDG would
predominantly label astrocytes during excitatory neu-
rotransmission. Pellerin and Magistretti (492) emphasized
the consistency of their results with those of Fox and col-
leagues (203) who reported preferential upregulation of
glycolysis in human brain during visual stimulation (FIGURE
5B): CMRglc increased by 50%, whereas CMRO2 rose by
only 5%. However, it should have been obvious to the
authors and proponents of the ANL shuttle model that this
very small rise in CMRO2 could not support oxidation of
the 10-fold higher amount glucose consumed. The lactate
shuttle-oxidation aspect of the model with lactate as a ma-
jor neuronal fuel was not feasible in vivo from the outset.
Furthermore, only qualitative assays of DG phosphoryla-
tion were carried out, and the stoichiometry between glu-
cose utilization and lactate release was never established by
Pellerin and Magistretti. In fact, detailed analysis of their
original report indicates that their observed glucose–lactate
stoichiometry is inconsistent with their model-specified one
glucose consumed and two lactate released (141) (i.e., the

INTEGRATION OF ENERGETICS WITH FUNCTION

999Physiol Rev • VOL 99 • JANUARY 2019 • www.prv.org
Downloaded from www.physiology.org/journal/physrev by ${individualUser.givenNames} ${individualUser.surname} (130.063.180.147) on December 20, 2018.



quantitative requirements of the model are not fulfilled even
in tissue culture).

2. Discordant metabolic responses of cultured
astrocytes to glutamate treatment

The controversy regarding the validity of the ANL shuttle
model arose because L-Glu–evoked increases in glycolysis
and lactate release by cultured astrocytes could be repli-
cated by some laboratories, but not by others who found
either no effect or inhibition of glucose utilization and/or
lactate release when astrocytes were treated with L-Glu [TA-
BLE 6; for additional examples, see Tables 5 and 6 in (154)].
The reasons for these disparate findings have never, to my
knowledge, been explained, and the issue is clouded by
probable developmental differences among various astro-
cyte preparations (273, 284) that could have a high impact
on metabolic responses to glutamate uptake and glutamate
oxidation. Indeed, there are large changes in the amounts of
metabolic enzymes and glucose and lactate transporters be-
tween birth and weaning (146, 657), and fluxes in the Glu–
GABA–Gln system increase three- to fivefold from postna-
tal age 10 to 30 days (101), so the age of the cultured cells
and their developmental maturation in vitro are critical fac-
tors. Furthermore, the Pellerin and Magistretti (492) and
the more recent Zimmer et al. (719) studies used astrocytes
cultured in 25 mmol/l glucose, which is fivefold higher than
that in diabetic rat brain (209). Prolonged exposure to high
glucose causes oxidative stress, disrupts astrocytic gap junc-
tional coupling, interferes with glutamate homeostasis,
downregulates oxidative metabolism of glucose and lactate,
and leads to other complications of diabetes (141, 148,
151). High medium glucose levels ranging from 10 to 25
mmol/l are commonly used, particularly for neuronal cul-
tures, and metabolic and functional abnormalities are also
likely. These issues notwithstanding, incubation in 0.1 and
1 mmol/l L-Glu did not increase DG phosphorylation or
lactate release from rat astrocytes grown in 5.5 or 25
mmol/l glucose and assayed in five different assay media
[see Table 6 in (154)]. In fact, the higher L-Glu dose reduced
DG phosphorylation and/or lactate production in some
cases, and similar results were obtained with mouse astro-
cytes grown in 6 or 25 mmol/l glucose where 0.1, 0.5, and 1
mmol/l L-Glu reduced DG phosphorylation by 30–40%
(284). Collectively, these results indicate that other factors
besides chronic hyperglycemia or rodent species are in-
volved in L-Glu uptake–evoked glycolysis and L-Glu oxi-
dation in different astrocyte preparations.

Glutamate oxidation by astrocytes upon its uptake from
extracellular fluid has been repeatedly demonstrated by
many laboratories over decades [reviewed by (143, 321,
422, 424)], and metabolism of some of the glutamate
upon its uptake may be a key issue underlying different
metabolic responses to glutamate treatment in various
culture preparations. The forebrain astrocyte cultures
used by Hertz and colleagues (284, 495) avidly took up

L-Glu over the range 0.1–1 mmol/l without stimulating
DG phosphorylation (or it was inhibited in separate as-
says), and glutamate treatment caused a dose-dependent
decrease in [U-14C]glucose oxidation (TABLE 6). In con-
trast, uptake of the putative nonmetabolizable (see D-
Asp oxidase, Section IIC) glutamate analog, D-Asp, in-
creased glycolytic rate by ~5% and 23% at 0.1 and 1
mmol/l, respectively (TABLE 6). D-Asp has half the ATP
demand as L-Glu uptake and processing because it is
cotransported with Na� but not converted to glutamine.
Curiously, D-Asp (200 �mol/l) increased DG phosphor-
ylation as much as L-Glu, approximately twofold, in the
Pellerin and Magistretti study (TABLE 6), whereas it had
modest stimulatory effects (�23%) in the Peng et al.
study even at 1 mmol/l (TABLE 6). Also of interest, L-Glu
had no effect on DG phosphorylation under normoxic
conditions, but glycolysis increased by almost twofold
during anoxia in the Hertz et al. study, which is consis-
tent with glutamate oxidation and substantial stimula-
tion of respiration by L-Glu in both mouse and rat astro-
cytes (TABLE 6). These astrocytes also increased glycolytic
rate in response to elevated intracellular Na� caused by
monensin that was blocked by ouabain to inhibit
Na�,K�-ATPase. In contrast, glucose utilization did not
rise during Na�–Glu uptake, consistent with glutamate
oxidation supplying the ATP for Na� extrusion. This
conclusion supported by the demonstration by Hertz and
Hertz (279) of a twofold increase in oxygen consumption
in cultured mouse astrocytes when incubated with 100
�mol/l L-Glu as sole substrate compared with no sub-
strate, and similar respiration rates with 100 �mol/l L-
Glu and 7.5 mmol/l glucose as sole substrates (TABLE 6).
Eriksson et al. (193) also reported that Na�-dependent
L-Glu (100 �mol/l) uptake into cultured rat astrocytes
stimulated respiration by 40 –55% (TABLE 6), and the
effect was eliminated by substituting Li� for Na� and by
treatment with ouabain to inhibit Na�,K�-ATPase. To
sum up, an astrocyte preparation that oxidizes glutamate
does not increase glucose utilization or lactate release,
whereas the nonmetabolizable analog stimulates glycol-
ysis.

These findings differ substantially from the report by Aza-
rias, Magistretti, Chatton, and colleagues (25) that their
cultured astrocytes incubated with 200 �mol/l L-Glu (in the
presence of 10 mmol/l DG to inhibit glycolysis, 5 mmol/l
glucose, and 5 mmol/l pyruvate as oxidative substrate)
showed a 12% decrease in oxygen consumption (TABLE 6).
The DG was added to prevent interpretive confounds from
increased glycolysis (it is not clear why glucose was added if
this complication was to be avoided), but the added DG
concentration was so high that it would nonproductively
consume a lot of ATP via the hexokinase reaction and se-
quester phosphate in the dead-end metabolite, DG-6-P, po-
tentially depleting ATP and phosphate, thereby interfering
with energy metabolism and respiration. Although the basis
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Table 6. Examples of discordant effects of L-glutamate and D-aspartate on astrocytic metabolism

Substrate
Concentration

(mmol/l)

Uptake into
Astrocytes

(nmol/min/mg)

14CO2 from
[U-14C]Glucose

(% control)
DG Phosphorylation

(% control)

Oxygen
Uptake

(% control)
Source of

Astrocytes Reference

L-Glu 0 100 mouse (492)
0.1 159 Pellerin and

Magistretti
0.2 212
0.5 182

D-Asp 0.2 210
L-Glu 0 100 mouse (25)

0.2 88 Azarias et al.
L-Glu 0 0 100 100 mouse (495)

0.1 8 74 92 Peng et al.
0.5 16 92
1 18 50 97

10 20
D-Asp 0 0 100

0.1 5 104
0.5 10 121
1 11 123

L-Glu 0 100 mouse (284)
1 103 (normoxia) Hertz et al.
1 190 (anoxia)

L-Glu 0.1 60
0.5 60
1 60
0.01 105 rat
0.1 65
1 65

L-Glu 0 100 mouse (279)
0.1 200 Hertz and Hertz

D-Glc 7.5 220
L-Glu � D-Glc 0.1 � 7.5 308
Control 0 100 rat (193) Eriksson et al.
L-Glu 0.1 155
Gramicidin 0.01 178
Ouabain 0.1 84
Ouabain � L-Glu 0.1 � 0.1 79
Dihydrokainate 0.5 96
Dihydrokainate �

L-Glu 0.5 � 0.1 110

2-Deoxy-D-glucose (DG) phosphorylation is used to measure the total rate of glucose utilization at the hexokinase step because it competes with
glucose for transport and phosphorylation but is not metabolized further via the glycolytic pathway. 14CO2 is released from [U-14C]glucose at
various stages of glucose metabolism, mainly via the oxidative steps in the tricarboxylic acid cycle. Oxygen uptake is an independent measure of
oxidation of any substrate or combinations of substrates. Gramicidin is an Na�-ionophore and stimulates Na�,K�-ATPase activity that is inhibited
by ouabain. Dihydrokainate inhibits glutamate uptake. In the study by Hertz and Hertz, L-Glu and D-Glc were provided as sole substrates or in
combination. In the respiration study by Eriksson et al., the assay medium included 7 mmol/l glucose. The mouse and rat astrocyte preparations
by Peng et al., Hertz et al., Hertz and Hertz, and Eriksson et al. avidly took up glutamate that stimulated oxygen consumption under aerobic
conditions and glutamate did not stimulate or inhibit DG phosphorylation, except under anoxic conditions when there was a robust stimulation
of glycolysis. Note the different magnitudes of stimulation of glycolysis and respiration by L-Glu and D-Asp among the different astrocyte
preparations. Abbreviations: D-Asp, D-aspartate; D-Glc, D-glucose; L-Glu, L-glutamate.
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for these discordant findings remains to be established, it is
likely that the different culture procedures used by the Mag-
istretti and the Hertz, Swanson, Eriksson, and other groups
are contributing factors to differences in glutamate oxida-
tion, respiration, and secondary effects on glucose utiliza-
tion and lactate release.

The energetics of both uptake and transport capacity of
D-Asp in cultured cerebellar astrocytes were evaluated in
series of studies in the Schousboe laboratory to identify the
ATP source(s) to support its transport (569, 572, 573).
Uptake of 5 �mol/l D-[3H]Asp from the medium was only

modestly affected (�20%) by inhibitors of glycolytic or
oxidative metabolism. Transport capacity was assessed as
release of preloaded D-[3H]Asp evoked by superfusion with
brief pulses of 1 mmol/l D-Asp in the presence of 2.5 mmol/l
glucose. The high dose of D-Asp increases ATP demand for
uptake and causes transporter reversal if ATP cannot sup-
port uptake, with the consequence that D-[3H]Asp release
rose more than threefold when glycolysis was inhibited.
Transport capacity could not be rescued by lactate or
pyruvate, indicating that mainly glycolysis supports D-
Asp transport. This is an important finding, but the data
do not distinguish between glycolysis and oxidation of
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L-Glu to fuel its uptake; unfortunately, parallel assays
with L-Glu and D-Asp were not carried out. Further-
more, the studies by the Hertz group showed only 23%
increases in glucose utilization with 1 mM D-Asp, which
contrasts apparent energy failure in the superfusion stud-
ies. These two studies used similar culture procedures but
astrocytes were derived from cerebral cortex or cerebel-
lum that have different glycogen levels (592) that may
have influenced outcome. A caveat with D-Asp assays is
that D-Asp is bioactive and D-Asp oxidase (D-Asp ¡
OAA � NH3 � H2O2) mRNA is expressed more in cer-
ebellum than cerebral cortex, and it increases with post-
natal age (194, 508), raising the possibility that its pres-
ence in cultured cerebellar cells could influence transport
assays based on label counting. Nevertheless, both
groups showed that glycolysis increased when the non-
metabolizable D-Asp was used in place of the oxidizable
L-Glu, supporting the idea that the astrocyte prepara-
tions used by Pellerin and Magistretti (492) and Zimmer
et al. (719) may be deficient in glutamate oxidation and
dependent on glycolysis to support glutamate uptake.

3. Evidence cited in support of astrocyte–neuron
metabolic coupling via lactate

Magistretti and Allaman (396, 397) summarized their ar-
guments in favor of ANL shuttling, including discussion of
properties of metabolic enzymes and substrate transporters
in both cell types that are believed to foster preferential
glycolysis in astrocytes and a need for lactate oxidation in
neurons. They also discussed a small subset of the available

literature to support of their view that neurons cannot up-
regulate glycolysis and depend on astrocyte-derived lactate
as a major oxidative fuel during activation. Their primary
lines of evidence are that neurons cannot upregulate glyco-
lysis and mainly use glucose to support flux through the
pentose phosphate shunt pathway, lactate is the preferred
fuel over glucose, glutamate impairs oxidation in astro-
cytes, glutamatergic activity shifts glucose from neurons to
astrocytes, and lactate transfers reducing equivalents and
fuel to neurons.

The first issue is the notion that neurons cannot upregulate
glycolysis is derived from the series of studies in the Bolanos
laboratory in which PFK1 is regulated to prevent increases
above the basal glycolytic rate in cultured cerebrocortical
(presumably GABAergic) neurons because they require flux
through the pentose shunt pathway to protect against oxi-
dative stress (52, 267). The specific issue in the Bolanos et
al. studies is whether PFK1 can be activated in immature
cultured cortical neurons. The caveat is that if pentose shunt
flux rises, glycolytic rate downstream of PFK1 must also rise
to an extent that varies with recycling of Fru-6-P back into
the shunt pathway (see the discussion of these issues in
Section IIA4, E to G).

The broad, extended interpretation by Magistretti and col-
leagues that all neurons cannot upregulate glycolysis is sim-
ply not true. Many studies have demonstrated increased
glycolysis, lactate production, and respiration in cultured
neurons and synaptosomes isolated from adult brain [re-
viewed in (144)], but these reports were not included in the

FIGURE 8. Two models for stoichiometry of glutamate uptake/processing to glucose utilization for the glutamate–glutamine cycle. A: The astrocyte
(pink highlight)–neuron (blue highlight) lactate (ANL) shuttle model is based on glutamate (Glu) (transporters: GLT-1 or GLAST) (blue text) uptake-evoked
increase in glycolysis, pyruvate (Pyr) formation, and lactate (Lac) release from astrocytes (red text and arrows) (492). The model stipulates that
astrocytic glycolysis generates the two ATP (red) required for uptake and processing of Glu [i.e., Na� extrusion by Na�,K�-ATPase and synthesis of
glutamine (Gln) by Gln synthetase]. Neuronal oxidation of the generated Lac is believed to be a major fuel during activation of excitatory neurotrans-
mission, and implies predominant compartmentation of glycolytic (in astrocytes) and oxidative (in neurons) metabolism. The stoichiometry for this
model is one glucose (Glc) consumed glycolytically per Glu taken up and processed. B: The ANL shuttle model does not include the energetics of
oxidation of ~20% of the Glu taken up and its resynthesis (green arrows and text). Complete oxidation of 1 Glu molecule via the pyruvate recycling
pathway (not shown: malate exits the TCA cycle and is converted to pyruvate that re-enters the TCA cycle) produces ~20 ATP, and its de novo
resynthesis from one Glc via the pyruvate carboxylase (PC) and pyruvate dehydrogenase (PDH) reactions generates another ~11 ATP for a total yield
of ~31 ATP, which is almost equal to the 32 ATP derived from Glc oxidation (280). Partial Glu degradation (in which the carbon skeleton remains in
the TCA cycle and can increase flux capacity) generates ~7.5 ATP, with resynthesis from 0.5 Glc producing ~5.5 ATP for a total yield of ~13 ATP
(280). The ATP generated by oxidation of one Glu molecule (i.e., 6.5 or 19 ATP after subtracting one ATP for Na� extrusion) can support astrocytic
uptake and processing of ~3–10 more Glu molecules (costing two ATP per Glu cycled). Glu resynthesis is necessary to maintain mass balance and
would generate another 5.5–11 ATP via Glc oxidation while noting that resynthesis may take place over a longer time scale than Glu uptake. Complete
oxidation of one Glu plus its resynthesis can support uptake and processing of 15 more Glu molecules per Glc molecule oxidized for an 15:1
stoichiometry. Partial oxidation of Glu plus its resynthesis supports uptake of six more Glu per 0.5 Glc oxidized for a 12:1 stoichiometry. The Glc needed
to provide the ATP and carbons for Glu uptake via its own metabolism is 1/12 to 1/15 that of the ANL shuttle. Release of Gln from astrocytes is
probably via a transporter isoform [solute neutral amino acid transporter (SNAT)] that is equilibrative and electroneutral (Na�-Gln/H� antiport) (367),
so Na�-Gln release from astrocytes would help reduce the ATP demand for Na� extrusion after uptake with Glu. In contrast, electrogenic transporters
(Na�-Gln cotransport) may facilitate neuronal Gln uptake into neurons and require Na� removal from the presynaptic terminal after its uptake with Gln
(367). This process may consume ATP via Na�,K�-ATPase and/or employ another mechanism. Insertion of Glu into synaptic vesicles requires one
ATP/Glu that is preferentially supplied by glycolysis (649). To sum up, the ATP demand in neurons and astrocytes during Glu–Gln cycling (green) is
approximately two ATP, but the pathways that produce the ATP differ in the two cell types and the mechanisms linking the Glu–Gln cycle to glucose
oxidation differ (see FIGURE 4). Note that some lactate may be produced and released by both cell types (red text and arrows), and both glycolysis
and oxidation may increase in both cell types during activtion (blue text and arrows). Modified from Figure 1 of Dienel et al. (150) that was derived from
Figure 2 of Dienel and Cruz (152) (2014, Springer Science Business Media New York, with permission of Springer).
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discussion by Magistretti and Allaman (396) (also see Sec-
tion IIA4E).

The second line of evidence is that lactate is the preferred
substrate over glucose, based on assays in cultured neurons
taken from forebrains (cortex, hippocampus, and striatum)
of newborn rats and cultured for five days (59, 60). How-
ever, these cells are very immature, their neurotransmitter
phenotype(s) are unknown, and if they were still the living
brain of suckling pups, they would be using ketone bodies,
lactate, and glucose as fuel. These factors may contribute to
lactate accounting for 75% of total oxidation in 5-day-old
neurons, an age that precedes the large developmental spurt
between 10 and 30 days and the shift in transport and
metabolism from ketones plus glucose to glucose as fuel
(146). In contrast, cultured cerebellar glutamatergic neu-
rons given access to both glucose and lactate upregulate
glucose, not lactate, oxidation when activated (27, 29). In
normal adult human brain of nonstimulated subjects,
blood-borne lactate contributes �10% to total brain oxi-
dation (55), whereas the contribution of blood lactate as a
supplemental oxidative fuel increases during exercise or in-
travenous infusion to raise blood lactate levels (514). It is
unlikely that metabolic preferences of cultured cells are
translatable to normal adult brain because, as discussed in
Section VIA4, point 2, both cultured neurons and cultured
astrocytes release half or more of the glucose metabolized as
lactate to the medium. In fact, release of large amounts of
lactate by cultured neurons supports the likelihood of neu-
ron-to-astrocyte lactate shuttling (see Section VIA5, be-
low). In addition, cultured astrocytes do consume lactate
when glucose becomes limiting; when grown in low-glucose
medium, the astrocytes initially produce and release lactate
to the medium, then consume lactate as the medium glucose
level is depleted (371).

A third line of evidence is that glutamate impairs respiration
in cultured astrocytes (25), supporting the notion that as-
trocytes are poor users of oxidative substrates. However, as
discussed above, this report by Azarias et al. is an outlier
and it is discordant with numerous studies demonstrating
oxidation of glutamate and stimulation of astrocytic respi-
ration by glutamate (see TABLE 6 and references cited
above).

Fourth, in conjunction with their idea that glutamate-
treated astrocytes have decreased oxidative phosphoryla-
tion capacity (25), Magistretti and Allaman (396) empha-
size the report of Porras et al. (501) that glutamate strongly
inhibited glucose transport into hippocampal neurons and
stimulated glucose uptake into astrocytes in cocultures.
There are, however, many studies from different laborato-
ries demonstrating that glutamate treatment or inhibition
of glutamate transport into the neurons increased respira-
tion or DG phosphorylation in cultured cortical neurons
(231) and in cultured cerebellar neurons using glucose as

sole substrate (75, 213, 326, 428, 493, 675, 676, 698),
whereas others found no effect in cortical (9) or hippocam-
pal (486) neurons. In addition, glutamate treatment in-
creased cell surface expression of the neuronal glucose
transporter GLUT3 in cultured hippocampal and cerebellar
neurons (486, 678) that would increase glucose transport
capacity in the glutamate-exposed neurons. The basis for
these discrepant findings remains to be established, but it is
clear that glutamate has diverse effects on different culture
systems and the Porras et al. study is not representative of
the literature. Until the experimental differences are re-
solved, the notion that glutamate inhibits neuronal glucose
transport should not be accepted as a generalization or
ascribed to living brain.

Fifth, the report by Chuquet et al. (104) that the nonme-
tabolizable fluorescent glucose analog, 6-NBDG, preferen-
tially accumulates in astrocytes to a higher level than in
neurons in the whisker barrel cortex during vibrissal stim-
ulation has been interpreted as evidence for preferential
glucose utilization by astrocytes during activation (396).
However, this study only measured the cellular concentra-
tions of 6-NBDG, not glucose concentration or CMRglc. An
alternative interpretation of this finding is that the 6-NBDG
competes with glucose for uptake into cells and efflux from
cells, as does 3-O-methylglucose, another nonmetaboliz-
able glucose analog. The 6-NBDG was given intravenously,
so the extracellular [6-NBDG] relative to [glucose] is the
same in the interstitial fluid surrounding neurons and astro-
cytes and competition for uptake is the same. However,
efflux of 6-NBDG may be influenced by competition with
intracellular glucose that can vary with metabolic rate. If
glucose metabolism in astrocytes is reduced during whisker
stimulation because of glycogenolysis (629), intracellular
glucose will rise and compete with 6-NBDG for exit, in-
creasing its intracellular concentration, as reported. If glu-
cose utilization in neurons increases and reduces intracellu-
lar glucose level, competition for efflux would be reduced
and [6-NBDG] would be lower. This is the same behavior
observed with methylglucose in living brain: when local
glucose level rises, so does the methylglucose concentration,
and when glucose level falls, so does that of methylglucose
(156). Unfortunately, the methylglucose study did not have
cellular resolution. Lower 6-NBDG in activated neurons is
consistent with their lower intracellular glucose levels than
in astrocytes. This interpretation is supported by the recent
report of increased neuronal glycolysis in whisker barrel
cortex in vivo during whisker stimulation by Diaz-Garcia et
al. (140). In any event, the values of the LCs for the DG
(160) and the phosphorylatable analog, 2-NBDG, in astro-
cytes and neurons under various experimental conditions
are unknown, and DG and NBDG transport and phosphor-
ylation cannot currently be used to estimate CMRglc in cul-
tured neurons or astrocytes, or in brain in vivo without this
information.
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Sixth, the redox switch model of Cerdan and colleagues
(85) was formulated based on the literature and experi-
ments in cultured C6 glioma cells (531), and it was pre-
sented as evidence for transfer of reducing equivalents plus
fuel from astrocytes to neurons via lactate shuttling by
Magistretti and Allaman (396). The redox switch can be
viewed from different perspectives. As formulated by Cer-
dan et al., lactate is released from astrocytes, taken up by
neurons, and converted to pyruvate that is released and
returned to astrocytes; then, there is net cell-to-cell transfer
of one NADH, and continuous astrocyte–neuron redox cy-
cling can achieve transcellular redox balance without fuel-
ing the neurons (85). On the other hand, if the neurons
oxidize the pyruvate from astrocytic lactate, the redox cycle
is short-circuited, and the redox switch model becomes the
lactate shuttle model. Redox switching and lactate shuttling
are both disrupted during activation when lactate is re-
leased from the tissue.

Seventh, a recent study by Mächler et al. (392) reported
lactate concentration gradient from astrocytes to neurons in
anesthetized mice and argued that this supported ANL
shuttling that could not occur without such a gradient.
However, the anesthetics used (fentanyl, midazolam, and
medetomidine) have powerful metabolic and receptor-me-
diated effects that may differ in astrocytes and neurons.
Unfortunately, the lactate sensor is insensitive (twofold rise
in fluorescence corresponding to a 50-fold rise in lactate
concentration in the range of brain lactate levels), absolute
concentrations for lactate were not reported, and the au-
thors emphasized the astrocyte–neuron gradients without
discussing the equivalent gradient from astrocytes to blood
[for a more detailed discussion, see (151)]. The astrocyte
blood gradient is important because lactate readily diffuses
among gap junction-coupled astrocytes and to end-feet. As-
trocytic end-foot coverage along the brain’s vasculature is
extensive and blood represents an infinite sink because
other body organs can oxidize the lactate. In contrast, net
lactate uptake into a neuron is governed by metabolism
after its intracellular level equilibrates with the extracellular
concentration. The important issues that have yet to be
assessed are quantification of the net lactate flux from as-
trocytes to blood compared with astrocytes to neurons cou-
pled with neuronal lactate oxidation and quantification of
neuronal glucose oxidation compared with lactate oxida-
tion.

To summarize, Magistretti and Allaman (396, 397) present
and discuss their view that the above studies, especially
those by Herrero-Mendez et al. (267), Cerdan et al. (85),
and Porras et al. (501), support the ANL shuttle model, and
they state that many criticisms of the model can be dis-
counted based on the above three studies. However, when
these key studies are compared with the extensive, relevant
experimental (not theoretical) literature it is apparent that
there are many omissions and contradictions that seriously

weaken the conclusions drawn by Magistretti and Allaman.
Shuttle proponents have assembled a substantial body of
circumstantial evidence to support the model, but the data
are obtained primarily from tissue culture studies in imma-
ture, chronically hyperglycemic cells that have not been
demonstrated to accurately represent living brain.

4. Strong evidence against the ANL shuttle model

The theoretical model that glutamate uptake-evoked glyco-
lysis in astrocytes provides lactate as a major oxidative fuel
for neurons has specific stoichiometric requirements (FIG-
URE 8A). However, the model-based predictions are not
fulfilled in vitro or in vivo, and the data used to formulate
the model do not satisfy the quantitative requirements of
the model that specify a 1:1:2 stoichiometry for uptake of
one glutamate, glycolytic metabolism of one glucose, and
release of two lactate (141). Second, and equally important,
glutamate-evoked increases in glycolysis and lactate pro-
duction are not a robust phenotypes of cultured astrocytes
(144, 154). If these metabolic responses were critical and
essential aspects of excitatory neurotransmission, they
should be observed in every astrocyte preparation, but they
are not. Third, quantitative studies in vitro and in vivo
demonstrate experimental evidence that lactate shuttling
coupled with its oxidation cannot be more than a minor
flux. If lactate shuttling–oxidation by any cells were sub-
stantial components of brain activation in vivo, the rise in
glucose utilization would be quantitatively matched by in-
creased oxygen consumption, but it is not (see aerobic gly-
colysis; Section V). Also, tracer [14C]glucose studies would
report a similar increase in magnitude of label trapping
during activation as observed with [14C]DG that measures
total glucose utilization at the hexokinase step, but they
don’t (Section V). Lactate is the most mobile of the metab-
olites of glucose, it quickly achieves maximal specific activ-
ity after labeling with glucose, it readily diffuses among
brain cells and to and from blood, it accounts for most of
the loss of label from activated tissue, and lactate release
causes elimination of an oxidizable substrate in awake rats.
Briefly, major experimental findings that support the con-
clusion that lactate shuttling is not a major flux include the
following:

1) Glutamate-evoked shuttling of lactate from astrocytes to
neurons has never been directly shown to occur in vivo or
between cultured cells, nor has it been quantified in any
paradigm. Cell–cell lactate and glucose transfer indepen-
dent of treatment with glutamate has, however, been quan-
titatively demonstrated in adult rat brain slices in my labo-
ratory, and the rates and capacities of astrocytic lactate
uptake from extracellular fluid and lactate shuttling among
astrocytes through gap junctions are three- to fivefold
higher than astrocyte–neuron transfer over the range of
2–40 mmol/l lactate (210). Rouach et al. (546) could not
detect transfer of 2-NBDG from astrocytes to neurons and
suggested lactate is used to feed neurons, but 2-NBDG and
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2-NBDG-6-P are poor substrates for glucose transporters
and gap junctional transfer, respectively, and enzymatic as-
says clearly demonstrated transfer of glucose from astro-
cytes to neurons (210). Importantly, gap junctional cou-
pling is enhanced by increased extracellular levels of gluta-
mate and K� that would rise during activation, and lactate
dispersal within the syncytium and to end-feet should be
enhanced. The ANL shuttle model is specific for glutamate-
evoked lactate trafficking during excitatory neurotransmis-
sion, and should not be confused with or equated to other
conditions when lactate is produced or oxidized by various
cell types.

2) The cellular origin of lactate during activation in vivo is
not known; it can come from neurons, astrocytes, or both,
depending on conditions. Lactate is widely assumed to be
released from astrocytes, and maybe it is, but the necessary
proof to validate this assumption is lacking. Because most
postsynaptic spines, many presynaptic varicosities, and
some synaptosomes do not have mitochondria, specific neu-
ronal subcellular compartments and functions depend on
glycolysis and they would produce and release lactate. Un-
der resting and depolarizing conditions, cultured cerebellar
glutamatergic neurons release nearly half of the glucose
metabolized to the medium as lactate (216, 325, 668), as do
cultured cortical neurons (378). However, lactate produc-
tion by cultured cells is quite unlikely to be predictive of
cellular sources of lactate in living brain because the large
extracellular medium volume dilutes the released lactate
and pulls lactate from all cells via the equilibrative LDH and
MCT reactions to inflate glycolytic rates (162, 274). Nor-
mal resting brain releases ~5% of the glucose taken up as
lactate, in sharp contrast to the large amounts released by
cultured cells. Thus, lactate fluxes from and among cultured
cells cannot be compared with those in vivo.

3) The required stoichiometry for astrocytic glutamate up-
take, glycolytic metabolism of glucose, and lactate release
was not satisfied in cultured astrocytes in the original study
by Pellerin and Magistretti (141). Furthermore, a fall in
OGI and OCI in brain in vivo is inconsistent with significant
lactate shuttling tightly coupled with oxidation because lac-
tate metabolism consumes O2. In other words, aerobic gly-
colysis at a regional or global level in brain would not occur
if lactate shuttling–oxidation were prominent and all the
lactate were oxidized. The increase in oxygen consumption
sets an upper limit for lactate shuttling–oxidation, and
must be distinguished from direct oxidation of pyruvate in
the cell where it was produced. Thus, if CMRO2 rose 5% as
in the Fox et al. study, 5% is the maximal contribution of
lactate shuttling to total oxidation.

4) Failure to quantitatively retain labeled metabolites of
glucose during activation and rapid release of substantial
quantities of lactate to blood and perivascular lymphatic
drainage are strong, independent in vivo lines of evidence

against coupling of lactate shuttling with oxidation (146,
151). If lactate shuttling (in any direction) coupled with its
oxidation is quantitative, then all labeled metabolites of
glucose should be retained in the activated tissue. If lactate
is oxidized, its carbon is quickly incorporated into the large,
unlabeled pools of glutamate, glutamine, aspartate, and
GABA via the TCA cycle and label would be trapped in the
tissue, but the label is not retained.

5) Receptor-mediated regulation of metabolic responses
to activation is another independent line of evidence
against prominent glutamate uptake-evoked glycolysis:
1) Aerobic glycolysis is prevented by propranolol and
induced by adrenaline (208, 359, 566, 580). 2) Postsyn-
aptic glutamate receptor blockers prevented increases in
extracellular lactate level and rates of oxygen and glucose
utilization in cerebellum even though astrocytic gluta-
mate uptake is not prevented by these drugs (79). In this
study, effects of glutamate uptake were distinguished
from postsynaptic receptor–mediated increases in lactate
level.

6) Oxidation of glutamate upon its uptake into astrocytes is
a well-established fact (see references cited above), but it is
not included in the ANL shuttle model. An important dis-
tinction is that D-Asp, the nonmetabolizable glutamate an-
alog, stimulates astrocytic glycolysis, whereas L-Glu does
not enhance astrocytic DG phosphorylation or lactate re-
lease, it reduces glucose oxidation, and it stimulates respi-
ration when used as sole substrate in the same studies (see
Section VIA2 for discussion and references). Oxidation of
some of the glutamate upon its uptake and its resynthesis
consumes glucose and produces ATP so that uptake of
many more glutamate molecules can be supported per glu-
cose consumed in the astrocytes (see Section VIB, below,
and FIGURE 8A AND 8B).

7) Studies with a sensitive, calibrated biosensor by Diaz-
Garcia et al. (140) that registers changes in NADH/NAD�

ratio demonstrate that stimulated neurons in hippocampal
slices increase glucose consumption, glycolysis exceeds res-
piration, and lactate is released; the neurons do not require
lactate uptake nor depend on glutamate stimulation of as-
trocytes. Additional arguments in favor of the requirement
and critical importance of glucose metabolism in presynap-
tic boutons were recently reviewed by Ashrafi and Ryan
(20) who concluded that glycolysis and oxidation are essen-
tial for synaptic function, particularly for cycling of synap-
tic vesicles.

8) Ceftriaxone-enhanced glutamate uptake into astrocytes
was claimed to drive [18F]FDG-PET signals and reflect in-
creased astrocytic glycolysis as evidence to support the ANL
shuttle model (619, 719). However, these arguments are
not valid because their qualitative FDG-PET method does
not have cellular resolution, and the metabolic responses of
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neurons to changes in glutamate level and glutamate–glu-
tamine cycling were not addressed (150).

9) Oxidation of glucose-derived lactate during acoustic
stimulation of awake rats was shown to be small. This was
directly tested by microinfusion of [3,4-14C]glucose into the
inferior colliculus and analysis of [14C]lactate and 14CO2 in
the microdialysate. 14CO2 is released at the PDH step, so if
lactate is produced, released to interstitial fluid, quickly
taken up by another cell, and oxidized, then 14CO2 and
[14C]lactate concentrations in the microdialysate would be
similar (disregarding any label scrambling via the pentose
shunt discussed previously). In fact, the level of [14C]lactate
was three- to fourfold higher than 14CO2, indicating that
lactate is not predominantly oxidized, consistent with un-
derestimation of metabolic activation with [14C]glucose
compared with [14C]DG in the same paradigm (32, 127)
and the fall in the OGI during activation.

To summarize, some lactate utilization may take place to a
minor extent during activation and under other conditions,
but overall glutamate uptake–evoked lactate shuttling cou-
pled with its oxidation cannot exceed the net rise in CMRO2

after subtraction of the oxygen consumed by direct oxida-
tion of glucose in neurons and astrocytes. If the lactate is
oxidized as major fuel for any cells in the activated tissue,
most of the labeled metabolites should be retained in the
tissue in the large amino acid pools, but this is not the case,
in agreement with the small rise in oxygen consumption
compared with glucose utilization. The notion that gluta-
mate-evoked glycolysis in astrocytes provides lactate as a
major fuel for neurons remains an unsubstantiated, theoret-
ical model that is contradicted by many independent lines of
experimental evidence in tissue culture and in vivo.

A major limitation of cell cultures and their metabolic
activities is the fidelity with which they represent living,
mature brain. This issue does not invalidate findings from
cell culture studies that have made many extremely im-
portant contributions to understanding the properties of
brain cells, but developmental changes in vivo probably
differ from in vitro in short-term mono- and cocultures,
and network activities, regulation, and metabolic fluxes
are likely to differ in vitro and in vivo. Serious limitations
of the glutamate uptake– evoked ANL shuttle model and
the in vivo experimental evidence against it have been
discussed extensively in recent reviews (140, 141, 144,
148, 151, 702) that can be consulted for details and
relevant literature.

5. Neuron-astrocyte lactate shuttle

Metabolic modeling of measured lactate levels in brain of
human subjects given visual stimulation were consistent
with neuronal release of lactate and astrocytic uptake of
lactate, leading to the concept of the neuron–astrocyte lac-
tate (NAL) shuttle (402). Simulations using measured con-

centrations and catalytic properties of glucose and lactate
transporters in the two cell types were consistent with mea-
sured data. The model could fit the ANL model with two
unrealistic caveats: astrocytic glucose transport capacity
would have to increase 12-fold and neurons would not
increase glycolysis during activation. In fact, cultured neu-
rons, isolated synaptosomes, and synaptosomes labeled in
brain in vivo demonstrate that neurons do increase glucose
utilization during activation [see Section IV and references
(144, 146, 151)], disproving the assertion by Magistretti
and Allaman (396) that neurons cannot increase glycol-
ysis. Pellerin, Magistretti, and colleagues challenged the
above modeling outcome (330) and obtained a response
that included more modeling and discussion of inaccu-
rate criticisms, with the conclusion that any cell– cell lac-
tate flow is very small (400). The results of a more recent
metabolic modeling study of metabolism and Glu–Gln
cycling with a stoichiometric approach by Massucci and
colleagues (410) support this conclusion with the follow-
ing findings: 1) glucose partitioning among cell types
strongly influences the magnitude and direction of any
lactate shuttling, 2) glucose partitioning is mainly inde-
pendent of activity, and 3) higher neurotransmitter cycle
rates are associated with lower computed OGI values.
Synthesis and release of lactate by activated neurons in
slices and in the somatosensory cortex (140) also sup-
ports the NAL model, with astrocytes having a role in
lactate dispersal and clearance from brain (210).

B. Energetics of Astrocytic Glutamate
Uptake and Oxidation During Glu–Gln
Cycling

The ANL shuttle model portrays astrocytes as highly glyco-
lytic (FIGURE 8A) and ignores the well-established oxidation
of glutamate upon its uptake into astrocytes. Astrocytes
have high oxidative capacity, and their 20–25% contribu-
tion to total glucose oxidation in brain in vivo is similar to
that of neurons, based on the maximal 20–25% fractional
volume of astrocytes (269, 280). Oxidation of a small frac-
tion of glutamate (FIGURE 8B) provides more than enough
ATP to satisfy the requirement of two ATP to sustain the
Glu–Gln cycle (143, 422, 530), and the excess ATP can
support other astrocytic energy demands caused by gluta-
matergic signaling, such as calcium waves and filopodial
movements (112, 113) that involve ATP-dependent actin
cycling.

An estimated 20% of the glutamate taken up into astrocytes
is oxidized upon uptake (281), and its resynthesis that is
required to maintain mass balance can take place on a dif-
ferent time scale. Complete oxidation of one molecule of
glutamate via the pyruvate recycling pathway generates ~20
ATP. Its replenishment via the anaplerotic pathway in-
volves oxidation of one glucose molecule and produces 11
ATP for a total of 31 ATP for glutamate turnover, one fewer
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than oxidation of glucose (280). Alternatively, partial oxi-
dation of one molecule of glutamate with the four-carbon
skeleton remaining in the TCA cycle generates ~7.5 ATP.
Another 5.5 ATP are produced by resynthesis involving
oxidation of 0.5 glucose for a total of 13 ATP. Uptake of
one glutamate molecule requires one ATP to extrude Na�,
so the net yield from glutamate turnover is 30 or 12 ATP for
complete or partial oxidation plus resynthesis that requires
oxidation of 1 or 0.5 glucose molecules, respectively. The
cost for uptake and processing of glutamate to glutamine is
approximately two ATP per cycle, so complete or partial
oxidation of one glutamate can support the uptake and
processing of 15 or 6 more glutamate molecules. The stoi-
chiometry between glutamate uptake and processing per
glucose oxidized is 15:1 or 12:1 for the complete or par-
tial oxidation pathways, respectively (FIGURE 8B). The
recent report that astrocytic glucose oxidation is linearly
proportional to Glu–Gln cycle rate by Sonnay et al. (608)
supports the oxidative utilization of glucose to support
glutamate turnover, probably involving partial degrada-
tion of the glutamate, because the PC rate did not change
with cycling rate under those experimental conditions. In
contrast, a glycolytic ANL shuttle mechanism requires
one glucose to provide the two ATP to extrude Na� and
synthesize glutamine from one glutamate, with a 1:1 stoi-
chiometry (FIGURE 8A and Section IIIE and FIGURE 4).

To sum up, the amount of glucose needed to provide the
carbons and ATP for glutamate uptake via its own metab-
olism is 1/12 to 1/15 that of the ANL shuttle (150). Thus,
glutamate turnover minimizes glucose utilization in astro-
cytes at the site and time of high energy demand. Because
turnover of glutamate involves oxidation of glucose for
both synthesis and degradation, glucose is, in effect, oxi-
dized in astrocytes via glutamate turnover, with nearly the
same ATP production per glutamate synthesized and de-
graded as direct oxidation of glucose (280). FIGURE 3 shows
that the flux of astrocyte glutamate turnover as percent of
CMRglc (11%) is on the order of direct astrocytic TCA
cycle–mediated glucose oxidation (9%). On the other hand,
glycolysis coupled with lactate shuttling maximizes the
amount of glucose needed by astrocytes to support gluta-
mate transport. Oxidation of glucose in neurons in conjunc-
tion with the Glu–Gln cycle with a 1:1 stoichiometry (FIG-
URE 8B) also maximizes ATP production in neurons (see
Sections IIIC, D, and E, and FIGURE 4). More work is
needed to establish the mechanisms of glucose oxidation
with neurotransmitter cycling.

C. Novel Roles for Lactate

Lactate is now recognized as having central roles in brain
function, well beyond its release from cells when glycolytic
rate outstrips the MAS and oxidation rates. These functions
include regulation of blood flow, interaction with extracel-
lular receptors to govern cellular functions and neurotrans-

mitter release, and entry into cells located some distance
from its origin to alter intracellular NADH/NAD� ratio,
govern glycolytic rate, serve as supplemental fuel, and in-
fluence gene transcription. These functions probably differ
in among brain regions and vary with physiological state
and developmental age. They will be influenced by plasma
lactate levels that, when elevated, are likely to overwhelm
cellular lactate signaling within the brain. Because lactate
is diffusible and travels via extracellular and intracellular
routes, it can report glycolytic activation to distant cells
and influence their behavior, serving as a volume trans-
mitter (48).

Lactate stimulates vasodilation (232, 266, 700) and can
contribute to increasing blood flow during activation. For
this reason, it may be advantageous for the astrocytes to
preferentially take up and disperse lactate throughout the
syncytium so that it can be discharged from many end-feet
throughout a large tissue volume to perivascular space
where it can quickly spread along the vasculature network
(32, 210) and influence blood flow.

Lactate also interacts with plasma membrane receptors.
Lactate binds to a G protein–coupled receptor, HCAR1 or
GPR81, that downregulates neuronal activity (62, 360) and
is involved in cerebral angiogenesis after vigorous exercise
or lactate injections (434). In both cultured excitatory and
inhibitory neurons, lactate inhibits calcium spikes and neu-
ronal firing with an IC50 of ~4.2 mmol/l, and it can also
reduce cAMP accumulation. In the locus coeruleus, stimu-
lation of astrocytes to release lactate that interacts with an
unidentified neuronal receptor to increase neuronal intra-
cellular [Ca2�], stimulate firing rate, and enhance release of
NE with an EC50 of ~0.7 mmol/l (637). These are extremely
important findings because excessive production of lactate
can shut down neuronal firing, and astrocytic activation in
the locus coeruleus can have a high impact on overall brain
activity and metabolism through the widespread release of
NE. Very high lactate levels can modulate glycolytic metab-
olism in cultured astrocytes via an unidentified receptor
(658). Interested readers are referred to recent reviews of
receptor-mediated roles of lactate (47, 243, 335, 436, 642).

Once inside brain cells, lactate can be oxidized by LDH and
alter redox state to influence glycolysis, gene expression,
and various aspects of neuronal and astrocytic metabolism
(291). NADH has a high affinity for a transcription core-
pressor, COOH-terminal binding protein (CtBP), and de-
stabilizes the interactions of CtBP with transcription fac-
tors, thereby acting as a redox sensor that influences gene
expression (198, 353). Anticonvulsant properties of non-
tracer doses of DG are believed to reduce neuronal excit-
ability by inhibiting glycolysis, altering NADH levels, and
blocking seizure-induced expression of brain-derived neu-
rotrophic factor and its receptor TrkB (215). Furthermore,
glucose metabolism and the cytosolic NADH/NAD� ratio
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govern the transcriptional activity of the proinflammatory
factor NF-�B and expression of proinflammatory genes in
microglia and macrophages by regulating CtBP binding to
acetyltransferase p300 and binding of p300 and NF-�B to
proinflammatory gene promoters; inflammatory responses
increase when the NADH/NAD� ratio rises and falls when
the redox ratio is reduced (586). Also, shifts in NADH/
NAD� ratio caused by exposure of cultured neurons to 20
mmol/l lactate were reported to induce memory-related
proteins by the Magistretti group (701). However, the rel-
evance of extremely high lactate levels in these cultures to
normal brain function, gene expression, and memory rescue
is questioned (148), and their extraordinarily high redox
ratios (baseline NADH/NAD� � 55.97 that rose to 140
after lactate treatment) are highly unlikely to reflect those of
normal, alive neurons. For comparison, the resting neuro-
nal cytoplasmic NADH/NAD� ratio observed Diaz-Garcia
et al. (140) was ~0.001, and it increased to 0.002 during
stimulation.

D. Summary

The ANL shuttle controversy is a very complex issue with
overwhelming proof that glutamate uptake–evoked astro-
cytic lactate production coupled with shuttling of lactate to
serve as a major neuronal fuel cannot be a large flux. Many
apparently discordant data sets probably arose from effects
of unrecognized, but critical, differences in the precise ex-
perimental model and culture conditions that may never be
reconciled. Circumstantial evidence from tissue culture
studies is insufficient to assess and quantify metabolic fluxes
in living brain. Neuronal glycolysis and glucose oxidation
are essential for normal neurotransmission, and neuronal
lactate release supports the NAL shuttle. Glutamate oxida-
tion by astrocytes is repeatedly confirmed in cultured astro-
cytes, and it maximizes ATP yield from glucose to resynthe-
size the oxidized glutamate. Lactate has novel roles in di-
verse brain activities, greatly increasing the complexity of
the integration of glucose metabolism with signaling and
function.

VII. GLYCOGEN: AN “INVISIBLE”
CONTRIBUTOR TO BRAIN ENERGETICS

Glucose, lactate, and glycogen were considered as a meta-
bolic trinity (148) because of their close interrelationships
and emerging recognition of novel roles in brain activation.
Glucose is the source of glycogen carbon and lactate can be
a by-product of its breakdown. Glucose utilization has been
intensively studied for decades but its cellular/subcellular
basis is elusive, particularly in pre- and postsynaptic struc-
tures and perisynaptic processes of astrocytes. Lactate has
“matured” from a waste product to signaling partner, and
its roles in brain function are expanding into new areas.
Glycogen is transformed from emergency fuel to an active

and important participant in brain energetics and aerobic
glycolysis, with previously unknown functions coming to
light.

Glycogen turnover is a current, exciting research topic
caused, in part, by its poorly understood participation in
complex brain functions: sensory processing, memory, and
neurotransmission. However, quantification of glycogen
level, fluxes, and contributions to cellular activities are for-
midable problems, and some data are debated for technical
reasons. Selected recent studies on relevant topics are dis-
cussed in considerable detail and depth so that nonspecial-
ists can gain an 1) understanding of the evidence for and
against different functions of glycogen and 2) appreciation
for difficulties involved in the analysis and nuances in inter-
pretation of functions of glycogen. Specialists are provided
with different points of view along with testable, alternative
interpretations of controversial data that may serve as tem-
plates for future work to help fill the knowledge gaps and
uncertainties in functions of glycogen turnover.

A. Brief History

Early studies by Stanley Kerr in the 1930s proved that gly-
cogen existed in brain, documented its extreme lability to
postmortem metabolism, and established methods to ex-
tract and measure glycogen levels (343, 344). For many
decades thereafter, the concentration of glycogen in brain
was found to be relatively low, in the range of ~2–3 �mol/g,
similar to that of brain glucose. Glycogen turns over very
slowly in unstimulated animals, with a half-life of 4.4 h for
limit dextrin and 0.86 h for outer tiers (677) compared with
brain glucose that has half-life of ~1.5 min (562). However
glycogen is very quickly degraded during pathophysiologi-
cal conditions when energy demand is extremely high (e.g.,
seizures, ischemia, spreading depression, and severe hypo-
glycemia) (594). These properties led to characterization of
glycogen as an emergency fuel.

In 1992, Swanson and colleagues (629) made an important,
paradigm-shifting discovery by showing that glycogen was
consumed in the somatosensory cortex during whisker
stimulation. This was the first demonstration of active par-
ticipation of glycogen in normal brain function in vivo. Not
only was glycogenolysis activated during physiological ac-
tivity, its mobilization took place when glucose levels and
delivery to brain were normal. Studies in cultured astro-
cytes, brain slices, and in living brain provide additional
examples of glycogenolysis in the presence of normal glu-
cose levels, strongly reinforcing the conclusion that brain
glycogen is not just a storage depot.

Brain glycogen is widely recognized as being located pre-
dominantly in astrocytes, but small amounts have been
found in neurons, along with the biosynthetic and degrada-
tive enzymes (554). Studies in cultured astrocytes and in
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brain slices in many laboratories have established that gly-
cogen turnover is regulated not only by astrocytic metabolic
status and intracellular [Ca2�] levels, but also by neuronal
signaling through the receptor-mediated actions of specific
neurotransmitters (e.g., NE, serotonin, histamine, adeno-
sine, and vasoactive intestinal peptide) and by increases in
extracellular [K�]. Regulation by neuronal signaling activ-
ity links glycogen turnover with specific brain functions,
and NE is especially important because it is released
throughout the entire brain by the locus coeruleus. Locus
coeruleus signaling is involved in many behaviors, including
the sleep/wake cycle, sensory stimuli, presentation of novel
situations, arousal or alerting, adverse stimuli, and learning
and memory (51, 558, 691). Participation of the locus coer-
uleus and noradrenergic signaling in diverse activities
means that glycogenolysis is extremely sensitive to experi-
mental situations, and handling of subjects can have a high
impact on measured concentrations.

Recent reviews on brain glycogen have focused on its roles
in brain energetics (148, 152, 172), K� homeostasis (169,
271, 401), functions in brain (170, 285), structure (411,
412), regulation of glycogen phosphorylase (413), and La-
fora disease, a lethal inherited disorder caused by dysregu-
lation of glycogen degradation (528). The following mate-
rial briefly discusses these topics as they relate to aerobic
glycolysis, lactate shuttling, and memory and learning. Key
studies that have important implications for future research
are discussed in detail, and alternative interpretations of
some data are offered in the spirit of suggesting different
ways to think about conclusions or concepts, with testable
ideas and topics for future work.

B. Glycogen Turnover Increases Aerobic
Glycolysis During and After Activation

Glycogen levels in very carefully handled rats can be quite
high, in the range of 10–13 �mol/g, with significant re-
gional heterogeneity (128, 167, 350, 461). This range is
about twice that commonly obtained in microwave-fixed
brain in various studies, ~4–8 �mol/g (96, 433, 630),
which is double that, ~2–3 �mol/g, commonly reported in
the preceding decades (384, 594, 677). Assuming that as-
trocytes occupy at most ~20–25% of brain volume, the
glycogen level in astrocytes can be 40–65 �mol/g, similar to
that in resting gastrocnemius muscle, ~70 �mol/g (505).
Even without strict attention to avoid stress and stimula-
tion, glycogen turnover can be sufficiently high to make a
large contribution to total carbohydrate utilization during
activation, and to influence the magnitude of fall of OGI
and OCI when included in the calculation. Glycogen has a
central, rarely quantified role in aerobic glycolysis.

Net glycogen utilization and turnover take place during and
after sensory stimulation. Brushing rats with soft brushes
causes consumption of glycogen, and at the same time, there

is continuous incorporation of label from blood-borne glu-
cose into glycogen and release of previously incorporated
glucose label from glycogen (TABLE 5). Rates of incorpora-
tion of labeled glucose into glycogen are very low (0.2–
0.7%) compared with glucose utilization rates (CMRglc) in
the same animals. Notably, the percent release of 14C from
glycogen prelabeled with [14C]glucose exceeded the change
in unlabeled glycogen in the three brain regions examined.
Together, these findings suggest higher turnover of the
outer tiers, with continuous synthesis as label is released so
that the level of unlabeled glycogen remains constant until
degradation outstrips synthesis. Nearly identical values for
glycogen during rest, activation, and recovery were ob-
tained in two studies carried out about a year apart, but
high variability among the resting controls made statistical
significance difficult to achieve. Some researchers have
questioned whether glycogen consumption during and
after activation is valid, but the results were quantita-
tively replicated and should stimulate further studies.
When CMRglycogen is estimated by dividing the concen-
tration change by duration of the experimental interval,
the rate was almost half that of CMRglc during activation
and ~10% of CMRglc during recovery in two studies
(TABLE 5). Of interest, if CMRglycogen in FIGURE 5A is
multiplied by 4 to account for an (over)estimated volume
fraction, the rates are 1.8 and 0.36 �mol/g/min, or twice
and half total CMRglc, in all brain cells during activation
and recovery, respectively. These rates suggest that the
roles of glycogenolysis in astrocytic and brain energetics
are very important, but remain poorly understood. Net
consumption of glycogen is high during activation, and
glycogen synthesis and degradation are ongoing pro-
cesses, but not necessarily in the same molecules or cells.

OGI falls during activation because of a disproportionate
rise in CMRglc compared with CMRO2, and inclusion of
glycogen in calculations increases the magnitude of the de-
creases. Our first study to evaluate changes in carbohydrate
metabolism during aerobic glycolysis used the routine acid
extraction procedure to determine glycogen level in samples
of funnel-frozen brain (393). Subsequent analysis revealed
that glycogen levels in the same samples were approxi-
mately twofold higher when an ethanol-based extraction
procedure was used, and the cause for this discrepancy was
identified as inadequate inactivation of enzymes in vitro
during the procedure (128). To include glycogen consump-
tion in OGI calculation, the calculated rate of glycogenoly-
sis was multiplied by 1 min to obtain the amount of glyco-
gen consumed during the A-V difference sampling interval,
and OCI was calculated by dividing (A-V)O2 by ((A-V)glc �
[glycogen]), ignoring the small contributions of lactate. In-
clusion of glycogen caused OGI values during activation
(5.0) and recovery (7.2) to fall by 46% and 12% to 2.7 and
6.2, respectively (TABLE 5). Presumably, some glycogen was
oxidized during recovery, perhaps by astrocytes to synthe-
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size glutamate or other amino acids, but the cellular basis
and identities of the compound(s) oxidized are unknown.

Glycogen levels were still subnormal at the end of the 15-
min recovery interval, and glycogen resynthesis consumes
glucose, but not oxygen, contributing to aerobic glycolysis
during the recovery period. In our labeling study (167),
15-min recovery was sufficient to normalize CMRglc, rates
of incorporation of glucose into identified metabolites, and
metabolite concentration changes that took place during
activation, except for levels of alanine, which was small in
magnitude, and glycogen. To calculate how long it would
take to replace the 4 �mol/g glycogen consumed, estimates
of in vivo glycogen synthesis rates were used (TABLE 5).
First, using measured rate of incorporation of [14C]glucose
into glycogen, it would take 13 h to replace the glycogen.
Second, if the replacement rate is set equal to 5% of mea-
sured CMRglc during the recovery period, it would take
almost 2 h to return to basal level. A third estimate can be
obtained from three studies that reported similar rates of
glycogen accumulation after refeeding cultured astrocytes
(i.e., ~1 nmol/mg of astrocyte protein/min) (130, 481, 670).
Assuming astrocytes contribute 25% to total brain protein
of 100 mg/g brain, the glycogen accumulation rate is 0.025
�mol/g/min, and it would take 2.7 h to replace 4 �mol/g
glycogen. These replacement times are considered to be
rough estimates, but they underscore the high immediate
impact on OGI of glycogen consumption and the prolonged
effects of its resynthesis on the duration of aerobic glycoly-
sis.

Glycogen is an active participant in energetics of brain ac-
tivation and recovery, but is rarely measured in experimen-
tal animals and it cannot be readily measured during acti-
vation in human brain. The impact of glycogenolysis on
local or global OGI and OCI in humans during and after
brain work is unknown, but it can be estimated if glycogen-
olysis during activation is assumed to be similar to that in
rat brain (48% of CMRglc; TABLE 5). Local OGIs reported
by Fox et al. (203) were 4.1 and 2.8 during rest and visual
stimulation, respectively (FIGURE 5B), and inclusion of esti-
mated glycogenolysis reduces OCI during visual stimula-
tion by 32% to 1.9. Madsen et al. (394) reported a global
resting OGI of 6.1 that fell to 5.4 during the Wisconsin card
sort test and inclusion of estimated glycogenolysis reduces
OCI during activation by 32% to 3.6. The Madsen study
also reported that OGI remained low at 5.5 after 40 min of
recovery, consistent with glycogen resynthesis causing the
prolonged reduction. Of particular interest, Seifert et al.
(580) demonstrated that adrenaline infusion into resting
humans caused OCI to fall from 5.1 to 3.6. Adrenaline
signaling via the vagus nerve to locus coeruleus would stim-
ulate NE release throughout brain and could trigger wide-
spread glycogenolysis (151, 170). This scenario raises the
intriguing possibility that the unusually low resting OGI
values observed by Fox et al. (203) and the small differences

in regional simulated OGI heterogeneity reported by Vaish-
navi et al. (652) may have been due, in part, to alerting-,
anxiety-, or stress-evoked release of adrenaline during the
resting baseline and visual stimulation [18F]FDG and/or
15O2 PET assays. This possibility is supported by the finding
that alerting of awake rats by abrupt removal of a shelter
with no further simulation reduces global OGI determined
by A-V differences from ~6.1 to 4.0 within minutes, OGI
remained low while the animal was exposed to the environ-
ment (10 min), and the fall in OGI is prevented by propran-
olol, a �1,2-AR blocker (566).

Based on specific activities (�Ci/�mol) of brain metabolites
during activation and the magnitude of glycogenolysis,
compartmentation of pyruvate/lactate/alanine occurs in
brain in vivo. The specific activity of purified lactate after
pulse intravenous labeling was about half that of brain [6-
14C]glucose indicating that it was derived from blood-
borne glucose (one lactate is labeled and one is unlabeled so
the maximal specific activity is half that of glucose, and
inclusion of unlabeled lactate from other sources, as glyco-
gen, would reduce its specific activity below 50%), whereas
alanine specific activity was half that of lactate, consistent
with two pyruvate pools differentially labeled by glucose or
with different equilibration rates (167). Notably, the large,
concurrent decrease in the concentration of unlabeled gly-
cogen (TABLE 5) during activation exceeded the rise in lac-
tate level but did not reduce lactate specific activity, consis-
tent with compartmentation of glycolytic metabolism of
blood-borne glucose and glycogen. Because more glucose is
oxidized in neurons than astrocytes (FIGURE 3) and glyco-
gen turnover is mainly astrocytic, labeled lactate recovered
in brain extracts may be mainly neuronally derived,
whereas unlabeled, glycogen-derived lactate may be prefer-
entially discharged via end-feet to blood without mixing
with and diluting neuronal and extracellular lactate. Sub-
cellular compartmentation of glycolysis could also explain
differently labeled pools. Other studies also provide evi-
dence for separate lactate pools in brain and brain slices
(365, 515).

In summary, brain glycogen level is extremely sensitive to
environmental conditions that cause alerting, stress, anxi-
ety, and physical, sensory, and mental stimulation. All of
these situations can activate noradrenergic signaling
throughout brain via the locus coeruleus and stimulate gly-
cogenolysis. Glycogen is vulnerable to postmortem metab-
olism, euthanasia method, and extraction procedures. Un-
der optimal conditions, resting brain glycogen levels are
high, and it is consumed and turns over during brain acti-
vation, with utilization rates approaching half that of
blood-borne glucose. Glycogen consumption has a high im-
pact on OGI and OCI, and its inclusion in the calculation
depresses these molar ratios further. Slow resynthesis of
glycogen consumes glucose without oxygen and prolongs
the depression of OGI and OCI for a substantial duration.
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Stress, alerting, anxiety, or stimulatory activation of pa-
tients during routine [18F]FDG- and 15O2- PET assays may
influence vagus nerve signaling, alter CMRglc, trigger glyco-
genolysis, and interfere with regional and global changes in
OGI and OCI assigned to specific experimental conditions,
and it would be prudent to include assays of plasma cate-
cholamine levels when OGI and OCI are determined.

C. Compensatory Changes in CMRglc When
Glycogenolysis Is Inhibited

Quantitative assays of compensatory metabolic changes
evoked by inhibition of glycogen phosphorylase are an ini-
tial approach to estimate contributions of glycogen to brain
energetics. Because this method puts numerical values on
contributions of glycogen that can be compared with
CMRglc, studies are presented in some detail instead of just
summarizing major findings.

1. CMRglc responses to sensory stimulation in awake
rats in vivo

To evaluate the influence of glycogen mobilization on utili-
zation of blood-borne glucose, rats were pretreated with an
inhibitor of glycogen phosphorylase (CP-316, 819) or vehi-
cle, then CMRglc was assayed with the quantitative autora-
diographic [14C]DG method during rest and somatosensory
stimulation of awake rats. Results for representative cere-
bral cortical structures (149) are shown in TABLE 7. As
expected from the low glycogen turnover rate in nonstimu-
lated rodents (677), the resting CMRglc values were similar

in both groups. However, during sensory stimulation, glu-
cose utilization rates in many structures increased by a
larger amount when glycogenolysis was inhibited. The
magnitude of change was regionally heterogeneous and
not obviously related to the resting rate. For example,
auditory cortex had the highest resting rates, yet was
unaffected by inhibiting glycogenolysis. CMRglc in vi-
sual, frontal, and somatosensory cortex increased by sim-
ilar amounts in both groups. Sensory and parietal corti-
ces had the highest compensatory responses to blockade
of glycogen mobilization, particularly near layer 4. In
these structures, the net increase in CMRglc over and
above that in the vehicle-treated rats was ~20 –50% of
the resting glucose utilization rate in controls and was
highest in layer 4 of parietal cortex.

These assays do not have cellular resolution and cannot
quantify the responses of astrocytes and neurons, but they
indicate a substantial role for glycogen for which increases
in utilization of blood-borne glucose compensate. The stim-
ulation periods in this study were 30 min (TABLE 7), much
longer than the 5–6-min intervals in TABLE 5, and there may
be metabolic compensation or adaptation with longer du-
ration of activation. Nevertheless, the highest compensa-
tory responses to glycogenolysis blockade corresponded to
about half of resting CMRglc. Two findings, the large com-
pensatory CMRglc response and the high CMRglycogen,
indicate that flux of glucose through glycogen in specific
activated brain regions can be as high as 50% of resting
CMRglc during physiological activation of awake sub-
jects. One possible explanation for the regional hetero-

Table 7. Glycogenolysis blockade evokes compensatory rise in CMRglc during sensory stimulation

Vehicle-Treated Glycogen Phosphorylase (GP) Inhibited
Net Compensatory Increase During

Stim. due to GP Inhibition

Region Rest Stimulated Stim.–rest (%) Rest Stimulated Stim.–rest (%) GPstim -Vehstim (% Vehicle rest)

Parietal cortex 0.99 1.34 0.35 (35.7) 0.96 1.56 0.60 (62.5) 0.22 (22.2)
Layer 4 � surround 1.06 1.37 0.31 (29.2) 0.99 1.89 0.90 (91.2) 0.52 (49.1)
Sensory cortex 1.06 1.66 0.59 (55.6) 1.01 2.02 1.01 (99.8) 0.37 (34.5)
Layer 4 � surround 1.20 1.97 0.76 (63.4) 1.01 2.37 1.38 (135.8) 0.41 (34.1)
Sensorimotor cortex 0.98 1.28 0.30 (30.2) 0.96 1.33 0.36 (37.9) 0.05 (5.3)
Frontal cortex 0.95 1.16 0.21 (22.1) 0.93 1.18 0.25 (26.4) 0.02 (2.4)
Visual cortex 1.09 1.49 0.40 (36.6) 1.07 1.41 0.34 (31.5) �0.08 (�6.9)
Auditory cortex 1.33 1.21 �0.12 (�9.4) 1.30 1.29 �0.01 (�0.7) 0.08 (6.2)

Values are mean CMRglc (�mol/g/min) from Dienel et al. (149). Rats were pretreated with vehicle or glycogen phosphorylase inhibitor (CP-316,
819), and put into a shelter after the preparative surgery for metabolic assays. CMRglc was measured in awake rats with the quantitative
autoradiographic [14C]DG method using a 30-min experimental interval. Resting rats remained in the shelter; stimulation consisted of abrupt
removal of the shelter and 30 min of acoustic and somatosensory (brushing of skin, whiskers, paws, and tail) stimulation. Stimulation (Stim.)
minus rest quantifies the change in CMRglc in each region of interest due to sensory activation that is also expressed as a percentage of the
respective resting value. CMRglc was similar in vehicle-treated and GP-inhibited rats at rest, but regionally heterogeneous compensatory
increases in CMRglc were evident during stimulation when glycogenolysis was blocked. The compensatory increase was calculated as the
difference in rates in GP-inhibited and vehicle-treated rats during activation and is also expressed as percent of the resting rate in vehicle-treated
rats. Cerebral cortical values represent the entire dorsal to ventral region except where indicated as layer 4 � surround that denotes layer 4
plus tissue just above and below layer 4.
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geneity of metabolic responses, in addition to involve-
ment in sensory and motor processing, is the extent of
noradrenergic innervation from the locus coeruleus and
adrenoceptor subtype distributions [see Figure 5 in (151),
(596), and cited references].

2. Glucose sparing for neurons by glycogenolysis

DiNuzzo and colleagues (171–173) proposed that glyco-
genolysis increases the concentration of glucose-6-P in as-
trocytes and enhances its feedback inhibition of hexoki-
nase, thereby reducing astrocytic use of blood-borne glu-
cose and sparing glucose for use by activated neurons.
Inhibition of astrocytic glucose utilization during glycogen
degradation should increase intracellular glucose level and
extracellular or tissue glucose content, depending on neu-
ronal utilization rate. Brain glucose concentration is a func-
tion of plasma glucose level according to the following
equation: Ce � [K1/(k2 � k3)]Cp, in which Ce denotes
brain glucose level, Cp denotes plasma glucose level, and
K1, k2, and k3 are the respective rate constants for influx,
efflux, and phosphorylation (562). If k3 � 0 reflecting com-
plete inhibition of hexokinase, then Ce= � (K1/k2)Cp, Ce=/
Ce � (k2 � k3)/k2, and Ce= � Ce[(k2 � k3)/k2]. Using esti-
mated rate constants for glucose, K1 � 0.126, k2 � 0.163,
and k3 � 0.156 for brain tissue (4), Ce= � 1.96Ce (i.e.,
complete inhibition of glucose utilization would double
brain glucose level). Consistent with this calculation, brain
glucose level increases when CMRglc is depressed by anes-
thesia (74), but the actual rise in total, extracellular, or
intracellular glucose depends on relative metabolism of glu-
cose in brain cell types and values of the rate constants in
different cell types (as opposed to total tissue composite rate
constants). Similar calculations for cultured cells use me-
dium glucose level for Cp and intracellular glucose level for
Ce. There is no direct evidence, to my knowledge, to sup-
port the insightful DiNuzzo hypothesis, but there is indirect
corroboration from two studies.

First, Fray and colleagues (204) used microdialysis to mea-
sure extracellular glucose and lactate levels in brain of
awake rats during rest and treatment with drugs that stim-
ulate glycogenolysis, either a nonselective �-adrenergic ag-
onist, isoprenaline, or a membrane permeant analog of
cAMP, 8-Br-cAMP. Microdialysate glucose levels rose
~15% above baseline for ~20 min, then fell below basal
level with both treatments. Extracellular lactate levels were
unchanged by isoprenaline, suggesting they were indepen-
dent of glycogenolysis. Propranolol, a nonspecific �-adren-
ergic antagonist, blocked the rise in glucose level after iso-
prenaline and it enhanced the fall in extracellular glucose
level. A tail pinch elicited an increases in both glucose and
lactate levels, and the rise in glucose, but not lactate, was
blocked by propranolol. Thus, shifts in brain lactate con-
centration are regulated differently than �-AR–mediated
changes in glycogenolysis and glucose level.

Fray et al. discussed the possibility of a role for glucose-6-
phosphatase in producing glucose from glycogen. The
phosphatase enzyme protein is detectable in brain, but the
Sokoloff laboratory demonstrated that its activity in brain
and cultured astrocytes is negligible (158, 164, 233, 452,
453). Ghosh et al. (222) reported active brain Glc-6-phos-
phatase, with an activity of ~10–15 nmol/mg of micro-
somal protein/min in disrupted microsomes under optimal
in vitro conditions and the rate limiting transporter activity
for Glc-6-P uptake into microsomes of ~0.06 nmol/mg of
microsomal protein/min. Taking into account microsomal
protein is ~10% of cellular protein, these rates are 1–1.5
and 0.006 nmol/mg of astrocytic protein/min, respectively.
Comparison of Glc-6-P transport rate to astrocytic glucose
utilization rate is calculated from the rate of lactate produc-
tion in the study by Walz and Mukerji (672) that was di-
vided by two to obtain glucose utilization (16.5 nmol/mg/
min) and glucose utilization rates in cerebellar astrocytes
(16.7 nmol/mg/min) in the study by Waagepetersen et al.
(668). Glc-6-P transport into the lumen of microsomes is
~0.04% of glucose utilization rate, a trivial fraction that is
consistent with the results of the above studies by the
Sokoloff group. Furthermore, Dringen et al. (178) prela-
beled glycogen with [14C]glucose, evoked glycogenolysis,
and examined the medium for labeled glucose and lactate;
only lactate and no glucose was detected, also consistent
with insignificant phosphatase activity. The lack of effect of
isoprenaline on lactate level suggests that glycogen is not
converted to lactate followed by its release to extracellular
fluid in vivo. This interpretation contrasts sharply with sub-
stantial lactate release to the culture medium when glycogen
is degraded in astrocytes (178), but the magnitude of lactate
release in vitro is greatly exaggerated because of the equili-
brative LDH and MCT reactions and the large medium
volume (162, 274). Failure of propranolol to block the rise
in lactate level while abolishing the rise in glucose level is
consistent with glucose sparing by glycogenolysis and lac-
tate being derived from glycolytic metabolism of blood-
borne glucose, not glycogen, a possibility that can be tested
by metabolic labeling studies.

Second, Prebil et al. in the Zorec laboratory used a biosen-
sor to measure changes in cytosolic glucose concentration in
single, cultured astrocytes during adrenergic stimulation
(504). Both adrenaline and noradrenaline (NE) evoked an
increase in cytosolic glucose level by ~55% that was sub-
stantially reduced when cells were pretreated with 1,4-dide-
oxy-1,4-imino-D-arabinitol (DAB), a glycogen phosphory-
lase inhibitor. The onset of the glucose rise began within a
few seconds after stimulation and had a time constant of
~116s, considerably slower than for cAMP (14–19 s) or the
onset within 10 s of periodic increases in intracellular
[Ca2�], both of which can activate glycogenolysis (301,
659). These results are consistent with glycogenolysis fol-
lowed by inhibition of glucose utilization to increase intra-
cellular glucose level.
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Together, these observations support the hypothesis of
DiNuzzo et al. and suggest that neurons may account for
most of the rise in CMRglc during the early phase of
activation, whereas astrocytes would consume more glu-
cose during recovery to resynthesize the glycogen con-
sumed. On the other hand, the compensatory rise in CM-
Rglc during sensory stimulation of awake rats with block-
ade of glycogenolysis (TABLE 7) probably involves both
cell types. The percent increases in glucose level during
glycogenolysis in these two studies are within the twofold
rise predicted from mixed-tissue rate constants, but the
magnitude in vivo is also influenced by other factors,

including continuous delivery and metabolism of glucose
in intact tissue, and multiple effects of catecholamines on
cultured astrocytes (FIGURE 7B) and neurons. Direct tests
of this novel glucose-sparing concept are essential to un-
derstand the cellular basis of utilization of glycogen and
whether lactate derived from glycogen might be used to
fuel neurons. In this context, the study by Diaz-Garcia
(140) demonstrated that activated neurons did not use
extracellular lactate during their activation protocol rul-
ing out both glucose- and glycogen-derived lactate as fuel
for the neurons; instead, neurons consumed more glucose
and exported lactate.

Glycogen shunt and lactate signaling
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3. Compensatory glycolytic and glycogen shunt fluxes
in cultured astrocytes

The glycogen shunt involves diversion of Glc-6-P from gly-
colysis into glycogen followed by its reformation during
glycogenolysis (590), then metabolism via glycolysis and/or
the pentose shunt pathway in astrocytes (FIGURES 1 AND
9A). Assay of simultaneous catabolic fluxes of glucose and
glycogen is especially difficult, and investigation of meta-
bolic responses to inhibition of glycogenolysis in cultured
astrocytes by Walls et al. (670) yielded interesting findings
related to the magnitude of compensatory glycolytic up-
regulation and glycogen shunt flux. However, interpreta-
tion of their data is complex and significant issues remain:
1) technical concerns affect intracellular lactate; 2) unex-
pectedly low ratios of monolabeled lactate to total lactate
were not explained; 3) test conditions may influence the
numerator and/or denominator of calculated percentage of
monolabeled lactate; and 4) changes in compensatory gly-
colytic and glycogen shunt fluxes were inferred from the
percentage of monolabeled lactate. Because this is an im-

portant study with high impact on quantification of glyco-
gen-related fluxes in one cell type under activating condi-
tions, the results and unresolved issues are discussed in de-
tail, with alternative interpretations and conclusions.

The experimental protocol used by Walls and colleagues
(670) was as follows: cultured cerebellar astrocytes were
treated with NE to degrade preexisting unlabeled glycogen,
labeled with [U-13C]glucose for 18 h, washed in the pres-
ence of unlabeled glucose for 15 min to remove [U-13C]-
glucose, then superfused with [1,6-13C2]glucose for 15, 30,
or 60 min in the presence or absence of DAB to inhibit
glycogenolysis. No additions were included in control su-
perfusates, and activation was evoked by 30 mmol/l K�,
100 �mol/l NE, or 250 �mol/l D-Asp. The idea was that
glycogen-derived lactate would be mainly uniformly la-
beled, whereas glycolytically derived lactate is monola-
beled, and labeling pattern differences in the presence and
absence of DAB may help evaluate compensatory and gly-
cogen shunt fluxes. Monolabeled lactate was expressed as
percent of total lactate, and increased percentages at 60 min

FIGURE 9. The glycogen shunt and its potential roles of in neurotransmission. A: The glycogen shunt involves passage of glucose-6-phosphate
(Glc-6-P) through glycogen before further metabolism by the glycolytic or pentose phosphate shunt pathways (blue arrows) (see FIGURE 1).
Degradation of glycogen to produce Glc-6-P does not require ATP at the hexokinase step, and its glycolytic metabolism yields three ATP (blue lines
and text) compared with two ATP (black lines and text) from metabolism of glucose. However, two ATP are required to insert glucose into
glycogen, so the net yield is one ATP. Thus, ATP is “invested” into glycogen synthesis when demand for glucose and energy are presumably lower
than when glycogen is mobilized to provide a rapid, higher ATP yield. Among the stimuli that trigger glycogenolysis are extracellular K� and
neurotransmitters (red arrows and � sign) [e.g., norepinephrine (NE) and serotonin (5-HT)]. The fate of the glycogen-derived pyruvate–lactate
(blue arrows) in brain in vivo is uncertain and may vary with condition. In cultured astrocytes, glycogen-derived lactate is released to the medium
(178), in chick brain evidence suggests that pyruvate is used for glutamate synthesis during memory consolidation (278), and glycogenolysis in
rat brain is associated with elevated extracellular lactate levels (457, 627), but the cellular source remains to be established. The fate of
extracellular glycogen-derived lactate is also unknown (red arrows and text). Some may be released from brain, some may be metabolized in
neurons (there is no direct evidence for lactate shuttling coupled with its oxidation), and some may interact with receptors, HCAR1, or an
unidentified lactate receptor and have an influence on neuronal activity via signaling processes; for more details, see recent reviews (47, 152,
168, 436). B: Inhibition of glycogenolysis in brain in vivo with CP-316,819 before sensory stimulation causes regionally heterogeneous increases
in CMRglc (149). There is also evidence for compensatory increases in cultured astrocytes when 1,4-dideoxy-1,4-imino-D-arabinitol (DAB) was
used to block glycogen mobilization (670) based on changes in percent labeling of lactate (see text). Cerebellar granule cell (glutamatergic)
neuronal cultures increase glutamate (Glu) and D-Asp release during superfusion with NMDA plus K� and increase CMRglc, lactate efflux, and
incorporation of label from Glc into the TCA cycle–derived amino acids, whereas lactate oxidation does not change (27–29). Inhibition of
glycogenolysis (denoted by red x; blue lines with a ball denote inhibition secondary to blocking glycogen mobilization) in cerebellar astrocyte–
neuron cocultures with CP-316,819 reduced release of preloaded D-[3H]Asp and reduced its re-uptake during superfusion assays, and both
effects were enhanced by inclusion of D-lactate (brown text and brown lines with balls to denote secondary inhibitory effects of D-lactate) to
interfere with monocarboxylic acid transport, whereas treatment with DAB did not have these effects (593). These results were interpreted as
demonstrating the importance of glycogen for excitatory glutamatergic neurotransmission, with the suggestion that glycogen-derived lactate
was shuttled to neurons (red L-Lac) to help fuel their energy demands. However, likely consequences of glycogenolysis blockade provide testable,
alternative explanations for reduced transmitter release and uptake. DAB blocks fueling of the ATPase that pumps Ca2� into the endoplasmic
reticulum by glycogen (blue line with ball), and it inhibits vesicular release of ATP from astrocytes. NMDA treatment, K� uptake, and glutamate
treatment increase cytosolic Ca2�, which is sufficient to cause release of gliotransmitters (green circles denoting gliotransmitters in vesicles,
text and arrows denoting release), and Glu release and its interaction with neuronal glutamate receptors (GluRs, orange) can inhibit neuronal
firing and transmitter release. The compensatory increase in glycolysis may raise extracellular lactate levels and further inhibit neuronal firing
via the lactate receptor HCAR1 (blue). D-Lactate (1 mmol/l) also depresses neuronal firing by 18% via HCAR1, which was the observed
decrement in D-[3H]Asp release during treatment with CP-316,819 plus D-lactate versus CP-316,819 alone (593). D-Lactate is also expected
to impair lactate transport via MCT2 and pyruvate transport into mitochondria (brown text, arrows and lines with ball denoting sites of inhibition).
This would inhibit pyruvate oxidation in neurons and astrocytes, further stimulating glycolysis, lactate release from astrocytes, and lactate
accumulation in neurons, potentially inhibiting neuronal glycolysis. Insufficient energy supply caused by D-lactate and suppression of neuronal
firing by glutamate released from astrocytes and lactate released from all cells could explain reduced glutamate/D-[3H]Asp release and reduced
neuronal re-uptake. Glutamate treatment stimulates calcium waves and filopodial extension (red extension from astrocyte plasma membrane
toward the neuron) in astrocytes. If glycogen is needed to fuel actin cycling when filopodia advance toward and retract from synapses, the close
proximity of filopodia to synapses may be reduced, allowing more washout of D[3H]Asp and an increased baseline due to reduced re-uptake.
Interruption of glycogenolysis and oxidative pathways in astrocytes could also interfere with resynthesis of neurotransmitter glutamate. Shuttling
of glycogen-derived lactate from astrocytes to neurons is considered unlikely in this situation (see text for more details).
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after DAB treatment in the control, K�, and D-Asp super-
fusions were interpreted as compensatory rises in glycolysis.
On the other hand, treatment with NE plus DAB for 30 or
60 min caused a 40% decrease in the percent-monolabeled
lactate. Glycogen shunt activity was interpreted as the de-
crease in the percentage of monolabeled lactate stated to
represent the contribution of glycogen to synthesis of
monolabeled lactate when the phosphorylase was not in-
hibited (i.e., in this case 40% of glycolysis). The percent
monolabeled lactate in cell extracts was much lower than in
the medium, indicative of compartmentation and preferen-
tial release of glucose-derived lactate, as previously re-
ported by the same laboratory (592). Compartmentation of
intracellular glucose has also been detected in cultured as-
trocytes and neurons, with glucose and DG entering the cell
from the medium being quickly phosphorylated, contrast-
ing with an intracellular glucose pool that is sequestered
from hexokinase (160).

First, methodological issues cause some uncertainties. None
of the studies by this research group [e.g., (592, 593, 668,
670)] stated that they used specific precautions to prevent
efflux of glucose, lactate, glutamine, or other compounds
during the wash to remove extracellular label after incuba-
tion. Glucose and lactate transport is markedly reduced at
0–7°C compared with 20–37°C, but still occurs (83, 380,
613, 616). Glucose-derived lactate is most highly labeled
and preferentially released, and any loss during the wash
would cause underestimation of the intracellular pool size
and labeling. Also, the cells in the Walls study (670) were
extracted with ethanol per 30 mmol/l HCl (85%/15%) and
extracts lyophilized, which should convert the lactate anion
to the volatile lactic acid, further reducing the intracellular
lactate pool size and labeling, thereby affecting evaluation
of compartmentation.

Second, an unanticipated, unexplained finding in the Walls
study (670) is the low percentage of monolabeled lactate
(�55%). [1,6-13C2]Glucose should produce close to 100%
monolabeled lactate because glycolysis is fast, the levels of
glycolytic intermediates are low, and lactate is in rapid equi-
librium with pyruvate. In living brain, lactate specific activ-
ity indicates it was all derived from blood-borne [6-14C]g-
lucose at 5–7 min after pulse labeling at rest, during and
after sensory stimulation, and in ipsi- and contralateral ce-
rebral cortex during unilateral spreading cortical depres-
sion (153). Also, an earlier study by Sickmann et al. (592)
in the same laboratory found near-maximal percentage
labeling of lactate (~90%) after incubation of cerebellar
astrocytes with [U-13C]glucose in flasks for 4 h. Only
uniformly labeled lactate was detected in the medium,
indicating it was glycolysis derived. In contrast, in super-
fusion studies with [1,6-13C2]glucose by Walls et al.
(670), the percentage of monolabeled lactate was �30%
at 15 and 30 min, perhaps due, in part, to dilution with
unlabeled/labeled lactate formed from glucose during the

wash, but even at 60 min, it was only 30 –55%. Labeling
of glutamate by glucose also differed. In the Sickmann et
al. (592) study, glutamate labeling by [U-13C]glucose in
4-h flask assays revealed no difference in the presence or
absence of isofagomine to inhibit glycogenolysis,
whereas in the control superfusion study, DAB treatment
caused the percentage of monolabeled glutamate to in-
crease by ~50% at 30 and 60 min. If investigated in more
detail, these strikingly different findings may reveal un-
recognized aspects of astrocytic glycolytic and oxidative
metabolism evoked by superfusion compared with flask
assays, with the caveat that any side effects of the two
glycogen phosphorylase inhibitors may differ.

Third, percent labeling cannot distinguish between changes
in glycolytic rate and dilution rate, complicating interpre-
tation of the percentage of monolabeled lactate. Calcula-
tions based on earlier studies in the same laboratory reveal
that the lactate pool in cerebellar astrocytes turns over rap-
idly and released lactate should be highly labeled by me-
dium glucose. Net lactate formation in 4-h incubations in
flasks was 6.3 �mol/mg protein (668) for a rate of 26 nmol/
mg/min, and the intracellular lactate pool size was ~24
nmol/mg (592). From these data, �99% of total lactate
produced from glucose consumed was released to the me-
dium, and the intracellular pool turned over within ~1 min.
Furthermore, the amount of lactate synthesized in the Walls
study (670) is estimated to be 375, 750, and 2500 nmol/mg
at 15, 30, and 60 min, and the intracellular lactate pool
would correspond to ~6, 3, and 1.6% of that synthesized,
respectively. Thus, dilution by endogenous unlabeled glu-
cose-derived lactate is unlikely to explain the low percent-
age of monolabeled lactate released to the medium. The ex-
treme lability and loss of nearly all U-13C-labeled glycogen
during medium change and wash before labeling with [1,6-
13C2]glucose was an unforeseen problem that compromised
planned experiments, but it minimized contributions of glyco-
gen to dilution of monolabeled lactate. Thus, the monolabeled
lactate pool generated from [1,6-13C2]glucose must have been
continuously diluted by an unidentified lactate-producing
flux, and this lactate was released to the medium along with
monolabeled lactate.

Increased turnover of labeled and unlabeled endogenous
metabolites may generate lactate that is not monolabeled
and reduce its percentage. In the previous 4-h incubations of
astrocytes with [U-13C]glucose in flasks by Sickmann et al.
(592), dilution of lactate was �10%, and many compounds
were double- and triple-labeled, with a high percentage of
labeling of citrate, Glu, and Gln. Metabolites initially la-
beled with [U-13C]glucose for 18 h by Walls et al. (670)
must also be extensively labeled, and if superfusion (with
[1,6-13C2]glucose) increased metabolite turnover to gener-
ate lactate that is not monolabeled, the percentage of mono-
labeled lactate would fall. High initial and prolonged dilu-
tion support the conclusion that carbon from previously
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labeled and unlabeled metabolites was incorporated into
lactate during superfusion assays, in contrast to flask as-
says.

Of interest is whether the superfusion procedure (that in-
volved placement of a nylon mesh on the cells) caused me-
chanical/oxidative stress to stimulate pentose shunt activ-
ity, a possibility that can be readily tested. Passage of [1,6,-
13C2]Glc-6-P through the pentose shunt pathway causes
decarboxylation of carbon one. This would maximally re-
duce the percentage of monolabeled lactate by 50% if all
glucose-6-P passed through the pentose shunt, and it cannot
explain percentages below 50% (ignoring any possible ef-
fects of the equilibration of pentose shunt-derived fructose-
6-P with Glc-6-P via PGI and re-entry of this Glc-6-P into
the shunt pathway).

Fourth, the magnitude of glycogen shunt is difficult to parse
from a fall in the percentage of monolabeled lactate during
NE superfusion with DAB. Among the test conditions used,
NE is expected to increase pentose shunt flux and reduce the
percentage of monolabeled lactate. NE stimulates pentose
shunt activity (16, 303) because it is oxidized by mono-
amine oxidase to generate H2O2 that activates GSH reduc-
tase/peroxidase activities, pentose shunt rate, and glycogen-
olysis (43, 44, 517) (see Section II-A-4). Increased pentose
shunt activity when glycogenolysis is blocked may have
reduced the percentage of monolabeled lactate beyond that
because of dilution (i.e., from 50% at 60 min with NE alone
to 30% with NE plus DAB). The influence of the pentose
shunt needs to be quantified before glycogen shunt flux can
be assigned to be the decrease in the percentage of monola-
beled lactate.

Analysis of data from a series of studies in cultured cerebel-
lar astrocytes in the Copenhagen laboratory offers a differ-
ent approach to estimate fluxes of glucose into lactate and
glycogen. Glycogen level rose during the control treatment
with DAB in the Walls study (670), with a net gain of ~100
nmol/mg/min at 30 min (i.e., a synthesis rate of 3.3 nmol/
min/mg). In a 4-h flask assay (668), 4.0 �mol/mg glucose
was consumed and 6.3 �mol/mg lactate released to the
medium (3.15 glucose equivalents), giving net consumption
of 0.85 �mol/mg glucose not released as lactate. Dividing
0.85 �mol/mg by the 240-min incubation yields a rate of
3.5 nmol/min/mg glucose consumed unrelated to lactate
efflux. Putting aside flask-superfusion assay differences,
94% of this glucose (100 � 3.3/3.5) was incorporated into
glycogen during DAB treatment. This is only a ballpark
estimate because increased glutamate labeling suggests a
compensatory rise in glycolysis and oxidation. However,
even with a twofold compensatory rise in net glucose con-
sumption to 7 nmol/mg/min, 47% would be incorporated
into glycogen. These results illustrate the potential magni-
tude of glucose fluxes into lactate and glycogen compared
with other astrocytic activities. Almost 80% of glucose con-

sumed was released as lactate, and of glucose not released as
lactate, about half or more may be incorporated into glyco-
gen. Thus, the 50% rise in the percentage of monolabeled
glutamate may actually represent a rather small fraction of
the net glucose consumed via the TCA cycle (~10%, noting
that incorporation rates were not determined, only percent-
age labeling).

To sum up, use of ratio data to evaluate compensatory and
glycogen shunt responses to glycogenolysis blockade cre-
ates interpretive problems because the percentage of mono-
labeled lactate cannot distinguish among changes in relative
rates of glycolysis, pentose shunt, or formation of unlabeled
lactate. Glycolytic rate and medium lactate levels were not
measured, and all test compounds probably cause compen-
satory increases in the percentage of monolabeled lactate
when glycogenolysis is inhibited. Clarification of these is-
sues requires quantification of major pathway rates.

D. Glycogen-Derived Lactate Shuttling to
Neurons: Not Proven or Quantified

The glutamate uptake–evoked ANL shuttle model has been
disproven or rendered as a minor flux in brain in vivo at the
global, regional, and cellular levels (140, 141, 702). Glyco-
gen is proposed as another source for lactate shuttling,
based initially on the ability of glycogen to preserve neuro-
nal function under abnormal conditions. Recent studies re-
vealed the importance of glycogen for memory and learn-
ing, and shuttling of glycogen-derived lactate is proposed to
be a key aspect of this process and of excitatory neurotrans-
mission (FIGURE 9A). These studies have important implica-
tions and are discussed in detail because lactate transfer has
not been measured, and glycogen-derived lactate shuttling
lacks unequivocal proof. Alternatives need to be tested.

1. Preservation of neuronal function under
pathophysiological conditions

Glycogen is a critical energy source to help sustain neuronal
functions during extreme hypoglycemia and aglycemia.
Glycogen is gradually consumed during insulin-induced hy-
poglycemia, but the rates are low compared with glucose
utilization because glucose is continuously provided by
blood. When blood glucose falls low enough that hexoki-
nase becomes unsaturated, demand exceeds supply and the
fractional contribution of glycogen to total CMRglc in-
creases (100, 181). Metabolic support by glycogen is par-
ticularly important for diabetic patients because animal
studies have shown that glycogenolysis prolongs EEG and
reduces neuronal death after severe hypoglycemia (623).

Glycogen utilization also prolongs the time to failure of
maximally evoked action potentials in aglycemic isolated
axons (71, 679), it supports evoked potentials in aglycemic
hippocampal slices (589), and helps preserve synaptic func-
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tion during aglycemia (95). However, in all three of these
extreme cases using zero glucose, the calculated rate of gly-
cogen utilization was �1–10% of resting CMRglc in the
same structure, contrasting ischemia when glycogenolysis
equals or exceeds resting CMRglc (143). A likely explana-
tion for this enormous difference is that endogenous com-
pounds are oxidized during aglycemia in the presence of
oxygen, whereas oxygen depletion during ischemia causes
rapid conversion of glucose and glycogen to lactate (221,
384, 594). The magnitude of contributions of glycogen to
total energetics cannot be established without measurement
of total oxidation rate and fractional contributions of gly-
cogen-derived lactate and endogenous substrates. Knowl-
edge of protective functions of glycogen is incomplete, and
mechanisms by which glycogen supports specific functions
remain to be identified.

Because inhibition of MCTs impairs neuronal function as
glycogen is mobilized during aglycemia or intense activa-
tion, shuttling of glycogen-derived lactate to neurons was
assumed to occur, but has never been measured. Alterna-
tively, astrocytic activities, such as K� uptake, may help
sustain neuronal function, and MCT or mitochondrial py-
ruvate transport inhibition may interfere with astrocytic
metabolism because of intracellular lactate accumulation.
In an isolated nerve preparation used by Ransom and col-
leagues (72), Brown et al. (71) showed that glycogenolysis
extends the duration of evoked compound action potentials
during aglycemia and also causes continuous release of lac-
tate from the sciatic nerve. The lactate concentration along-
side the nerve was 0.120 �mol/ml, but the total released,
actual amount metabolized by the nerve, and oxidation of
endogenous compounds compared with glycogen and lac-
tate have not been assessed. This is an important issue be-
cause if nearly all lactate equivalents of glycogen are re-
leased to the medium, then glial cells use glycogen to satisfy
their energy demands and the axons use little to none. In
crayfish axons, the surrounding glial sheath is estimated to
account for ~90% of tissue oxygen consumption, and glial
respiratory activity is governed by the axon (254). The pos-
sibility that glial cells use much of the energy from glycogen
is testable and would be an important step forward. In spite
of uncertainties and lack of quantification, low rates of
glycogenolysis have extremely important consequences for
cellular function and survival when glucose supply is abnor-
mally low.

2. Glycogen is required for memory and learning

Knockout of glycogen synthase demonstrated that glycogen
is essential for memory, learning, and acquisition of LTP
(182), and in a recent presentation at the International Con-
ference on Brain Energy Metabolism in Valdivia, Chile,
March, 2018, Dr. Jordi Duran (personal communication)
reported that knockout of the neuron-specific Gys1 glyco-
gen synthase impaired LTP in the hippocampal CA3-CA1
synapse and also caused a deficit in acquisition of an asso-

ciative learning task in the Skinner box test. This is a fasci-
nating finding because neuronal glycogen levels are ex-
tremely low, yet elimination of its synthesis disrupts neuro-
nal plasticity and learning. Furthermore, studies using
glycogenolysis inhibitors cannot be assumed to act specifi-
cally, and only on astrocytes. Separate studies showed that
inhibition of glycogenolysis impaired memory consolida-
tion in different model systems or training paradigms. Hertz
and Gibbs (278) provided evidence for glycogen as a carbon
source for de novo synthesis of transmitter glutamate dur-
ing memory consolidation after exposure of 1-day-old
chicks to an adverse taste. Authors of three other studies
concluded that astrocyte–neuron shuttling of glycogen-de-
rived lactate is essential for memory processing in rats with-
out having measured lactate transport or ANL shuttling
(457, 627, 713). The notion of lactate shuttling must re-
main tentative until direct evidence is obtained and criti-
cisms (141, 148, 151) of interrelated topics are appropri-
ately addressed: 1) source(s) of extracellular lactate, 2) ef-
fects of lactate transport and transporter inhibition, 3)
effects of glycogenolysis blockade on astrocytes and glio-
transmitter release, and 4) consequences of high-dose L-
and D-lactate injections. The requirement for glycogen in
memory consolidation is a novel, extremely important find-
ing that is poorly understood and involves both neuronal
and astrocytic glycogen. Correlative findings led to the no-
tion of lactate shuttling and evidence believed to support
this process is evaluated in detail and accompanied by dif-
ferent points of view.

In brief, a modest, 1.2–2-fold increase in extracellular lac-
tate level occurred during and after training in these studies
(as it does during sensory stimulation when total tissue level
rises from ~0.5–1 �mol/g to ~2 �mol/g), and it persisted for
up to ~50 min, depending on the paradigm. The lactate
increases were blocked by inhibiting glycogenolysis, which
also impaired memory consolidation. Inhibition of lactate
transport with �-cyano-4-hydroxy-cinnamate (4-CIN) or
KD of MCT transporter protein level by ~50% at 15 h after
the adverse training event also interfered with memory.
Memory could be rescued by microinjection of 0.5 or 1 �l
of 100 mmol/l lactate, a pathologically high concentration,
near the time of the training event when glycogenolysis was
inhibited, but not when 4-CIN was used to inhibit mono-
carboxylic acid transport. This is suggestive, but not com-
pelling evidence for glycogen-derived lactate trafficking
during memory consolidation.

First, the cellular and metabolic origin and fate of the ex-
tracellular lactate during and after training are not known.
Because modulation of lactate levels, transport, and metab-
olism has strongly influenced thinking about roles of glyco-
gen and lactate in memory formation, it is essential to iden-
tify the lactate source(s). Many in vitro studies have shown
release of lactate when glycogen is mobilized, and glycogen
may, indeed, be a lactate source, with the caveat that lactate
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release in vitro is artifactually high. However, the studies by
Fray et al. and Prebil et al. (Section VIIC2) support the
DiNuzzo hypothesis that glycogenolysis fuels astrocytes
and spares glucose for neurons. Diaz-Garcia et al. (140)
ruled out influx of extracellular lactate derived from glucose
and/or glycogen into stimulated neurons in hippocampal
slices and provided evidence for neuronal lactate release
during stimulation. Activation of synaptic activity triggers
mobilization of glucose transporter GLUT4 to the presyn-
aptic plasma membrane driven by AMP kinase (20, 21),
indicating a requirement for more glucose delivery and uti-
lization to support increased synaptic activity. Also, mem-
ory training stimulates GLUT4 translocation, memory ac-
quisition is impaired by blocking GLUT4, and prolonged
GLUT4 inhibition has differential effects on short- and
long-term memory (491). These findings support the con-
clusion that neuronal glucose import and metabolism are
required to support synaptic neurotransmission and mem-
ory-related functions, and neuronal lactate release may be a
consequence of this process. The fate of glycogen carbon is
unknown.

Second, 4-CIN–dependent lactate transport inhibition and
lactate transporter depletion by KD were assumed to inhibit
transmembrane lactate fluxes that were not measured. The
doses of 4-CIN used by Newman et al. to inhibit MCTs
[6–60 �mol/l (457)] probably also impaired mitochondrial
pyruvate transport and respiration in both neurons and
astrocytes [1.5 �mol/l 4-CIN causes 50% inhibition (247)]
because neither lactate nor glucose injections rescued mem-
ory. The large temporal disconnect between the training
event, lactate production, and rescue near the time of train-
ing and the ~50% reduction of various MCT levels 15 h
later in the Suzuki et al. study (627) have not been ad-
dressed. There is no evidence that MCT KD actually altered
lactate transport during the training event or the critical
periods of memory consolidation. Transporter protein level
must be distinguished from transport rate. Lactate trans-
port capacity and rate greatly exceed lactate metabolism,
and a 50% decrease in total MCT protein level need not
alter transport rate, depending on the actual plasma mem-
brane transporter level. Cultured neurons and astrocytes
have 10- to 50-fold higher MCT-mediated lactate transport
rate than lactate metabolism (162, 274). Lactate transport
capacity is 20–65 times lactate efflux rate in tumor cells,
and when lactate efflux is inhibited by �80%, the intracel-
lular pH falls, and at �90% inhibition, glycolysis is inhib-
ited (42, 83). On the other hand, specific inhibition of
MCT1 or MCT1 and MCT2 in brain slices under different
activating conditions has mild effects on metabolic patterns
related to metabolite pool sizes and fluxes from [1-13C]glu-
cose; most changes arose from prevention of lactate release
rather than failure of lactate to supply energy needs (515).
More work is required to establish the effects of MCT KD
and inhibition during memory consolidation and to dem-

onstrate that inhibition is not so severe that neuronal and
astrocytic metabolic rates are altered and impair memory.

Third, consequences of glycogenolysis blockade must be
assessed in detail (FIGURE 9). Glycogen preferentially fuels
store-operated calcium entry into the ER in cultured astro-
cytes via a Ca2�-ATPase, and DAB treatment impairs ER
Ca2� loading, depletes the ER Ca2� store (440), and may
affect energetics of other astrocytic intracellular signaling
pathways (439, 697). DAB also impairs glycogen-sup-
ported K� uptake into cultured astrocytes, the K�-induced
rise in intracellular [Ca2�], and glutamate-evoked ATP re-
lease (696, 697). Large compensatory responses to glyco-
genolysis inhibition during sensory stimulation (149) may
include initial upregulation of glycolysis, followed by oxi-
dative metabolism, both of which support K� clearance
from extracellular space in rat cerebral cortex (541).

These roles for glycogen raise a challenge to the assumption
that increased extracellular lactate level during training par-
adigms was from glycogen just because it was prevented by
inhibition of glycogenolysis. Some or all of the released
lactate may be of neuronal origin, based on the Diaz-Garcia
study (140), and the rise in extracellular lactate may be
prevented if astrocytes quickly take up and oxidize neuro-
nally released lactate to support K� uptake or if neuronal
activity and metabolism is suppressed.

A second challenge to the assumption that extracellular
lactate is glycogen derived is the possibility that reduced
lactate efflux to extracellular fluid is a consequence of as-
trocytic release of gliotransmitters and suppression of neu-
ronal activity and metabolic rate (FIGURE 9B). Glycogenol-
ysis inhibition depletes ER stores and stimulates influx of
extracellular Ca2� via store-operated calcium entry. A rise
in intracellular [Ca2�] triggers release of vesicular Glu and
other gliotransmitters (e.g., D-Ser affects NMDA receptor
activity), and ATP is converted to adenosine and inhibits
neuronal activity via A receptors; gliotransmitters modulate
neuronal activity in complex ways at pre-, post-, and extra-
synaptic sites [reviewed in (17, 243, 663, 720)]. Astrocytic
vesicular glutamate release causes a slow inward current into
neurons, reduces the amplitude of evoked responses in excit-
atory and inhibitory neurons via NMDA, non-NMDA, and
mGlu receptors, and increases the frequency of miniature
postsynaptic potentials (18, 19, 479). Inhibition of neuronal
action potential firing will reduce neuronal ATP demand,
lower neuronal glucose utilization, and suppress neuronal lac-
tate production and release to extracellular fluid. Modulation
of neuronal activity via gliotransmitters (discussed in the
above reviews) by inhibition of glycogenolysis may also play a
role in altering basal glutamatergic transmission (438) and in
preventing LTP in vivo (627) and in brain slices (180).

Fourth, memory rescue by microinjection of pathologically
high levels of L-lactate (627, 713) near the time of training
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was assumed to be due to neuronal lactate metabolism, but
could be due to receptor-mediated lactate signaling (168,
249) and/or inhibition of glycolysis in neurons and astro-
cytes by uptake of extremely high levels of lactate (FIGURE
9B). Based on hippocampal dye–labeled volume, Suzuki et
al. (627) calculated that, after microinjecting 1 �l of 100
mmol/l, the average lactate level is 5 mmol/l, more than
double that during training. There is a large concentration
gradient from the injection site to the diffusion zone periph-
ery that include: 1) 12 mmol/l that inhibits hippocampal
neuronal firing in vivo by 88% (228), and 2) four mmol/l
that inhibits both excitatory and inhibitory firing by 50% in
cultured neurons via the HCAR1 lactate receptors (62).
HCAR1 receptor density is highest in pre- and postsynaptic
membranes of excitatory neurons in hippocampus and cer-
ebellum (360), and its activation could be expected to de-
press glutamatergic signaling. Also, the high L-lactate dose
would produce large increases in intracellular NADH/
NAD� (140) in all cells, potentially interfering with glyco-
lysis in neurons and astrocytes, impairing glutamate load-
ing into synaptic vesicles (FIGURE 4B), and disrupting Glu–
Gln cycling. The shift in redox ratio may also alter NADH
binding to CtBP and influence gene transcription (see Sec-
tion VIC, Refs. 215, 586). High-dose lactate injections have
many consequences that need to be taken into account.

Fifth, Gao et al. (211) followed-up their glycogenolysis-
inhibition study by Suzuki et al. (627) by assessing roles of
hippocampal ARs in memory consolidation. They reported
that propranolol, a �1,2-AR antagonist, and ICI 118,551, a
specific �2-AR antagonist, but not betaxolol, a �1-AR an-
tagonist, blocked the rise in extracellular lactate level after
inhibitory avoidance training and inhibited long-term
memory formation and related gene expression changes
that could be rescued by coadministration of lactate (1 �l of
100 mmol/l). KD studies identified astrocytic �2-ARs as
required for memory consolidation. Based on cited litera-
ture, they assumed, but did not test and verify, that astro-
cytes released glycogen-derived lactate. The authors’ dis-
cussion linked their present and previous results with gly-
cogen to the prior findings of �2-AR–mediated regulation of
glycogenolysis during memory formation in the 1-day-old
chick (224). However, they did not present to readers the
key point that mammalian astrocytic glycogenolysis is se-
lectively regulated by �1-ARs (511) [also see FIGURE 7B and
discussion in (151)], contrasting regulation by �2-ARs in
avian brain. Thus, glycogenolysis mediated by direct action
of noradrenaline on astrocytic �1-ARs is not involved in
memory formation and is not the source of extracellular
lactate after the training event. If glycogen is degraded, it
must be due to a different mechanism that was not ex-
plored. This discrepancy raises critical questions regarding
the roles of glycogen in memory formation and cellular
source(s) of lactate. Furthermore, the use of high-dose
lactate to rescue memory has the same issues discussed in
the preceding paragraph, along with additional compli-

cations arising from metabolic effects of dimethyl sulfox-
ide (DMSO). Injections of propranolol and propranolol
plus lactate used PBS containing 10% DMSO as the sol-
vent. DMSO is well known to have metabolic effects over
a very wide concentration range (0.00025– 0.1%) that
include increased respiration with pyruvate or glucose as
substrate as well as potentiation of glutamatergic trans-
mission via AMPA receptors [see (447) and cited refer-
ences]. Caution is required with interpretation of drug
action in the presence of DMSO.

Sixth, injection of D-lactate by Suzuki et al. (627) and
Zhang et al. (713) was intended to interfere with glycogen-
derived L-lactate transfer from astrocytes to neurons. The
injected dose (1 �l of 20 mmol/l D-lactate) may produce an
average level of ~1 mmol/l, based on the 20-fold decrease in
L-lactate above. Neuronal lactate transport is the likely tar-
get of 1 mmol/l D-lactate because D-lactate has a much
lower affinity than L-lactate for the astrocytic transporters,
MCT1 (28 and �60 mmol/l in tumor cells and oocytes,
respectively, versus 3–6 for L-lactate) and MCT4 (520
mmol/l versus 28 for L-lactate); the Km for D-lactate for
neuronal MCT2 is unknown, but those for L-lactate and
pyruvate are 0.7 and 0.08 mmol/l, respectively (403). Pyru-
vate uptake into oocytes via MCT2 was inhibited by ~40%
by D-lactate (1 mmol/l), whereas MCT1 was much less
sensitive to 10 mmol/l D-lactate (370). The Km for pyruvate
for the mitochondrial pyruvate transporter is 0.15 mmol/l
(247), and pyruvate metabolism may be a target for D-lac-
tate. In fact, D-lactate (5 mmol/l) reduced pyruvate (10
mmol/l)-dependent oxygen consumption by isolated rat
brain mitochondria by ~50% (374), and should impair glu-
cose and pyruvate/lactate oxidation and ATP production in
both astrocytes and neurons, thereby interfering with ener-
getics of the Glu–Gln cycle (FIGURES 4 AND 8B). Reduced
pyruvate oxidation should also stimulate its conversion to
lactate in neurons and astrocytes, while, at the same time,
inhibiting neuronal lactate efflux via MCT2 (FIGURE 9B).
Furthermore, the IC50 for D-lactate for HCAR1 is 4.6
mmol/l (the same as L-lactate), and D-lactate inhibits neu-
ronal firing by ~18% at 1 mmol/l (62) and by a greater
extent closer to the injection site.

Metabolic inhibition by D-lactate would also influence in-
terpretation of experiments in the Ransom laboratory in
which evoked action potentials in isolated optic nerve failed
more quickly in the presence of 20 mmol/l D-lactate; faster
failure was ascribed to reduced glycogen-derived lactate
shuttling to the axon (641), but may have arisen from en-
ergy failure because of the inhibition of axonal and glial
pyruvate oxidation by D-lactate, independent of any shut-
tling.

To summarize, the discovery that memory consolidation is
severely impaired or abolished when glycogen is absent or
its mobilization is disrupted has opened up an exciting,
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extremely important field with new roles for astrocytes as
signaling hubs in memory processing (721). The recent pre-
sentation by Jordi Duran at the International Conference on
Brain Energy Metabolism (personal communication) that
knockout of neuronal glycogen synthase also interferes
with LTP, and learning greatly increases the complexity of
the cellular basis for roles of glycogen in memory and learn-
ing and in effects of inhibition of glycogenolysis. Three core
issues, the cellular source(s) of lactate, side effects of impair-
ment of lactate/pyruvate transport or transporters, and ex-
istence and magnitude of ANL shuttling, remain unan-
swered. Compensatory increases in astrocytic and neuronal
CMRglc in response to blockade of glycogenolysis also need
to be taken into account. The extremely high-dose D- and
L-lactate injections should cause widespread inhibition of
neuronal firing and metabolism, and memory rescue may
not be due to use of lactate as a shuttled fuel. Instead, rescue
might arise from transient, massive inhibition of neuronal
and astrocytic metabolism and neuronal activity coincident
with large increases in the NADH/NAD� ratio in all brain
cells. Alternative explanations for the decrease in lactate
level when glycogenolysis is inhibited include 1) increased
astrocytic lactate/pyruvate oxidation to support K� uptake,
2) reduced neuronal and astrocytic glycolytic and oxidative
metabolism and neuronal firing activity via effects of D- and
L-lactate on HCAR1 signaling that may also alter energetics
of Glu–Gln cycling, and 3) suppression of neuronal firing
and metabolism by astrocytic release of gliotransmitters.
These possibilities do not involve shuttling of glycogen-
derived lactate to neurons. Rigorous experimental work is
required to address these knowledge gaps and establish
mechanistic roles of glycogen and lactate via its transport,
metabolism, and signaling; these are technically difficult
topics. Conservative interpretation within the scope of mea-
sured data is important to minimize propagation of unver-
ified conclusions and to direct attention to key unresolved
issues to move the field forward.

�2-ARs have important, poorly-understood roles in regula-
tion of both aerobic glycolysis (Section V) and memory
consolidation, a topic that should drive future research. The
specific functions of glycogen in memory are uncertain be-
cause of its regulation in mammalian brain by �1-ARs (and
other factors), and the amount of glycogen consumed in
relevant brain regions during the memory training episodes
remains to be directly established; glycogenolysis inhibitor
studies support the assumption that glycogen is consumed.
Glycogen utilization during whisker stimulation of the
awake rat is primarily in the superficial cortical layers 1–2
of somatosensory cortex where the density of �1-ARs is
higher compared with �2-ARs that are higher in layer 4 [see
Figure 5 in (151)], raising the likelihood of other regulatory
pathways for glycogenolysis are involved in glycogen turn-
over during �2-AR activation, and they need to be evalu-
ated.

3. Roles for glycogen in neurotransmission

An outstanding question is how inhibition of glycogenolysis
disrupts synaptic activity. Long-term potentiation in hip-
pocampal glutamatergic synapses is impaired by glycogen-
olysis blockade (627) or glycogen synthase knockout (182).
Treatment with a glycogenolysis inhibitor reduces the am-
plitude, and frequency of miniature excitatory postsynaptic
currents in astrocyte–neuron cocultures, not in neuronal
cultures (438), blocks LTP in hippocampal slices from
1-mo-old rats, enhances it in slices from 20- to 22-mo-old
rats, and differentially alters mRNA expression of glycogen
phosphorylase and synthase and glutamine synthetase in
young versus aged animals (180). Effects of preventing gly-
cogenolysis are not limited to metabolism, gene expression
changes are not restricted to those directly associated with
synaptic plasticity, and they must include the unidentified
roles of neuronal glycogen on plasticity and learning (J.
Duran, personal communication). Pending publication of
the details of this study, it cannot be assumed that glyco-
genolysis inhibition specifically affects astrocytes.

Glutamate stimulates glucose storage, not glycogen break-
down, raising the question why should interference with
glycogen metabolism cause inhibitory feedback to excit-
atory synapses? Glutamate treatment does not trigger gly-
cogen mobilization in cultured cortical astrocytes (609,
696) or in cortical brain slices (512). Instead, glutamate
uptake into cultured astrocytes stimulates glycogen accu-
mulation, presumably by serving as an oxidative substrate,
causing inhibition of glucose utilization and an increase in
Glc-6-P level that can further inhibit hexokinase by feed-
back inhibition and also activate glycogen synthase activity
(631). Glutamate uptake was required for glycogen accu-
mulation, but label incorporation into glycogen came from
extracellular glucose, not glutamate. In a different study,
both L-glutamate and D-Asp stimulated glycolysis and also
increased glycogen level without activating glycogen syn-
thase (251). In spite of well-known discrepant findings re-
lated to effects of glutamate on glucose metabolism in dif-
ferent astrocyte preparations (Section VIA2), glutamate
caused glycogen accumulation in both studies.

Glycogen is mobilized (FIGURE 9A) by various neurotrans-
mitters, metabolic signals, and changes in ion levels (460).
In brain slices, glycogen is degraded in proportion to in-
creases in extracellular K� concentration (294), and glyco-
genolysis supports K� uptake into cultured astrocytes (169,
277, 283, 695). Thus, excitatory network activity, ion
fluxes, and astrocytic metabolic demands stimulate glyco-
genolysis to help, along with glucose, support energetics of
glutamatergic neurotransmission. Astrocytic metabolism is
governed, in part, by neuronal activation, and astrocyte–
neuron signaling reciprocally influences synaptic activity
(Section VIID2). Feedback mechanisms involving glycogen
are not understood, and shuttling of glycogen-derived lac-
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tate to neurons has been suggested without measurement of
lactate transfer.

Sickmann and colleagues (593) approached this important
issue by evaluating the effects of glycogen phosphorylase
inhibition on uptake of D-[3H]Asp into cerebellar astrocyte
cultures in flasks and on vesicular release of preloaded
D-[3H]Asp from cerebellar glutamatergic neuron–astrocyte
cocultures superfused with pulses NMDA�K�. They con-
cluded that glycogenolysis is necessary for D-[3H]Asp up-
take and transfer of glycogen-derived lactate to neurons is
needed to support vesicular release of D-[3H]Asp. How-
ever, their experimental paradigm has complex effects on
astrocytes and neurons, and data interpretation is not triv-
ial. There are alternative explanations, many of which are
testable, for interference with neuronal vesicular
D-[3H]Asp release and neuronal/astrocytic D-[3H]Asp up-
take without the need for a glycogen-derived lactate shuttle.
Key issues include the following: 1) equivalence of glycogen
phosphorylase inhibitors, 2) why lactate is needed by neu-
rons, 3) suppression of neuronal activity by gliotransmitter
release, 4) astrocytic filopodial movements, 5) compensa-
tory responses to glycogenolysis blockade, and 6) metabolic
effects of D-lactate. Because astrocyte–neuron shuttling of
lactate is a controversial issue, this study is presented and
analyzed in detail, along with discussion of complexities of
data interpretation and experimental approaches to test al-
ternative mechanisms.

The first experiment evaluated uptake of 5 �mol/l
D-[3H]Asp into astrocytes during 3-min assays in flasks.
Uptake was similar in cultures preincubated for 20 min with
or without glucose, and DAB reduced uptake in both
groups by 20%, suggesting a requirement for glycogen ir-
respective of glucose availability (569, 572, 573). Unfortu-
nately, glycogen levels were not measured to verify that 20
min of aglycemia did not deplete glycogen and to compare
the quantities consumed in both conditions. Other path-
ways fueled 80% of the uptake, mainly glycolysis when
glucose was present [shown by inhibitor studies (569, 572,
573)], and, presumably, oxidation of endogenous sub-
strates during aglycemia. The cost of uptake of 5 �mol/l
D-[3H]Asp in the presence of glucose is mainly borne by
glycolysis, but it must be small. Peng et al. (495) treated
cortical astrocytes with 100, 500, or 1000 �mol/l D-Asp in
the presence of 6 mmol/l glucose and reported that glyco-
lytic rate increased by ~5, 22, and 22%, respectively, during
20–30-min assays (glycogen was not measured). Control
cortical astrocytes have 2.6 times more glycogen than cere-
bellar astrocytes (592), but if glycogen turnover increased
during sevenfold longer assays with 20-fold higher D-Asp,
glycolytic rate is expected to rise more than 5%.

In the major component of the Sickmann (593) study, cer-
ebellar astrocyte–neuron cocultures were preloaded with 5
�mol/l D-[3H]Asp, then superfused with a medium contain-

ing 6 mmol/l glucose, given 30-s pulses of NMDA (300
�mol/l) and K� (15 mmol/l) at 4-min intervals, and frac-
tions were collected to count the 3H released. The area
under the curve for each pulse stimulus represents vesicular
release, whereas the baseline between the stimulus-evoked
3H peaks represents re-uptake of the released D-Asp by all
cells. Uptake was considered to be mainly astrocytic, but
neurons do take up D-Asp to label the vesicular pool, and
cell-type contributions are not distinguished. Assays used
the glycogen phosphorylase inhibitor CP-316,819 (10
�mol/l), D-lactate (1 mmol/l) to interfere with L-lactate
transport, or both drugs together. Vesicular release fell by
~30%, 20%, and 40% when superfused with CP-316,819,
D-lactate, or both, respectively. The baseline between the
pulses was not affected by D-lactate, but increased by ~20%
or 40% in the presence of CP-316,819 or both drugs, re-
spectively. Lower vesicular release and reduced re-uptake
were interpreted as reflecting a requirement for glycogen to
sustain glutamatergic neurotransmission. Decreased vesic-
ular release in the presence of D-lactate was interpreted as
impairment of astrocyte–neuron shuttling of glycogen-de-
rived lactate.

First, differential effects of two glycogen phosphorylase in-
hibitors were not resolved, considerably weakening the
conclusions drawn from use of one inhibitor. CP-316,819,
but not DAB, interfered with vesicular release and reuptake.
Lack of functional effects of DAB was attributed to DAB-
evoked compensatory increases in glycolytic rate previously
reported by Walls et al. (670) for control, K�, and 250
�mol/l D-Asp superfusions (Section VIIC3). However, sen-
sory stimulation of the awake rat pretreated with CP-
316,819 caused large compensatory increases in CMRglc

(149) (TABLE 7), and any effects of CP-316,819 on glycol-
ysis in these cerebellar astrocytes were not reported. DAB
binds to the catalytic site of glycogen phosphorylase and its
inhibition is independent of glucose concentration. In con-
trast, CP-316,819 binds to the indole inhibitor site and
requires millimolar levels of glucose for optimal inhibitor
activity so that when glucose level falls, inhibition is re-
leased, and glycogen is degraded; this is a key protective
feature for its use in diabetic patients [see discussion in
(623)]. If astrocytic glucose level were depleted below the
critical level by NMDA-K� pulses, inhibition of glycogen
phosphorylase by CP-316,819 may be relieved and glyco-
genolysis would commence. It is not clear why sudden gly-
cogen availability should affect neurotransmission unless
there is a “rebound” response to transient cessation of gly-
cogen-dependent activities that suppresses neuronal signal-
ing and allows astrocyte recovery. Whatever the explana-
tion, more analysis is required, and additional inhibitors
must be tested to evaluate the possibility of unidentified side
effects.

Second, it is not clear why NMDA-treated neurons in co-
culture should require glycogen-derived lactate to support
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excitatory neurotransmission when neurons in monocul-
ture do not increase oxidation of extracellular lactate, and,
instead, increase glycolytic and oxidative metabolism of
glucose and release more lactate. Earlier studies with cere-
bellar neuron cultures in the same laboratory by Bak et al.
(27–29) showed that NMDA pulses increase release of D-
Asp (two- or fivefold at 100 or 300 �mol/l NMDA), stim-
ulate DG phosphorylation (2.4-fold at 300 �mol/l NMDA),
and enhance lactate release to the medium (1.8-fold at 100
�mol/l NMDA plus 10 �mol/l glycine). Cerebellar neurons
preferentially oxidize glucose in the presence of 1 and 5
mmol/l lactate and increase incorporation of 13C from
U-13C]glucose into Glu, Asp, and Lac by 2.2-, 1.9-, and
2.1-fold, respectively, when superfused with 300 �mol/l
NMDA plus 15 mmol/l K�. Parallel assays showed that
lactate oxidation did not increase under these conditions.
Cultured cerebellar neurons do oxidize lactate but are
highly glycolytic under resting (668) and depolarizing con-
ditions (216, 325), with ~45% of the glucose consumed
being released to the medium as lactate in both cases. The
anomaly that astrocyte–neuron shuttling of glycogen-de-
rived lactate should be needed for neurotransmission in
cerebellar cocultures when lactate is not used by and is
massively released by neuronal monocultures requires ex-
planation.

Third, gliotransmitter release to cause suppression of neu-
ronal firing is likely because NMDA-K� pulses would cause
neuronal glutamate release along with D-[3H]Asp, and glu-
tamate can increase astrocytic intracellular [Ca2�], causing
vesicular glutamate release. Glutamate treatment of cul-
tured neurons and astrocytes causes calcium waves in both
cell types, calcium wave propagation through the astrocytic
syncytium, and extension of actin-containing filopodia
from astrocytes (112, 113). DAB treatment impairs astro-
cytic ER uptake of cytosolic Ca2� (440) and will disrupt
calcium signaling and related energetics, but corresponding
effects of CP-316,819 remain to be tested. Elevated Ca2�

levels cause astrocytic vesicular gliotransmitter release to
modulate neuronal activity in complex ways (Section
VIID2). Astrocytic glutamate release reduces excitatory and
inhibitory neuronal firing, and D-[3H]Asp release would
also fall (FIGURE 9B), providing a testable, alternative mech-
anism to explain reduced vesicular release, independent of
any glycogen-derived lactate trafficking to neurons.

Fourth, glutamate-evoked astrocytic filopodial extensions
may be impaired by blockade of glycogenolysis and contrib-
ute to reduced D-[3H]Asp re-uptake and baseline increase.
Derouiche and colleagues demonstrated that PAPs contain
actin-binding proteins and heterogeneously localized small
mitochondria, and their rapid extension in the presence of
glutamate is mediated by metabotropic glutamate receptors
mGluR3 and mGluR5 (138, 139, 361). PAPs extend to-
ward and retract from synapses in culture and brain slices
(244, 292, 521), but the energy source for actin cycling

during PAP movements is not known. PAPs are packed with
glycogen (81, 461), but many portions of PAPs are devoid
of glycogen granules and mitochondria, so their energetics
in microdomains may vary. Glycogenolysis may help fuel
Ca2� homeostasis after Ca2� wave passage and generate
ATP to support actin cycling during PAP extension toward
synapses. Inhibition of glycogenolysis during repetitive glu-
tamate release may interfere with synaptic proximity of
PAPs, reduce astrocytic D-[3H]Asp uptake, and raise the
baseline between NMDA-K� pulses, independent of lactate
shuttling (FIGURE 9B).

Fifth, compensatory responses to glycogenolysis inhibition
that can cause downregulation of neuronal firing and vesic-
ular D-Asp release need to be evaluated. Exposure of astro-
cytes to NMDA-K� pulses plus neuronally released Glu and
D-Asp may disrupt processes supported by glycogen mobi-
lization evoking complex metabolic responses. For exam-
ple, astrocytic oxidation of Glu upon its uptake can help
pay for Glu–Gln cycling (Section VIB), but D-Asp places an
additional energy burden on astrocytes that is mainly satis-
fied by glycolytic metabolism of glucose and glycogen. K�

uptake into astrocytes is estimated to have a fourfold higher
ATP demand than Glu uptake (169), and K� uptake and its
associated increase in intracellular [Ca2� ] stimulates Na�,
K�-ATPase activity, and glycogenolysis (277, 283). Pentose
phosphate shunt flux also increases in mixed cerebrocorti-
cal cultures during exposure to NMDA, AMPA, and kai-
nate (44), suggesting that NMDA-K� pulsations should en-
hance glycogenolysis (over and above that by 15 mmol/l
K�) to provide Glc-6-P for the pentose shunt pathway (179,
517). The presence of NMDA receptors on astrocytes is
debated (113), but when present, their activation by
NMDA (220) or by mechanical stress (399) evokes a rise in
intracellular [Ca2�] that could stimulate glycogenolysis to
fuel ER Ca2� sequestration. There are several interrelated
consequences for astrocytes arising from blockade of glyco-
genolysis during NMDA-K� pulses: 1) glycolysis may be
stimulated to provide ATP for D-Asp uptake/Na� extru-
sion, 2) disruption of Ca2� signaling and homeostasis and
may trigger gliotransmitter release, 3) glycolysis may rise to
support K� uptake and homeostasis, and 4) the source of
Glc-6-P used to manage oxidative stress shifts from glyco-
gen to glycolysis. Inhibition of glycogen mobilization by
CP-316,819 probably caused a compensatory rise in astro-
cytic glycolytic rate, with release of more lactate to extra-
cellular fluid where an elevated level would enhance its
interaction with neuronal HCAR1 receptors, reduce neuro-
nal firing, and suppress D-Asp release. Thus, two testable
alternative mechanisms unrelated to astrocyte–neuron
shuttling of glycogen-derived lactate may contribute to neu-
ronal shutdown and decrements in neurotransmission
when glycogenolysis is blocked during NMDA-K� superfu-
sion: gliotransmitter glutamate release and increased
HCAR1 activity (FIGURE 9B).
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Sixth, amplification by D-lactate (1 mmol/l) of effects of
CP-316,819 was interpreted as underscoring the impor-
tance of glycogen-derived lactate transfer from astrocytes to
neurons. However, D-lactate may have suppressed neuro-
nal firing by various mechanisms independent of L-lactate
shuttling, reducing D-[3H]Asp vesicular release and its re-
uptake. Neuronal L-lactate transport via MCT2 is the an-
ticipated target of D-lactate (see Section VIID2, above), but
mitochondrial pyruvate oxidation is also probably affected.
D-Lactate (5 mmol/l) reduces pyruvate (10 mmol/l)-depen-
dent respiration in isolated rat brain mitochondria by
~50% (374), and it should impair astrocytic and neuronal
mitochondrial ATP production and enhance glycolysis and
conversion of pyruvate to lactate in neurons and astrocytes,
while, at the same time, inhibiting neuronal lactate efflux
via MCT2 (FIGURE 9B). Neuronal lactate accumulation
may also reduce neuronal glycolysis and glycolytic ATP
production. Inability of neurons to satisfy the energetics of
NMDA-K�–induced depolarization caused by impairment
of respiration, glycolysis, and lactate efflux by D-lactate
may reduce both transmitter release and D-Asp re-uptake
into neurons. Furthermore, as noted above (Section VIID2),
the IC50 for D-lactate for HCAR1 is 4.6 mmol/l (the same as
L-lactate), and 1 mmol/l D-lactate inhibits neuronal firing
by ~18% (62), consistent with the 20% decrease in vesicu-
lar D-[3H]Asp release when superfused with D-lactate
alone. HCAR1 receptor density is highest in pre- and post-
synaptic membranes of excitatory neurons in hippocampus
and cerebellum (360), and it is present in cultured cerebral
cortical neurons (62), but its localization in cultured cere-
bellar neurons remains to be evaluated. Thus, D-lactate can
reduce neuronal vesicular transmitter release and reuptake
without any trafficking of glycogen-derived lactate from
astrocytes to neurons (FIGURE 9B), and different possibili-
ties require testing.

4. Summary

There is no question that glycogen is critically important for
preserving function during severe hypoglycemia or aglyce-
mia, facilitating memory consolidation, and sustaining glu-
tamatergic neurotransmission. However, the interrelation-
ships between metabolic pathways and neuron–astrocyte
signaling processes are quite complex. Shuttling of glyco-
gen-derived lactate to neurons may occur, but it has not
been directly measured or quantified and conclusions that it
exists are premature. Testable alternative explanations for
the observed impairment of memory consolidation and
neurotransmitter release and re-uptake when glycogenoly-
sis is inhibited include the following: 1) reduced neuronal
firing due to gliotransmitter release arising from astrocytic
Ca2� dysregulation (ER Ca2� uptake and Glu-evoked Ca2�

waves), 2) reduced neuronal firing due to HCAR1 activa-
tion by D-lactate (and L-lactate), 3) impaired pyruvate ox-
idative metabolism in neurons and astrocytes by D-lactate,
but with greater effects on neurons due to inhibiting lactate
efflux, 4) reduced neuronal firing due to HCAR1 activation

secondary to increased astrocytic lactate release arising
from glycolytic upregulation to support K� uptake or to
compensate for impaired respiration, and 5) interference
with fueling of filopodial movements and disruption of their
synaptic proximity to reduce glutamate and D-[3H]Asp up-
take into astrocytes (FIGURE 9B). These alternatives may
differ qualitatively and quantitatively in the intact brain
during memory-related processes compared with astrocyte–
neuron cocultures in vitro, but they need evaluation to im-
prove understanding of roles of glycogen in neurotransmis-
sion.

VIII. NUTRITIONAL THERAPY FOR BRAIN
DISORDERS

Nutritional treatment for specific brain disorders has been a
clinically accepted practice for decades, and new ap-
proaches have promising outcomes for diverse patient
groups. Metabolic therapy involves provision of supple-
mental substrates (e.g., ketone bodies, pyruvate, carnitine,
acetyl-L-carnitine, creatine, branched chain amino acids,
and triheptanoate). These compounds provide oxidative
fuel, supplement deficiencies, and supply anaplerotic pre-
cursors, and they differ in their ability to fulfill different
metabolic needs. For example, �-hydroxybutyrate is a
source of acetyl CoA and oxidative energy but cannot serve
as a precursor for the anaplerotic pathway via PC, whereas
pyruvate supplementation serves both functions.

One of the best examples of nutrient therapy is use of a
ketogenic or high-fat diet for patients with intractable epi-
lepsy (525). Use of ketogenic diets has been extended to
include patients with PDH deficiency (600) and glucose
transporter GLUT1 deficiency (673). Ketone esters that en-
ter brain more readily have been given as dietary supple-
ments, resulting in better cognitive and physical perfor-
mance in rats and improved energy metabolism with aging
in an Alzheimer disease mouse model (441, 489, 660, 661).

Charles Roe and colleagues developed the use of trihep-
tanoin to treat inherited disorders of fatty acid metabolism
by providing oxidative and anaplerotic precursors (73, 533,
534). Dietary supplementation with triheptanoin has been
carried out in adults and infants for as long as 5 yr with
marked improvement of clinical symptoms. An advantage
of triheptanoin, a triglyceride of heptanoate, a seven-car-
bon length fatty acid, is that its metabolism involves beta-
oxidation to generate two acetyl CoA molecules plus one
propionyl CoA. Propionyl CoA is metabolized successively
to succinyl CoA and OAA, thereby generating a “new”
four-carbon TCA cycle intermediate while bypassing the
PC reaction. [13C]Heptanoate was evaluated as a metabolic
substrate for brain in mice with glucose transporter GLUT1
deficiency (406), and its metabolism in liver produced la-
beled five-carbon ketone bodies and glucose. Both neurons
and astrocytes metabolized heptanoate-derived glucose,
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whereas astrocytes metabolized heptanoate and five-carbon
ketone bodies to produce propionyl CoA, then OAA as
precursor for glutamate and glutamine. Triheptanoin treat-
ment has also been used for carnitine palmitoyltransferase
II deficiency (536), cardiomyopathy, and rhabdomylosis
because of the long-chain acyl-CoA dehydrogenase defi-
ciency (535), GLUT1 deficiency (432, 480), PC deficiency
(431), stroke (579), amyotrophic lateral sclerosis and epi-
lepsy (53, 245, 246, 639, 640, 644, 685), spreading depres-
sion (135), Huntington disease (5), and Rett syndrome (an
autistic disorder syndrome) (478). Anaplerotic substrates
such as triheptanoin have a broad spectrum of application
for inherited metabolic defects and for metabolic imbal-
ances that affect both peripheral and central metabolism.

Two separate, but related, themes have sparked interest in
lactate supplementation after hypoxic–ischemic–traumatic
events, but results are controversial and efficacy remains
unproven. First, Schurr and colleagues advanced their early
finding that lactate supported neuronal function in brain
slices (578) and proposed that lactate utilization after a
hypoxic or ischemic episode may have a metabolic advan-
tage because ATP is not required to initiate its metabolism
(577). However, the ability of lactate to support neuronal
function in brain slices appears to be highly dependent on
the preparation and exact experimental conditions, and it is
not replicated in many instances (463, 529). One of the key
issues affecting the ability of lactate to replace glucose is
how fast the slices are prepared. Slower slicing results in
lactate being able to support evoked potentials, whereas it
cannot when slices are quickly prepared and have under-
gone a shorter ischemic insult (463).

Second, hypertonic sodium lactate supplementation after
TBI has been proposed as an alternative therapy to hyper-
tonic mannitol or hypertonic NaCl to reduce intracranial
pressure. The idea is that lactate is considered by some
authors to be a preferred substrate for neurons, and lactate
supplementation may be better than glucose infusions. Mi-
crodialysis probes are routinely inserted into brains of TBI
patients, along with pressure monitors and/or oxygen
probes, so that glucose, lactate, pyruvate, glutamate, and
glycerol levels can be measured on line. Microdialysis as-
says have extremely important bedside diagnostic value be-
cause they can help diagnose ischemia, hypoxia, hypogly-
cemia, excitotoxicity, and membrane damage and guide
clinical care (458, 459). One of the common characteristics
of TBI is mitochondrial dysfunction, and, unless oxidative
deficits are ruled out in each patient, lactate infusion will
not be helpful because lactate will not be oxidized and high
brain lactate levels may inhibit glycolysis and exacerbate
energy failure. Lactate shuttle proponents have tested hy-
pertonic lactate in TBI patients and claimed that it is ener-
getically beneficial, based on concentration changes of se-
lected metabolites in microdialysates (57, 487, 513). How-
ever, concentration changes do not provide enough

information to evaluate metabolism or energetics, and these
microdialysis data were over- and misinterpreted (147,
165). Hypertonic sodium lactate may be beneficial for TBI
patients, but the jury is still out, and more rigorous ap-
proaches are required to evaluate and establish the effects of
hypertonic sodium lactate. One potential benefit of sodium
lactate dosing over hypertonic mannitol is that the sodium
provides the osmotic benefits, and lactate can be metabo-
lized by body organs and also serve as precursor for gluco-
neogenesis. On the other hand, supplementation with mas-
sive doses of lactate could increase the cytosolic NADH/
NAD� ratio, stimulate inflammatory responses in microglia
and macrophages (586), and contribute to worsening of
TBI. Two potentially deleterious side effects of lactate sup-
plementation in TBI patients, inhibition of glycolysis during
mitochondrial dysfunction and stimulation of inflamma-
tion, need to be monitored and controlled.

Pyruvate supplementation has an advantage over lactate
in that it can be oxidized without involvement of the
MAS and does not compete with glycolysis for NAD�.
The potential influence of intracellular acidification due
to cotransport of pyruvate with a proton is similar to
lactate, but pyruvate has a variety of neuroprotective
effects against oxidative stress, neuroinflammation, and
neuronal network hyperexcitability (718). Prolonged,
modest impairment of glycolysis by intraventricular in-
jections of DG triggered epileptic activity in normal rats
(557), and pyruvate treatment stopped epileptic episodes
in several mouse models (500). Pyruvate supplementa-
tion also enhances learning and exploration in mice dur-
ing aging, along with some metabolic benefits (349). In
combination, �-hydroxybutyrate plus pyruvate dietary
supplements reduced epileptiform activity in Alzheimer
model mice (717). A limitation is that pyruvate is unsta-
ble in solution, and its use requires fresh preparations,
contrasting the stability and commercial availability of
lactate solutions. To sum up, the brain is highly depen-
dent on glucose as its fuel, but supplementation with
downstream substrates can have extraordinarily benefi-
cial effects for patients. Nutritional therapy is an estab-
lished field with new, emerging applications.

IX. CONCLUSIONS

Glucose is the versatile, obligatory substrate for brain that
fulfills many essential functions. Glucose is metabolized at
sites and in time scales of neuronal and astrocytic signaling
events, and approximately one glucose molecule is oxidized
per synapse per millisecond, involving ~170 metabolic
steps. Glucose can be supplemented with alternative oxida-
tive substrates under different physiological conditions, but
these fuels do not fully replace functions fulfilled by glucose.
Quantitative assays of rates of total glucose utilization in all
cell types and of fluxes through major pathways in excit-
atory and inhibitory neurons and astrocytes are routinely
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measured in human and animal brain. Glucose utilization
rates are heterogeneous at the regional, cellular, and subcel-
lular level, and are regulated mainly by signaling activity,
being suppressed by anesthesia and enhanced by activation.
Glucose oxidation provides most of the ATP consumed by
brain, but glycolytic ATP is required for specific functions
and at sites lacking mitochondria that are heterogeneously
distributed and mobile. Astrocytes have high oxidative ca-
pacity, similar to neurons, but have a smaller volume frac-
tion in brain and neuronal glucose oxidation rates exceed
that in astrocytes, with a rank order of glutamatergic neu-
rons � GABAergic neurons � astrocytes. Glucose oxida-
tion in both cell types is directly proportional to glutama-
tergic excitatory transmission rate but the mechanistic de-
tails of these relationships remain to be established.
Neuron–astrocyte cycling of glutamate and glutamine is a
major flux, corresponding to ~80% of glucose oxidation in
glutamatergic neurons. However, important details of the
mechanisms and energetics of glutamine processing in neu-
rons and of glutamate uptake in astrocytes remain to be
firmly established.

Preferential upregulation of glycolysis during brain activa-
tion (aerobic glycolysis) has intense current interest because
it intersects with the cellular basis of energetics, astrocytic
glycogen turnover, lactate shuttling, lactate signaling, and
mechanisms of memory consolidation. Aerobic glycolysis
becomes manifest at the local and global level under a va-
riety of activating conditions, and it is regulated by adren-
ergic mechanisms, but the cellular basis, pathway involve-
ment, and functions served are incompletely understood.
Utilization of glucose in excess of oxygen arises from gly-
colytic generation and release of lactate from activated tis-
sue, release of CO2 upon entry of glucose-6-phosphate into
the pentose shunt pathway, and increased utilization of gly-
cogen during activation, with its subsequent resynthesis.
Glycolytic upregulation is straightforward, but the roles
fulfilled and cellular involvement remain to be identified.
Increased pentose shunt activity is probably a response to
oxidative stress, but little is known about its cellular or
functional basis. Glycogen turnover is a fascinating topic
because glycogen is an active participant in brain energetics
in the presence of normal levels of glucose, and new, impor-
tant functions are emerging, including fueling-specific pro-
cesses and involvement in neurotransmission and cognitive
processing. Inclusion of glycogen in the carbohydrate con-
sumed during activation substantially reduces OGI (i.e.,
increases the magnitude of aerobic glycolysis), and slow
resynthesis of glycogen prolongs aerobic glycolysis after
activation beyond the time required to normalize most met-
abolic responses. Glycogen is mainly located in astrocytes,
and its turnover is regulated by many factors, including NE
arising from innervation by the locus coeruleus. Shuttling of
lactate derived from glucose and/or glycogen from astro-
cytes to neurons has been a popular notion, but the models
are controversial, they lack compelling supporting evidence

compared with strong in vivo evidence against lactate shut-
tling–oxidation, and alternative explanations remain to be
tested. The possibility of high aerobic glycolysis in young
children, changes across age, and differences in magnitude
in various regions in resting adult human brain need re-
evaluation using updated, fully quantitative methods. In
addition, procedures need to be developed to take into ac-
count and quantify adrenergic activation and local upregu-
lation of glycolysis and pentose shunt flux that could inflate
apparent CMRglc and depress OGI in specific brain regions
with high innervation from biogenic amine neurotransmit-
ters, the locus coeruleus, and/or high densities of ARs.

Translational bridges from basic studies of metabolism to
clinical treatment of diverse brain disorders include stimu-
lation of the vagus nerve and nutritional therapy to com-
pensate for inborn errors of metabolism and metabolic im-
balances. Vagus nerve stimulation is an exciting, emerging
therapy that is unique in that it involves effects of norad-
renergic signaling throughout the brain, regulation of aer-
obic glycolysis and glycogen turnover, and pathways re-
lated to cognition and memory consolidation. Merging
these research areas with clinical application is anticipated
to help develop new treatment paradigms. Nutritional ther-
apy has improved enormously in its breadth, with utiliza-
tion of new supplements that have led to improved clinical
outcome for patients with different types of diseases and
offer promising results in the future.
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