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28Astrocytic energetics of excitatory neurotransmission is controversial due to discrepant findings in differ-
29ent experimental systems in vitro and in vivo. The energy requirements of glutamate uptake are believed
30by some researchers to be satisfied by glycolysis coupled with shuttling of lactate to neurons for oxidation.
31However, astrocytes increase glycogenolysis and oxidative metabolism during sensory stimulation in vivo,
32indicating that other sources of energy are used by astrocytes during brain activation. Furthermore, glu-
33tamate uptake into cultured astrocytes stimulates glutamate oxidation and oxygen consumption, and glu-
34tamate maintains respiration as well as glucose. The neurotransmitter pool of glutamate is associated with
35the faster component of total glutamate turnover in vivo, and use of neurotransmitter glutamate to fuel its
36own uptake by oxidation-competent perisynaptic processes has two advantages, substrate is supplied
37concomitant with demand, and glutamate spares glucose for use by neurons and astrocytes. Some, but
38not all, perisynaptic processes of astrocytes in adult rodent brain contain mitochondria, and oxidation
39of only a small fraction of the neurotransmitter glutamate taken up into these structures would be
40sufficient to supply the ATP required for sodium extrusion and conversion of glutamate to glutamine.
41Glycolysis would, however, be required in perisynaptic processes lacking oxidative capacity. Three lines
42of evidence indicate that critical cornerstones of the astrocyte-to-neuron lactate shuttle model are not
43established and normal brain does not need lactate as supplemental fuel: (i) rapid onset of hemodynamic
44responses to activation delivers oxygen and glucose in excess of demand, (ii) total glucose utilization
45greatly exceeds glucose oxidation in awake rodents during activation, indicating that the lactate generated
46is released, not locally oxidized, and (iii) glutamate-induced glycolysis is not a robust phenotype of all
47astrocyte cultures. Various metabolic pathways, including glutamate oxidation and glycolysis with lactate
48release, contribute to cellular energy demands of excitatory neurotransmission.
49� 2013 Elsevier Ltd. All rights reserved.
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53 1. Introduction

54 One of the hallmark characteristics of the brain is its regional,
55 cellular, and subcellular heterogeneity, with compartmentation of
56 function and metabolism. The glutamate–glutamine cycle is a clas-
57 sic example of astrocyte–neuron interactions that involve
58 glycolytic, oxidative, biosynthetic, and neurotransmitter fluxes
59 (Peng et al., 1993; Hertz et al., 1999; Hertz et al., 2000). In brief,
60 the typical description glutamate–glutamine cycle portrays release
61 of neurotransmitter glutamate from neurons, Na+-dependent
62 uptake of glutamate from the synaptic cleft by astrocytes and its
63 conversion to glutamine, followed by glutamine release and uptake

64by neurons where glutamate is regenerated by the action of gluta-
65minase and packaged into synaptic vesicles for release during neu-
66rotransmission. However, because the blood–brain barrier restricts
67glutamate uptake into brain from blood, the glutamate–glutamine
68cycle must be extended to include glutamate synthesis and degra-
69dation in brain. Anaplerosis is the de novo synthesis of glutamate
70from glucose in astrocytes. This process involves glycolysis and
71CO2 fixation to generate the precursors (pyruvate and oxaloace-
72tate) that condense to form citrate that is oxidized via the TCA cy-
73cle to form a-ketoglutarate, the precursor of glutamate and
74glutamine. Oxidative degradation of glutamate occurs mainly in
75astrocyte and involves entry of a-ketoglutarate into the TCA cycle,
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76 exit of malate from the cycle and conversion of malate to pyruvate
77 in the cytoplasm, followed by oxidative degradation of pyruvate in
78 the TCA cycle. This process is called pyruvate re-cycling because
79 the glutamate carbon skeleton was originally derived from two
80 pyruvate molecules, and the 4-carbon backbone of the TCA cycle
81 intermediates derived from a-ketoglutarate must exit the cycle
82 for conversion to pyruvate to enable complete degradation of the
83 molecule to CO2. In spite of many studies of the pathways and
84 fluxes that contribute to glutamate turnover and glutamatergic
85 neurotransmission, the energetics of astrocytes has been a long-
86 standing controversial issue because models describing astro-
87 cyte–neuron interactions and metabolite trafficking during
88 excitatory neurotransmission predict that different pathways sup-
89 ply the ATP required by astrocytes and neurons. This review will
90 briefly highlight studies of glutamate metabolism and evidence
91 for glutamate oxidation as an astrocytic energy source, then con-
92 trast these findings with those of lactate shuttle models.

93 2. Glutamate is an important astrocytic energy source

94 2.1. Compartmentation of glutamate synthesis and degradation in
95 astrocytes

96 Investigation of the in vivo labeling patterns of amino acids
97 derived from various labeled precursors in the 1960–1970s led to
98 the discovery that there is compartmentation of oxidative metab-
99 olism in brain, characterized by a large, ‘energy’ TCA cycle, and a

100 smaller, ‘synthetic’ TCA cycle. Data obtained from many studies
101 led to the conclusion that (i) the anaplerotic pathway for de novo
102 synthesis of glutamate and glutamine from glucose resided in
103 astrocytes and (ii) interconversion of labeled glutamate and gluta-
104 mine reflects, in large part, excitatory neurotransmission (Balázs
105 and Cremer, 1972; Berl et al., 1975). Assignment of the small,
106 synthetic TCA cycle to astrocytes was confirmed by their high
107 enrichment with the enzymes required for glutamine synthesis
108 and de novo synthesis of glutamate from glucose, i.e., glutamine
109 synthetase (Martinez-Hernandez et al., 1977) and pyruvate car-
110 boxylase (Yu et al., 1983; Shank et al., 1985), respectively. GABA
111 turnover also involves these anaplerotic reactions and oxidative
112 degradation in the astrocytic TCA cycle (Hertz, 1979; Schousboe
113 et al., 1992; Schousboe and Waagepetersen, 2007), but these reac-
114 tions are not included in the present discussion.
115 Many laboratories have demonstrated that exogenous gluta-
116 mate had two major fates after its uptake into astrocytes, oxidation
117 or conversion to glutamine, with the proportion metabolized by
118 each pathway being concentration dependent. Uptake and metab-
119 olism of exogenous [14C, 13C, or 15N]glutamate by brain slices and
120 cultured astrocytes is associated with label incorporation into
121 CO2, aspartate, glutamine, and other compounds (Benjamin and
122 Quastel, 1972, 1974; Schousboe et al., 1977; Yu et al., 1982;
123 Waniewski and Martin, 1986; Yudkoff et al., 1986; Farinelli and
124 Nicklas, 1992; Sonnewald et al., 1993). The higher the extracellular
125 glutamate level the greater the fraction oxidized, with about half
126 being oxidized at 0.5 mmol/L glutamate (McKenna et al., 1996).
127 Because astrocytes have much greater glutamate oxidative rates
128 than GABAergic neurons and the corresponding rates in glutama-
129 tergic neurons were negligible, glutamate degradation is predomi-
130 nantly astrocytic (Hertz et al., 1988; Waagepetersen et al., 2002).
131 The conclusion that glutamate is an important energy substrate
132 for astrocytes is strongly supported by (i) the glucose-sparing
133 actions of extracellular glutamate in cultured astrocytes (Swanson
134 et al., 1990; Yu et al., 1992; Peng et al., 2001; Qu et al., 2001) and in
135 isolated, intact hippocampus from adult mice (Dunlop et al., 1984),
136 (ii) robust stimulation of astrocytic respiration by glutamate
137 (Eriksson et al., 1995), and (iii) similar rates of astrocytic oxygen
138 consumption with either glucose or glutamate as sole substrate

139(Hertz and Hertz, 2003). Under steady state conditions, oxidation
140of glutamate and GABA approximates the anaplerotic rate, which
141is �15% of the total pyruvate oxidation rate (Hertz, 2011; Rothman
142et al., 2011), and glutamate synthesis and degradation in astrocytes
143produces nearly as much ATP as direct oxidation of glucose (Hertz
144et al., 1999, 2007).

1452.2. Glutamate oxidation can fuel glutamate uptake in astrocytes

146Peng et al. (2001) tested the hypothesis that oxidation of exog-
147enous glutamate provides the ATP required for Na+ extrusion and
148demonstrated that (i) extracellular glutamate did not increase
149glucose utilization even though it inhibited glucose oxidation, (ii)
150treatment of astrocytes with D-aspartate, a transportable but
151non-metabolizable glutamate analog, did stimulate glucose utiliza-
152tion, and (iii) monensin, an ionophore that stimulates Na+–K+-ATP-
153ase activity, increased glucose utilization. These findings are
154consistent with studies in isolated, intact hippocampus from adult
155mice showing that extracellular glutamate was oxidized in greater
156amounts with increasing concentration, and glutamate reduced
157oxidation of glucose (Dunlop et al., 1984). Recently, the glutamate
158transporter was shown to form multi-enzyme complexes with gly-
159colytic enzymes and mitochondria that facilitate oxidation of very
160low levels (8 lmol/L) of glutamate as it is transported into the
161astrocytes (Genda et al., 2011; Bauer et al., 2012).
162Some, but not all, perisynaptic astrocytic processes in adult
163rodent brain contain mitochondria (Lovatt et al., 2007; Lavialle
164et al., 2011; Pardo et al., 2011) and these oxidation-competent
165filopodial structures are capable of metabolism of glutamate to
166support the energetics of its uptake. On the other hand, perisynap-
167tic processes without mitochondria would depend on glycolysis.
168Because glutamate concentration in the synaptic cleft reaches mil-
169limolar levels (Bergles et al., 1999; Matsui et al., 2005) it is likely
170that a substantial fraction of the transmitter glutamate may be
171oxidized (McKenna et al., 1996) and provide ATP to help fuel
172glutamate uptake in oxidation-competent filopodia. Mitochondria
173are essential for both de novo glutamate synthesis from glucose
174and for its oxidative degradation, and it would, therefore, be of
175great interest to determine if mitochondria-containing perisynap-
176tic filopodia preferentially surround synapses utilizing glutamate
177and GABA as neurotransmitters. The proportion and localization
178of perisynaptic filopodia endowed with mitochondria is a central
179issue in understanding astrocytic energetics of neurotransmission.

1802.3. Does glutamate oxidation support dynamic mobility of astrocytic
181processes during neurotransmission?

182Because astrocytic glycogenolysis and oxidative metabolism,
183not just glycolysis, rise during brain activation in vivo (Hertz
184et al., 2007; Dienel, 2012b), other unidentified energy-requiring
185processes may also be stimulated by excitatory neuronal signaling,
186not only the expense of Na+ extrusion and glutamine synthesis. For
187example, filopodial and lamellipodial processes are specialized
188astrocytic structures that are enriched with specific proteins and
189are highly mobile; they spontaneously advance towards and
190retract from active synaptic terminals in brain slices (Hirrlinger
191et al., 2004; Reichenbach et al., 2010; Derouiche et al., 2012).
192Although the mechanisms and energetics of filopodial movements
193are poorly understood, glutamate induces formation of actin-
194containing filopodia in cultured astrocytes (Cornell-Bell et al.,
1951990), and actin is present in the fine peripheral astrocytic pro-
196cesses (Derouiche and Frotscher, 2001). These observations raise
197the question whether the ATP demands associated with actin
198dynamics (Chen et al., 2000; Bernstein and Bamburg, 2003; Carlier
199et al., 2003) contribute to the energetics of glutamatergic signaling
200and mobility of astrocytic processes in vivo. This issue underscores

2 G.A. Dienel / Neurochemistry International xxx (2013) xxx–xxx

NCI 3424 No. of Pages 15, Model 5G

12 July 2013

Please cite this article in press as: Dienel, G.A. Astrocytic energetics during excitatory neurotransmission: What are contributions of glutamate oxidation
and glycolysis? Neurochem. Int. (2013), http://dx.doi.org/10.1016/j.neuint.2013.06.015

http://dx.doi.org/10.1016/j.neuint.2013.06.015


Download English Version:

https://daneshyari.com/en/article/10958191

Download Persian Version:

https://daneshyari.com/article/10958191

Daneshyari.com

https://daneshyari.com/en/article/10958191
https://daneshyari.com/article/10958191
https://daneshyari.com

