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Abstract
Elucidation of biochemical, physiological, and cellular contributions to metabolic images of brain is
important for interpretation of images of brain activation and disease. Discordant brain images
obtained with [14C]deoxyglucose (DG) and [1- or 6-14C]glucose were previously ascribed to
increased glycolysis and rapid [14C]lactate release from tissue, but direct proof of [14C]lactate release
from activated brain structures is lacking. Analysis of factors contributing to images of focal
metabolic activity evoked by monotonic acoustic stimulation of conscious rats reveals that labeled
metabolites of [1- or 6-14C]glucose are quickly released from activated cells due to decarboxylation
reactions, spreading via gap junctions, and efflux via lactate transporters. Label release from activated
tissue accounts for most of the additional [14C]glucose consumed during activation compared to rest.
Metabolism of [3,4-14C]glucose generates about four times more [14C]lactate compared to 14CO2 in
extracellular fluid suggesting that most lactate is not locally oxidized. In brain slices, direct assays
of lactate uptake from extracellular fluid demonstrate that astrocytes have faster influx and higher
transport capacity than neurons. Also, lactate transfer from a single astrocyte to other gap junction-
coupled astrocytes exceeds astrocyte-to-neuron lactate shuttling. Astrocytes and neurons have excess
capacities for glycolysis, and oxidative metabolism in both cell types rises during sensory stimulation.
The energetics of brain activation is quite complex and the proportion of glucose consumed by
astrocytes and neurons, lactate generation by either cell type, and the contributions of both cell types
to brain images during brain activation are likely to vary with the stimulus paradigm and activated
pathways.
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IN VIVO METABOLIC BRAIN IMAGING
Glucose utilization tracers

Because mammalian brain is dependent on glucose as its primary fuel and changes in functional
activity of brain alter local energy demand, development of the [14C]deoxyglucose ([14C]DG)
method in the 1970's by Louis Sokoloff and colleagues1 to determine local rates of glucose
utilization in living brain opened a new window to visualize and quantify brain activities in
health and disease2. During the past three decades, brain imaging with [14C]DG and [18F]
fluorodeoxyglucose (FDG) has enabled a wide variety of studies to evaluate brain functions
in experimental animals and human subjects, as well as effects of pharmaceutical agents and
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the progression and treatment of neurological disorders. The contributions of different cell
types to brain images and the downstream fate of the additional glucose consumed during brain
activation over and above that utilized during ‘rest’ (i.e., when no specific stimulus is given to
the subject) have been very important issues for decades due to technical difficulties associated
with (i) determination of co-registration of metabolic tracers and cell-type markers and (ii)
accounting for all of the label derived from labeled glucose after its metabolism at the
hexokinase step, but considerable progress has been made towards these goals.

Metabolite trapping
Functional studies of brain activation using autoradiographic, positron emission tomographic
(PET), magnetic resonance spectroscopic (MRS), or fluorescence microscopic technologies
all rely on changes in metabolism of exogenous labeled tracers or of endogenous compounds
to generate metabolites that are registered as signals, and all of these methodologies are,
therefore, dependent on local trapping of metabolic products in activated cells. For example,
conversion of [14C]DG or [18F]FDG by hexokinase to the corresponding hexose-6-phosphate
(hexose-6-P) produces a ‘dead end’ metabolite (Fig. 1) that is not further metabolized by the
glycolytic pathway1. Although some conversion of DG-6-P to other compounds can occur in
brain, the labeled products are either phosphorylated or are incorporated into
macromolecules3-6. These compounds are also trapped in the cell where the precursor was
metabolized by hexokinase for the duration of the routine experimental period which is
typically 45 min, but can range from about 30-60 min for fully quantitative studies1,2. Thus,
the [14C]DG method has the advantage that hexokinase activity can be accurately measured in
vivo in the midst of all other biochemical reactions in the brain. Under steady state conditions
the rate of any step in a multi-step pathway is equal to the flux through the entire pathway, and
determination of the rate of phosphorylation of glucose by hexokinase measures the rate of
glucose utilization. The 45 min experimental period for [14C]DG takes advantage of the relative
stability of [14C]DG-6-P in tissue to minimize the effects of uncertainties in the true values of
rate constants for transport and metabolism on calculated rates of glucose utilization1,2. For
autoradiographic assays with labeled glucose and acetate, short experimental periods are
necessary to minimize loss of labeled products that would occur with longer experimental
intervals. However, the metabolic calculated rates obtained from brief, 5-10 min assays with
any tracer are not as accurate as desired due to the higher impact of errors in the estimates of
the amount of unmetabolized precursor in tissue at the end of the experiment (this value is
subtracted from the total 14C concentration to obtain concentration of labeled metabolites) and
the integrated specific activity of the precursor pool in brain calculated from that in arterial
plasma1, 2, 14, 15.

Sites of release of labeled carbon from glucose metabolites
Assays of rates of glucose utilization with DG or FDG eliminates the influence of rapid loss
of diffusible products of glucose, but does not provide information about the downstream fate
of the glucose, which is of particular interest during brain activation. Variously-labeled glucose
can be used to track glucose utilization, but rapid formation and release from activated cells
of labeled diffusible metabolites (e.g., lactate, CO2, glutamine, or other compounds) can limit
the use of labeled glucose for determination of overall glucose utilization in brain in vivo (Fig.
1). Nevertheless, careful design of autoradiographic, biochemical, and MRS assays can take
advantage of release or retention of specific carbon atoms from metabolites of labeled glucose
at specific steps of glucose metabolism to evaluate aspects of the pathway. For example, entry
of glucose into the pentose phosphate shunt pathway results in decarboxylation of carbon one
(C1) so that differential labeling by [1-14C]- and [6-14C]glucose is a measure of pentose
phosphate shunt activity7. Note that lactate retains all 14C label in glucose except that lost via
the pentose phosphate shunt (Fig. 1) and if lactate or other metabolites are quickly released
from tissue, calculated rates of glucose utilization (estimated as total 14C-metabolites retained
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in tissue by autoradiographic analysis divided by the precursor time-activity integral) would
be underestimated by an amount proportional to the quantity of labeled metabolites lost from
tissue. Release of 14CO2 from [3,4-14C]glucose at the pyruvate dehydrogenase step can be used
to evaluate pyruvate entry into the tricarboxylic acid (TCA) cycle (Fig.1). Decarboxylation
reactions in the TCA cycle release label from the C2 and C5 positions more rapidly than from
C1 and C6, but label loss is retarded due to transamination reactions that catalyze exchange of
label between α-ketoglutarate and glutamate and between oxaloacetate and aspartate, thereby
diluting label into the large unlabeled amino acid pools (Fig. 1). Metabolic modeling in
conjunction with MRS assays of the time courses of labeling of specific carbon atoms in TCA
cycle-derived amino acids in each subject is used to calculate rates of glucose oxidation in
neurons and astrocytes, glutamate-glutamine cycling, and anaplerosis72-76. Finally, changes
in tissue NAD(P)H level can be detected and localized by fluorescence microscopy and provide
information related to shifts in the net balance between glycolytic and oxidative metabolic
pathways under various conditions77-81. Thus, different imaging and spectroscopic
techniques can be used to probe specific aspects of glucose utilization and multiple approaches
are required to evaluate metabolic changes during activation compared to rest, as well as under
abnormal or disease conditions.

Comparison of labeling patterns obtained in parallel studies with labeled DG and labeled
glucose during resting conditions and brain activation induced by a various stimuli can be a
useful approach to help ‘dissect out’ changes in the metabolic fate of glucose during brain
activation. This information, in turn, can help identify cellular processes that are amplified
when information processing is stimulated. In the following sections, we summarize studies
in our laboratory using imaging approaches to better understand the biology of brain activation
and the basis for discrepant images of activation obtained with metabolic tracers.

IMAGING FOCAL BRAIN ACTIVATION WITH DIFFERENT TRACERS
Discordant images

A number of studies in different laboratories compared metabolic brain images obtained in
autoradiographic assays using [14C]DG and [1- or 6-14C]glucose as glucose utilization tracers
in parallel experiments in brain of conscious subjects in vivo and found that the magnitude of
brain activation was greatly underestimated with labeled glucose under normal8-10 and
pathophysiological conditions9,11-15. Because autoradiography registers total 14C levels, all
labeled metabolites that are retained within tissue would be registered, indicating that diffusible
products corresponding to the most of the additional [6-14C]glucose consumed during
activation over and above that during rest are released from the activated tissue within the 5
min experimental period; lactate generation and release was suggested as the basis for these
discordant brain images8-13. Lactate is an important glucose intermediate because its
formation by lactate dehydrogenase helps to sustain glycolytic rate when glycolytic flux
exceeds the rate of pyruvate oxidation or the rate of NAD+ regeneration by redox shuttle
systems. Lactate is diffusible and rapidly transported along with H+ via monocarboxylic acid
transporters, so it can also be used to clear H+ from the cell and serve an oxidative fuel for
other cells. Because brain lactate concentration (0.5-1 μmol/g) is higher than the levels of other
glycolytic metabolites between glucose-6-phosphate and pyruvate (range: 0.01-0.15 μmol/g),
and its specific activity equilibrates with that of blood and brain glucose within 5 min14, 15,
39, any loss of labeled lactate from activated tissue would have a high impact on calculated
glucose utilization rates based on total product accumulation. For example, during spreading
cortical depression net release of both labeled and unlabeled lactate to cerebral venous blood
was equal to about 20% of the labeled and unlabeled glucose entering brain and lactate efflux
to blood accounted for about half of the magnitude of underestimation of glucose utilization
rate by [6-14C]glucose14,15. As described below, in vivo studies in normal, conscious rats
using tracer amounts of labeled compounds that do not alter metabolic fluxes support the
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likelihood that substantial amounts of labeled lactate are produced during brain activation and
quickly released from brain by various routes.

Tonotopic bands in the auditory pathway
To evaluate imaging of focally-activated brain cells, we used a unilateral single tone stimulus
to increase signaling and metabolic demand in specific groups of cells in the inferior colliculus
of conscious rats10. The inferior colliculus is a good model structure for analysis of metabolite
spreading and efflux because it has the highest glucose utilization and blood flow rates in brain,
and metabolite dispersal and release processes should be comparably high. A monotonic
stimulus increases functional activity in specific regions of the inferior colliculus due to the
tonotopic organization of the ascending auditory pathway, thereby raising glucose utilization
rate in the activated cells that can be visualized with radiolabeled DG16-18. Auditory
projections from the cochlea to cortex are mainly, but not exclusively, to the contralateral
hemisphere, and relative activation induced by a unilateral stimulus can be evaluated by assays
of left-right differences; this approach minimizes animal number but, due to ipsilateral
projections, this hemisphere is not a true ‘resting’ control and the magnitude of activation will
be underestimated. Metabolic activity was assayed with two 14C-labeled glucose utilization
tracers plus [14C]acetate; glucose is utilized by all brain cells, whereas acetate is preferentially
taken up and oxidized by astrocytes19.

Robust tonotopic activation bands are readily detected with [14C]DG using either the routine,
fully-quantitative 45 min experimental period or a brief, semi-quantitative 5 min assay interval
which was included for direct comparison to brief labeling by other tracers. In contrast, focal
activation was only modestly detectable with [6-14C]glucose and was not evident with
[1-14C]glucose or with [2-14C]acetate (Fig. 2). Because the overall rate of glucose uptake into
brain cells and phosphorylation by hexokinase is about twice as fast as DG1,2, brief tracer
studies with [1- or 6-14C]glucose with unilateral activation were predicted to show much larger
left-right differences than those obtained with [14C]DG, yet the converse is true (Fig. 2). Ratios
of labeling of the major tonotopic band by [14C]DG in the activated to that in the contralateral
colliculus were 1.87 and 1.29 for 45 and 5 min experiments, respectively, exceeding the
corresponding ratios for overall labeling of the entire inferior colliculus, 1.47 and 1.1810. The
mean activated-to-contralateral ratio for the 5 min [14C]DG assay was similar to or exceeded
those for [1- or 6-14C]glucose10 even though there would be a greater fraction of
unmetabolized [14C]DG in the total label pool in both the activated and contralateral
hemisphere compared to [14C]glucose; this precursor background would blunt detection of a
stimulus-induced rise in metabolism in brief experiments compared to the routine 45 min assay
period in which most of label is [14C]DG-6-P.

Labeling of the tonotopic band regions in the activated inferior colliculus by 14C-labeled
glucose or acetate was only about 13-26% higher than in the contralateral tissue. Greater
labeling by [6-14C]glucose compared to [1-14C]glucose suggests increased flux of glucose into
the pentose phosphate shunt pathway during acoustic stimulation because label is lost from
[1-14C]glucose when 6-phosphogluconate is decarboxylated (Fig. 1). The flux through pentose
phosphate shunt pathway is reported to be only ∼5% that of glucose utilization in adult rats,
but this pathway has a high capacity that is revealed by inclusion of an artificial electron
acceptor in the in vitro reaction mixture7 and detoxification of reactive oxygen species via the
glutathione reductase-pentose shunt system may rise during brain activation in conscious rats.
In vivo metabolic assays with [2-14C]acetate20,21 demonstrate that astrocytic oxidative
metabolism does increase during sensory stimulation of conscious rats but does not
progressively rise in proportion to stimulus magnitude during graded visual stimulation and
does not generate tonotopic bands during acoustic stimulation. Glutamine is preferentially
labeled by [14C]acetate, and glutamine is readily released to the medium during in vitro brain
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slice experiments (see discussion and cited references in referrence82), suggesting that
dispersal of glutamine may contribute to efflux of labeled metabolites from activated
astrocytes.

Two key findings were that visualization of tonotopic bands obtained with [1-14C]glucose
could be amplified by either halothane anesthesia or by pre-treatment with probenecid, a lactate
transport blocker10, implicating intracellular gap junctional trafficking and extracellular
diffusion of lactate as important factors involved in dispersal of glucose-derived signals from
focally-activated cells. In cultured astrocytes, 0.1-1 mM halothane reduced Lucifer yellow dye
spread through gap junctions by about 75%83, whereas in cultured cardiac myocytes a higher
halothane level was required to partially (1.5 mM) or fully (2 mM) block gap junctional
current84. In our studies, the inhalation dose of halothane was ∼1% during the metabolic
labeling assay, and in rats given a halothane inhalation dose of 0.5% or 1.5%, the brain
halothane concentration is 40-50 μg/g85 (i.e., 0.2-0.25 mM) or 200 μg/g86 (i.e., 1 mM),
respectively. Because the solubility of halothane in fat and brain tissue is higher than in 0.9%
saline (about 125- and 3-to-8-fold, respectively87), the halothane concentration in brain
membranes would be much greater than that in brain water (∼80% of brain weight) and
anesthetic doses of halothane are likely to cause some inhibition of astrocytic gap junctional
communication, thereby restricting intracellular spreading of metabolites among coupled
astrocytes during activation. As described in more detail below, astrocytes in the inferior
colliculus are highly coupled by gap junctions, and as many as 12,000 astrocytes are
heterogeneously linked by gap junctional channels over a linear distance exceeding 1 mm28.

Total tissue lactate concentration in the inferior colliculus approximately doubles from the
resting level of ∼0.5-1 μmol/g to ∼1-2 μmol/g during sensory stimulation of the conscious rat,
and microdialysis studies show that extracellular lactate also rises 2-fold10. Probenecid blocks
lactate transporters and amplifies the tonotopic bands10, but it does not inhibit gap junctional
communication88, raising the intriguing possibility that neuronal generation and release of
lactate to extracellular fluid via transporters contributes to degradation of tonotopic bands. If
stimulus-induced increases in tissue lactate level were generated mainly by astrocytes and if
this lactate were trapped within astrocytes by probenecid treatment, the lactate would still be
able to spread widely within the large astrocytic syncytium of inferior colliculus, as shown for
a larger fluorescent dye, Lucifer yellow28. Lucifer yellow can diffuse from the center of the
slice of inferior colliculus to the collicular boundary within five min (the duration of glucose
labeling) after microinjection into a single astrocyte28.

To summarize, metabolites of [14C]DG are trapped within activated cells and generate the best
images of tonotopic bands evoked by acoustic stimulation. In contrast, two processes are
associated with dispersion of metabolites of [14C]glucose from activated cells, (i) spreading
within the activated structure, which blunts focal increases and peak-to-valley differences in
metabolic activity in the tonotopic bands, and (ii) release of labeled metabolites from activated
tissue, which reduces left-right differences. If local spreading were coupled to local metabolic
trapping, spatial resolution of activation would be reduced but overall left-right differences for
the activated structure would be similar to, or perhaps greater, than that obtained with [14C]
DG, but this is not the case, consistent with substantial loss of label. Gap junctional trafficking
in astrocytes, lactate transporters in astrocytes and neurons, and, perhaps, neuronal lactate
production, are involved in metabolite dispersion, which was next examined in more detail.

Metabolite diffusion in vivo
To evaluate the relative spreading of glucose metabolites within the inferior colliculus of
conscious rats during rest and acoustic activation, labeled compounds were micro-infused
directly into the inferior colliculus and the volume of tissue labeled determined10. The volume
labeled by an extracellular marker, [14C]inulin, was about twice that of [14C]DG, and labeling
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by both of these tracers was not altered by acoustic stimulation. The volume labeled by
[U-14C]glucose and its metabolites was three times that of DG during rest, and it fell by half
during activation, whereas labeling by U-14C-labeled lactate and glutamine (and their
metabolites), two metabolites known to be released to extracellular fluid, were about 30-50%
higher than DG during rest and increased by 23 and 49% (P<0.05), respectively, during acoustic
stimulation. These results demonstrate that the volume of tissue that took up and metabolized
the infused hexose (i.e., that registered by [14C]DG) was similar during rest and activation,
and downstream metabolites of glucose-6-P spread into a 3-fold larger volume during rest.
Because inulin spreading exceeded that of lactate and glutamine during rest and did not change
during activation, the increased spreading of lactate and glutamine during acoustic stimulation
may have involved intracellular routes. Also, the smaller volume of tissue labeled by glucose
and its metabolites during activation is consistent with increased metabolite release from
activated tissue, thereby reducing label spreading.

Metabolite spreading via the astrocytic syncytium
Amplification of tonotopic bands by halothane suggested that metabolite diffusion throughout
astrocytic gap junctions reduces resolution of brain images of focal activation when labeled
glucose is the tracer. This possibility is supported by our finding that two gap junction
inhibitors, glycyrrhetinic acid and oleamide, reduced the volume of labeled by microinfusion
of [1-14C]glucose tissue under resting conditions10. Because probenecid also enhanced the
tonotopic bands, we anticipated that lactate spreading would contribute to the large tissue
volume of labeled by microinfusion of [14C]glucose during rest. If this idea were correct, the
tissue volume labeled by [3,4-14C]glucose should equal or exceed that labeled by [1-14C]
glucose because lactate retains all of the label from both tracers, except that lost via the pentose
phosphate shunt pathway (Fig. 1). Surprisingly, we found that infusion of [3,4-14C]glucose
yielded a much lower labeled tissue volume, similar to that observed with [14C]DG10,
indicating that spreading of TCA cycle-derived metabolites (e.g., glutamine) is predominant
during resting conditions, and spreading of glutamine and lactate increases during acoustic
activation.

Lactate labeling and oxidation to generate 14CO2
Low label trapping in [14C]glucose autoradiographs could arise from release of labeled
lactate, 14CO2, or other diffusible compounds, and if glucose or lactate were quickly oxidized
in small metabolic compartments (e.g., synaptosomes and astrocytic endfeet) that do not readily
equilibrate with the large unlabeled amino acid pools (Figs. 1 and 3), 14CO2 production may
be greater than expected. This possibility was tested by continuous microinfusion of [3,4-14C]
glucose into interstitial fluid the inferior colliculus, and if the rate of lactate formation were
matched by local lactate oxidation via pyruvate dehydrogenase in nearby cells, the levels of
[14C]lactate and 14CO2 in extracellular fluid should be similar after a lag to label the metabolic
and extracellular pools. However, this was not the case, acidic compounds (including lactate
and pyruvate) accounted for 80% of the 14C in metabolites in the microdialysate
whereas 14CO2 accounted for only 20% when sampled at 10 min intervals before, during, and
after acoustic activation throughout the 60 min microinfusion interval (Cruz et al.,
unpublished). These results demonstrate that the intracellular metabolic pool of [14C]glucose-
derived lactate/pyruvate exchanges with and labels the extracellular pool, as expected from in
vitro studies showing that transmembrane lactate exchange is rapid compared to its
metabolism29, 45. We did not assess the lag between pyruvate/lactate labeling compared
to 14CO2 production, but previous studies by Cremer and colleagues89 showed that
interconversion of label between pyruvate and lactate via the cytoplasmic lactate
dehydrogenase reaction is faster than pyruvate transport into mitochondria, oxidative
decarboxylation by the pyruvate dehydrogenase complex, and incorporation of its label into
amino acids, but the lag time is short. At 10 sec after a bolus injection of [2-14C]pyruvate into
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the carotid artery of pentobarbital-anesthetized rats, 42% of the 14C in freeze-blown brain was
recovered in lactate and 12% in glutamate, glutamine, and aspartate, and at 50 sec these amino
acids accounted for 53% of the label compared to 23% for lactate89; oxidative metabolism of
pyruvate/lactate was rapid in spite of potent metabolic depression by pentobarbital90, 91.
Although the fate of labeled glucose inserted into interstitial fluid by microinfusion may differ
somewhat from that taken up from blood by normal tissue, the differences in labeling of lactate
and CO2 are large. Rapid pyruvate-lactate exchange labeling may amplify the initial labeling
of lactate, but the lag between lactate labeling and generation of labeled CO2 in conscious
stimulated rats is expected to be less than a minute. The 10 min sampling period for each
microdialysate collection interval allows for brief lags in metabolic labeling of lactate and
generation of CO2.

Constancy of the fraction of label recovered in extracellular acidic compounds suggests that
lactate labeling tracked the 2-fold increases in total and extracellular unlabeled lactate during
acoustic activation of conscious rats. In our studies, total lactate level rose from ∼1 to ∼2
μmol/g and, assuming similar intra- and extracellular concentrations at steady state and 20%
extracellular fluid space, about 0.4 μmol lactate/g would be extracellular. The overall glucose
utilization rate in the activated inferior colliculus10 is 1.08 μmol g−1 min−1 (it is 40% higher
in the major tonotopic band) and, because two molecules of pyruvate are formed from each
glucose, the rate of pyruvate formation would be about 2.2 μmol g−1 min−1. If the lactate pools
mix quickly and completely, the extracellular lactate could turn over in about 0.2 min compared
to a minute for the total lactate pool; brain lactate is a significant fuel reservoir.

To sum up, total tissue and extracellular unlabeled lactate rise by a similar magnitude during
acoustic activation. The lactate transport blocker probenecid enhances tonotopic bands but
does not interfere with astrocytic gap junctional trafficking (suggesting neuronal lactate
release), and labeling of extracellular lactate was much higher than that of CO2. These findings,
along with poor registration of metabolic activation by [1- and 6-14C]glucose, are consistent
with substantial efflux of labeled lactate to blood. In normal human subjects given [1-11C]
glucose PET scans, efflux of 11C-labeled acidic metabolites from brain to blood
precedes 11CO2 release22.

Release of labeled lactate via exchange-mediated efflux across the blood-brain barrier
Rapid exchange of labeled lactate generated in brain from [14C]glucose for unlabeled lactate
in blood could contribute to net label release from brain without net lactate transport across
the blood-brain barrier. If blood-brain lactate exchange reactions are substantial, they would
reduce the specific activity of the brain lactate/pyruvate pools, thereby reducing the flux of
label into the TCA cycle-derived amino acids. Carrier-mediated uptake of lactate from blood
to brain takes place in immature and adult brain, but suckling rats have much higher levels of
monocarboxylic acid transporters in the cerebral vasculature than adult rats and calculated rates
of lactate transport across the blood-brain barrier when the lactate level is 1-2 mM are 8-10-
fold greater in 15-18 day-old compared to adult rats92, 93. In suckling rats, lactate exchange
does markedly reduce the specific activity of brain lactate well below that of brain glucose
after metabolic labeling with [14C]glucose94. However, in adult rat brain the rates of
unidirectional lactate influx reported by three laboratories, 0.0692, 0.02-0.0495, and 0.1496
μmol g−1 min−1, are low compared to measured rates of pyruvate formation (i.e., twice the rate
of glucose utilization) in the entire resting and acoustic-activated inferior colliculus (1.5 and
2.2 μmol g−1 min−1, respectively) and in the major tonotopic band the rate of pyruvate
generation is even higher (2.8 μmol g−1 min−1)10. Thus, highest unidirectional lactate influx
rate is <6% of the rate of pyruvate formation from blood glucose in the activated inferior
colliculus, and lactate dilution should be low.
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Exchange-mediated loss of labeled lactate from the brain metabolic pool was an obvious
concern in early studies to develop a method using [14C]glucose to assay rates of brain glucose
utilization in vivo, and arteriovenous differences for [14C]lactate were assayed. 14C-lactate
efflux was reported to be small or not detectable in paralyzed-ventilated rats sedated with
N2O/O2 (70:30), with or without 0.5% halothane anesthesia100-102. In contrast, we observed
net efflux of equivalent amounts of labeled and unlabeled lactate from brain to blood in
conscious rats with cortical spreading depression14, 15. Lactate release was substantial, but it
accounted for only about half the magnitude of the underestimation of glucose utilization rate
assayed with [6-14C]glucose compared to [14C]DG14, 15. In these rats, the specific activity of
brain lactate was about half that of [6-14C]glucose, which is close to the theoretical maximum
of 0.5 ([6-14C]glucose generates two molecules of pyruvate, one that is labeled and one that is
not labeled). The relative specific activity of brain lactate was also close to 0.5 in normal
conscious adult rats during three activity stages, rest, somatosensory stimulation, and recovery
from stimulation39. There is some evidence for segregation of the blood-brain-exchangeable
lactate pool from the metabolic pool in the adult rat 97-99, but if substantial, compartmentation
of lactate taken up into brain would reduce the specific activity of purified brain lactate due to
mixing of all pools when tissue homogenates are prepared. Thus, in all of the above examples,
brain lactate dilution appears to be negligible.

In pulse intravenous labeling studies, an apparently-high relative specific activity for brain
lactate could arise from a faster fall in specific activity of brain glucose compared to brain
lactate. The specific activity of plasma glucose falls after reaching its peak level shortly after
the bolus injection, and brain glucose specific activity declines in parallel; the specific activities
of glucose in arterial plasma and brain are similar at 1, 3, and 10 min103. Because the rate of
decline of brain glucose specific activity is about 2-4% per min (calculated from data of
Hawkins et al.100 and Cremer et al.89), the difference in brain glucose and lactate specific
activities determined at 5-6 min after pulse labeling arising from a 2 min lag between glucose
and lactate labeling is expected to be <8% (the half-life of brain glucose is ∼1 min in conscious
resting rats104 and metabolic turnover would be faster during activation).

To sum up, two lines of evidence, low unidirectional lactate influx from blood to brain in the
adult rat and the high relative specific activity of brain lactate in conscious adult rats, support
the conclusion that the quantity of labeled lactate released by exchange-mediated efflux and
pool dilution is small compared to net release in the conscious adult rat. Because net lactate
release to blood did not explain the magnitude of underestimation of glucose utilization rate
determined with [6-14C]glucose in our earlier studies of spreading depression14, 15, we next
evaluated the possibility that there may be an unrecognized, alternative route for metabolite
efflux from brain.

A novel route for metabolite dispersal and clearance
Cerebral venous blood is a major sink for brain metabolites, but compounds released from
astrocytic endfeet may also removed from brain by flow of perivascular fluid that is powered
by arterial pulsations and can disperse horseradish peroxidase throughout the brain within
minutes23. There is no diffusion barrier between interstitial, perivascular, and cerebrospinal
(CSF) fluids, and extracellular can be removed from the brain by both absorption via arachnoid
membranes and transport across the cribriform plate to lymphatic system24,25.

To identify pathways linked to extracellular fluid in the inferior colliculus, Evans blue albumin
was microinfused into the inferior colliculus of conscious rats for different time intervals. The
procedure quickly labeled the meninges on the dorsal surface of the inferior colliculus, the
vasculature on the ventral region of the brain (e.g., Circle of Willis), and perivascular space
along the middle cerebral arteries, with higher labeling in the ipsilateral compared to
contralateral hemisphere (Cruz et al., unpublished). HPLC analysis of extracts of the dissected
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meninges and vasculature after microinfusion of [1-14C]glucose into the inferior colliculus for
5 min revealed labeled glucose, lactate, and other compounds. Infusion of D-[14C]lactate, a
non-metabolizable compound, also labeled the vasculature and meningial membranes. These
findings demonstrate that perivascular fluid flow is a novel route for removal of lactate and
other compounds from the inferior colliculus, and material cleared from brain via this pathway
would not be taken into account in assays of arteriovenous differences.

Summary: Discordant focal activation images in conscious adult rats in vivo
Increased glucose utilization evoked by monotonic acoustic stimulus is substantially
underestimated by autoradiographic assays using [1- and 6-14C]glucose due to decarboxylation
reactions, transporter-mediated lactate release, and astrocytic gap junctional trafficking.
Amplification of the tonotopic bands by probenecid, a lactate transport blocker that does not
impair astrocytic gap junctional trafficking, raises the intriguing possibility that lactate may be
generated in and released by neurons because lactate formed in astrocytes would still be able
to spread within the extensive syncytium and degrade tonotopic bands when astrocytic lactate
transporters are inhibited. During activation, total and extracellular levels of unlabeled and
labeled lactate level increase in parallel, and labeling of extracellular lactate exceeds
that 14CO2, consistent with net release of the high-specific activity lactate from brain tissue to
blood and perivascular drainage to the lymphatic system. Because the astrocytic syncytium
was implicated in trafficking of glucose metabolites, we next examined astrocytic gap
junctional communication in slices of the inferior colliculus.

GAP JUNCTION-MEDIATED TRANSFER OF SMALL MOLECULES
Astrocytes are interconnected via gap junctions and these channels are widely assumed to
facilitate intercellular transfer of molecules <1kDa, including nutrients and signaling
compounds105. Our autoradiographic studies do not have cellular resolution, but if highly-
coupled astrocytes metabolize a large fraction of the blood-borne glucose during brain
activation and if gap junction-mediated transfer of DG-6-P were unrestricted, spatial resolution
of focal brain activation in [14C]DG assays would be poor, yet this is not the case (Fig. 2). We,
therefore, directly examined two possible explanations, astrocytes may be poorly coupled in
the inferior colliculus and DG-6-P may not readily pass through gap junctional channels. A
third possibility, suggested by the probenecid studies, is that neurons generate most of the
diffusible lactate; this question has not been examined in the current studies due to technical
difficulties in quantitative determination of cellular labeling by [14C]DG or [14C]glucose.

A large astrocytic syncytium in the inferior colliculus
We first determined the distributions of the major astrocytic connexin (Cx) proteins, Cx43,
Cx30, and Cx26 in the inferior colliculus of the rat, and found widespread but heterogeneous
localization of the immunoreactive connexin proteins; most of the Cx43 was phosphorylated
during rest and acoustic stimulation28. Next, Lucifer yellow dye spreading was used to evaluate
the extent of coupling of astrocytes, and an extensive syncytial network was revealed. Using
a 5 min labeling period that corresponded to the brief glucose utilization assays (Fig. 2), an
average of about 6,100 astrocytes (range: 2,068-11,939) located as far as 1-1.5 mm from the
impaled cell were labeled by diffusion of Lucifer yellow from a micropipette inserted into a
single astrocyte located near the center of a tissue slice of the inferior colliculus28. Astrocytic
endfeet are known to be gap junction-coupled, and perivascular labeling by Lucifer yellow was
also extensive; the dye concentration in perivascular regions often exceeded that of nearby
neuropil by a factor of two. Thus, astrocytes have high capacity to quickly and heterogeneously
distribute intracellular molecules into a relatively large volume of the inferior colliculus. Gap
junction-mediated spreading throughout the large astrocytic syncytium could readily degrade
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resolution of brain images and contribute to failure of [14C]glucose to register tonotopic
activation bands (Fig. 2).

DG-6-P is a poor substrate for gap junctional transfer
Next we tested the hypothesis that astrocytic gap junctional transfer of glucose metabolites is
selective. Single astrocytes in culture or brain slices were impaled with a micropipette
containing a test compound plus an internal standard, a gap junction-permeable anionic
fluorescent dye, to quantify cellular coupling by determination of dye-labeled area. 2-NBDG,
a fluorescent glucose analog, and [3H]DG readily spread within the astrocytic syncytium,
whereas gap junctional transfer of glucose-6-P, DG-6-P, and NBDG-6-P was very low, labeling
areas about 10% (p<0.05) of the dyes or parent hexoses; syncytial trafficking of hexose-6-
phosphates is highly restricted (Gandhi et al., unpublished). These findings demonstrate that
brain imaging with labeled DG reflects metabolism in the cell where DG-6-P was generated,
and suggest that limited gap junctional permeability of glucose-6-P, a regulatory glycolytic
metabolite, might be important for local control of glycolytic flux. Minimal transfer of
hexose-6-phosphates through astrocytic gap junctions challenges the long-held notion of
unrestricted passage of small metabolites < ∼1 kDa105, including glucose-6-phosphate106,
107, through these channels.

Astrocytes have high capability for lactate uptake and intra-syncytial lactate shuttling
compared to neuronal uptake from extracellular fluid or from nearby astrocytes

Because our studies described above implicated astrocytes in metabolite dispersal, the next
experiments were designed to compare directly (i) lactate uptake from extracellular space into
astrocytes and neurons and (ii) transfer of lactate among gap junction-coupled astrocytes
compared to shuttling of lactate from astrocytes to neurons. To achieve this goal, we devised
a sensitive, micro-enzymatic assay for lactate to detect changes in lactate levels in single cells
in slices of inferior colliculus from adult brain. Results of ongoing studies clearly demonstrate
that astrocytes have a much higher capacity for uptake of extracellular lactate compared to
neurons (1.5- and 2.8-fold at 2 and 10 mM lactate, respectively; Gandhi et al., unpublished),
as predicted29 from the kinetic properties of astrocytic and neuronal monocarboxylic acid
transporters. Furthermore, intracellular astrocytic lactate is more readily dispersed to other gap
junction-coupled astrocytes than to neighboring neurons (2.4-fold; Gandhi et al., unpublished),
as expected from the lack of a membrane barrier between coupled cells within the large
astrocytic syncytium28. MCT2, the predominant neuronal monocarboxylic acid transporter,
has a Km for lactate of ∼0.7 mM, and when the local lactate concentration reaches or exceeds
the average tissue level of ∼2 mM in our activation studies, neuronal lactate transporters would
approach saturation and attain maximal velocity in a direction governed by the relative
intracellular and extracellular lactate concentrations and pH. Maximal transport of lactate to
or from neurons could result in diffusion of lactate in the interstitial fluid and astrocytic lactate
uptake and dispersion via the syncytium. In cultured neurons continuously exposed to 100
μM noradrenaline, expression of immunoreactive MCT2 rises by about 75% at 3 h and 4-fold
at 9 hours108. If this immuno-expression response corresponds to linear increases in neuronal
lactate transport capacity, the anticipated rise at 1h is 25%, which will not have any impact on
lactate shuttling or metabolism in 5 min stimulation studies in which [14C]glucose label
trapping is very low. On the other hand, MCT1 and MCT4 are predominant in astrocytes and
have higher Km's for lactate (3-5 mM and 15-30 mM, respectively) than MCT2. These
transporters would facilitate lactate trafficking to and from astrocytes at rates that rise with
local lactate level29,30, and this is what we observed experimentally in direct assays of lactate
uptake and shuttling in adult brain slices.

These studies identify three important factors relevant to metabolite trafficking during brain
activation in adult brain tissue 31, 32 (i) greater lactate uptake into and diffusion among
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astrocytes compared to lactate shuttling from astrocytes to neurons, (ii) trafficking of lactate,
glutamine, and other compounds from activated cells via the astrocytic syncytium and their
extensively gap junction-coupled perivascular endfeet, and (iii) the possibility of metabolite
release from endfeet into perivascular fluid, followed by clearance via transfer to blood or
removal by perivascular flow. Our data do not rule out some utilization of lactate by either or
both major cell types during brain activation, but they support the notion that metabolite
dispersal from unidentified activated cells and label release from activated tissue greatly exceed
local trapping of label from the additional glucose consumed during activation.

BRAIN ACTIVATION FREQUENTLY UP-REGULATES NON-OXIDATIVE
METABOLISM OF GLUCOSE MORE THAN OXYGEN CONSUMPTION

Two sets of observations, (i) failure of [6-14C]glucose to appropriately register the magnitude
of brain activation, and (ii) a greater increase in glucose consumption compared to oxygen
utilization in many studies of brain activation, demonstrate that there are significant changes
in the fate of labeled and unlabeled glucose when brain activity is stimulated by physiological
stimuli in normal, conscious rats. As described below, in vivo studies indicate that glycolytic
and oxidative pathway fluxes are increased in both astrocytes and neurons.

Oxygen-glucose stoichiometry
The ratio of the rate of oxygen to glucose utilization is denoted by CMRO2/CMRglc, where
CMR indicates the cerebral metabolic rate for oxygen or glucose (abbreviated as glc). The
theoretical maximum of this ratio is 6 because 6 O2 are required to oxidize 1 glucose to 6
CO2 + 6 H2O. A fall in this ratio from the normal value of close to 6 in resting brain indicates
a relative increase in non-oxidative metabolism of glucose, which could represent greater
lactate production, an increase in biosynthetic reactions (e.g., amino acid or glycogen
synthesis), or both.

The CMRO2/CMRglc ratio falls in many, but not all, studies that measured the oxygen-to-
glucose utilization ratio during brain activation in humans and experimental animals, and
metabolic changes appear to depend on the stimulus paradigm, duration, intensity, the neural
pathway and station in the pathway that is assayed, and physiological state of the subject33,
109. Global measurements of arteriovenous differences across the brain reveal substantial
decreases in the CMRO2/CMRglc ratio (Table 1), but these values probably underestimate the
magnitude of fall in the most highly-activated regions due to averaging of the contributions of
venous blood from structures that are not equally activated. For example, ratio fell from about
6 to about 5 when arteriovenous differences were assayed across the brain during
somatosensory stimulation of the rat38, but the magnitude of activation of cerebral cortex was
quite heterogeneous; some structures had large (almost 2-fold) increases in CMRglc, whereas
others had small or no metabolic changes41. Unfortunately, it is not possible to sample the
venous drainage of small brain structures that can be more uniformly activated, with the
exception of the eye. In fact, the lowest CMRO2/CMRglc ratios occur in the outer retina (0.5-1.4;
Table 1) due to high glycolytic metabolism of glucose and release of most of the glucose carbon
as lactate into the venous drainage of the eye. These findings are consistent with the eye being
an extremely glycolytic organ, particularly in predatory avian species, presumably because
high mitochondrial density reduces visual acuity110, 111. In the 19 activation studies in awake
humans tabulated by Rothman et al.109, six showed a 15-46% greater rise in CMRglc compared
to CMRO2, seven had a 5-11% greater increase in CMRglc, and five reported no difference in
the percent rise in CMRglc and CMRO2; curiously, CMRO2 rose 24% more than CMRglc in
one report, suggesting oxidation of alternative fuel or unidentified factors influenced the
determinations.
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The failure of CMRO2 to routinely match the rise of CMRglc is unexpected because the brain
has a large excess capacity for oxygen consumption that is revealed by Siesjö's review36 of
studies of global seizures. CMRO2 can readily increase by at least 50% even though it does not
match the concomitant rise in CMRglc

36 and, in one example, CMRO2 rose by about 2.5-fold
after global seizure onset and was sustained for two hours129. Local oxygen availability due
to proximity to the vasculature could be a factor during brain activation130, and, during
spreading cortical depression, increases in NADH fluorescence reveal local zones of relative
hypoxia between capillaries81. However, in activated brain, the blood-oxygen-level-
dependent functional magnetic resonance imaging effect (BOLD fMRI) indicates that, after
an initial lag, blood oxygen is usually delivered in excess of its consumption131. It is, therefore,
likely that normal functional activity preferentially up-regulates glycolysis.

The CMRO2/CMRglc metabolic ratio is generally calculated using only oxygen and glucose as
substrates, and does not include other minor oxidative substrates (e.g., lactate, glycogen, fatty
acids, and amino acids) that can be metabolized by brain cells in varying amounts under normal
activating conditions32,34 and under pathophysiological states35,36. Inclusion of net
consumption of minor substrates would lower the true CMRO2/CMRtotal fuel below the value
calculated CMRO2/CMRglc ratio, as demonstrated in studies in vigorously-exercising human
subjects (reviewed by Dalsgaard37); the higher the blood lactate level during exercise, the
greater its uptake into brain and the further the fall in the oxygen-to-carbohydrate utilization
ratio, from a resting value of about 6 to as low as 3.5 (Table 1). Under these conditions, nearly
half of the glucose plus lactate taken up into human brain from blood is not oxidized. Because
lactate does not accumulate in brain of exercising humans and the only metabolic fate of lactate
is via oxidation, much of the glucose taken up into brain from blood appears to have been
diverted into non-oxidative pathways (e.g., glycogen turnover) during strenuous muscular
activity37. These results illustrate the importance of taking into account the contributions of
blood lactate and other endogenous metabolites to oxygen/glucose utilization ratios in working
brain. Non-oxidative metabolism can be substantial even when cerebral blood flow rises and
blood oxygen levels are normal, and, as discussed below, the biochemical and cellular basis
of the flux changes are not trivial to elucidate in vivo.

Metabolic activation in conscious rats in vivo
Studies in experimental animals have the advantage that metabolite levels and labeling patterns
can be directly measured and correlated with results obtained by determination of arteriovenous
differences. Generalized sensory stimulation of normal conscious rats increases cerebral blood
flow and oxygen consumption but the 30% rise in CMRO2 did not match the 44% increase in
CMRglc

38. Incorporation of 14C from [6-14C]glucose into the labeled metabolites retained
within the brain at the end of the 5 min labeling period rose 26%, and large fraction of the
additional 14C trapped during activation was recovered in purified glutamate and GABA39.
These results suggest that neuronal glycolytic and TCA cycle fluxes were enhanced because
the large glutamate pool is neuronal and glutamate labeling is interpreted in terms of neuronal
oxidation of glucose in MRS studies. A maximum of 20-25% increase in total label trapping
in activated structures after pulse labeling with [6-14C]glucose was also observed during graded
visual8 and acoustic10 stimulation of the normal conscious rat. Astrocytic glycolytic, oxidative
and anaplerotic metabolism also increases during in vivo sensory stimulation. Acetate
oxidation by astrocytes rises 15-25% in structures activated by auditory and visual
stimulation20,21, CO2 fixation is higher in awake compared to anesthetized rats112, and
glycogen turnover, which is also mainly astrocytic, is heterogeneously enhanced during
multimodal sensory stimulation; in fact, glycogen turnover appears to account for about half
of the additional glucose consumed in the sensory and parietal cortex in response to whisker
stimulation38,40,41. Net accumulation of unlabeled lactate in brain tissue during sensory
stimulation only accounted for about half of the glucose consumed in excess of oxygen38. The
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cellular origin of this lactate is unknown, but, on the basis of its specific activity (about half
that of [6-14C]glucose), it was ultimately derived mainly from blood-borne glucose39. Because
the specific activity of lactate is much higher than those of other diffusible metabolites of
[6-14C]glucose (e.g., 5.8 times that of glutamine and almost twice that of alanine, which is also
derived from pyruvate39), lactate is likely to be the major contributor to 14C release from
activated brain. To summarize, activity-induced changes in functional metabolism are complex
and involve glycolytic and oxidative metabolism in neurons and astrocytes; the proportion of
glucose consumed by each major cell type during brain activation remains to be established.

Activation-induced change in brain lactate level: a minor fraction of glucose utilization
An increase in brain lactate level is often interpreted as a reflection of increased glycolysis
(i.e., the rate of pyruvate formation exceeds that of pyruvate oxidation), but additional
information is needed to interpret lactate concentration changes. The net rise in total brain
tissue and extracellular lactate levels during physiological stimulation paradigms in normal
subjects is generally quite small and corresponds to a minor fraction of the pyruvate/lactate
generated from glucose. For example, in our studies in conscious rats, the 2-fold rise in the
tissue lactate from ∼0.5-1 μmol/g during rest to ∼1-2 μmol/g during brain activation10,38,
39,41-44 corresponds to only approximately 5% of the quantity of glucose metabolized during
a 5-10 min period of brain activation38,41. Similarly small proportions of labeled lactate in
brain are obtained after pulse labeling with [6-14C]glucose; the 14C recovered in purified brain
lactate accounts for only 4 or 8% of the total 14C retained in the brain metabolite pool during
rest or sensory stimulation, respectively39. The quantity of net lactate accumulation in
activated brain is equivalent to about 0.25-0.5 μmol glucose/g, which could be metabolized
within about 30 sec in the activated cortex or inferior colliculus. Other studies in humans or
anesthetized rats report even smaller changes in brain lactate concentration during
activation44, 113. Some lactate may be metabolized in brain, but endogenous lactate is not an
major fuel reservoir; the flux through the brain lactate pools in vivo and the ultimate fates of
lactate remain to be established.

Equilibrative reactions mediate lactate formation and transport
Because the lactate dehydrogenase reaction is defined by the relationship, [NADH]/[NAD+]
= [lactate]/[pyruvate] × K/[H+] (K is the equilibrium constant)114 and lactate is co-transported
along with H+ by the MCT transporters26, local lactate levels are influenced by many factors,
including the relative rates of pyruvate formation and oxidation, pH, other [NADH]/[NAD]-
dependent metabolic and shuttling reactions, and lactate concentration gradients114, 115. The
free cytoplasmic [NAD]/[NADH] ratio in freeze-blown rat brain tissue is calculated to be about
670114 and the measured brain lactate/pyruvate ratio is in the range of 10-1336, 114. In
electrically-stimulated brain slices the changes in total NAD(P)H fluorescence (denoted as
ΔF/F) are typically relatively small, in the range of ±4-8%77-80, in spite of substantial
differences in the magnitude and duration of stimulation in these studies, as well as the
pathways and cellular structures to which the metabolic changes are ascribed. These findings
suggest that NADH turnover greatly exceeds its net concentration change (as is the case for
brain lactate), underscoring the importance of obtaining additional information from a variety
of experimental conditions to interpret the functional significance and cellular localization of
changes in NAD(P)H fluorescence.

A rise in intracellular pyruvate level may be necessary to increase flux through the regulated
pyruvate dehydrogenase reaction, and an increase in lactate level may simply reflect changes
in pyruvate concentration. The Km of pyruvate dehydrogenase (PDH) for pyruvate (0.02-0.06
mM46) is similar to the pyruvate concentration in normal brain (range: ∼0.05-0.15 μmol/
g36, 114), and increased glycolytic and glycogenolytic fluxes would be expected to raise
intracellular pyruvate level and contribute to increasing the velocity of the pyruvate
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dehydrogenase reaction until the enzyme becomes saturated. Because maximal lactate
dehydrogenase activity (Vmax = 60-70 μmol min−1 g wet wt−1 when assayed in extracts of
mouse and human brain) is 15-70-fold higher than maximal pyruvate dehydrogenase activity
(Vmax = 1-4 μmol min−1 g wet wt−1)47, pyruvate and lactate levels should quickly equilibrate.
Thus, modest shifts in pyruvate concentration that arise from normal fluctuations in CMRglc
should be accompanied by corresponding proportionate changes in tissue lactate level. In fact,
in normal, control (‘resting’) brain tissue there is a linear relationship between measured lactate
and pyruvate concentrations (Fig. 4, solid line), suggesting that “small” (i.e., <2-fold)
increases in lactate level within the normal range may represent pyruvate-lactate equilibration.
In contrast, when oxidative metabolism is compromised, e.g., during carbon monoxide
poisoning and recovery from transient ischemia, ‘excess’ lactate is produced and the lactate/
pyruvate ratio rises, as illustrated by the data points that fall above the dashed lines in Fig. 4;
the dashed lines are extrapolated in both directions from the solid linear regression line for
control values. Notably, the lactate/pyruvate ratio can also increase even when lactate and
pyruvate levels are reduced (Fig. 4), such as during hypercapnia, which causes tissue
acidification48, depresses the calculated rate of brain glucose utilization, and apparently
stimulates oxidation of endogenous substrates35. Thus, a fall in lactate or pyruvate level may,
but need not, reflect increased oxidation of these substrates; a decrease can arise from a lower
production rate when its rate of consumption or diffusion away from the sampling site is
constant.

To sum up, lactate is generated and transported by passive, concentration-driven reactions,
contrasting the tightly-regulated metabolism of glucose via the glycolytic and oxidative
pathways. Lactate levels are the net result of all input and output processes, including transport
to and from blood, diffusion within brain, generation from glucose, glycogen or other
precursors, and oxidative metabolism in all cell types29,45,49. As emphasized by Veech115,
“measurements of lactate content per se are able to provide relatively little information other
than the level of lactate itself.”

Low energetic cost of release of excess lactate from brain during activation
Co-transport of lactate and H+ out of glycolytically-active cellular structures and rapid removal
of these by-products by various processes would serve two functions, (i) to ‘pull’ regeneration
of NAD+ from NADH by product (lactate) removal and (ii) to help minimize intracellular
acidosis. These functions may be more important to overall cellular energetics than release of
a high-energy fuel because delivery of glucose from blood to brain is not limiting under normal
physiological conditions. Brain glucose concentration is maintained within the normal range
during sensory stimulation and brain-to-plasma ratio for glucose is close to its usual value of
0.228,38,41. Matching of glucose supply with local demand can be sustained over a large range
of metabolic rates because the maximal capacity for glucose transport from blood to brain
(Tmax) is about 3-fold higher than maximal brain hexokinase velocity (Vmax); unidirectional
glucose influx into brain exceeds its phosphorylation rate55, 116. It is possible that transient
reduction of local glucose level may occur just after onset of an intense stimulus, and in
astrocytes fuel demand may be buffered by glycogen. More recent studies of glucose dynamics
in vivo and in cultured brain cells show that this process is quite complex, involving regulation
of glucose transporters at a cellular level according to demand117-119. To sum up, under
normal conditions, glucose is delivered to brain in excess of its utilization, glucose and lactate
transporters are equilibrative, and the lactate can be readily oxidized by other body tissues. If
some glucose is metabolized only to the level of lactate in brain cells, then released from brain,
there is little, if any, energetic cost. From the perspective of whole-body metabolism, fuel is
not wasted.
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CELLULAR BASIS OF BRAIN GLUCOSE UTILIZATION IN VIVO DURING REST
AND ACTIVATION
Cellular localization of CMRglc

The fraction of glucose consumed by astrocytes and neurons has been of intense interest for
more than 30 years. Routine 14C-autoradiographic assays do not have cellular resolution, and
studies to identify metabolically-labeled cells have been hindered by a number of serious
technical difficulties, particularly quantitative retention of labeled metabolites in cells and
tissue during histological processing to identify cell type; losses can be as high as 90%
120-123. Even in the most recent studies with about 50% label retention124 or in vivo assays
using a fluorescent glucose analog125, the best estimates suggest that overall glucose
utilization rates in astrocytes and neurons are similar under resting conditions. However,
specific subsets neurons and astrocytes are more metabolically active than others during resting
conditions and accumulate high levels of [3H]DG compared to other cells126, 127. During
swimming or rotation paradigms increased neuronal trapping of labeled DG occurs in
activated structures120, 121. Increased neuronal glucose utilization during in vivo activation
is consistent with the large excess capacity of synaptosomes to carry out glycolysis and
respiration. Synaptosomal glycolytic rate increased 10-fold for at least 30 min and respiration
rose 6-fold after addition of an uncoupler (FCCP, carbonylcyanide p-
trifluoromethoxyphenylhydrozone)128. Thus, neurons can upregulate glucose utilization to a
greater extent than respiration and if this occurs during physiological stimulation, neurons can
contribute to the fall in CMRO2/CMRglc.

Metabolic anatomy
In the late 1980's, Collins and co-workers8 and Lear and Ackermann9,11, 12, 13 suggested
that substantial increases in glycolysis and lactate release during brain activation in vivo
explained the differences in product trapping in autoradiographic studies using labeled glucose
compared to DG. Analysis of local capillary density, glucose utilization rate, and activities of
lactate dehydrogenase and cytochrome oxidase revealed distinct differences in local glycolytic
and oxidative capacities that were partly associated with pathway specificity132. These and
related studies of the metabolic architecture of brain led Collins133 to propose the notion of
‘red brain and white brain’; local differences in relative oxidative and glycolytic capacities
were related to the type of synaptic input (excitatory or inhibitory), the type of physiological
activity (tonic compared to brief phasic activity), and the history of the structure (metabolic
re-modeling can take place), and compared to metabolic specialization of oxidative and
glycolytic muscle fibers that underlies lactate shuttling among peripheral tissues134-136.

In cardiac muscle, disposal of NADH was identified as a rate-limiting factor that causes lactate
production because utilization of glucose and lactate was not sustained under progressively-
increasing work loads, whereas pyruvate oxidation and oxygen consumption increased linearly
over the same range137; this limitation may also contribute to lactate production in brain cells
(see below, ‘redox shuttles’). In smooth vascular muscle, the NADH/NAD redox state of
glycolytic compartments and tissue lactate level remain relatively constant in spite of
substantial differences in glycolytic flux and lactate production caused by varying Na+,-K+-
ATPase activity138. These data support the notion that redox state, NAD(P)H fluorescence
(ΔF/F), and lactate level do not provide sufficient information to evaluate changes in metabolic
fluxes in muscle or brain. Finally, functional compartmentation of glycogen- and exogenous
glucose-derived glycolytic fluxes in vascular smooth muscle is quite complex, with parallel
non-mixing glycolytic pathways, one involving preferential oxidative metabolism of glycogen,
the other, release of lactate derived from exogenous glucose in conjunction with pumping of
sodium and potassium139-144; this degree of metabolic complexity has not yet been
established in brain cells.
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Cytoplasm-mitochondria redox shuttles
In brain, the malate-aspartate shuttle is the major redox shuttle that transfers reducing
equivalents from glycolytically-produced NADH to the mitochondrial electron transport chain.
The activity of this shuttle in adult brain astrocytes has been debated because the amount of
detectable immunoreactive aspartate/glutamate carrier protein, a critical component of the
malate-aspartate shuttle, is low in adult astrocytes compared to adult neurons, whereas this
carrier is detectable in astrocytes in immature brain tissue and cultured astrocytes145-147. The
apparently-low capacity of adult astrocytes for the malate-aspartate shuttle would be a key
contributory factor for predominance of glycolysis and lactate production in astrocytes.
However, the above studies did not appear to use antigen retrieval techniques to improve
detection of the aspartate/glutamate carrier protein; retrieval procedures substantially increase
the detectable amount of immunoreactive heat shock protein 70 in brain tissue148.

Because astrocytes require pyruvate for oxidation and anaplerotic reactions, an alternative
mechanism for adult brain astrocytes to obtain pyruvate has been proposed by Cerdán and
colleagues149, 150. Their redox switch/redox coupling hypothesis involves a transcellular
redox system in which lactate generated in astrocytes is released and taken up by neurons, then
converted to pyruvate, which is then released and taken up and oxidized by astrocytes. Thus,
redox limitations and shuttling could modulate cellular glucose fluxes in astrocytes and
neurons, provide energy to neurons, and return oxidizable pyruvate to astrocytes; many
complex processes may contribute to astrocyte-neuron metabolic interactions.

Oxidative capabilities of adult astrocytes
Astrocytes have glycolytic, glycogenolytic, and oxidative capacities32, 152, 153, and their
highly-specialized subcellular structures may use glycolytic or oxidative pathways to sustain
specific functions. For example, the filopodial processes of astrocytes surround and interact
with synapses; filopodia are very thin and were reported to have a paucity of mitochondria,
leading to our previous suggestion that these structures may be highly glycolytic31,32.
However, identification of cellular processes in electron microscopic studies is difficult due to
lack of appropriate markers, and a recent study by Lovatt, Nedergaard, and colleagues151 using
transgenic mice that express green fluorescent protein in astrocytes clearly demonstrates the
abundance of mitochondria in perisynaptic astrocytic processes. In fact, the relative density of
cortical astrocytic mitochondria in green fluorescent protein-positive processes was about 66%
greater than in the surrounding neuropil, indicating a higher oxidative capacity in perisynaptic
astrocytic processes than nearby neuronal elements151. Furthermore, the astrocytes acutely
isolated from adult mice express transcripts for NAD/NADH mitochondrial shuttle systems
and they are capable of oxidative metabolism of glucose (i.e., incorporation of label from
[13C]glucose into TCA cycle intermediates and TCA cycle-derived amino acids), pyruvate
recycling (i.e., the ability to completely degrade glutamate and other compounds by exit of
malate from the TCA cycle, conversion of malate to pyruvate, and oxidation of pyruvate), and
pyruvate carboxylation (the anaplerotic process necessary for de novo biosynthesis of TCA
cycle-derived amino acids)151.

The ability of isolated adult murine astrocytes to oxidize [13C]glucose infers active redox
shuttling to transfer reducing equivalents from the NADH generated via glycolysis to the
electron transport chain in mitochondria. This capacity is consistent with astrocytic oxidation
of interstitial [14C]lactate and [14C]glucose to 14CO2 when the labeled substrates were
delivered into brain of normal, conscious adult rats by microdialysis54. Astrocytic oxidation
was inferred from inclusion of fluorocitrate in the perfusate to inhibit astrocytic aconitase54,
and interpretation of these results depends on the specificity of blockade of the astrocytic
compared to the neuronal TCA cycle; cell-selective action is dose dependent. Although there
is some uncertainty of the actual drug dose delivered to tissue, the extent of transfer of various
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compounds across microdialysis membranes is typically ∼10-15%, so tissue inhibitor levels
are anticipated to be about 7-10 times lower than the 5, 20, or 100 μM fluorocitrate perfused
through the dialysis probe54. Inhibitor specificity for astrocytes is suggested by assays in
guinea pig hippocampal synaptosomes; a 10-fold higher fluoroacetate concentration did not
deplete ATP levels154, 155. When slices were incubated in artificial cerebrospinal fluid
containing 10 mM glucose plus 1 mM fluoroacetate for 30 min, synaptic transmission was
impaired and the slice ATP level was reduced 35%; similar incubations did not alter the ATP
content of the synaptosomal preparation but did reduce the ATP level in glioma cells by 65%
154, 155. In these studies, synaptosomal glycolysis is unlikely to compensate for severe
impairment of mitochondrial ATP production because synaptosomal ATP concentration fell
by about 70% after treatment of with cyanide or the uncoupler FCCP128. To summarize, adult
brain astrocytes can oxidize glucose, and although glucose oxidation is calculated to be much
lower than in neurons in MRS studies75, it is likely that oxidative metabolism plays important
roles in the perisynaptic processes, soma, and endfeet of astrocytes.

Glycolysis in neurons
Neuronal functions have a critical but unidentified dependence on glucose that has been
repeatedly demonstrated in studies in brain slices from adult rodents since the 1970-1980's.
For example, replacement of glucose by various alternative substrates, such as mannose,
fructose, lactate, and pyruvate, can maintain slice ATP concentrations within 80-90% of control
but, depending on the specific procedure used for slice preparation and its duration, these
alternative substrates may or may not sustain evoked population spikes even though energy
levels are adequate50,51. Thus, glucose has a critical role in maintaining synaptic transmission
that is independent of energy generation, and this specific requirement for glucose is removed
after about 30 min of metabolic stress by an unidentified process that depends on calcium entry
into the cell51. Conceivably, activation of the AMP-dependent protein kinase system, a
‘metabolic sensor’ that can be activated by calcium and serve neuroprotective
functions156-158, may participate in adaptive processes in postischemic brain slices. Critical
roles of glucose are also evident in other experimental systems, and cultured glutamatergic
neurons show a dependence on glucose to maintain neurotransmitter homeostasis during
synaptic activity52. The specific neuronal functions that rely on glycolytic metabolism remain
to be established, but may include generation of NADPH by the pentose phosphate shunt
pathway and packaging of glutamate into synaptic vesicles. Preferential utilization of
glycolytic ATP for glutamate transport into synaptic vesicles is conferred by binding of
glyceraldehyde phosphate dehydrogenase and 3-phosphoglycerate kinase to vesicular
membranes53, and vesicular glutamate loading directly ties neuronal glycolysis to excitatory
neurotransmission.

Cell-to-cell lactate shuttling
The concept of the astrocyte-to-neuron lactate shuttle was formulated in 1994 by Pellerin and
Magistretti159, who observed that sodium-dependent glutamate uptake into cultured astrocytes
stimulated glucose utilization and lactate release to the culture medium; the glycolytic
stimulation by glutamate was not inhibited by glutamate receptor antagonists (D-AP5, CNQX,
L-AP3, or L-AP4) and glutamate receptor agonists did not mimic the glutamate effects,
whereas a glutamate transport inhibitor and a Na+,-K+-ATPase blocker did abolish the
metabolic stimulation. Based on these in vitro findings, excitatory glutamatergic
neurotransmission was proposed to increase astrocytic glycolysis, followed by release of
lactate that may be taken up and oxidized in neurons. Aspects of this concept have been
modified and refined in the intervening years since the initial report, and interested readers are
referred to more recent reviews75, 160, 161 and references cited therein for the details and
proposed circumstances of its applicability. Calculated rates of glucose oxidation in neurons
determined by MRS are considerably higher than in astrocytes, and these findings have been
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incorporated into a model supporting lactate shuttling from astrocytes to neurons, while
allowing for some lactate efflux from activated tissue75. Further development of metabolic
modeling approaches75, 76, 162, 163 in conjunction with greater sensitivity of MRS assays is
anticipated to lead more accurate determination cellular metabolic fluxes in brain in vivo.

The lactate shuttle hypothesis has brought a lot of attention to astrocytic energetics, to potential
contributions of astrocytes to brain imaging, and to neuron-astrocyte metabolic interactions,
but it is also controversial30, 33, 49, 164 for a number of reasons, including (i) glutamate-
induced stimulation of glucose utilization and lactate production in cultured astrocytes is not
a universal finding, (ii) the proportion of glucose consumed by astrocytes and neurons in brain
in vivo during activation in normal conscious subjects is not known, (iii) the cellular origin
and fate of lactate produced in vivo in normal conscious subjects must be established under
various paradigms of activation involving different neural pathways, and (iv) the quantity of
net cell-to-cell shuttling and oxidation of lactate compared to lactate release must be
determined.

Glutamate-induced glycolysis in vitro
Some laboratories consistently observe the in vitro glutamate-induced glycolytic response,
whereas others do not (summarized in Tables 5 and 6 in ref.33 and Figs 2 and 3 in ref.165).
The reasons for this apparent discrepancy have not been elucidated, but a key issue is oxidative
capacities of different astrocyte culture preparations and whether oxidation of glucose,
glutamate, or other substrates also supports the energetics sodium extrusion and glutamate
conversion to glutamine in astrocytes in vitro and in vivo. For example, glutamate markedly
stimulates oxygen consumption by cultured astrocytes166, it is well established that astrocytes
oxidize glutamate and the fraction oxidized compared to that converted to glutamine rises as
extracellular glutamate concentration is increased167, and an astrocyte preparation that does
not increase CMRglc during exposure L-glutamate does show an increase in CMRglc when
glutamate is replaced with D-aspartate, a transportable, non-metabolizable analog168. Culture
conditions and developmental plasticity can influence oxidative capability, and, for example,
oxidation of glucose and lactate by astrocytes grown in a culture medium containing 20-25
mM glucose is half that of cultures grown in low glucose169. However, astrocytes grown in
parallel in low or high glucose and assayed under different conditions showed no increase in
glucose utilization or lactate release during exposure to 0.2 or 1 mM glutamate (see Table 6 in
ref. 33). Thus, unidentified factors have a high impact on the astrocytic glutamate-response
phenotype, and extrapolation of data from in vitro studies to in vivo activities must be made
with caution. The recent discovery of mitochondrial abundance in perisynaptic astrocytic
processes in adult mice151 strengthens the likelihood that oxidative metabolism contributes
to the astrocytic energetics of excitatory neurotransmission32.

Neuronal roles in lactate generation during activation
As noted above, synaptosomes have considerable excess glycolytic capacity128, and metabolic
modeling of energy supply and demand based on kinetic properties, distributions, and levels
of glucose and lactate transporters led Simpson and colleagues to conclude that glucose uptake
and metabolism and generation of lactate transients is mainly neuronal27. This conclusion is
strongly supported by a recent study by Caesar et al.113 who showed that postsynaptic neuronal
activation governs the activity-dependent increases in CMRglc and lactate concentration. The
stimulus-induced rise in glucose consumption and the increase in extracellular lactate level in
cerebellum of anesthetized rats were both blocked by CNQX113, a glutamate (AMPA) receptor
antagonist that does not to inhibit the glutamate-induced rise in CMRglc in cultured
astrocytes159. Because glutamate will be continuously taken up into cerebellar astrocytes
during CNQX treatment, the in vivo stimulus-induced glycolytic activity is not related to
glutamate uptake. Activity-dependent stimulation of blood flow and CMRO2 in various rat
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brain structures is dependent on postsynaptic glutamate AMPA or NMDA receptor activity
(see studies cited by Caesar et al.113), and postsynaptic neuronal activation involving
mitochondrial dynamics has been linked to NAD(P)H transients in hippocampal slices by
Shuttleworth and colleagues77, 79, 80. These findings emphasize the importance of inclusion
of neuronal glucose utilization and lactate production into modeling of functional metabolism;
astrocytic glutamate uptake is not necessarily the major or the only factor governing lactate
generation during brain activation in vivo.

Quantification of lactate utilization and release
Functional activity alters fluxes in many pathways, and large fraction of the labeled metabolites
of [1- and 6-14C]glucose consumed during activation over and above that utilized during rest
is quickly released from activated tissue, probably mainly as lactate (Fig. 5). Lactate release
from activated cells may be necessary to sustain high, local glycolytic activity, but the energetic
cost of lactate release would be negligible during most normal stimulatory conditions. This
lactate may, in part, be consumed by other brain regions, but labeling gradients from focally-
activated areas into adjacent non-activated tissue are not obvious in autoradiographic studies,
suggesting that widespread distribution may slightly increase overall labeling throughout the
brain, along with substantial release to blood via multiple routes. Quantification of the fate of
lactate in brain in vivo is a major challenge to neurochemists.

The functional anatomy of astrocytes suggests that they have major roles in metabolite
trafficking involving rapid distribution within large, heterogeneous syncytia (Fig. 5).
Astrocytes have a higher capacity than neurons for lactate uptake from extracellular fluid of
brain slices and for lactate dispersal to other coupled astrocytes compared to shuttling to nearby
neurons. Astrocytes are poised to interact with local and distant major fluid pathways in brain
because their processes and endfeet are highly coupled by gap junctions and the endfeet are in
close proximity to the cerebral vasculature, perivascular fluid, and cerebrospinal fluid. Thus,
astrocytic gap junction-coupled syncytium can be used to transport nutrients from blood to
inter-capillary sites, as well as rapidly disperse metabolic by-products from activated cells to
blood, CSF, and perivascular fluid drainage systems. Because astrocytes have close apposition
to synapses, the concept of the tripartite synapse comprised of pre- and post-synaptic neuronal
elements plus synaptically-associated astrocytes170 should be expanded to include the large
astrocytic syncytium linked to each perisynaptic astrocyte.

COMPLEX BIOLOGY UNDERLYING BRAIN IMAGES: CLINICAL
IMPLICATIONS

Brain images reflect the biochemical reactions and cellular physiology of the living brain and
may provide deceptively simple pictures of brain activation and neurological disease (Fig. 6).
In the simplest case, [14C]DG and 18F[FDG] images represent hexokinase activity, and glucose
utilization rates calculated from DG or FDG phosphorylation correspond to glucose utilization
under steady state conditions. Under pathophysiological conditions in which glucose levels are
abnormal, especially during hypoglycemia, or when the properties of hexokinase differ (e.g.,
in tumors), appropriate corrections to the usual calculation factors must be made. PET images
derived from [11C]glucose and MRS studies using [13C]glucose are much more complex
because the quantities and identities of the labeled compounds released from the brain are not
known unless additional studies are carried out. Thus, increased glycolysis associated with
massive lactate release during an energy crisis would be registered by FDG-PET images but
not by [11C]glucose-PET or [13C]glucose-MRS assays. Many neurodegenerative diseases are
associated with progressive mitochondrial dysfunction, and the temporal changes in functional
activity of brain structures affected by these diseases are often tracked by FDG-PET. In these
cases, caution must be applied to interpretation of results, since oxidative deficits would
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probably lead to compensatory increases in glycolysis. Thus, FDG-PET images may appear to
be normal or, perhaps, somewhat higher than normal until irreversible damage ensues and
metabolic rates fall as cells die. In these cases, the earliest phases of the disease would not be
detected and appropriately treated in a timely manner; treatments may, in fact, be initiated
during the irreversible stages of cellular damage. Also, many long-term diseases with
cardiovascular complications involve changes in the basement membranes of cerebral vessels.
Vascular membrane thickening has the potential to alter pulsatile perivascular flow and impair
nutrient trafficking to and from brain, and abnormal delivery and clearance of imaging tracers
and their metabolites could affect PET and MRS studies of brain disease. A better
understanding the biology of interactions among neurons, glia, and the vasculature is necessary
to improve interpretation of images of brain activation and disease.
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Fig. 1. Metabolic labeling by deoxyglucose and glucose
The schematic illustrates the major pathways for metabolism of 2-deoxy-D-glucose (DG), 2-
deoxy-2-fluoro-D-glucose (FDG), and glucose, plus sites of 14CO2 release from 14C-labeled
glucose.
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Fig. 2. Focal acoustic activation of the inferior colliculus in the conscious rat is underestimated with
[1- or 6-14C]glucose compared to [14C]deoxyglucose
Functional metabolic activity was assayed during a unilateral monotonic (8 kHz tone at 103
dB) acoustic stimulation of conscious rats with the fully quantitative [14C]deoxyglucose (DG)
method using the routine 45 experimental period, or using 5 min experimental periods and
pulse-labeling with [14C]DG, [1- or 6-14C]glucose, or [2-14C]acetate. Autoradiographs were
prepared from serial coronal sections of brain; the higher the optical density the greater the
tissue 14C level, which is color coded in each panel as glucose utilization rate or tissue
concentration10. Tonotopic bands of activated cells in the inferior colliculus (arrows) in the
activated (right) hemisphere are most evident in rats pulse-labeled with [14C]DG for 45 or 5
min; crossover of fibers in the auditory pathway causes some activation of the contralateral
inferior colliculus, which is most evident in the [14C]DG autoradiographs. Tonotopic bands
are also detectable with [6-14C]glucose, but not with [1-14C]glucose or [2-14C]acetate (see
text). DG and glucose are metabolized by all brain cells, whereas acetate is preferentially taken
up and oxidized by astrocytes19.
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Fig. 3. Schematic illustrating pathways for label loss arising from glycolysis or oxidation of [14C]
glucose or [14C]glucose-derived lactate to 14CO2 in small metabolic compartment(s)
Autoradiographic studies using [1- or 6-14C]glucose demonstrate that most of the label
corresponding to the additional glucose consumed in focally-stimulated tissue is not retained
in activated structures (see Fig. 2 and text). Diffusible and volatile compounds are most likely
to be released after generation of pyruvate or lactate by the glycolytic pathway, followed by
oxidation in the cell where formed or after its putative shuttling among neurons or astrocytes.
If glucose or lactate were rapidly and locally oxidized in a small metabolic compartment that
does not quickly equilibrate with the large amino acid pools that would facilitate dilution and
trapping of label, then appearance of 14CO2 in the interstitial fluid would be expected to show
a temporal profile similar to that of [14C]lactate when extracellular fluid is sampled by
microdialysis (see text).

Dienel and Cruz Page 31

Ann N Y Acad Sci. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Brain lactate level as function of brain pyruvate concentration in normal and
pathophysiological conditions
Brain lactate and pyruvate concentrations determined in brain of normal control rats were
compiled from studies in different laboratories35,48,56-59. The solid line is the linear
regression (r2 = 0.903) for the control values (open squares); the dashed lines denote
extrapolation of the regression line above and below the normal range and they serve as
references to easily identify levels of lactate formed in ‘excess’ of pyruvate under abnormal
conditions. Data sets are also plotted for paired lactate-pyruvate levels determined in carbon
monoxide-treated rats56, postischemic rats with different pre-ischemic glucose levels57, rats
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exposed to 20% CO2 for intervals up to 60 min35, and rats exposed to different levels of
CO2 for a fixed time48.
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Fig. 5. Summary of key aspects of glucose metabolism during brain activation and probable roles
of astrocytes in metabolite spreading and release from brain
Increased functional activity stimulates fluxes of glucose into different pathways, leading to
discordant brain images obtained with [1- and 6-14C]glucose compared to [14C]deoxyglucose;
the magnitude of glucose utilization is greatly underestimated with [14C]glucose. Astrocytes
have specialized metabolic compartments, and metabolites generated from labeled glucose can
spread in neurons or astrocytes via intra- and extracellular routes, thereby influencing local
levels of labeled metabolites. Gap junction-coupled astrocytes form a large syncytium and the
endfeet interface with the major fluid transport systems in brain: blood, interstitial fluid, and
cerebrospinal fluid.

Dienel and Cruz Page 34

Ann N Y Acad Sci. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6. Imaging neurodegenerative diseases
Slow, progressive evolution of mitochondrial damage may lead to compensatory increases in
glycolysis. Increased glycolytic utilization of glucose would be registered by [18F]
fluorodeoxyglucose (FDG)-positron emission tomographic (PET) studies, but not by use of
labeled glucose if lactate efflux from brain is increased. Glucose utilization rates that are within
or above the normal range during early, potentially-treatable stages of disease may not be
appropriately interpreted unless lactate generation and release is also assessed when imaging
of diseased brain is carried out. Pathophysiological changes involving the vasculature could
affect nutrient and by-product trafficking, as well as transport of tracers used for brain imaging
and clearance of their metabolites.
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