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Aralar, the Ca2þ-dependent mitochondrial aspartate-
glutamate carrier expressed in brain and skeletal mus-
cle, is a member of the malate–aspartate NADH shuttle. 
Disrupting the gene for aralar, SLC25a12, in mice has 
enabled the discovery of two new roles of this carrier. 
On the one hand, it is required for synthesis of brain 
aspartate and N-acetylaspartate, a neuron-born metab-
olite that supplies acetate for myelin lipid synthesis; 
and on the other, it is essential for the transmission of 
small Ca2þ signals to mitochondria via an increase in 
mitochondrial NADH. VC 2007 Wiley-Liss, Inc. 
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Calcium-binding mitochondrial carriers (CaMCs) 
comprise a family of mitochondrial transporters with N-
terminal extensions that harboring a number of EF-
hands, the archetypical calcium-binding motifs (Fig. 1).F1 
There are two types of CaMCs, aspartate-glutamate car-
riers (AGCs) and ATP-Mg/Pi carriers. The activity of 
these two carriers has been known for more than 20 
years, thanks to the pioneering research in AGCs by Kay 
LaNoue and in ATP-Mg/Pi carriers by June Aprille 
(LaNoue and Schoolwerth, 1979; Aprille, 1993). 

In recent years the genes and proteins responsible 
for these activities have been identified. Humans have 
two AGCs, aralar (also called aralar1; del Arco and 
Satrústegui, 1998) and citrin (Kobayashi et al., 1999; del 
Arco et al., 2000), encoded by genes on chromosomes 
2q31 (Sanz et al., 2000) and 7q21 (Sinasac et al., 1999), 
respectively, and three ATP-Mg/Pi carriers that are short 
CaMCs, SCaMC 1–SCaMC 3 (del Arco and Satrústegui, 
2004; Fiermonte et al., 2004; del Arco, 2005). Yeast 
mitochondria also contain these carriers (Cavero et al., 
2003, 2005). However, there is only one AGC, Agc1p, 
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which, unlike mammalian AGCs, does not contain any 
calcium-binding motifs (Cavero et al., 2003). For a 
review of both types of CaMCs, see del Arco and 
Satrústegui (2005) and Satrústegui et al. (2007). 

The two mammalian AGCs and yeast Agc1p are 
members of the malate–aspartate NADH shuttle (MAS); 
citrin is also a member of the urea cycle (Palmieri et al., 
2001; Cavero et al., 2003). The transport reaction cata-
lyzed by AGCs, the exchange of matrix aspartate for 
external glutamate plus a proton, is unidirectional under 
normal resting conditions, as it is driven by a proton 
electrochemical gradient and is a main point of regulation. 

Abbreviations used: a-KG, a-ketoglutarate; a-KGDH, a-ketoglutarate 

dehydrogenase; AGC, aspartate-glutamate carrier; [Ca2þ]i, cytosolic free 
Ca2þ; [Ca2þ]mit, mitochondrial free Ca2þ; CaMCs, calcium-binding 

mitochondrial carriers; CaU, Ca2þ uniporter; MAS, malate–aspartate 

NADH shuttle; NAA, N-acetylaspartate; OGC, a-KG–malate trans-

porter; RR, ruthenium red. 
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2 Satrústegui et al. 

C 
O 
L 
O 
R 

Fig. 1. Secondary structure of calcium-binding mitochondrial carriers 
(CaMCs). In both CaMCs, the carboxy-terminal half corresponds to 
the MC homology region, and the N-terminal extension harbors 

2þCa -binding EF-hand motifs. The MC homology region, about 
300 amino acids long, is represented according to its homology with 
that of adenine nucleotide translocase in its carboxyatractyloside-
bound form (Pebay-Peyroula and Brandolin, 2004). TM1-6 corre-
sponds to the six tilted transmembrane helices characteristic of all 
MCs, three of which are kinked (1, 3, and 5) because of the presence 
of conserved prolines. Three shorter helices in the loops between 
TM 1-2, TM 3-4, and TM 5-6 face the matrix and are parallel with 
the membrane surface. The MC region forms a basket opening to 
the intermembrane space, with a funnel-shaped cavity inside that 
ends on a narrow pit close to the matrix surface (Pebay-Peyroula and 
Brandolin, 2004). The N-terminal extensions of AGCs are longer 
than those of SCaMCs, and the overall distribution and sequence of 
EF-hand motifs is unrelated to that of SCaMCs, which are very simi-
lar to calmodulin (reproduced from Satrústegui et al., in press). 

2þThe transporter function of AGCs is stimulated by Ca 
acting on the external face of the inner mitochondrial 
membrane, the same side of the membrane where the 

2þCa binding motifs are localized (Palmieri et al., 2001). 
This review addresses the new roles of aralar/ 

AGC1, the aspartate–glutamate carrier, in brain and skel-
etal muscle: first, in the synthesis of brain aspartate and 
N-acetylaspartate and, second, as a newly discovered 
mechanism for transmitting small Ca2þ signals to neuro-
nal mitochondria. Both these roles were discovered 
through the development of aralar-deficient mice (Jalil 
et al., 2005; Pardo et al., 2006). 

BRAIN ASPARTATE AND 
N-ACETYLASPARTATE 

Aralar(�/�) mouse embryos are produced in normal 
numbers, as expected from the overlap of aralar and cit-
rin expression in fetal tissues (Begum et al., 2002; del 
Arco et al., 2002). However, soon after birth these mice 
develop severe growth defects and die about 20 days 
postnatal (Jalil et al., 2005). 

As predicted from the known role of AGCs in the 
MAS, the deficiency in aralar leads to a dose-dependent 
decrease in shuttle activity in brain and skeletal muscle 
mitochondria (Jalil et al., 2005). In fact, the activity of 
mitochondria in aralar(�/�) mice is extremely low, indi-
cating that no other glutamate carrier can substitute for 
aralar in these tissues. However, respiration on glutamate 

plus malate (but not in pyruvate plus malate or succi-
nate) is drastically reduced but still detectable in skeletal 
muscle mitochondria. The decreased respiration caused 
by aralar deficiency confirms the long-standing view that 
respiration on these two substrates takes place mainly 
through the AGC as the glutamate transporter (Balazs, 
1965). However, as respiration is still detectable in the 
absence of aralar, other glutamate carriers such as the 
glutamate–hydroxyl carrier (Fiermonte et al., 2002) may 
substitute for the AGC in transporting glutamate for 
mitochondrial respiration.

(�/�)Aralar mice develop motor coordination 
defects from day 12 onward (Jalil et al., 2005). There are 
no gross changes in neuronal number or distribution in 

(�/�)the brains of aralar mice. However, these animals 
show a marked decrease in myelin and myelinated fiber 
tracts across the central nervous system (CNS) but not in 
the peripheral nervous system. This is somewhat surpris-
ing because aralar is mainly expressed in neurons in the 
adult CNS (Ramos et al., 2003). Indeed, in situ hybridiza-
tion studies in mouse brain showed that aralar expression 
was restricted to neuron-rich areas, with no detectable 
expression in white matter, whereas citrin mRNA was 
not detectable anywhere in the adult brain. A similar 
neuron-restricted distribution of aralar protein was 
observed in the spinal cord (Ramos et al., 2003). More-
over, aralar levels in mitochondria were much higher in 
neuronal cultures than in glial cultures, and these levels 
increased with neuronal maturation in culture (Ramos 
et al., 2003). The finding of high aralar levels and MAS 
activity in neurons agrees with earlier findings of high 
shuttle activity in synaptosomes (Cheeseman and Clark, 
1988) and its requirement for lactate utilization 
(McKenna et al., 1993). However, glial cells actually 
may express AGCs but at much lower levels than neu-
rons, because even though of citrin and aralar mRNA 
was not detectable in white matter regions, both aralar 
and citrin were detected in extracts from glial cell cul-
tures (Ramos et al., 2003). Therefore, although this idea 
is still controversial (Dienel and Cruz, 2006), it is 
unlikely that the MAS is a major redox shuttle in brain 
astrocytes or retinal Müller cells (LaNoue et al., 2001; 
see McKenna et al., 2006, for a review), but studies of 
the different glial cell types are required to settle this 
point. 

If neurons are the brain cells with higher aralar 
expression, why would an aralar deficiency cause oligo-
dendrocytes to fail to synthesize myelin? The response to 
this paradox is related, at least in part, to the role of 
aralar in the synthesis of brain aspartate and N-acetylas-
partate (NAA). 

NAA is thought to play a role in myelin lipid for-
mation by supplying acetyl groups (D’Adamo and Yatsu, 
1966; Burri et al., 1991; Mehta and Namboodiri, 1995; 
Chakraborty et al., 2001). In the adult brain, neurons 
are the main cell type able to produce NAA (Urenjak 
et al., 1992, 1993). Chakraborty et al. (2001) showed 
that myelin lipids of the rat optic system were labeled 

[14following intraocular injection of C-acetyl]NAA. 
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Myelin lipid labeling was attributed to uptake of labeled 
NAA by retinal ganglion cell perikarya followed by axo-
nal transport in the optic nerve and axon-to-myelin 
transfer to supply acetyl groups for the synthesis of mye-
lin lipids (Chakraborty et al., 2001). Indeed, the labeling 
pattern of individual myelin lipids differed substantially 
depending on whether 14C-acetate or [14C-acetyl]NAA 
served as the intraocular labeled precursor, suggesting 
that NAA is transferred to myelin and cleaved in oligo-
dendrocytes rather than in neurons (Chakraborty et al., 
2001). Within the nervous system the NAA cleavage 
enzyme aspartoacylase II is restricted primarily to oligo-
dendrocytes (Bhakoo et al., 2001; Kirmani et al., 2003; 
Namboodiri et al., 2006), and participating in this trans-
fer could be NaC3, a plasma membrane transporter for 
NAA enriched in astroglia (Sager et al., 1999), formerly

þknown as Na -coupled dicarboxylate transporter 3, 
NaDC3/SDCT2 (Fujita et al., 2005). 

Mutations in aspartoacylase II cause Canavan’s dis-
ease, characterized by a spongy degeneration of the 
CNS, increased levels of NAA in the brain and body 
fluids, and an extensive loss of myelin. Aspartoacylase II– 
deficient mice, generated as a model of Canavan’s disease 
(Matalon et al., 2000), have decreased myelin lipid syn-
thesis and a very drastic reduction (about 80 %) in brain 
acetate concentrations (Madhavarao et al., 2005), show-
ing that preventing NAA cleavage results in a lack of 
acetyl groups for myelin lipid synthesis. Although this 
does not formally prove the existence of transaxonal 
transfer of NAA from neurons to oligodendrocytes, it is 
consistent with such a system because neurons are the 
main producers of NAA in the adult brain. However, 
other pathways of NAA-dependent myelin lipid synthe-
sis probably exist as oligodendrocyte type 2 astrocyte 
progenitors are also able to produce NAA (Urenjak 
et al., 1992, 1993), which may be an important potential 
source of NAA for myelin lipid synthesis during devel-
opment. Indeed, these cells also express aspartoacylase II, 
although at lower levels than do mature oligodendro-
cytes or type 2 astrocytes (Bhakoo et al., 2001). 

Aralar deficiency resulted in a large drop in NAA 
and aspartate in the brain and in primary neuronal cul-
tures derived from aralar(�/�) mice. In addition, these 
mice showed a drop in myelin lipid concentration and 
similar reductions in expression of the major proteins in 
myelin, myelin basic protein and myelin-associated oli-
godendrocytic basic protein (Jalil et al., 2005). However, 
the peripheral nervous system (PNS) of aralar(�/�) mice 
did not show decreased expression of galactocerebro-
sides, the lipid component characteristic of myelin (Jalil 
et al., 2005). This is interesting because the Schwann 
cells in the PNS do not express aspartoacylase (Kirmani 
et al., 2003), the enzyme required to break down NAA; 
therefore, defects in NAA formation such as those 

(�/�)observed in aralar mice probably do not play a role 
in myelin lipid synthesis in the PNS. 

The fall in the concentration of brain aspartate lev-
els and the CNS pathology in aralar-null mice (Jalil 
et al., 2005) appear at about the time the blood–brain 
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barrier develops, preventing the entry of aspartate and 
other amino acids into most regions of the adult brain 
except for selected circumventricular regions (Price 
et al., 1984). From the first week of life onward, the 
brain has to rely on endogenous production of aspartate, 
which takes place mostly in neurons (Urenjak et al., 
1993), the brain cells with the highest aralar expression 
(Ramos et al., 2003). The fall in brain aspartate levels 
and the lack of aspartate production in the brain mito-

(�/�)chondria of aralar mice (Jalil et al., 2005) suggest 
that a major route of aspartate production in the CNS is 
mitochondrial and that it depends on aralar for aspartate 
efflux to the cytosol. This route is probably critical in 
conditions when the cytosolic NADH/NAD ratio is 
increased because of a lack of MAS activity, as occurs in 

(�/�)neurons from aralar mice (Jalil et al., 2005; Pardo 
et al., 2006). Indeed, in these conditions the cytosolic 
oxaloacetate level is expected to decrease, limiting aspar-
tate production in the cytosol via the aspartate amino-
transferase reaction, which rapidly equilibrates aspartate 
and oxaloacetate (Shen, 2005). 

NAA is derived from neuronal aspartate, and its 
synthesis is mainly catalyzed by aspartate-N-acetyltrans-
ferase in an enzyme originally described as mitochondrial 
(Patel and Clark, 1979) but found to be present both in 
brain mitochondria (Madhavarao et al., 2003; Sambhu 
et al., 2005) and in microsomes, which have 4- to 5-
fold higher activity than mitochondria (Lu et al., 2004). 
Thus, the fall in NAA in the brain and in cultured neu-
rons from aralar(�/�) mice is clearly associated with a 
defect in aspartate production. 

Even though the precise role of NAA in the nerv-
ous system is still unsettled (Baslow, 2003), NAA is 
commonly used in 1H-NMR spectroscopy as a potential 
diagnostic marker for evaluating neuronal mitochondrial 
function and neuronal loss or damage (Pan and Takaha-
shi, 2005; Tsai and Coyle, 1995; Clark, 1998). This 
interpretation is supported by studies describing NAA 
synthesis in neuronal mitochondria and linking it to 
oxygen consumption (Patel and Clark, 1979). NAA turn-
over has been studied by 13C-NMR labeling from dif-
ferent precursors (Kunnecke et al., 1993; Tyson and 
Sutherland, 1998), and the findings of a recent study of 
the incorporation of label into both the acetyl and aspar-
tyl groups of NAA suggest that NAA synthesis occurs in 
a single metabolic compartment, that aspartate is the pre-
cursor of NAA, and that both aspartate and NAA syn-
thesis occur in the neuronal compartment (Choi and 
Gruetter, 2004). The findings of the study of aralar(�/�) 

mice that attributed the drop in NAA to a defect in 
neuronal aspartate production (Jalil et al., 2005) are in 
strong agreement with these interpretations (Choi and 
Gruetter, 2004). 

The important brain functions underscored from 
the study of aralar-knockout mice may be relevant for 
two human diseases of the nervous system. A strong 
linkage and association of the gene for aralar, 
SLC25A12, with autism has been reported (Ramoz 
et al., 2004; Segurado et al., 2005; but see Blasi et al., 
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2005). Two polymorphisms that correspond to single-
nucleotide polymorphisms (SNPs) in flanking intronic 
sequences of exons 4 and 16 of SLC25A12 were associ-
ated with autism, although the functional relevance of 
these SNPs is as yet unknown (Ramoz et al., 2004; 
Segurado et al., 2005). Expression of a number of genes 
is regulated by cis-acting elements, and inherited varia-
tion in gene expression may contribute to disease (Bray 
et al., 2003). Altered regulation of gene expression with-
out variation in its coding sequence could affect cellular 
functions when levels of the gene product are limiting, 
as appears to be the case for aralar, as overexpression of 
this protein in b cells increases MAS function (Rubi 
et al., 2004). 

Impaired aralar activity could also contribute to the 
pathology of Mohr-Tranebjaerg syndrome (MTS/DFN-
1, deafness/dystonia syndrome), which is caused by 
mutations in the human Tim8p locus (DDP1/TIMM8a 
locus; Koehler et al., 1999; Roesch et al., 2002). The 
Tim8p mutations that MTS/DFN-1 patients appear to 
have impaired import of aralar, as a lymphoblast cell line 
derived from an MTS patient showed decreased mito-
chondrial NADH levels because of defects in MAS 
activity (Roesch et al., 2004). 

Thus, genetic variations that change the expression 
of aralar or impaired import of aralar in mitochondria 
could lead to changes in MAS function, respiration on 
glutamate and malate, aspartate synthesis by neuronal 
mitochondria, and N-acetylaspartate production, which 
could be related to these CNS diseases. Some studies 
have reported decreased NAA in different brain regions 
of autistic patients (Otsuka et al., 1999; Friedman et al., 
2003), but others have not (Friedman et al., 2006; 
Zeegers et al., 2006). 

2þROLE OF ARALAR IN CA SIGNALING 
IN NEURONAL MITOCHONDRIA 

Cytosolic NADH produced during glycolysis needs 
to be reoxidized through the MAS or another NADH 
shuttle in order to avoid a block in glycolysis at the level 
of glyceraldehyde-3-phosphate dehydrogenase (Fig. 2).F2 
MAS activity results in the production of mitochondrial 

2þNADH. A Ca signal arising in the cytosol is thought 
to be transduced to mitochondria through the passage of 
Ca2þ across the inner mitochondrial membrane along

2þthe Ca uniporter (CaU), a much looked-at (Villa 
et al., 1998; Carafoli, 2003; Saris and Carafoli, 2005) but 
still unidentified transporter protein. Then the Ca2þ sig-

2þnal arising in mitochondria, or the Ca mark, a term 
2þapplied to a miniature Ca signal from a single mito-

chondrion (Hajnoczky et al., 2002; Pacher et al., 2002),
2þactivates three Ca -dependent dehydrogenases in the 

mitochondrial matrix (pyruvate, a-ketoglutarate, and 
isocitrate dehydrogenase), resulting in increased mito-
chondrial NADH (McCormack, 1985, 1990; Nichols 

2þand Denton, 1995). Ca acting on the external side of 
the inner mitochondrial membrane may activate the 
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2þFig. 2. Ca activation of the aspartate-glutamate carrier (AGC)– 
malate–aspartate NADH shuttle pathway (aralar–MAS) and the 
calcium uniporter–mitochondrial dehydrogenases pathway (CaU– 
mitDH) by calcium. The MAS is made up of four enzymes, mito-
chondrial and cytosolic aspartate aminotransferases (AST) and malate 
dehydrogenases (MDH), and two mitochondrial carriers, the AGC 
and the a-ketoglutarate–malate carrier (OGC). MAS activity results 
in the transfer to the mitochondria of reducing equivalents generated 
with the reaction of glyceraldehyde-3-phosphate dehydrogenase (1). 

2þExtramitochondrial Ca can activate the aralar–MAS pathway, 
resulting in increased mitochondrial NADH, in green. Mitochondrial 

2þ 2þmatrix Ca , taken up through the Ca uniporter (CaU), activates 
pyruvate dehydrogenase, PDH (2), isocitrate dehydrogenase, IDH 
(3), and a-ketoglutarate dehydrogenase, a-KGDH (4), generating 
intramitochondrial NADH, in red (asp, aspartate; glut, glutamate; 
IsoCit, isocitrate; a-KG, a-ketoglutarate; mal, malate; OAA, oxalo-
acetic acid; Pyr, pyruvate; Succ-CoA, succinyl-CoA). 

aralar–MAS pathway, resulting in an increase in mito-
chondrial NADH independent of CaU activity (Fig. 2). 

MAS activity is stimulated by calcium from the 
external side of mitochondria (Palmieri et al., 2001).This

2þallows the study of the kinetics of Ca activation of the 
MAS in the presence of ruthenium red (RR) to block 

2þCa uptake in mitochondria through the CaU. The 
2þS0.5 for Ca stimulation of the in brain mitochondrial 

MAS, which contains aralar as its only AGC isoform, 
was around 300 nM (Pardo et al., 2006), and similar val-
ues were obtained in mitochondria from tissues express-
ing aralar as the only AGC isoform (Contreras et al., 
2007). This value is lower than those at which the CaU 
is active (2–20 lM; Gunter et al., 2000; Moreau et al., 
2006), which could allow activation of the aralar–MAS 
pathway with Ca2þ signals below the threshold of the 
CaU. 

Pardo et al. (2006) employed primary neuronal cul-
tures from control and aralar-deficient mice and 
NAD(P)H imaging with two-photon excitation micros-
copy to explore this issue. Lactate utilization involves 
NADH shuttle activity and is important in neurons as 
part of the astrocyte–neuron lactate shuttle (Pellerin and 
Magistretti, 1994). Lactate is produced by astrocytes and 
taken up by neurons that use it as an oxidizable sub-
strate, especially during high activity (Pellerin et al., 
1998; Kasischke et al., 2004; Pellerin and Magistretti, 
2004). The addition of 20 mM lactate caused an increase 
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in cytosolic and mitochondrial NAD(P)H and a substan-
tial transfer of reducing equivalents to mitochondria in 
the control neurons but not in the aralar-deficient neu-
rons (Pardo et al., 2006), indicating that the MAS is the 
main NADH shuttle in neurons. 

2þTo study the effect of small cytosolic free Ca 
2þ([Ca ]i) signals on MAS activity, neurons were incu-

2þbated in Ca -free medium plus 100 lM EGTA and 
exposed to lactate together with 100 lM ATP or differ-

2þent Ca mobilizing agonists (Pardo et al., 2006). In 
control and aralar-deficient neurons, ATP-induced 

2þ[Ca ]i transients were small, with departures no more 
than 100 nM from resting values, and they were not 
accompanied by any detectable increase in mitochondrial 

2þfree calcium ([Ca ]mit), as measured with rhod-2. 
However, this small Ca2þ signal resulted in remarkable 
potentiation of a lactate-dependent increase in mito-
chondrial NAD(P)H fluorescence in control but not in 

2þaralar-deficient neurons. Other Ca -mobilizing agonists 
such as carbachol and thapsigargin also significantly 
potentiated the response to lactate in control neurons 
(Pardo et al., 2006). 

Because lactate-derived pyruvate contributes to 
NAD(P)H generation in mitochondria, Pardo et al. 
(2006) also tested whether the effects of ATP involve 
Ca2þ-stimulated pyruvate metabolism rather than Ca2þ-
stimulated MAS activity. Remarkably, the small [Ca2þ]i 
signals triggered by ATP had no effect on the increase in 
mitochondrial NAD(P)H induced by pyruvate. There-
fore, the results clearly showed that the neuronal aralar– 

2þMAS pathway is selectively activated by small Ca 
signals that are below the threshold for Ca2þ uniporter 
activation. 

Synaptosomal mitochondria start taking up Ca2þ at 
a global [Ca2þ]i of about 350–400 nM (Martı́nez-
Serrano and Satrústegui, 1992), whereas the S0.5 for Ca

2þ 

activation of the aralar–MAS pathway is about 300 nM 
(Pardo et al., 2006). This suggests that Ca2þ signaling 
through the aralar–MAS pathway in neuronal mitochon-
dria would be significantly below these Ca2þ concentra-
tions, which is exactly what Pardo et al. (2006) found. 
On the other hand, finding that mitochondria respond

2þto [Ca ]i signals with a substantial increase in 
NAD(P)H through a Ca2þ uniporter-independent path-
way was new and surprising, specially because the mag-
nitude of the response via the aralar–MAS pathway was 
very large in neurons, not far from that elicited by the 
activity of the Ca2þ uniporter–mitochondrial dehydroge-
nases pathway. 

2þThe effects of large [Ca ]i signals on the aralar– þMAS pathway were studied using high K depolarization
2þto activate voltage-operated Ca channels (VOCC) in 

2þthe presence of millimolar external Ca concentrations 
(Pardo et al., 2006). There was no difference in the 

2þ 2þincreases in [Ca ]i, and [Ca ]mit obtained after the addi-
tion of lactate plus KCl in control and aralar-deficient 
neurons, which also did not differ in the lactate-induced 
increase in the mit/cyt NAD(P)H fluorescence ratio 

2þpotentiated by the large [Ca ]i, signals (Pardo et al., 
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2006). As the increase in mitochondrial NAD(P)H
þobtained with high K was expected to result from the 
2þadditive effects of Ca activation on MAS activity

2þ(aralar–MAS pathway) and Ca activation of mitochon-
drial dehydrogenases (CaU–mitDH pathway), the lack of 
difference between wild-type and aralar-deficient neu-
rons indicated that MAS activity contributes very little 
to the increase in mitochondrial NAD(P)H with high
þK depolarization, suggesting that MAS activity may be 

2þinhibited in conditions that allow mitochondrial Ca 
uptake. 

Studies of MAS activity in isolated mitochondria in 
the presence or the absence of 200 nM RR showed that 

2þCa activation of the MAS was diminished if no RR 
2þwas present (Pardo et al., 2006). The block in Ca acti-

2þvation of the MAS observed when Ca enters mito-
chondria is probably a result of competition for substrate 
between a-ketoglutarate dehydrogenase (a-KGDH) and 
the a-ketoglutarate–malate transporter (OGC) of the 
MAS. The two reactions compete for a-ketoglutarate 
(a-KG) by their apparent Km values. The Km for a-KG 
of the OGC on the matrix side of the carrier is 1.5 mM 
(Sluse et al., 1973) and that of a-KGDH is around 
0.2 mM (Rutter and Denton, 1988). Activation by Ca2þ 

of a-KGDH increases its affinity for a-KG (Rutter and 
Denton, 1988; Nichols and Denton, 1995), resulting in 
a decrease in a-KG level, which may cause a reduction 
of OGC activity and inhibition of MAS activity, as 
observed in the heart (O’Donnell et al., 1998, 2004). 
Another factor that may blunt MAS activation when all 

2þmitochondrial dehydrogenases are activated by Ca is 
the thermodynamic constraint of proton gradient forma-
tion. If the proton electrochemical gradient obtained in 
those conditions is close to maximal and cannot be 
increased, it would limit the entry of reducing equiva-
lents into mitochondria through the MAS. This situation 
was described in b cells incubated with different fuel 
secretagogues that bypass glucose metabolism, each of 
them setting a maximal hyperpolarization of the mito-
chondrial membrane that correlated with insulin secre-
tion (Antinozzi et al., 2002). 

The results obtained in neurons suggest that large 
Ca2þ signals generate increased NAD(P)H mainly from 
activation of Krebs cycle dehydrogenases rather than 
from MAS activity. Inhibition of the MAS probably dis-

2þappears when the activation by Ca of mitochondrial 
dehydrogenases comes to an end and a-KG and the 
mitochondrial proton electrochemical gradient return to 
control values. Thus, it is possible that after the decay of 

2þ[Ca ]mit transients, MAS activity could prolong the 
increase in mitochondrial NAD(P)H induced by high

2þ[Ca ]i signals, and thus contribute to ATP synthesis and 
recovery of the resting state, conditions that rely on neu-
ronal lactate utilization (Pellerin and Magistretti, 1994, 
2004). 

In sum, the aralar–MAS pathway provides a new 
mechanism for Ca2þ signaling in mitochondria. To-

2þgether with the Ca uniporter these systems make up a 
mitochondrial decoding tool kit by which each cytosolic 
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Ca2þ signal translates into a physiological response of 
mitochondria: an increased supply of substrate (NADH) 
to the electron transport chain. The decoding devices 

2þdiffer in their sensitivity to Ca . The aralar–MAS path-
2þway is activated by Ca at concentrations below those 

2þat which the Ca uniporter operates. For unitary brief 
2þand highly localized Ca signals, the aralar–MAS path-

2þway could respond both earlier than the Ca uniporter
2þand after the Ca mark has ended, even in conditions 
2þin which the Ca uniporter does not respond. In serv-

ing as the advance guard and the rear guard of the mito-
2þchondrial response to the Ca signal, the aralar–MAS 

2þpathway may prime mitochondria to respond to Ca 
entry by prolonging mitochondrial energization beyond

2þthe duration of the individual Ca mark through an 
increase in the reduction state of mitochondrial NADH 
and a decrease in the redox state of cytosolic NADH. As 
shown by Cerdán et al. (2006), lactate utilization in neu-
rons imposes a redox block on glucose utilization by its 
effects on the cytosolic lactate/pyruvate and NADH/

2þNAD ratios. By removing this block, Ca activation of 
the aralar–MAS pathway may allow for both a localized 
increase in glycolysis and an increased supply of NADH 
to mitochondria. 
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