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Introduction
Oligodendrocytes are the cells in the CNS that produce myelin, a 
multilamellar lipid structure that wraps around axons and ensures 
proper conduction of action potentials. Oligodendrocytes are 
derived from oligodendrocyte progenitor cells (OPCs, also called 
NG2-glia), which populate the CNS starting from embryonic 
development onward (1–3). In mice, OPCs continue to give rise 
to new oligodendrocytes; after P30, oligodendrogenesis progres-
sively slows down as the animals age (4, 5). The oligodendrocyte- 
produced myelin sheath is classically characterized by the exis-
tence of multiple myelin segments along the axon separated 
by regions devoid of myelin called nodes of Ranvier (for recent 
reviews see refs. 6–8). Unlike their peripheral analog the Schwann 
cell, a single oligodendrocyte can produce multiple myelin seg-
ments on multiple axons. Once myelination is completed, adult-
born oligodendrocytes continue to contribute to myelination and 
myelin remodeling (9–11). Not every axon is fully myelinated 
along its length, and large stretches are unmyelinated. A recent 
study investigated myelination in mouse neocortex using high-
throughput reconstruction of electron microscopic images, which 
identified three distinct profiles of myelin distribution along the 
axons of pyramidal neurons in mouse neocortex (12): unmyelin-
ated axons, intermittently myelinated axons, and axons with a 
very long unmyelinated segment preceding the first myelin inter-
node. The true role of these different profiles in CNS communica-
tion remains to be investigated, but it is suggested that they allow 
for highly complex neuronal behavior through different arrays 
of communication mechanisms. Many cell-intrinsic and -extrin-
sic pathways may contribute to oligodendrocyte myelination 
and are reviewed elsewhere (8, 13, 14). The mechanism by which 
these myelin layers wrap around an axon has recently been eluci-
dated using an elegant approach combining live in vivo imaging 
in zebrafish with electron microscopy. Newly generated myelin 
layers were found to be deposited by continuous spiraling of the 

innermost “tongue” of the myelin around the axon, with simul-
taneous lateral myelin spread along the axonal length (15). This 
process is dependent on dynamic changes in actin assembly (16, 
17). One of the main proteins expressed in the myelin, myelin 
basic protein (MBP), drives myelin actin disassembly and myelin 
compaction (16, 18), whereas another oligodendrocyte protein, 
2′,3′-cyclic-nucleotide 3′-phosphodiesterase (CNPase), counter-
acts the myelin compaction by promoting actin assembly (19). 
Actin assembly allows for uncompacted myelinic channels to 
develop within the myelin layers, which in turn promotes trans-
fer of small molecules and metabolites between different regions 
within the oligodendrocyte cytoplasm (see below and ref. 19).

Multiple studies have shown that myelin deposition is not 
static, but far more dynamic than initially thought, with adaptive 
changes in myelin driven by changes in neuronal activity (myelin 
plasticity) (6, 20–25). These changes, e.g., induced by optogenetic 
stimulation or stimulated through learning of complex motor 
skills, promote oligodendrogenesis and the deposition of new 
myelin sheaths along the axons. In one study, blocking oligoden-
drogenesis by deleting the oligodendrocyte transcription factor 
myelin regulatory factor (Myrf) inhibited de novo myelination, 
and mice subsequently failed to learn a motor task, suggesting that 
new myelin synthesis and deposition along neurons are crucial for 
learning complex motor skills (21). Adaptive changes in myelin in 
human brain have also been suggested by several studies (26, 27). 
Learning a second language or training a visuomotor skill induced 
changes in white matter structure as found with diffusing tensor 
imaging. Nevertheless, whether changes in white matter structure 
truly reflect adaptive changes in oligodendrogenesis and myelina-
tion remains to be further clarified.

Oligodendrocytes provide metabolic support  
to neurons
Neurons have significant metabolic needs. Axons in human adults 
are often very long (sometimes more than 1 m) and represent a 
huge burden on the neuron’s limited energy storage and supply; 
therefore, it is not surprising that axons are particularly vulner-
able in conditions of increased electrical activity. These energy 
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astrocyte interactions. Upon glutamate release from electrically 
active neurons, astrocyte glutamate transporter activity drives 
astrocyte glucose uptake and subsequent conversion of glucose 
into pyruvate and lactate in these cells (Figure 1 and Figure 3i). 
These metabolites can be shuttled toward neurons through mono-
carboxylate transporters (discussed below) to provide neurons 
with metabolic support. Similarly, an increase in ammonium 
(NH4

+) release upon increased neuronal activity can increase lac-
tate levels in astrocytes by promoting pyruvate to lactate conver-
sion followed by lactate release (34). Upon neuronal entry, lactate 
can be converted into pyruvate by neuronal lactate dehydrogenase 
and can enter the TCA cycle to fuel neuronal energy homeosta-
sis (Figure 1). Astrocyte-derived lactate has indeed been shown to 
be an essential contributor to neuronal metabolism (see below); 
however, astrocyte contact with neurons is generally spatially 
limited to the neuronal cell body, the regions of synaptic contact, 
and some nodes of Ranvier. In contrast, oligodendrocytes are well 

demands could be met by metabolism of glucose by glycolysis, 
followed by entry of pyruvate into the mitochondrial TCA cycle 
and oxidative phosphorylation, generating ATP for the neuron 
(Figure 1). Neurons do not have significant energy stores (28, 29) 
(as compared with astrocytes, which store glucose as glycogen), 
and require significant amounts of ATP to maintain the activity 
of the Na+/K+ channels, ensuring the continuation of repetitive 
firing of action potentials. Na+/K+ channels are expressed along 
the internodes, where most of the axonal mitochondria are locat-
ed, shielded from the extracellular environment by the myelin 
sheath (30, 31). Therefore, it would not be surprising if oligoden-
drocytes have undergone evolutionary adaptation to neuronal 
energy demands (Figure 2).

The concept that glial cells contribute to neuronal metabolic 
support was proposed several decades ago with the so-called 
astrocyte-neuron lactate shuttle hypothesis (refs. 32, 33, Figure 
1, Figure 3i, and Figure 3ii), which principally focuses on neuron-

Figure 1. Astrocyte-oligodendrocyte-neuron 
lactate shuttle. Astrocytes (top) can take up 
glucose from the blood circulation through 
glucose transporters (GLUT1), a process that is 
enhanced upon glutamate release from neurons 
and glutamate binding to astrocyte-expressed 
glutamate transporters (GLT-1). Glycolysis breaks 
down glucose to pyruvate with the production 
of ATP and NADH. Alternatively, astrocytes can 
break down intracellular glucose, which is stored 
as glycogen. Subsequently, pyruvate is either 
metabolized in the mitochondria (leading to 
additional production of ATP) or converted to 
lactate by lactate dehydrogenase (LDH) when 
oxygen is limited (ensuring the continuation of 
glycolysis through oxidation of NADH to NAD+ 
to resupply the NAD+ pool). In oligodendrocytes 
(bottom), glucose can similarly be processed into 
pyruvate and lactate. Oligodendrocyte glucose 
uptake is controlled by glutamate binding to the 
NMDA receptor expressed on the oligodendrocyte 
surface. Intracellular lactate in astrocytes or 
oligodendrocytes can either exit the cell through 
the monocarboxylate transporters MCT1 and 
MCT4 or be converted back to pyruvate in the 
mitochondria, where it fuels ATP or fatty acid 
synthesis. Extracellular lactate can be shuttled 
to neurons through neuronal MCT2 and used to 
fuel neuronal ATP synthesis in the mitochondria. 
Gap junction coupling (Cx) between glial cells 
and glial cells/neurons mediates the exchange 
of metabolites like pyruvate and lactate, but the 
importance of these connections in metabolic 
shuttling is still to be further explored. Alterna-
tively, it is hypothesized that extracellular lactate 
is imported in glial cells and could contribute to 
ATP synthesis in glial cells upon conversion to 
pyruvate in the mitochondria.
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MBP expression levels (which promotes myelin compaction) res-
cues the loss of these cytoplasmic channels and rescues the axonal 
degeneration observed in large-caliber axons of the CNPase-null 
mice (but not small-caliber axons, where such channels are very 
rare), indicating that CNPase and MBP have an antagonistic rela-
tionship during myelin compaction (19).

In conclusion, oligodendrocyte protein–knockout mouse mod-
els suggest that oligodendrocyte myelin is not merely static but far 
more complex and dynamic than originally thought. These models 
reveal differential effects of myelin in action potential propagation 
and axonal degeneration, bringing oligodendrocytes to the fore-
front of essential players in neuronal metabolic support. The metab-
olites that are shuttled through the cytoplasmic channels toward the 
periaxonal space eventually accumulate in the oligodendrocytes if 
there is no assisted transport to shuttle these metabolites outside 
the cell. In fact, oligodendrocytes express a specific transporter for 
glucose-derived metabolites that ensures shuttling of these metab-
olites toward neurons to meet their metabolic needs (43).

Oligodendrocytes provide neuronal metabolic support through 
monocarboxylate transporters. Half a decade ago, two seminal pub-
lications shed more light on how oligodendrocytes provide meta-
bolic support to neurons (43, 44). Firstly, oligodendrocytes were 
found to express a transporter for monocarboxylate metabolites, 
monocarboxylate transporter 1 (MCT1), which was previously 
found to be highly expressed by astrocytes (43). MCTs comprise 
a superfamily of 16 members of which four members, MCT1, 
MCT2, MCT3, and MCT4, are expressed in the CNS (reviewed 
in refs. 45, 46). MCT1–MCT4 cotransport monocarboxylates like 
lactate, pyruvate, and ketone bodies with H+ ions across plasma 
membranes according to their concentration gradient. This trans-
port ensures delivery of metabolic substrates such as lactate to 
target cells, where they fuel neuronal energy demands. Different 
MCTs are differentially expressed in the CNS and have differ-
ent substrate transport kinetics. MCT1 (with highest affinity for 
lactate) is prominently expressed in astrocytes and endothelial 
cells (47–49), whereas MCT2 (with intermediate affinity for lac-
tate) is expressed in neurons (47, 50). MCT4 (which has the low-
est affinity for lactate) is expressed in astrocytes (50). MCT3 is 
only expressed at the basal membrane of retinal pigment epithe-

connected to the axon through the myelin sheath, perfectly poised 
to support the metabolic demands of neurons.

Oligodendrocyte neuronal metabolic support. The first studies 
indicating a metabolic role for oligodendrocytes were knockout 
studies of specific oligodendrocyte proteins expressed in non-
compacted or compacted myelin (Figure 2). Loss of the oligo-
dendrocyte-specific myelin proteolipid protein (PLP) in trans-
genic animals causes severe axonal degeneration in the absence 
of alterations in the electrical conduction properties of the axon 
(refs. 35, 36, and Figure 2B). This would suggest that myelinated 
axons need oligodendrocyte metabolic support to maintain ATP 
homeostasis. The dysmyelinating mutant “shiverer” mouse, 
which lacks the oligodendrocyte protein MBP, does not show any 
signs of axonal degeneration except for mild axonal swellings in 
the cerebellar granular cell layer and spinal cord white matter (37, 
38), despite the absence of compacted myelin and abrogation of 
normal action potential propagation (ref. 39 and Figure 2C). These 
animals develop severe tremor and seizure-like behavior and die 
around 3 months of age. Despite the inability of the myelin to sup-
port electrical activity of the neurons in these mice, axons do not 
degenerate, perhaps because of ongoing metabolic support from 
the thin, uncompacted myelin process (35). Notably, the pheno-
type observed in these MBP- and PLP-null mice clearly suggests 
that oligodendrocytes affect neuronal homeostasis independent 
of their capacity to provide normal axonal conductance.

CNPase-null mice develop progressive axonal degenera-
tion with (as originally reported; see below) normal-appearing 
myelin that does not influence axonal action potential propaga-
tion (ref. 40 and Figure 2D). Pronounced deficits were described 
at the paranodal loops and inner tongue processes (40–42). Using 
novel high-pressure freeze and freeze substitution techniques for 
electron microscopy, it was found that CNPase is involved in the 
organization of the actin cytoskeleton surrounding cytoplasmic 
“myelinic nanochannels” (ref. 19 and Figure 3iii). These myelin 
channels are noncompacted regions of myelin that allow passage 
of nutrients, metabolites, and signaling molecules toward the 
underlying axon (7, 15, 19). Loss of CNPase severely affected the 
presence of such cytoplasmic channels, and myelin was far more 
compacted (ref. 19 and Figure 2D). Interestingly, a decrease in 

Figure 2. Oligodendrocytes provide metabolic support to neurons. (A) Normal myelin with compacted (dark blue) and uncompacted (light blue) channels 
form a multilamellar structure around the axon. (B) In PLP-null animals, myelin appears to be ultrastructurally normal, but the underlying axons show 
signs of degeneration. (C) In MBP-null mice (shiverer mice), only a thin sheath of uncompacted myelin wraps the axon. Despite this dysmyelination, these 
mice develop normally and axons are intact. (D) The myelin in CNPase-null mice is more compacted than normal as a result of the loss of the uncompacted 
myelinic channels, resulting in severe axonal degeneration. (E) Loss of MCT1 in oligodendrocytes leads to axonal degeneration despite normal-appearing 
myelin wrapping the axons. All these models show a clear distinction between the ability of myelin to support axonal conductance and its ability to pro-
vide trophic support to the axon. How myelinic channels are affected in the PLP- and MCT1-null mice remains to be elucidated.
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oligodendrocyte-specific MCT1 depletion caused severe axonal 
injury and motor neuron death in vivo (43). These studies indicate 
that oligodendrocytes are key mediators of neuronal metabolic 
support. As oligodendrocytes accumulate intracellular lactate, lac-
tate can flow through MCT1 into the periaxonal space, where neu-
rons can take it up through MCT2 and metabolize lactate to meet 
their metabolic demands (43, 44, 54). Other lines of evidence sup-
port the idea that lactate flows from oligodendrocytes to neurons. 
Oligodendrocyte-specific knockout of the mitochondrial respira-
tion protein COX-10, which prevents oxidative metabolism, did 
not alter myelination, and lactate that had accumulated due to 

lial cells (51). Early publications suggested that astrocytes play the 
foremost role in providing neurons with lactate through MCT1 and 
MCT4 (32, 52); however, it is now well established that MCT1 is 
strongly expressed by oligodendrocytes at the abaxonal and adax-
onal myelinic channels and that oligodendrocyte MCT1 mediates 
metabolic support to neurons (43, 53). Oligodendrocyte-specific 
MCT1 inhibition in organotypic spinal cord slice cultures leads to 
axonal injury (Figure 2E and Figure 3iv), which can be rescued by 
the addition of l-lactate to the culture medium (43). Further, Mct1 
heterozygous knockout mice develop axonal injury in the absence 
of oligodendrocyte injury starting at 7 months of age (43). Lastly, 

Figure 3. Glial cells provide metabolic support to neurons. (i) At the synapse, neuronal activity releases glutamate (Glu) in the extracellular space, which 
is taken up by astrocytic GLT-1. Glutamate uptake drives glucose (Glc) uptake through glucose transporters (GLUT1) in astrocytes; glucose is subsequently 
converted to pyruvate (Pyr) and lactate (Lac). Intracellular lactate can be shuttled to neurons through astrocyte MCT1 and MCT4 and neuronal MCT2. 
Neuronal lactate can fuel neuronal ATP synthesis in the mitochondria after conversion to pyruvate. (ii) Astrocytes contact neurons at the nodes of Ran-
vier, and can shuttle metabolic substrates through astrocytic MCT1 and MCT4. Neurons can take up these substrates through MCT2, using them to fuel 
mitochondrial ATP synthesis. (iii) Oligodendrocyte myelin consists of compacted and uncompacted regions. The latter allow for transport of metabolites 
within the myelin, toward the adaxonal (nearest to the axon) myelin inner tongue, from where metabolites can be transported to neurons. (iv) Transport 
occurs through MCT1 expressed at the adaxonal oligodendrocyte process and moves substrates into the periaxonal space, where metabolites can be taken 
up by neurons through MCT2 and processed for ATP synthesis. (v) The metabolic supportive function of oligodendrocytes is regulated by glutamate bind-
ing to the NMDA receptor, followed by enhanced oligodendrocyte glucose uptake and conversion of glucose to lactate, which can then be provided to the 
neurons. (vi) Another potential source of oligodendrocyte lactate is through gap junction coupling with astrocytes. Whether metabolic supply through this 
pathway is essential for neuronal metabolic support remains to be determined.
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dye (69). The electrical activity of the neurons was highly depen-
dent on lactate metabolism even in the presence of glucose, as the 
drop in ATP levels observed upon high-frequency stimulation was 
significantly higher upon inhibition of lactate metabolism either 
using lactate transport inhibitors or by addition of the nonphysi-
ological d-lactate to the extracellular environment (69).

Role of lactate in myelination. As MCT1-mediated transport 
is bidirectional, lactate has also been suggested to be a potential 
source for oligodendrocyte ATP homeostasis important for the 
generation and maintenance of myelin integrity, a huge metabolic 
burden on the oligodendrocyte energy levels (70, 71). One study 
has shown that lactate added to rat cerebellar or cortical slices 
is highly metabolized by MCT1-expressing oligodendrocytes. 
When these slices were grown in low-glucose conditions, lactate 
is highly metabolized by MCT1-expressing oligodendrocytes in 
the cerebellum and corpus callosum (70). In cultured cortical 
slices grown in low-glucose conditions, it was found that myelina-
tion and oligodendrogenesis were severely impaired, but rescued 
by lactate supplementation, suggesting that lactate is important 
for oligodendrocyte maturation and myelination (70). However, 
the in vivo relevance of these findings and the need for lactate 
to promote myelination or oligodendrogenesis is uncertain. In 
Mct1+/– mice, oligodendrogenesis and myelination are completely 
normal (Figure 2E), arguing against a role for MCT1 in myelin 
homeostasis either during development or in adulthood (43). It 
remains to be elucidated whether homozygous knockout of Mct1 
in oligodendrocyte-lineage cells impairs developmental myelina-
tion and/or myelin maintenance in vivo. Alternatively, lactate and 
other metabolites could bypass MCT1 and reach oligodendro-
cytes through either homotypic or heterotypic gap junctions (see 
below). In addition, oligodendrocytes express glucose transporter 
1 (GLUT1), through which glucose can enter the cell and contrib-
ute to lipid synthesis in oligodendrocytes either as a precursor or 
by generating ATP during glycolysis (44, 72).

NMDA receptor signaling regulates oligodendrocyte-mediated 
metabolic support. The actual source of the lactate accumulating 
in the oligodendrocytes is still under debate. Oligodendrocytes 
could take up glucose using the cell surface–expressed GLUT1 
and then convert glucose into lactate through glycolysis. A recent 
elegant study supports a mechanism in which NMDA receptors 
(NMDARs) are involved in oligodendrocyte-mediated neuronal 
metabolic support (ref. 72 and Figure 3v). Oligodendrocyte-lineage 
cells express NMDARs, but their importance has remained enig-
matic, as deletion of specific NMDAR subtypes had no influence 
on OPC proliferation, myelination, the ability of OPCs to form 
synapses with glutamatergic neurons, or their susceptibility to 
experimental autoimmune encephalomyelitis (73, 74). NMDARs 
are expressed on the noncompacted cell surface of oligodendro-
cytes and respond to neuronal activity with enhanced Ca2+ influx 
and increased glucose uptake through GLUT1 (72). When ex vivo 
preparations of acutely isolated optic nerves of NMDA-mutant 
mice were exposed to glucose and oxygen deprivation, there was 
reduced functional recovery when they were returned to glucose 
and oxygen exposure as compared with wild-type optic nerves. 
Functional recovery was observed upon exposure to lactate and 
oxygen, a condition that would bypass the need for oligoden-
drocyte-derived lactate to provide metabolic support to neurons. 

ongoing glycolysis was rapidly metabolized within the white mat-
ter tracts (44). The study’s authors suggested that adult oligoden-
drocytes can maintain ATP homeostasis with glycolysis alone and 
that accumulated lactate in oligodendrocytes can either be used to 
support myelin lipid synthesis in the oligodendrocyte or serve as a 
lactate source to neurons (44).

It remains to be elucidated how oligodendrocyte MCT1 
expression and function are involved in animal models charac-
terized by oligodendrocyte dysfunction (e.g., PLP-null, CNPase-
null, and MBP-null mice) or in myelin injury conditions such as 
multiple sclerosis (MS). Although it does not necessarily affect 
MCT1 expression, loss of CNPase expression leads to a loss of the 
noncompacted myelinic channels, which dramatically affect the 
flow of nutrients reaching the axon. Even if MCT1 expression is 
not directly altered in these models, MCT1-mediated transfer of 
lactate to neurons would be dramatically impaired if the normal 
oligodendrocyte network of myelinic channels or its structural 
contact with the neuron is no longer maintained.

Lactate is essential for neuronal ATP homeostasis. Whether pro-
vided by astrocytes and/or oligodendrocytes, the concept that 
lactate accumulates in the brain upon increased activation and its 
importance as a neuronal energy metabolite have been well estab-
lished (32, 52, 55–58). The importance of lactate as a metabolic 
nutrient in vivo was elegantly shown in a study in which rats were 
subjected to the inhibitory avoidance test (59). Long-term memory 
formation in the hippocampus of these rats was severely impaired 
upon hippocampal-specific inhibition of either MCT1, MCT2, or 
MCT4 expression; MCT1 or MCT4 deficiency could be rescued with 
injection of l-lactate but not equicaloric glucose. MCT2 inhibition 
was not rescued by the addition of l-lactate, which is in line with a 
flow of lactate from glial cell to neuron, where lactate is taken up by 
neuron-specific MCT2 and metabolized (59). The cellular source of 
the lactate that provides long-term memory benefits was originally 
suggested to be astrocytes; however, the subsequent identification 
of MCT1 expression in oligodendrocytes suggests that oligoden-
droglia also may mediate these effects (43). Lactate has been shown 
to have neuroprotective effects in brain injury models, either as a 
neuronal metabolite or as a signaling molecule that binds the neu-
ronal lactate receptor HCA1 (GPR81) (60–64). This finding under-
scores the potential role of lactate in models of neurodegeneration 
wherein neurons are metabolically stressed. More recent studies 
have demonstrated dynamic changes in lactate flow. Using live in 
vivo imaging of a lactate fluorescence resonance energy transfer 
(FRET) reporter construct, intravenously injected lactate was found 
to accumulate more in neurons than in astrocytes (65). Interest-
ingly, neuronal lactate levels remained unchanged upon peripheral 
lactate injection, which was expected to cause intracellular lactate 
depletion through trans-acceleration (65). These data suggest an 
actual flow of lactate from astrocyte to neurons, as postulated by 
the astrocyte-neuron lactate shuttle. Unfortunately, this study did 
not analyze other glial cells types, such as oligodendrocytes, which 
could provide neurons with metabolic support.

Other studies in humans and mouse models have suggested 
that neurons metabolize lactate and might prefer lactate over glu-
cose to fuel energy metabolism (66–68). This is further support-
ed by a study in which neuronal ATP generation was measured 
in acutely isolated optic nerves using a fluorescent ATP reporter 
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These data suggest that oligodendrocyte metabolic support is 
partly mediated by activity-dependent glutamate release from 
neurons, binding of glutamate to oligodendrocyte NMDARs, and 
increased glucose uptake and lactate production in oligoden-
drocytes. These data strongly indicate that the oligodendrocyte- 
neuron lactate shuttle is driven by neuronal activity, which con-
trols the production of lactate at concentrations needed to address 
neuronal energy demands.

Connexin gap junction coupling in oligodendrocyte metabolic 
support. As an alternative to cell surface glucose transporters, oli-
godendrocytes can be provided with metabolic nutrients through 
gap junction coupling with other cells like astrocytes (refs. 75, 76; 
reviewed in refs. 54, 77, 78; and Figure 3vi). Astrocytes are well 
connected to the vasculature through their membranous end-feet 
and respond to increased metabolic demand with enhanced glu-
cose uptake. Apart from their ability to shuttle glucose-derived 
metabolites to neurons as predicted by the astrocyte-neuron lac-
tate shuttle hypothesis (see above), astrocyte-derived lactate and 
glucose could shuttle into oligodendrocytes through gap junctions 
composed of connexin (Cx) hemichannels. Astrocytes express 
Cx43, Cx26, and Cx30 hemichannels, which form gap junctions 
with other astrocyte hemichannels, as well as with neuronal (Cx36) 
and oligodendroglial hemichannels (Cx32 and Cx47) (79). Oli-
godendrocytes connect with astrocytes through four pairs of het-
erotypic gap junctions: Cx47-Cx43, Cx47-Cx30, Cx32-Cx30, and 
Cx32-Cx26 (80). The true importance of the metabolic crosstalk 
between astrocytes and oligodendrocytes is only beginning to be 
understood. Mouse models lacking oligodendrocyte Cx47 show 
very mild changes in the myelin (despite 80% loss of cell coupling 
and total loss of astrocyte-to-oligodendrocyte coupling; ref. 81), 
whereas Cx32-knockout mice do not develop a CNS phenotype 
at all, but do develop a severe peripheral nervous system demy-
elination (82, 83). In contrast, double oligodendrocyte Cx47/Cx32 
knockouts develop a very severe dysmyelinating phenotype with 
early lethality (82, 84), indicating that oligodendrocyte connexins 
are essential for proper myelination. Similarly, loss of astrocyte 
connexin expression affects oligodendrocytes as well. Targeted 
loss of astrocyte Cx43 expression inhibits glucose delivery to OPCs 
and OPC proliferation, which in turn can influence oligodendro-
genesis and oligodendrocyte metabolic support (76). In addition, 
double knockouts for the astrocyte hemichannels Cx43 and Cx30 
develop widespread white matter pathology with impairment of 
oligodendrocyte maturation and myelin vacuolation, whereas 
mice with astrocyte-targeted loss of Cx43 or Cx30-null mice do not 
show signs of abnormal myelination (85–87). Double knockouts 
affecting both oligodendrocyte and astrocyte hemichannels (Cx47/
Cx30) develop a progressive phenotype with early vacuolization of 
myelin with microgliosis, astrogliosis, motor impairment, and ear-
ly death (88). Glial fibrillary acidic protein (Gfap)–Cre–mediated 
depletion of astrocyte Cx43 in oligodendrocyte Cx32–null mice 
revealed a similar phenotype characterized by severe myelin vacu-
olization, astrocyte loss, and early death (89).

The findings described above indicate that glial networks 
involving astrocyte-to-oligodendrocyte coupling are essential for 
normal myelination. Whether a metabolic disconnection between 
oligodendrocytes and astrocytes in these models contributes to the 
phenotype observed remains to be established; in fact, many other 

potential contributors such as changes in extracellular K+ concen-
tration due to altered K+ buffering or changes in propagation of Ca2+ 
waves could contribute as well (90, 91). The finding that loss of 
connexin coupling between astrocytes and oligodendrocytes most-
ly affects early myelination is in correlation with glucose/lactate 
entering the oligodendrocytes and being used by oligodendrocytes 
either to serve their own metabolic demands or to serve as a precur-
sor for fatty acid and lipid synthesis during myelination (70). After 
myelination is completed, continued glycolysis in oligodendro-
cytes and accumulation of lactate (through oligodendrocyte gly-
colysis in response to NMDAR signaling or through import through 
astrocyte-oligodendrocyte gap junctions) could serve as a reservoir 
of metabolites that neurons can use to support their metabolic 
needs (44, 72). Studies targeting astrocyte-oligodendrocyte cou-
pling after completion of myelination could shed light on whether 
these astrocyte-oligodendrocyte gap junctions are truly essential to 
maintain oligodendrocyte metabolic support.

Involvement of oligodendrocyte metabolic 
support in neurodegenerative diseases
Multiple sclerosis. Oligodendrocytes are well known to be a pri-
mary target in certain neurodegenerative diseases, such as MS. 
MS is a chronic neuroinflammatory disease that is characterized 
by profound inflammation, damage to oligodendrocytes with 
ensuing demyelination, and death of axons (reviewed in refs. 92, 
93). These pathologies lead to severe symptoms in patients rang-
ing from neuropsychological problems and cognitive decline to 
weakness, altered motor coordination issues, and sensory distur-
bances — all reflecting damage to axonal connections between 
brain and spinal cord regions. Demyelination is concomitant with 
remyelination, with the extent of remyelination variable among 
MS patients as found upon postmortem examination of white 
matter regions (94). As oligodendrocytes in MS become impaired 
and axons lose a functional compacted myelin sheath, one would 
predict that oligodendrocyte metabolic support would fail. Inter-
estingly, in the early stages of a mouse model of MS, experi-
mental autoimmune encephalomyelitis (EAE), there is evidence 
that axonal damage can present itself well before these axons 
become demyelinated, suggesting that loss of oligodendrocyte 
metabolic support is a very early event in the pathogenesis (95). 
Changes in MCT expression have been observed in MS patients. 
MCT1 expression seems to be upregulated in active MS lesions in 
astrocytes, whereas neuronal MCT2 is markedly downregulated, 
which could profoundly impede metabolic support to neurons 
(96). In addition, changes in astrocyte/oligodendrocyte connex-
ins have been reported in MS patients and in MS animal models 
(97–99): In MS patients, Cx32 and Cx47 gap junctions are down-
regulated, while Cx43 expression is upregulated. This finding is 
not surprising given that oligodendrocytes are damaged in MS 
plaques, whereas astrocytes become more reactive. In the EAE 
mouse model, connexin expression is quite dynamic: Cx43, Cx47, 
and Cx32 were severely reduced within demyelinated lesions, 
but increased in remyelinating regions (98); similar observations 
were made in the cuprizone mouse model (100). As discussed 
earlier, loss of astrocyte Cx43/Cx30 suppresses oligodendrocyte 
maturation, and loss of astrocyte Cx43 inhibits OPC prolifera-
tion (76, 85). These data suggest that in MS and other diseases in 
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which oligodendrocytes are involved, glial networking through 
connexin hemichannels could play an important role in the demy-
elination/remyelination observed in MS patients. Therapeutic 
approaches in MS that promote maturation of OPCs into mature 
oligodendrocytes or improve oligodendrocyte survival could gen-
erate oligodendrocytes that provide trophic support to neurons, 
for example, by improving the oligodendrocyte-neuron interac-
tion, even without directly regulating the mechanisms (described 
in previous sections) that affect oligodendrocyte metabolic sup-
port. In fact, altering the activity of many different signaling path-
ways involved in remyelination, including Lingo-1, Wnt signaling, 
and acetylcholine receptor antagonists, or prolonging the cellular 
stress response, has been shown to enhance remyelination and 
improve symptoms in MS mouse models (reviewed in ref. 101). 
Some of these therapeutic studies performed in mice have led to 
the initiation of clinical trials in MS patients: A humanized anti-
body therapy targeting Lingo-1 (BIIB033) has been tested in a 
phase II clinical trial with inconclusive results (ClinicalTrials.gov, 
NCT01864148). Therapeutic trials with guanabenz (which stabi-
lizes the cellular stress response; NCT02423083) and clemastine 
(an anticholinergic drug; NCT02040298 and NCT02521311) are 
currently ongoing. It remains to be investigated how the drugs 
that enhance remyelination affect the mechanisms involved in 
oligodendrocyte metabolic support. Recently miR-219 was shown 
to enhance oligodendrocyte MCT1 expression and promote oli-
godendrogenesis and myelination in the cuprizone mouse model 
(102). MCT1 was suggested to be mediating the enhanced remy-
elination, but as the authors used a nonspecific MCT1 inhibitor in 
this study, the true importance of MCT1 in remyelination remains 
enigmatic. New tools that allow for modulating the function of 
the different mechanisms involved in oligodendrocyte meta-
bolic support will shed more light on its importance in mouse  
models of demyelination.

Amyotrophic lateral sclerosis. Amyotrophic lateral sclerosis (ALS) 
is a degenerative motor neuron disease characterized by the death 
of motor neurons in the motor cortex, brain stem, and spinal cord, 
leading to progressive paralysis and death, generally within 3–5 
years after disease onset (reviewed in refs. 103, 104). No cure or 
treatment is currently available, although two drugs (riluzole and 
edaravone) increase survival and slightly slow disease (105, 106). 
Although ALS is classically defined as a motor neuron disease, it 
is now well established that other neuronal cell populations are at 
risk in certain CNS areas, as up to 50% of patients develop a mild 
dementia and some genetic forms of the disease (e.g., C9ORF72 
mutations) are associated with frontotemporal dementia. Notably, 
oligodendrocytes also are severely affected. Luxol fast blue staining 
of postmortem tissue from sporadic ALS patients indicates the pres-
ence of large patches of demyelinated CNS tissue (107), and pro-
tein expression studies indicate the loss of several oligodendrocyte 
protein markers, including MBP and CNPase (107). The impact of 
oligodendrocyte degeneration on motor neuron death has recently 
been elucidated. In mouse models of ALS, overexpressing a dis-
ease-causing SOD1G93A mutant triggered oligodendrocyte degen-
eration and death; these cells were not replaced by newly generated 
functional oligodendrocytes (107, 108). Interestingly, deletion of 
the disease-causing SOD1G93A mutant from OPCs and oligoden-
drocytes significantly delayed disease onset and extended survival, 

representing one of the strongest disease effects published to date 
(107). These findings indicate that OPCs and oligodendrocytes crit-
ically alter motor neuron viability and survival in this model. A later 
study indicated that human induced pluripotent stem cell–derived 
(iPSC-derived) oligodendrocytes contribute to the loss of motor 
neurons in vitro (109). Validating the prior in vivo studies, motor 
neuron loss was characterized by a decrease in oligodendrocyte lac-
tate release and MCT1 expression. Interestingly, motor neuron loss 
was rescued by SOD1 knockdown in both familial and sporadic ALS 
OPCs (not in C9ORF72 mutant carriers), but not by knockdown in 
mature oligodendrocytes. This study underscores the importance 
of oligodendrocyte-lineage cells, especially OPCs, in causing motor 
neuron toxicity in mutant SOD1 and sporadic ALS. As oligodendro-
cytes degenerate and die, MCT1 expression is lost, which disrupts 
oligodendrocyte-mediated metabolic support of neurons. This loss 
of metabolic support could accelerate the demise of the motor neu-
rons and markedly affect survival.

Changes in oligodendrocyte and astrocyte connexin expres-
sion could affect oligodendrocyte and neuronal metabolic support 
in ALS patients and disease models. In mutant SOD1 animals, 
astrocyte Cx43 is significantly upregulated with disease progres-
sion, whereas oligodendrocyte Cx32 and Cx47 are downregulated 
(110, 111). These changes in glial network activity through connex-
in hemichannels could contribute to the failure of remyelination 
and eventual demise of motor neurons. More studies using either 
knockout or overexpression models for MCT1 and astrocyte/oli-
godendrocyte connexins could elucidate the importance of these 
pathways in the pathogenesis of motor neuron disease.

Therapeutic potential
Oligodendrocyte degeneration and death as observed in MS and 
ALS and mouse models of these diseases would not only impair 
axonal conductance but also metabolic support to the at-risk neu-
rons. Therapies that have already shown efficacy in promoting 
remyelination could be very efficient in restoring oligodendro-
cyte metabolic support simply by improvement of the connec-
tivity between oligodendrocytes and neurons. Another strategy 
to overcome the loss of oligodendrocyte metabolic support is to 
upregulate MCT1 expression or by increasing the flow of meta-
bolic nutrients through the noncompacted myelin nanochannels. 
Alternatively, one could try to enhance the shuttling of metabo-
lites through connexin gap junctions, or enhance NMDA signaling 
in oligodendrocytes to increase glucose uptake through oligoden-
drocyte GLUT1. Such approaches would be useful only in contexts 
where the normal flow of metabolites toward the periaxonal space 
is not interrupted; for example, MCT1 upregulation would not 
show any benefit to axons that have entirely lost their insulating 
myelin sheath, but would only be useful when the normal oligo-
dendrocyte-to-neuron connectivity is more or less maintained, 
such as early in disease pathogenesis. Alternatively, promoting 
specific changes in the expression of the genes involved in oli-
godendrocyte axonal support could also affect oligodendrocyte 
energy homeostasis and in turn promote the maintenance of the 
myelin sheath, which would therefore not impede the flow of tro-
phic support from oligodendrocyte to neuron. Whether the non-
compacted myelin channels are affected in certain neurodegen-
erative diseases like MS and ALS, and how demyelination affects 
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oligodendrocyte cytoplasm, oligodendrocytes were found to allow 
such transfer through local regions of uncompacted myelin. In cer-
tain neurodegenerative diseases, this metabolic supportive func-
tion could become compromised and contribute to the degenera-
tion and death of certain neuronal subpopulations. More research 
is needed to understand the role of oligodendrocyte metabolic sup-
port, including transfer of metabolites through myelinic channels, 
MCT1, and connexin hemichannel connections to other oligoden-
drocytes and astrocytes. Such studies will lead us to better appreci-
ate the importance of oligodendrocytes in neuronal homeostasis, 
neuronal degeneration, and potential therapeutic strategies.
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the presence and functioning of these channels, remain to be elu-
cidated. Similarly, whether oligodendrocyte NMDAR signaling is 
altered in these diseases requires further investigation, though one 
study in the cuprizone mouse model of demyelination did not find 
any changes in the presentation of the phenotype upon depletion 
of NMDAR subunits in oligodendrocyte lineage cells (73). New in 
vivo tools using, for instance, conditional deletion or overexpres-
sion of the pathways involved in oligodendrocyte metabolic sup-
port could shed light on its importance in models characterized by 
demyelination and/or axonal degeneration.

Concluding remarks
For several decades, it has been well established that neurons need 
additional metabolic support to sustain their normal homeosta-
sis. Astrocytes provide neuronal support by transferring glycolytic 
derivatives of glucose, pyruvate, and lactate, and shuttle these 
nutrients to neurons through MCTs. More recently, it has been 
shown that oligodendrocytes have a very similar role in supplying 
neurons with nutrients: oligodendrocyte-specific knockdown of 
myelin proteins and MCT1 has clearly shown that oligodendro-
cytes provide metabolic support to neurons. Although compact 
myelin could prevent the transfer of such nutrients throughout the 
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