FIGURE LEGENDS
FIGURE 12.1 Glycolysis (Embden-Meyerhof pathway). Glucose phosphorylation is regulated by hexokinase, an enzyme inhibited by glucose 6-phosphate. Glucose must be phosphorylated to glucose 6-phosphate to enter glycolysis or to be stored as glycogen. Two other important steps in the regulation of glycolysis are catalyzed by phosphofructokinase and pyruvate kinase. Their activities are controlled by the levels of high-energy phosphates, as well as of citrate and acetyl-CoA. Pyruvate, through lactate dehydrogenase, is in dynamic equilibrium with lactate. This reaction is essential to regenerate NAD+ residues necessary to sustain glycolysis downstream of glyceraldehyde 3-phosphate. PCr, phosphocreatine.

FIGURE 12.2 Tricarboxylic acid cycle (TCA cycle) and oxidative phosphorylation. Pyruvate entry into the cycle is controlled by pyruvate dehydrogenase activity that is inhibited by ATP and NADH. Two other important regulatory steps in the cycle are controlled by isocitrate and α-ketoglutarate dehydrogenases, whose activities are controlled by the levels of high-energy phosphates.

FIGURE 12.3 Relationship between lipid metabolism and the TCA cycle. Under particular dietary conditions, such as lactation in newborns or fasting in adults, the ketone bodies acetoacetate and d-3-hydroxybutyrate and circulating fatty acids can provide substrates to the TCA cycle after conversion to acetyl-CoA. Carbon atoms for lipid synthesis can be provided by glucose through citrate produced in the TCA cycle, a particularly relevant process for the developing brain.

FIGURE 12.4 Neurovascular and neurometabolic coupling. (A) Differential regulation of blood flow (CBF), oxygen use (CMRO2), and glucose use (CMRglu) during brain activation in humans. Stimulation of the human visual cortex was performed experimentally by presenting a visual stimulus in the form of a reversing annular checkerboard (i), and CBF, CMRO2, and CMRglu were determined by PET (ii) (see Box 12.1). When compared with viewing a blank screen, visual stimulation produces marked changes in activity in visual areas of the brain, as shown in PET images using pseudo colors (from small increase, blue, to major increase, red). Increases in both blood flow and glucose use in the visual cortex could be observed that are unaccompanied by similar increases in oxygen use, suggesting that the metabolic needs associated with brain activation are met by glycolysis. As a result, the local availability of oxygen increases because the increased supply of oxygen by increased (arterial) blood flow exceeds the increased local demand for oxygen. Such an effect may account for the blood-oxygen-level-dependent (BOLD) signal of functional magnetic resonance imaging (fMRI). Reproduced with permission from Raichle and Mintun (2006). (B) Dynamic regulation of vascular tone. Single interneuron stimulation is sufficient to either dilate (i) or constrict (ii) neighboring microvessels in acute rat cortical slices. In (i) and (ii), images of blood vessels before (left) and after (right) electrical stimulation of the interneurons are shown. Scale bars, 10 μm. Reproduced with permission from Cauli et al. (2004). (C) Glutamate-dependent regulation of CBF. Neuronal activity-dependent glutamate release raises [Ca2+]i in astrocytes by activating metabotropic glutamate receptors (mGluR). Ca2+ transients in astrocytes activate cytosolic phospholipase A2 (PLA2), thus producing arachidonic acid (AA). AA can generate different types of vasodilatory metabolites in astrocytes such as prostaglandins (PG), in particular PGE2, and epoxyeicosatrienoic acids (EETs). In parallel, AA can diffuse to arteriolar smooth muscle cells, where it is converted to 20-hydroxyeicosatetraenoic acid (20-HETE) by ω-hydroxylase, which exerts a vasoconstricting effect. During brain activation, vasodilation is promoted by the increases in extracellular lactate and adenosine concentrations. Indeed, lactate favors PGE2 accumulation in the extracellular space, and thus vasodilation, by decreasing the efficacy of the prostaglandin transporter (PGT) in astrocytes, whereas adenosine has an inhibitory effect on 20-HETE-mediated arteriolar constriction. In parallel to this, Ca2+ induces K+ release from astrocytes through the activation of calcium-dependent potassium channels (BK), which in turn can promote either vasodilation or vasoconstriction, depending on the level of extracellular K+. In postsynaptic neurons, glutamate activates ionotropic receptors, which trigger Ca2+ elevations, activation of the neuronal nitric oxide synthase (nNOS) and the release of the vasodilating nitric oxide (NO). Additional mechanisms are known to participate in CBF regulation but are not included in the present figure for clarity. A detailed description of all these mechanisms can be found elsewhere (see, for example, Attwell et al., 2010; Petzold & Murthy, 2011). Modified with permission from Bélanger et al. (2011).

FIGURE 12.5 Structure and metabolism of glucose and 2-deoxyglucose (2-DG). 2-DG is transported into cells through glucose transporters and phosphorylated by hexokinase to 2-DG-6-phosphate without significant further processing or dephosphorylation back to glucose. Therefore, when labeled radioactively, 2-DG used in tracer concentrations is a valuable marker of glucose uptake and phosphorylation, which directly indicates glucose utilization.

FIGURE 12.6 The pentose phosphate pathway. In the oxidative branch of the pentose phosphate pathway, two NADPH are generated per glucose 6-phosphate. The first rate-limiting reaction of the pathway is catalyzed by glucose 6-phosphate dehydrogenase; the second NADPH is generated through the oxidative decarboxylation of 6-phosphogluconate, a reaction catalyzed by 6-phosphogluconate dehydrogenase. The nonoxidative branch of the pentose phosphate pathway provides a reversible link with glycolysis by regenerating the two glycolytic intermediates glyceraldehyde 3-phosphate and fructose 6-phosphate. This regeneration is achieved through three sequential reactions. In the first, catalyzed by transketolase, xylulose 5-phosphate, and ribose 5-phosphate (which originate from ribulose 5-phosphate, the end product of the oxidative branch) yield glyceraldehyde 3-phosphate and sedoheptulose 7-phosphate. Under the action of transaldolase, these two intermediates yield fructose 6-phosphate and erythrose 4-phosphate. This latter intermediate combines with xylulose 5-phosphate, in a reaction catalyzed by transketolase, to yield fructose 6-phosphate and glyceraldehyde 3-phosphate. Thus, through the nonoxidative branch of the pentose phosphate pathway, two hexoses (fructose 6-phosphate) and one triose (glyceraldehyde 3-phosphate) of the glycolytic pathway are regenerated from three pentoses (ribulose 5-phosphate).

FIGURE 12.7 Enzymatic reactions for scavenging reactive oxygen species (ROS). The toxic superoxide anion (O2·–) formed by a variety of physiological reactions, including oxidative phosphorylation (i.e., respiratory chain), is scavenged by superoxide dismutase (SOD), which converts the superoxide anion to hydrogen peroxide (H2O2) and molecular oxygen. Glutathione peroxidase (GPx) converts the still toxic hydrogen peroxide to water; reduced glutathione (GSH) is required for this reaction, in which it is converted to its oxidized form (GSSG). GSH is regenerated through the action of glutathione reductase (GR), a reaction requiring NADPH.

FIGURE 12.8 Central role of astrocytes in brain homeostasis. Orange: pH buffering. Abundant carbonic anhydrase (CA) in astrocytes converts CO2 to H+ andHCO3−. TwoHCO3– are transported into the extracellular space along with one Na+ via the Na+-HCO3− cotransporter (NBC), thereby increasing the extracellular buffering power. Protons left in the glial compartment may drive the transport of lactate (Lac) outside of astrocytes and into neurons through monocarboxylate transporters (MCTs). Excess H+ in neurons is extruded via sodium-hydrogen exchange (NHE). Green: Astrocyte-neuron lactate shuttle (ANLS). Glutamate (Glu) uptake by astrocytes is accompanied by Na+ entry, which is extruded by the action of the Na+/K+ ATPase. This triggers anaerobic glucose utilization in astrocytes and glucose uptake from the circulation through the glucose transporter GLUT1. The lactate produced is shuttled to neurons through MCTs, where it can be used as an energy substrate after its conversion to pyruvate (Pyr). Neurons can also take up glucose via the neuronal glucose transporter 3 (GLUT3). Purple: Ascorbic acid recycling. Astrocytes recycle oxidized ascorbic acid (dehydroascorbic acid; DHAA) back to ascorbic acid (AsA) using reduced glutathione (GSH) and forming oxidized glutathione (GSSG). AsA can be used directly in astrocytes or released and taken up by neurons for reactive oxygen species (ROS) scavenging. AsA may also act as a metabolic switch by inhibiting glucose consumption and stimulating lactate uptake in neurons. Red: Glutamate-glutamine cycle. Glutamate released into the synaptic cleft activates ionotropic glutamatergic receptor (GluR), producing a postsynaptic depolarization. Astrocytic excitatory amino acid transporters (EAATs) are responsible for the uptake of a large fraction of glutamate at the synapse. Glutamate is converted into glutamine (Gln) by glutamine synthase (GS) and shuttled back to neurons for glutamate resynthesis. Blue: K+ buffering. Astrocytes buffer excess K+ released into the extracellular space as a result of neuronal activity (for example, through inwardly rectifying K+ channels, Kir). K+ diffuses through the astrocytic network via gap junctions (GJ) down its concentration gradient and is released in sites of lower concentration. Pink: Glutathione metabolism. Astrocytes release glutathione (GSH) in the extracellular space, where it is cleaved by the astrocytic ectoenzyme γ-glutamyl transpeptidase (γGT). The resulting dipeptide CysGly is cleaved by the neuronal ectopeptidase aminopeptidase N (ApN), forming Cysteine (Cys) and Glycine (Gly), which serve as precursors for neuronal GSH synthesis. X represents an acceptor for the γ-glutamyl moiety (γGlu) in the reaction catalyzed by γGT. A detailed description of these neuron-astrocyte metabolic cooperations can be found elsewhere (see, for example, Bélanger & Magistretti, 2009, and references therein). Reproduced with permission from Allaman et al. (2011).

FIGURE 12.9 Metabolic fate of glutamate taken up by astrocytes. ALAT, alanine aminotransferase; GDH, glutamate dehydrogenase; GS, glutamine synthase; AAT, aspartate aminotransferase; GPT, glutamate dehydrogenase; α-KG, α-ketoglutarate.

FIGURE 12.10 Metabolic intermediates are released by astrocytes to regenerate the glutamate neurotransmitter pool in neurons. Glutamine, formed from glutamate in a reaction catalyzed by glutamine synthase (GS), is released by astrocytes and taken up by neurons, which convert it into glutamate under the action of glutaminase. GS is an enzyme selectively localized in astrocytes. This metabolic cycle is referred to as the glutamate-glutamine shuttle. Other quantitatively less important sources of neuronal glutamate are alanine (ALA) and α-ketoglutarate (α-KG). In astrocytes, glutamate is synthesized de novo from α-KG through two different reactions catalyzed i) by glutamate dehydrogenase (GDH) and ii) by leucine transaminase (LT) producing glutamate and α-ketoisocaproate (α-KIC), in a transamination reaction in which leucine provides the amino group. Carbons “lost” from the TCA cycle as α-KG is converted to glutamate are replenished by oxaloacetate (OxA) formed from pyruvate (PYR) in a reaction catalyzed by pyruvate carboxylase (PC), another astrocyte-specific enzyme (anaplerotic cycle). ASP, aspartate.

FIGURE 12.11 Schematic representation of cytological relations existing among intraparenchymal capillaries, astrocytes, and the neuropil. Astrocyte processes surround capillaries (end feet) and ensheathe synapses. In addition, receptors and uptake sites for neurotransmitters are present on astrocytes. These features make astrocytes ideally suited to sense synaptic activity (A) and to couple it with uptake and metabolism of energy substrates originating from the circulation (B).

FIGURE 12.12 Cellular distribution of the principal glucose transporters in the nervous system. The 55-kDa form of GLUT1 is localized in brain microvessels, choroid plexus, and ependymal cells, whereas the 45-KDa form is localized predominantly in astrocytes. GLUT3 is specifically expressed in neurons. GLUT 4 and 8 are expressed in a subset of neurons, where their expression appears to predominate on the cell body and proximal dendrites. GLUT5 (which presents a higher affinity for fructose than glucose) is localized selectively to microglial cells. Another glucose transporter, GLUT2, has been localized selectively in astrocytes of discrete brain areas, such as certain hypothalamic and brainstem nuclei, which participate in the regulation of feeding behavior and in the central control of insulin release (not shown).

FIGURE 12.13 Schematic representation of the mechanism for glutamate-induced glycolysis in astrocytes during physiological activation. At glutamatergic synapses, presynaptically released glutamate depolarizes postsynaptic neurons by acting at specific receptor subtypes. The action of glutamate is terminated by an efficient glutamate uptake system located primarily in astrocytes. In fact, glutamate is taken up predominantly into astrocytes. Glutamate is cotransported with Na+, resulting in an increase in the intra-astrocytic concentration of Na+, leading to an activation of the astrocyticNa+, K+-ATPase. Activation of Na+, K+-ATPase stimulates glycolysis (i.e., glucose utilization and lactate production). The stoichiometry of this process is such that for one glutamate molecule taken up with three Na+ ions, one glucosemolecule enters astrocytes, two ATP molecules are produced through glycolysis, and two lactate molecules are released. Within the astrocyte, one ATP fuels one “turn of the pump,” while the other provides the energy needed to convert glutamate to glutamine by glutamine synthase (see Fig. 12.10). Once released by astrocytes, lactate can be taken up by neurons and serve as an energy substrate (For graphic clarity, only lactate uptake into presynaptic terminals is indicated. However, this process could also take place at the postsynaptic neuron). This model, which summarizes in vitro experimental evidence indicating glutamate-induced glycolysis, is taken to show cellular and molecular events occurring during activation of a given cortical area (arrow labeled A, activation). Direct glucose uptake into neurons under basal conditions is also shown (arrowlabeled B, basal conditions). Pyr, pyruvate; Lac, lactate; Gln, glutamine; G, G protein; PGK, phosphoglycerate kinase. Modified with permission from Pellerin and Magistretti (1994).

FIGURE 12.14 Temporal coincidence in the increase in sodium concentration and ATP consumption triggered by glutamate in astrocytes. These processes, which are dependent on the activity of the Na+, K+-ATPase as they are ouabain-sensitive, are the effectors of the glutamate-stimulated glycolysis in astrocytes (see also Fig. 12.13). Modified with permission from Magistretti and Chatton (2005).

FIGURE 12.15 Coupling “in-parallel” of neuronal activity with CBF and energy metabolism (i.e., glucose use). See text for discussion. GluR: Glutamate receptor. Modified from Magistretti and Pellerin (1999).

FIGURE 12.16 The astrocyte-neuron metabolic unit. Glutamatergic terminals and the astrocytic processes that surround them can be viewed as a highly specialized metabolic unit in which the activation signal (glutamate, Glu) is provided by the neuron to the astrocyte, whereas the astrocyte provides the precursors needed to maintain the neurotransmitter pool (i.e., mainly glutamine, Gln), as well as the energy substrate (lactate, Lac). AP, astrocyte process.

