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Abstract

Metabolism and redox signalling share critical nodes in the nervous system. In the last years, a series of major findings have
challenged the current vision on how neural reactive oxygen species (ROS) are produced and handled in the nervous system.
Once regarded as deleterious by-products, ROS are now shown to be essential for a metabolic and redox crosstalk. In turn,
this coupling defines neural viability and function to control behaviour or leading to neurodegeneration when compromised.
Findings like a different assembly of mitochondrial respiratory supercomplexes in neurons and astrocytes stands behind a
divergent production of ROS in either cell type, more prominent in astrocytes. ROS levels are however tightly controlled by
an antioxidant machinery in astrocytes, assumed as more efficient than that of neurons, to regulate redox signalling. By exert-
ing this control in ROS abundance, metabolic functions are finely tuned in both neural cells. Further, a higher engagement
of mitochondrial respiration and oxidative function in neurons, underpinned by redox equivalents supplied from the pentose
phosphate pathway and from glia, differs from the otherwise strong glycolytic capacity of astrocytes. Here, we recapitulate
major findings on how ROS and metabolism differ between neural cells but merge to define reciprocal signalling pathways,
ultimately defining neural function and fate.
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Introduction

Studies from one of the founders of modern neurosci-
ence, Santiago Ramén y Cajal, on the characterization of
the nervous system, have made part of every textbook the
notion that neurons are indivisible cells not replaced by new
ones. This view has long remained as a cornerstone in our
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understanding and search for strategies to overcome neu-
rodegeneration, even if challenged -not without discussion
[1]—over the last years by the finding and characterization
of neurogenic niches [2—4]. Indeed, uncovering the mecha-
nisms that lead to neuronal death in diseases such as Alz-
heimer, Parkinson or Huntington is still a matter of intense
research in neurosciences.

As for neurogenesis, challenges to other fields of neuro-
sciences have been profound, and our vision on oxidative
stress and metabolic processes has not been an exemption,
thus contributing to update key concepts critical to under-
stand neural physiology. As a main driver for such discover-
ies, the search for neuroprotective strategies have mislead-
ingly considered the production of reactive oxygen species
(ROS) as an obligated deleterious process in neurodegenera-
tion, concomitant with an aberrant mitochondrial function,
metabolism and antioxidant homeostasis triggering neural
loss. Here, we follow key findings and rationale behind
current progress in the neuroenergetic and neurometabolic
fields. Departing from the first studies on neural metabolism
and antioxidant pathways, we show how the integration of
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both captures the way ROS and metabolic signalling inter-
twin to define neural function and survival.

ROS and Neurodegeneration

Neurotransmission does not simply start or end with the
release and capture of neurotransmitters from synapses. A
major event paralleling this process is the production of reac-
tive oxygen species (ROS) derived from different sources,
usually involving Ca®* influx and glutamatergic stimulation
[5], but also the handling of neurotransmitters such as dopa-
mine [6, 7]. Indeed, dopamine catabolism and monoamine
oxidase activity generate hydrogen peroxide (H,0,), further
implemented by superoxide anion (O, ™) and reactive prod-
ucts such as semiquinones that harbour oxidative capacity
[6, 7]. Along with high mitochondrial respiration rates and
metabolic activity during neurotransmission, these features
stand behind an elevated ROS generation in neurons that has
to be faced by antioxidant systems.

Among the many ROS species produced during neural
activity, it is worth underlying that O, ™ represents the first
molecule originated from the acceptance of, at least, one
electron by oxygen. O, further evolves to hydrogen per-
oxide (H,0,) and hydroxyl radical (-OH) through reactions
respectively catalyzed by superoxide dismutase (SOD) or
chemical reactions with metallic ions. Peroxiredoxins (Prxs),
glutathione peroxidases (GPxs) and catalase, the latter exclu-
sively cytosolic, [8, 9] convert H,0O, to H,O, thus avoid-
ing cellular damage when their levels are under a certain
threshold [8]. Notably, GPxs and thioredoxins (Trxs) rely
on NADPH as a reducing agent, which mainly derives from
the pentose phosphate pathway (PPP) [10], thus linking glu-
cose metabolism and redox homeostasis, as discussed below.
The use of NADPH likely makes the antioxidant glutathione
(GSH) its main consumer in the adult brain, particularly
in neurons. In these cells, the recycling version of the PPP
can derive glucose-6-phosphate to produce NADPH that is
required for efficient GSH reduction, thus deriving lower
amounts of glucose to glycolysis than astrocytes [11]; this
is also in line with the synthesis of ribose-5-phosphate not
acting as a central function of PPP in neurons [12]. The
reduction of oxidized GSH is critical for neuronal viability,
since among the varied ROS detoxification paths within the
nervous system, GSH is considered the most abundant anti-
oxidant in the brain. GSH is mainly synthetized in astrocytes
in two steps catalyzed by glutamate-cysteine ligase (GCL)
and glutathione synthetase (GSS) [8]. Although present at a
lower abundance, neurons also use this biosynthetic machin-
ery to resynthesize GSH after capturing its aminoacidic pre-
cursors, which result from GSH breakdown in astrocytes
before donation to neurons [8, 13, 14]. The lack of a proper
antioxidant capacity has been linked to neuronal death, as
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suggested by the loss of GSH and the subsequent loss of neu-
rons and cognitive decline occurring in neurodegeneration
[15, 16]. Full GSH depletion results in embryonic lethal-
ity [17], while specific tissue-driven disruption of GCL, the
rate-limiting enzyme for GSH synthesis, is enough to drive
neuronal death [18]. The resultant neuronal loss is concomi-
tant with extended redox stress and loss of dendrites in the
hippocampus, as well as cognitive dysfunction even when
GCL is mildly ablated in neurons [15]. In this context, pro-
tein glutathionylation and carbonylation are increased in the
hippocampus, correlated with further protein modifications
under low levels of GSH [15, 19, 20]. Notably, the proteins
detected as modified by low GSH levels are related to axonal
growth and guidance, energy metabolism or lysosomal traf-
ficking [15], key for neural survival. Accordingly, dendritic
spines get loss in the hippocampal regions, particularly
CA1, which are highly vulnerable to metabolic stress [21],
upon GCL ablation. These features result in a mild spatial
and short time memory impairment, recapitulating some of
the neurological features associated with partial GSH loss,
that does not require the abrupt neuronal death that instead
occurs under full GCL disruption [18].

In view of the need of GSH to preserve neuronal func-
tion, increasing GSH levels shows a robust strategy to pro-
vide neuroprotection [22]. This occurs even if full conver-
sion to GSH is not reached and its immediate precursor,
y-glutamylcysteine, can still be used by glutathione peroxi-
dase 1 (GPx1) to dispose H,0, and confer protection against
neuronal loss and motor impairment [23].

Mitochondria, Key to Understand Neural
ROS Production

Neurons mainly rely on mitochondrial oxidative phosphoryl-
ation (OXPHOS) for energy production and viability; how-
ever, a high amount of ROS are generated in consequence,
making mitochondria the major producer of endogenous
ROS within a cell [24, 25]. Along with other enzymatic
sources within mitochondria [26], the main ROS source in
these organelles derives from the transfer of electrons across
mitochondrial complexes during OXPHOS [24]. Mitochon-
drial ROS production is highly dependent on the NADH/
NAD™ isopotential group and, more strikingly, on the QH,/Q
isopotential groups in complex I (CI) and III (CIII) [27],
with reverse electron transport acting to generate ROS when
the NADH/NAD™ ratio is high [24].

Mitochondrial respiration can be stressed during neu-
rotransmission, as evidenced by the inhibition of the ETC
in neural cells by endogenous nitric oxide, its by-products
or other agents [28, 29]. Respiration is also compromised
under glutamatergic overstimulation, that results in higher
glucose uptake [30] and glycolysis [31] in astrocytes.
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Primed by the hypoxia responsive element Hifl and the
subsequent upregulation of GLUT1 and GLUT3 transport-
ers, glucose is vastly consumed in astrocytes to activate the
reversal activity of ATPase and sustain the mitochondrial
membrane potential [29, 32]. Moreover, glycolytic-derived
lactate can be released from astrocytes to improve survival
[33]. Conversely, neurons are less efficient at upregulating
glycolysis to compensate for energy production and restore
mitochondrial respiration, thus being more vulnerable to
mitochondrial dysfunction [30, 31, 34, 35]. This repre-
sents a differential feature between neurons and astrocytes,
where the latter do not exclusively rely on OXPHOS and
instead capitalize on glycolysis as an essential mechanism
to cover bioenergetic demands during neurotransmission
and cell survival [33, 35, 36].
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Fig. 1 Neuron-astrocyte redox coupling. Astrocytes comprise a
strong antioxidant capacity to fulfill redox equivalents for ROS dis-
posal, both at neurons and astrocytes. The antioxidant program is
mastered by the transcription factor Nrf2 (Nuclear erythroid-related
factor 2) upon cysteine oxidation by ROS. Among other sources,
ROS are abundantly produced by astrocytic mitochondria (bottom
inset), as a result from destabilized respiratory complex I (CI). In
astrocytes, CI does not efficiently assemble into respiratory super-
complexes, as occurs in neurons (upper inset). Nrf2 activation may
also occur upon stimulation of metabotropic glutamatergic recep-
tors (mGlu-R), subsequent Ca’* entry and activation of Cdk5 by

The different activity and reliance on mitochondria in
neurons and astrocytes may account for their differential
ROS production. Now we know that a key feature merging
the divergent features between neurons and astrocytes on
mitochondrial respiration, bioenergetics and ROS genera-
tion is a different configuration of the electron transport
chain (ETC) (Fig. 1). To account for an efficient ETC
function and ATP production from respiration, mitochon-
drial respiratory complexes assemble into quaternary
structures termed respiratory supercomplexes (RSC) [37,
38]. Unexpectedly, astrocytes scarcely embed complex I
(CI) along with CIII and CIV to form RSC; conversely,
neurons have their ETC complexes mostly embedded
into RSC harboring CI, CIII and CIV [25, 38]. An inter-
species analysis further revealed that ETC activities and
assemblies vary depending on the rodent species and

Neuron

phosphorylated p35. Nuclear translocated Nrf2 transcriptionally
upregulates the gene expression of antioxidant enzymes such as glu-
tamate-cysteine ligase (GCL), rate limiting for glutathione (GSH)
biosynthesis. GSH released to the extracellular medium is cleaved
to provide precursors for de novo synthesis of GSH within neurons.
Neuronal GSH dispose ROS derived from an excessive stimulation
of postsynaptic glutamatergic receptors (i.e., NMDAR; N-methyl-D-
aspartate receptor) and Ca>* entry and overload. Red lines track the
synthesis of antioxidants (GSH) from astrocytes and its use by neu-
rons to reduce excessive ROS
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strains tested. Astrocytic CI activity in rats, either Wistar
or Sprague—Dawley, is higher than that found in C57BL/6
mice, and particularly in Wistar rats astrocytic CI activ-
ity is around six times higher than that of their own neu-
rons. Assembly into CI-III-IV RSC increase CI activity
in astrocytes compared to neurons, remaining similar in
both cell types in strains not assembling such supercom-
plexes [39].

As aresult of compromised assembly, the free, less active
CI found in C57BL/6 astrocytes accounts for a less effi-
cient respiration and bioenergetics, along with an increased
ROS generation that is rescued by the RSC assembly fac-
tor NDUFSI1 [25]. In free CI, the flavin mononucleotide-
containing subunit NDUFV1 is more available to interact
with O, [38]. In this scenario, O, generation is allowed
given that the ETC is maintained on its oxidized status [40],
with a low efficiency to consume O, from NADH substrates
in astrocytes, as compared to neurons. Mitochondrial ROS
originated from a less efficient ETC transfer cause a subse-
quent lipid oxidation and oxidative damage, specially to CI,
that contributes to a vicious cycle further increasing ROS
production [40]. In this cycle, reducing ROS levels results
in partially prevented CI release and recovery of RCS [25,
40], indicative of a mutual relationship between ROS pro-
duction and RSC stability. These evidences are in line with
the notion that during aging, RSC are less abundant despite
the activity of individual ETC complexes may be conserved,
thus contributing to explain the link between higher ROS
and mitochondrial dysfunction during aging as a probable
cause for neuronal loss [41].

Not only the assembly of RCS defines the production of
ROS in neural cells. Dysfunctional mitochondria, through
an aberrant respiration and signaling, may contribute to
generate ROS and aggravate the inherent consequences of
mitochondrial loss of function. To prevent this, mitophagy
constitutes a specific and multifaced path that controls the
degradation of damaged mitochondria. Inefficient mitophagy
results in neurodegeneration, as characterized from Par-
kinson’s disease (PD) mutations in genes encoding for the
PINK1-Parkin axis, master regulators of mitophagy [42].
Fostered by an impaired respiration and signaling, the loss
of PINK1 activity results in mitochondrial ROS genera-
tion, that is probably fostered by cytosolic ROS to stabi-
lize Hifloe even when its mRNA levels are low; as a result,
Hiflo primes the upregulation of glucose metabolism [43].
While higher glycolysis rates promote cellular growth and
may stand behind the higher astroglial proliferation in PD
patients [44], an increased glycolytic flux in neurons would
instead result in a compromised PPP activity and antioxidant
capacity [36]. As a result, this metabolic switch may account
for neuronal loss in PD and other neurodegenerative diseases
coursing with aberrant mitophagy. Altogether, a proper con-
trol of mitochondrial function, along with a correct assembly
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of RSC and disposal of damaged organelles, shows crucial
for neuronal function and survival.

Neurons are Not Alone at Disposing ROS

A high dependency of neurons on oxidative phosphorylation
[45, 46] and exposure to ROS [25] throughout the large liv-
ing cycle of such postmitotic cells, may explain why ROS
could lead to neurodegeneration and neurological diseases
associated with aging [9, 47-49]. Despite the presence of
intrinsic antioxidant defences [50-52], neurons still have a
weak antioxidant potential when compared to astrocytes;
thus, neurons are particularly sensitive to oxidative chal-
lenges that can make them succumb to excess ROS [45, 53,
54]. The higher susceptibility of neurons to ROS is exten-
sively due to the continuous destabilization and degradation
of the master antioxidant transcriptional activator nuclear
erythroid-related factor 2 (Nrf2) by Cullin 3/Kelch-like
ECH-associated protein 1 [55, 56]. Nrf2 masters the tran-
scription of a wide spectrum of antioxidant enzymes. It is
required not only for the GSH pathway, by inducing GCL,
GPx or GST expression, but also to induce other antioxidant
genes such as hemooxygenase-1 (HO-1), thioredoxin (Txn)
or NAD(P)H dehydrogenase quinone (Nqo-1), as well as
genes involved in NADPH regeneration (G6pd, Idh1, Pgd)
[55-57]. In basal conditions, NRF2 binds to the redox sen-
sor KEAP1 (Kech-like ECH-associated protein 1), which in
absence of ROS allows the interaction of NRF2 with CUL3
(Cullin 3) for the polyubiquitination and proteasomal degra-
dation of the former. Upon ROS accumulation, the oxidation
of key cysteines in KEAP1 allows NRF2 nuclear transloca-
tion and transcriptional activity [57, 58], in a similar fash-
ion as also occurs for HIF 1« stabilization and subsequent
metabolic reprogramming, that fosters cell survival [59].
Whereas NRF2 degradation is continuous in neurons and
render these cells particularly vulnerable to ROS, NRF2
is more stabilized in astrocytes, making them master the
disposal of ROS in the nervous system, since antioxidants
are not only kept within astrocytes but are also furnished
to neurons [56, 60]. For instance, NRF2 induction of GCL
increases GSH synthesis in astrocytes, which as mentioned
above can subsequently be exported to the extracellular
medium and processed into precursors for GSH synthesis
in neurons both in vitro and in vivo [56, 61, 62]. Therefore,
astrocytes are key to provide antioxidant capacity to neurons
[46, 63, 64].

In astrocytes, activation of glutamatergic receptors
(GluR) triggers a phospholipase C-mediated release of
Ca”* from the endoplasmic reticulum and the subsequent
activation of protein kinase Cé (PKCS6) to phosphorylate and
stabilize p35, a cofactor of the cyclin-dependent kinase-5
(CDKY5) [65]. Nrf2 phosphorylation by Cdk5/p35 or other
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pathways provides an antioxidant pool that neurons use to
detoxify ROS generated by Ca®* entry and overload, that
normally occurs upon overstimulation of neuronal glutamate
receptors, particularly N-methyl-D-aspartate (NMDA) [56].
The rise of intracellular Ca®* following excessive activa-
tion of NMDA receptors by glutamate in neurons accounts
for a so-called excitotoxic response, that leads to neuronal
death when unresolved [66]. Altogether, neuronal activity
engages a response from astrocytes that engages, among
other antioxidant mechanisms, de novo biosynthesis and
release of GSH through the astrocyte-neuronal glutathione
shuttle (ANGS). This path hence couples neurotransmission
mediated by NMDA receptors with neuronal survival, as
demonstrated during ischemic preconditioning [67].

As noted, the endogenous levels of astrocytic mitochon-
drial ROS are about one order of magnitude higher than
neurons [25]. Despite a higher abundance of ROS, this is in
line with the concept of hormesis, defined as a short-lived
or persistent, but not lethal, stressor that primes a resistance
to such stress [68—70], probably due to a higher antioxidant
capacity. This would explain how astrocytes are prepared
to efficiently handle oxidative stress, and how the redox
homeostasis could be a new compartmentalization example
of brain cells, closely related to brain metabolism [71] as
described below.

Metabolic Coupling Between Neurons
and Astrocytes

The high-energy supply required for neuronal activity has
been classically linked to the use of glucose as key energetic
substrate in the brain [59, 72], along with the consumption
of nearly 20% of inhaled O, [73]. These energetic costs
extensively rely on the metabolic coupling with astrocytes to
control energy and redox homeostasis [29], given their role
as essential partners for neurotransmission and behaviour
[74, 75]. To this end, astrocytes form a syncytium through
the establishment of cellular processes to contact capillaries,
neuronal perikaryal or synapses. Along with abundant gap
junctions, such processes account for an intense exchange
of intermediates that cover the metabolic and energetic
demands in the nervous system [59].

The astrocytic-neuronal metabolic coupling is further
illustrated by the restoration of neuronal glutamate levels
upon Ca*" influx and membrane depolarization during neu-
rotransmission, a mechanism that requires from astrocytes
and an active Na*-dependent transport to take up glutamate
from the synaptic space [76]. This occurs at the expense
of ATP, used to restore the Nat gradient through the Na*/
K* ATPase [29]. In astrocytes, glutamate can be converted
in glutamine by glutamine synthetase, which is absent in
neurons. However, neurons use glutaminase to recover

glutamate from the synaptically inactive glutamine that is
released from astrocytes. The fate of glutamate in astrocytes
may also pass through its conversion into a-ketoglutarate for
oxidation by the tricarboxylic acid (TCA) cycle in mitochon-
dria, which provides ATP [77]. Importantly, activation of the
Na*/K* ATPase for glutamate processing is paralleled by an
enhanced glucose uptake from capillaries [78, 79] and hence
coupling with a higher glycolytic flux, either in a persistent
or in a rapid, reversible manner in astrocytes [80].
Glycolysis is also fostered in astrocytes by the fact that
APC/C-Cdh1 has low negative input at degrading PFKFB3,
which would impair the production of fructose-2,6 bispho-
sphate (F2,6P,), the most potent activator of 6-phosphof-
ructo-1-kinase (PFK1) [81]; therefore, glycolytic activity
will not be reduced in astrocytes by this pathway, as occurs
in neurons [36] (Fig. 2). Astrocytes can also store glycogen
[82], which upon glycogenolysis serves to supply lactate
-the major product of glycolysis-, that enters the TCA cycle
and supports neuronal activity, especially during hypogly-
cemia [83, 84]. Thus, astrocyte-derived glycolytic lactate
represents a key energetic supply to neurons, which mainly
rely on the TCA cycle to sustain bioenergetics and metabo-
lism; conversely, the oxidation of lactate is comparatively
less efficient in astrocytes [85]. In astrocytes, the conver-
sion of pyruvate into lactate is facilitated by the absence
of a mitochondrial aspartate/glutamate carrier, reducing the
capacity of the malate/aspartate shuttle to transfer reducing
equivalent as nicotinamide adenine dinucleotide (NADH) to
mitochondria to recover NAD*. To keep active the glycolytic
flux, NADH is rather converted to NAD™ through the lactate
dehydrogenase isoform LDHS in the cytosol [82].
Altogether, the metabolic differences between astrocytes
and neurons explain how these cells have adapted to couple
their metabolism, transferring lactate from the glial to the
neuronal compartment [82], hence coordinating the ener-
getic supply through the astrocyte-neuronal lactate shuttle
(ANLS) [86, 87]. This phenomenon consists in the astro-
cytic activity-dependent uptake of glucose and release of
L-lactate, subsequently imported by neurons through mono-
carboxylate transporters (MCTs), which are also able to
transport pyruvate and ketone bodies. Lactate is released
from astrocytes by the monocarboxylate transporters MCT1
and MCT4, the former also found in endothelial cells from
blood vessels, whereas the high-affinity transporter MCT2
is mainly expressed in neurons and contributes to long-term
adaptation of energy supply [82]. Lactate uptake may be
enhanced in neurons by ascorbic acid, with a concomitant
reduction in glucose uptake, while LDHI1 facilitates the con-
version of lactate to pyruvate [59]. The occurrence of the
ANLS has been probed in vivo [88] and constitutes a con-
served mechanism in the evolution of neuronal survival [89].
Importantly, altered ANLS that occurs with dysfunctional
MCT2, MCT4 and lactate content in the brain has been
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Astrocyte .

Fig.2 Neuron-astrocyte metabolic and bioenergetic coupling. Glu-
cose (Glc) constitutes a major metabolic substrate to the nervous
system, where astrocytes take it from capillaries through the GLUT1
transporters (right astrocyte). Along with the processing of glycogen
stores (glycogenolysis), astrocytic glycolysis produces lactate as a
final product, later released and imported by neurons through mono-
carboxylate transporters (MCTs; e.g. MCT2 in neurons; in astrocytes,
MCT1 and MCT4 contribute to lactate release). Glycolysis can be
also stimulated in astrocytes by impaired degradation of mitochon-
dria by mitophagy, which along with mitochondrial ROS genera-
tion triggers HIFla-dependent glycolysis (left astrocyte). Upon neu-
ronal importation, lactate is converted to pyruvate (Pyr) and enters
the tricarboxylic acid cycle to foster mitochondrial ATP production
(bottom neuron). Glycolysis is constitutively interrupted in neurons
by the continuous degradation of the glycolytic enzyme PFKFB3

described in Alzheimer’s disease [59, 90, 91], and deletion
of MCT1 results in neurodegeneration, its expression being
affected by mutant SOD1 in familial amyotrophic lateral
sclerosis (ALS) [92]. These features highlight the relevance
of MCTs for neuronal survival in coordination with oxida-
tive stress regulation.

As indicated, lactate can take over the energetic supply to
sustain neuronal function during glucose deprivation. This
may be implemented by ketone bodies to fulfil energetic
demands occurring during fasting, in breast-fed new-born
babies and in diabetes, or by acetate during hypoglycemia
or chronic alcohol abuse [59]. Several studies have discussed
this hypothesis, arguing a higher affinity of neuronal glu-
cose transporter GLUT3 over astrocytic GLUT1 for glucose
uptake, or the ability of neurons to upregulate glycolysis
and release lactate, rather than importing it from astrocytes
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(6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase) ~ via  ana-
phase-promoting complex/cyclosome (APC-Cdhl), which inhibitory
effect in glycolysis is instead blunted in astrocytes. Glutamate fur-
ther stimulates mitochondrial respiration in neurons (upper neuron).
Glutamate from the synaptic space enters astrocytes (left astrocyte)
through EAAT (excitatory amino acid transporters) and is converted
by glutamine synthetase to the synaptically inactive glutamine. After
release, glutamine can be imported into neurons and re-converted to
glutamate by glutaminase. Along with Ca®* entry following stimu-
lation of ionotropic glutamatergic receptors (iGlu-R; i.e. NMDAR),
glutamate fosters mitochondrial ATP production for neurotrans-
mission in neurons. Red and blue dotted lines respectively track the
fate of glycolytic products and glutamate in the metabolic coupling
between astrocytes and neurons

(reviewed by [59]). Conversely, recent studies have demon-
strated that glucose is preferentially consumed by glial cells
in the nervous system and that derived metabolites such as
lactate are mainly exported by glial cells [59, 92-95] and,
to a lesser extent, by neurons [96]. In this scenario, glial
GLUT1 would be key for the neurovascular coupling that
is required for a continuous glucose uptake from the blood
[97], hence indicating a rate-limiting role for GLUT1, even
if its glucose affinity is lower than neuronal GLUT3 (Fig. 2).
Moreover, astrocytes are more efficient at exerting glyco-
lysis and lactate production than neurons [98], mainly by
LDHS, whilst LDH1 converts lactate to pyruvate in neu-
rons. Of note, astrocytes can store glucose as glycogen and
export glycogen-derived lactate, although at lower rates
than glucose-derived lactate [99]. In sum, the classic vision
on glucose as key for energetic supply to neurons has been
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challenged by studies on the cellular compartmentalization
in the use of substrates, along with the demonstration that
lactate is central for axonal myelination and regeneration,
and thus crucial for excitability, plasticity and memory con-
solidation [86]. These features make lactate to be consid-
ered a preferred energetic supplier in the nervous system
when glucose or oxygen supply are limiting, or during high
neuronal activity [59]. Indeed, neurotransmission primed
by glutamate coincides with a blunted GLUT3 activity and
glucose import that fosters lactate uptake in neurons [100].
This is in line with the current assumption that neurons are
preferentially oxidative, whereas astrocytes and oligoden-
drocytes display a highly active glycolysis to supply glucose
derivatives as lactate [86].

Despite the many evidences for the occurrence of ANLS,
some aspects still rise concerns [72, 101-103]. A critical
aspect is that ANLS was originally formulated from obser-
vations made under conditions of glutamatergic stimula-
tion [87] and therefore may underestimate other metabolic
states of astrocyte bioenergetics [72]. Another criticism on
the ANLS theory is that somehow may also underestimate
that TCA and mitochondrial metabolism in astrocytes, or
the glycolytic pathway in neurons, that may still work as key
energetic sources [101]. Furthermore, mitochondrial astro-
cytic metabolism may be also relevant in other aspects such
as fatty acid oxidation, which coexists with astrocyte glyco-
lysis and is inhibited by glutamate [104]. Trying to reconcile
such facts, it has been proposed a loosening of the coupling
between both processes, where astrocytic glycolysis would
be followed by oxidative metabolism in neurons [105].
Despite the demonstration of the occurrence of the ANLS
in vivo as key to support the existence of ANLS in the brain
[88], further studies are guaranteed solve discrepancies on
some aspects of ANLS (see [103] for further discussion).

ROS Signaling and Metabolic Coupling

ROS and metabolism in the nervous system are intrinsi-
cally linked. In neural cells, endogenous or exogenous ROS
can activate AMPK to modulate glucose intake [106]. ROS
can also inhibit glycolytic enzymes such as glyceraldehyde
3-phosphate dehydrogenase (GAPDH) or pyruvate kinase
M2 (PFKM?2) through modification of cysteine residues
[107]. In the last years, the work done by Prof. J. P. Bola-
fios and cols. has extensively contributed to our current
understanding on how neurons and astrocytes differentially
capitalize on glycolysis and PPP to intertwin metabolism
and ROS signaling [54]. To accomplish with redox signal-
ing in neurons and astrocytes, glucose is not merely used
as a bioenergetic substrate for glycolysis. Instead, the pen-
tose phosphate pathway (PPP) derives the use of glucose
towards the production of NADPH in neurons, required as

a reductive cofactor for the regeneration of GSH and ROS
disposal [36]. As a result of the continuous degradation of
PFKFB3 by Cdhl, the glycolytic flux is blunted while PPP
is constitutively active in neurons. This becomes especially
relevant under glutamate excitotoxicity, where bursts of Ca**
activate calpain and the Cdk5-dependent phosphorylation
of Cdhl, finally resulting in PFKFB3 stabilization, aber-
rant induction of glycolysis and consequent oxidative stress
during neuronal cell death [36, 65, 108] and altered PPP
underlying neurodegeneration [109, 110] (Fig. 2).

Further work has explored also the opposite; i.e., the
possibility that ROS levels, particularly arising from mito-
chondria as the main source of ROS in the cell, could alter
metabolism. This hypothesis departs from the finding that
astrocytes have a stronger antioxidant machinery, probably
to cope with their higher generation of ROS due to a less
assembled mitochondrial complex I [25]. Capitalizing on
a model of specific targeted expression of the cytosolic
antioxidant enzyme catalase to mitochondria, Vicente-
Gutierrez et al. [71] have recently explored the possibility
that ROS generation in astrocytes could sustain a continu-
ous engagement of an antioxidant response that may also
impact metabolism. Using this model, they show that astro-
cytes control redox homeostasis through the modulation
of NADPH-oxidases (NOX) and GSH synthesis, mastered
by the transcriptional activity of Nrf2 in response to ROS.
Strikingly, astrocytes expressing mitochondrial catalase to
blunt ROS production in mitochondria, turned off the endog-
enous synthesis of antioxidants, thus resulting in a compro-
mised supply of GSH and neuronal viability (Fig. 1). In this
context, a higher abundance of ROS shows to be essential in
the maintenance of neural metabolism, with aberrant conse-
quences in behaviour [71]. In astrocytes, mitochondrial ROS
are needed to physiologically regulate glucose metabolism
by promoting glycolysis and repressing the pentose phos-
phate pathway (PPP). The mitochondrial response in astro-
cytes controls neuronal survival by regulating bioenergetics
and redox metabolism [71]. Mechanistically, astrocytic ROS
engage at least two paths to exert these functions. On the
one hand, ROS keep the histone HDAC4 oxidized, allowing
miR-206 expression and consequent G6PD repression. On
the other hand, mitochondrial ROS in astrocytes conserve
Nrf2 transcriptionally active to repress the extracellular
release of ROS mediated by NOX-1 and NOX2. Moreover,
Nrf2 serves also to synthetize GSH in astrocytes, afterwards
used to replenish neuronal GSH through the astrocyte-neu-
ron shuttle. In brain, astrocytic mitochondrial ROS modulate
their genetic program, but do not deeply alter the expression
of neuronal genes; however, signs of altered neuronal struc-
ture are shown and are compatible with cognitive defects
in novel object recognition and open field tests, suggestive
of altered cognition and social behaviour [71]. Altogether,
astrocytic ROS emerge as determinants of metabolism and
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vice versa, requiring from a reciprocal balance to sustain
neuronal function and prevent neurodegeneration and cogni-
tive defects. Importantly, the need of astrocytic ROS to keep
active the antioxidant machinery and metabolism, may lead
behind the failed ability of antioxidant therapies to provide
neuroprotection [111-113].

Conclusions

The highly energetically demanding activity of neurons
coordinates with surrounding neural cells to engage a meta-
bolic and redox crosstalk, that is required for normal brain
function. Regarding metabolism, astrocytes are no longer
referred to as mere supportive cells, proven their essential
role to cover the metabolic needs of neurons for neurotrans-
mission and survival. In the last years, several works have
made huge advances in understanding molecular and cellular
aspects of this astrocytic-neuronal coupling, capitalizing on
cutting-edge approaches and novel animal models.

Many attempts have pursued the use of antioxidant thera-
pies as a tool to slow down the progression of these disorders
[111, 112]. Unfortunately, almost all therapies tested in clini-
cal trials have failed to provide neuroprotection, calling for
a reassessment and a better understanding of neural redox
biology. A starting point is to consider ROS as not mere by-
products or harming agents. Challenging the established but
still broadly simplistic view of ROS as harmful molecules,
can be regarded as a main message from the evolution of the
redox and metabolic fields in the nervous system over the
last years. Although a deleterious role for ROS holds true
over certain threshold levels, ROS should be physiologically
regarded as key signaling molecules coupling metabolism
in astrocytes and neurons, with broad pathophysiological
implications when dysregulated. In the CNS, several evi-
dences have now showed that ROS regulation and metabo-
lism are differentially regulated in either neurons, with a
more prominent reliance on oxidative phosphorylation and
PPP, and astrocytes, which count on a strong antioxidant
capacity and glycolytic handling to provide metabolic and
redox precursors in their cross-talk with neurons. Hence,
although classically assumed as secondary actors, astrocytes
are currently considered as critical in regulating metabolism
and redox signaling in the nervous system [8, 59, 71, 86].
As a key phenotypical consequence, astrocytes contribute to
define behaviour through the modulation of neuronal plas-
ticity and memory [114, 115]. In sum, a coordinated neural
metabolism and redox status defines neuronal viability and
functionality, thus accounting for behavioural phenotypes
and, ultimately, neurological and neurodegenerative dis-
eases. Future work will be needed to explore other expected
metabolic pathways that may participate in neuronal and
brain homeostasis, influenced by the astrocytic redox and
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metabolic status, with cellular specificity. Such studies
should also elucidate whether and how other aspects of
redox regulation, such as post-translational modifications
or transcriptional regulation, impact the reciprocal modula-
tion of metabolism and redox homeostasis underlying (dys)
function in the nervous system.
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