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Abstract: Myelin is a lipid-rich membrane that wraps around axons and facilitates rapid action
potential propagation. In the brain, myelin is synthesized and maintained by oligodendrocytes.
These cells have a high metabolic demand that requires mitochondrial ATP production during the
process of myelination, but they rely less on mitochondrial respiration after myelination is complete.
Mitochondria change in morphology and distribution during oligodendrocyte development. Further-
more, the morphology and dynamic properties of mitochondria in mature oligodendrocytes seem
different from any other brain cell. Here, we first give a brief introduction to oligodendrocyte biology
and function. We then review the current knowledge on oligodendrocyte metabolism and discuss
how the available data on mitochondrial morphology and mobility as well as transcriptome and
proteome studies can shed light on the metabolic properties of oligodendrocytes.

Keywords: oligodendrocyte; myelination; mitochondria; oligodendrocyte precursor cell (OPC);
metabolism; ATP; glycolysis; oxidative phosphorylation; transcriptome; proteome

1. Oligodendrocytes—The Myelin Forming Glia Cells of the Brain

Publicized by Virchow in 1856 and for a long time after, glia cells have been thought
of as solely glue that is holding the neuronal tissue together (glia [Greek] = glue, neuroglia
= neuronal glue). A shift in the early 20th century changed how we view glia cells today,
from passive form-givers to active contributors to the brain and its proper function [1,2].
Glia cells can be separated between central and peripheral nervous system (CNS and PNS).
The different kind of CNS glia cells include radial glia cells, ependymal cells, microglia,
astrocytes, oligodendrocyte precursor cells (OPCs, also called NG2-glia), and oligodendro-
cytes. Here, we briefly present the latter three groups of CNS glia. Astrocytes are the most
abundant glial cell group with a myriad of interactions. Via their processes, they interact
with all kinds of CNS cell types while providing metabolic support to neurons, recycling
of neurotransmitters, spatial potassium buffering after neuronal activity, or help in the
formation of the blood–brain barrier. In general, it can be said that astrocytes drive CNS
development and modulate neuronal activity [3]. OPCs are the most proliferative cells in
the CNS. The majority of OPCs differentiate into oligodendrocytes, although they are also
able to form astrocytes and neurons [4]. After a pathological injury to the brain, they are
essential to replenish the pool of functional cells, especially in human white matter [5,6].
Finally, mature oligodendrocytes are the myelin forming cells of the CNS. The myelin
sheath is a lipid-rich membrane that extends from the oligodendrocyte processes and cre-
ates a dense wrap around axons, which allows for saltatory signal transduction of neuronal
action potentials. A single oligodendrocyte is not only able to ensheath a single axon,
but can rather form multiple axonal segments on different axons. Oligodendrocytes are
much more abundant in the human than the murine brain, where they have been studied
more extensively. This is illustrated by the large difference in grey- to white matter ratio
in humans versus mice: the human brain volume comprises about 45% of white matter
whereas the mouse brain shows only 10% [7–9]. It has been shown that when myelinating
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oligodendrocytes die, neuronal signaling fails and neurons are sure to follow [10]. Because
of that, oligodendrocyte health and function is increasingly appreciated and studied.

2. Oligodendrocyte Maturation and Myelin Formation

The very first step of oligodendrocyte development marks the birth of a neural pro-
genitor cell in the neural tube during embryogenesis which then differentiates to an
OPC [11,12]. The OPCs further differentiate, through intermediate stages, into mature
myelinating oligodendrocytes [13]. In the adult rat brain, OPCs comprise only 5–8% of
the total glial cell mass with only a slightly smaller number in grey matter than in white
matter [14]. Though, OPCs show region-specific behavior toward differentiation cues. For
example, a subpopulation of white matter OPCs in organotypic slice cultures showed
a stronger proliferative response and maturity toward platelet derived growth factor A
(PDGF-A) stimulation than grey matter OPCs [15,16]. Additionally, in vivo experiments
showed that more white matter OPCs develop to myelinating oligodendrocytes than grey
matter OPCs, which remain NG2+ progenitors [17]. In the adult CNS, oligodendrocyte
differentiation from OPCs is slowed down but never stopped [18] due to their role as a
pool for new oligodendrocytes. The process of oligodendrocyte myelination is a complex
and highly regulated sequence of events, which can be conceptualized into the following
steps: migration and proliferation of OPCs, recognition of axon-glia signaling to find target
axons, differentiation of OPCs into myelinating oligodendrocytes, membrane outgrowth
to loosely wrap the axon, transfer of membrane components and proteins, and finally
myelin compaction and node formation [19–22]. It could be shown that oligodendrocytes
extend and retract their processes multiple times before deciding on the final position on an
axon [20]. In addition, oligodendrocyte processes sense neighboring cells to ensure proper
spacing of each myelin segment with evenly spaced nodes [21].

Myelination is regulated by multiple cues. For example, only axons with a large
diameter are myelinated and myelination itself increases the axonal diameter not only
by the deposition of myelin sheaths, but by the accumulation of neurofilament and its
phosphorylation [23,24]. Myelin sheath formation is also regulated by Ca2+ activity in
oligodendrocytes [25] as well as neuronal activity, which has also been shown to regulate
OPC proliferation and differentiation [26–28]. Once formed, the myelin sheath provides
the ability for rapid saltatory signal transduction as well as metabolic support to its under-
lying axons [29]. Metabolites and signaling molecules can pass from the oligodendrocyte
soma through cytoplasm-rich myelinic channels in the compacted areas of myelin to the
innermost tips of the oligodendrocyte processes enwrapping axons [22] (Figure 1). Further-
more, supporting and maintaining healthy myelin is dependent on the proper supply of
metabolites. How, especially, oligodendrocytes are using this supply shall be examined in
the next section.

3. Developing Oligodendrocytes Have Active Mitochondrial Respiration

The brain is by far the most energy demanding organ in the body: it is about 2% of
the body weight, but consumes approximately 20% of the produced energy at rest [10,30].
Most of this energy enters the brain in the form of glucose, which crosses the blood–brain
barrier and enters the brain cells via glucose transporters (GLUTs). Other metabolites such
as lactate and ketone bodies can also be taken up from the blood stream and consumed
by the brain. In addition to the uptake of metabolites from the blood, there is a transfer of
metabolites between the different cell types in the brain. This has been studied thoroughly
in neurons and astrocytes: while neurons have a high activity of oxidative phosphorylation
(OXPHOS), astrocytes are shown to be highly glycolytic. It is therefore generally accepted
that astrocytes release lactate (produced from glycolysis) that can be taken up by neurons
and used for OXPHOS (Figure 1). This is called the astrocyte-to-neuron-lactate-shuttle and
it has been shown to be crucial for neuronal function during high action potential firing or
after an ischemic event [31,32].
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Figure 1. Metabolic fluxes between glia and axons and the proposed model of different functional states of mitochondria in
oligodendrocytes during development. Myelinating oligodendrocytes metabolically support their isolated axonal segments
in different ways via the direct transport of glucose and lactate and via the release of exosomes secreted from the myelin
sheath. This support is only possible due to gap junction-coupled astrocytes that spread metabolites in the network.
Oligodendrocytes sense axonal activity via NMDA receptors on the myelin sheath. This increases the intracellular Ca2+

concentration in the sheath, which causes lactate release. Since the small mitochondria in the myelin sheath move when
Ca2+ is elevated, their movement away from the site of influx will facilitate release of lactate instead of lactate consumption.
Proposed functions of myelin mitochondria include lipid metabolism and Ca2+ signaling. In contrast, mitochondria located
in OPCs and immature oligodendrocytes show elongation and enrichment in the processes. These mitochondria have high
oxidative phosphorylation (thereby consuming lactate) and are involved in Ca2+ signaling, cell differentiation, and initiation
of myelination. See the main text for more details and references.

How do oligodendrocytes fit into this scheme? The energetic demand of oligodendro-
cytes for the process of myelination is enormous. It has been estimated that the generation
of 1 gram of myelin demands 3.3 × 1023 ATP molecules. The metabolites to generate
this ATP have to be supplied from the bloodstream or from glycogen reserves of gap
junction-coupled astrocytes [33]. Too little energy will inhibit myelination, as hypoglycemic
conditions lead to a loss in OPC migration and differentiation or even overall decrease
in oligodendroglial lineage cells and axonal degeneration [34,35]. The high energetic cost
of myelin synthesis is paid off because the myelin greatly reduces the energetic demand
of axons and speeds up signal propagation [36]. Energy is largely supplied in the form
of glucose, but myelinating oligodendrocytes also use lactate for ATP production and
for carbon skeletons to synthesize myelin lipids [37,38]. Furthermore, lactate has been
shown to promote cell cycling and OPC differentiation [39], and it can support myelination
during hypoglycemia [35]. Thus, developing oligodendrocytes have a high mitochondrial
metabolism and OXPHOS rate before and during myelination. In line with this, OPCs and
developing oligodendrocytes have a high density of long, tubular mitochondria [40], a
mitochondrial morphology that is thought to support high OXPHOS [41]. Mitochondria in
OPCs and immature oligodendrocytes are clustered close to the tips of the processes and
display Ca2+ signals upon neuronal activity [42]. These mitochondria are thought to play
a role in the differentiation and initiation of myelin formation and at the same time their
location ensures local ATP production at the site of myelin induction.



Metabolites 2021, 11, 359 4 of 14

4. Oligodendrocyte Mitochondrial Load and OXPHOS Is Reduced after Myelination

In adult mice, the grey matter is more energetically demanding than white matter,
suggesting that oligodendrocytes have a lower energy demand after myelination is com-
pleted [43]. While developing oligodendrocytes are enriched with long mitochondria
that support respiration, mature oligodendrocytes have a lower density of mitochondria.
These mitochondria are not only fewer, but also more fragmented, at least in the pro-
cesses [40,44]. In cultured OPCs, mitophagy was increased during OPC differentiation
and inhibition of mitophagy arrested the differentiation [40]. Thus, reducing the num-
ber and size of mitochondria could be a necessary part of oligodendrocyte development.
When compared with neurons and astrocytes, mitochondria in the processes of mature
oligodendrocytes are about half the length and the mitochondrial density is half of that in
neurons (Table 1, [44,45]). This shows that mature oligodendrocytes have a mitochondrial
distribution and morphology that is distinct from any other brain cell studied. Moreover,
the change in mitochondrial morphology and density between OPCs and myelinating
oligodendrocytes suggests a shift towards less OXPHOS in mature cells, since a lower mi-
tochondrial load and fragmented morphology is consistent with lower respiratory capacity.
A metabolic switch during differentiation is also seen in other cell types and has been
suggested as a driver of differentiation [46,47]. However, the oligodendrocyte metabolic
switch appears to be in the opposite direction of that in neurons: neural stem cells have
a high glycolytic activity, but switch to more OXPHOS in the transition to intermediate
precursor cells [46,47]. Several studies support the idea that mature oligodendrocytes have
low OXPHOS and higher glycolytic rate. White matter in rats was shown to exhibit a more
glycolytic than oxidative metabolism, which could lead to an excess production of pyruvate
and lactate [43]. Moreover, Fünfschilling et al. [48] knocked out OXPHOS specifically in
oligodendrocytes. When this was done during oligodendrocyte development, it led to
severe dysmyelination. However, when OXPHOS was knocked out after myelination
was completed, there were no visible effects on myelin or axonal function. The authors
concluded that oligodendrocytes have the ability to switch to a complete glycolytic state.
Instead of consuming lactate, the mature oligodendrocytes release the lactate via the myelin
sheath, which can be used by the underlying axons. The supply of metabolites via myelin
to the axon seems like an elegant solution since the myelin sheaths also act as barriers
that restrict the axons’ access to extracellularly supplied metabolites. In addition, long
axons require a steady supply of metabolites from external sources to maintain signal
transduction [29].

Table 1. Density, length, and mobility of mitochondria in different cell types and compartments of the nervous system.

Cell Type/Compartment. Density
100 µm−1

Length
µm Velocity µm/s % Moving

(15/20 min) References

Oligodendrocyte primary
processes 8.7 1.2

2.3 1
0.07

0.8–1 1 12 (20 min) [44,49]

Oligodendrocyte myelin
sheaths 2.4 0.8 0.08 8 (20 min) [44]

Astrocytes - 2.5–3 0.15–0.2 20 (15 min) [45]

Neuronal dendrites (CNS) 141 2.5–3
2.2 1

0.3
0.9 1 40/50 (15/20 min) [44,45,50,51]

Neuronal axons (CNS) 13–14 1 1.4 1 0.5–0.6 1

0.4–0.7 2 - [51,52]
[53]

Schwann cell myelin sheaths - 1–3 2 0.14 2 - [54]
1 From primary cultures. 2 From in vivo measurements. All other values are from organotypic slice cultures. There is a lot of in vivo data
published on mitochondrial movement in axons. These data were not included here due to differences in how movement was reported, but
overall, in vivo data show somewhat lower mitochondrial mobility than in cell culture (for an overview, see [55]). We have not been able to
find similar data for microglia. These cells are therefore not included in the table.
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Lactate is transported across cell membranes via monocarboxylate transporters (MCTs).
MCT1, MCT2, and MCT4 are expressed in the brain [56], where oligodendrocytes and
their myelin sheaths exhibit MCT1 expression [35,48,57]. The importance of MCT1 for
metabolic support is shown by a depletion experiment, in which MCT1 was depleted
only in oligodendrocytes [57]. This led to extensive neuronal death, which could only be
rescued by the supplementation of extracellular lactate [57]. A more recent study showed
that loss of MCT1 early in development and myelination could be well tolerated, but
led to late-onset hypomyelination and axonal degeneration in adult mice [58]. Lactate
release from the myelin sheath is increased upon neuronal activity. This involves activa-
tion of N-methyl D-aspartate (NMDA) receptors that are present in the myelin sheaths
of oligodendrocytes. When activated, Ca2+ influx through the NMDA receptors leads to
increased expression of glucose transporter GLUT1, which is then transported into the
cell membrane of oligodendrocytes to promote the influx of glucose. The glucose influx is
followed by elevated glycolysis and lactate release to further support axonal function [59]
(Figure 1). Recently, it could be shown in acute mouse brain slices that also glucose by
itself rather than lactate seems to be enough to support axonal function after a period of
aglycemia: oligodendrocytes in the corpus callosum released glucose and not lactate to the
axons [60]. The picture is getting more nuanced by looking at another recent paper. Here,
extracellular vesicles with properties of exosomes were released by oligodendrocytes and
taken up by axons in order to metabolically support them and promote axonal transport in
nutrient-deprived neurons [61] (Figure 1). However, precisely which metabolites or small
molecules are getting transported via this route remains elusive.

Another important factor for metabolic support of neurons by glia cells is their in-
terplay. In addition to the gap junction coupling between individual oligodendrocytes,
astrocytes are coupled to oligodendrocytes via gap junctions. This enables the flux of
metabolites and other substances directly between these cell types without the need for
passage via the extracellular space [62]. The so called panglial coupling between oligoden-
drocytes and astrocytes is important for proper metabolic supply of axons during high
energy demands. Astrocytes have been shown to support neuronal bodies and axons
at nodes of Ranvier whereas oligodendrocytes do so via their myelin sheaths. However,
intact gap junctional coupling is also a prerequisite for myelin maintenance and axonal
function [60,63,64]. The necessity of functionally coupled astrocytes for myelin formation
and maintenance could be shown in a study in which ablation led to myelin degradation.
This in turn could be prevented by the addition of NMDA receptor antagonists, possibly
hinting at a calcium buffering effect by astrocytes [65].

5. Mitochondria in the Myelin Sheath

It was long thought that the CNS myelin sheath was devoid of mitochondria, because
there were no reports demonstrating their presence. In the peripheral nervous system,
however, mitochondria have been detected in the cytoplasmic inner and outer tongues of
the myelin sheath [66]. In 2016, we were able to demonstrate the presence of mitochondria
in CNS myelin sheaths in organotypic brain slices and in vivo in mice by expressing
mitochondrially targeted fluorescent protein specifically in oligodendrocytes [44]. The
presence of mitochondria in CNS myelin sheaths has since been confirmed by two other
studies [49,67]. Mitochondria are located mainly in cytoplasmic channels lining the compact
myelin and in the paranodes. The myelin sheath mitochondria are smaller and the density
less than a third of that in primary processes (Table 1). One reason for oligodendrocytes to
stay small and thereby keep a low OXPHOS could be reactive oxygen species (ROS) that
accumulate during mitochondrial respiration. OPCs and oligodendrocytes are particularly
vulnerable to ROS due to their low concentrations of antioxidant enzymes like glutathione
peroxidase and catalase [68,69]. Unlike oligodendrocytes, OPCs show morphological
anomalies upon metabolic injury due to their high mitochondrial demands, demonstrating
their susceptibility to stress [70].
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Interestingly, while inhibition of mitochondrial fission by blocking the Dynamin-related
protein 1 (Drp1) with mdivi-1 protects neurons against excitotoxicity, mdivi caused mito-
chondrial depolarization in oligodendrocytes and sensitized them to oxidative stress [71].
It was also demonstrated that oligodendrocytes shift under stress conditions to a more
glycolytic metabolism in favor of survival rather than myelin maintenance [72]. Taken
together, these findings suggest that the oligodendrocyte mitochondria, and in particular
those located in the myelin sheath, have a relatively low OXPHOS activity. Therefore the
main function of myelin mitochondria must be something other than ATP production. In
adipocytes, induction of small, round mitochondria can reduce lipolysis by reducing the
contact surface between the mitochondria and lipid droplets [73]. A similar reason could
be true in oligodendrocyte myelin where too much mitochondrial beta-oxidation would
break down the lipid-rich myelin. Thus, small fragmented mitochondria could prevent the
breakdown of the myelin sheath. Instead, these mitochondria may support lipogenesis by
providing citrate via the tricarboxylic (TCA) cycle. Another function of mitochondria is
regulation of calcium homeostasis. Battefeld et al. [67] recently showed that myelin mito-
chondria contribute to calcium transients in the myelin sheath. In fact, the mitochondria
in the myelin sheath, and not neuronal action potentials, were generating these calcium
transients (although neuronal activity can induce Ca2+ signals in the myelin sheath [74]).
The mitochondria-induced calcium signals were most frequent during myelination and
remyelination and might be integral in the myelination process [67]. Thus, the small round
mitochondria of the myelin sheath may play an important role in myelin Ca2+ dynamics as
well as supporting maintenance of the lipid-rich myelin membrane.

6. Mitochondrial Mobility in Oligodendrocytes

Mitochondria are highly dynamic organelles. They are transported around the cell
along cytoskeletal tracts and can alter their size by undergoing fission and fusion. These
mitochondrial dynamics serve several functions: The balance of fission and fusion regulates
the length of mitochondria and is influenced by stress and availability of nutrients [55].
Furthermore, the movement and fragmentation are important for the removal of damaged
mitochondria, which are then cleared by mitophagy. Finally, the mitochondrial movement
is thought to serve the purpose of redistributing mitochondria to parts of the cell that are
in need of energy. For instance, in neurons, mitochondria are recruited to active synapses.
The movement and stopping of mitochondria in neurons seem to serve the purpose of
increasing OXPHOS (and thereby ATP production) at active sites [75].

The role that mitochondrial dynamics play in oligodendrocytes is not well understood.
By performing live imaging in organotypic mouse brain slices, we demonstrated that oligo-
dendrocyte mitochondria move along primary processes and are able to enter and move
within the myelin sheath [44]. The oligodendrocyte mitochondria showed a lower mobility
compared with neurons and astrocytes: a smaller fraction of the oligodendrocyte mito-
chondria were moving and they moved slower (Table 1, [44,45,50]). Nakamura et al. [49]
reported a mitochondrial velocity in primary oligodendrocyte cultures that was about
ten times higher than our findings. The discrepancy could be due to differences between
primary cultures and slices: also in neurons, studies from primary cultures tend to report
higher velocities than those from tissue cultures and in vivo imaging ([44,45,50,52] and
Table 1). It is likely that the mitochondrial velocity is reduced by different signals that
make the mitochondria slow down or stop. For example, Nakamura et al. [49] showed that
oligodendrocyte mitochondria slowed down in response to netrin-1 signaling. In neurons,
mitochondria are stopped by glutamate signaling, as discussed in more detail below. It is
not known why oligodendrocyte mitochondria have lower mobility than mitochondria in
other studied cell types. We speculate that higher mitochondrial mobility is necessary in
cells with long processes (i.e., in neurons) where the OXPHOS activity is high, not only
to be able to distribute mitochondria to areas in need of energy, but also to enable fission
and mitophagy of damaged mitochondria, which would presumably occur more in cells
with high OXPHOS due to their increased ROS production [76]. Thus, the shorter length of
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cell processes and the lower OXPHOS may explain the low mobility of oligodendrocyte
mitochondria. Of note, astrocytes, which are closer in size to oligodendrocytes and are
considered highly glycolytic, but do still have a significant level of respiration [77], have
values that lie between neurons and oligodendrocytes when it comes to mitochondrial
mobility (Table 1). A likely consequence of the low density and mobility of oligodendrocyte
mitochondria is less fusion and thereby less exchange in mitochondrial content. This
could, in turn, lead to mitochondrial heterogeneity, as was shown for astrocytes [78]. Such
heterogeneity in oligodendrocytes could, for instance, involve higher rates of OXPHOS in
mitochondria located in the cell soma compared with myelin mitochondria.

In neurons, mitochondria move along microtubules by linking to kinesin or dynein
motor proteins. Mitochondrial coupling to the motors is aided by several adaptor proteins
such as Miro1 and Milton [55]. In addition, mitochondria are thought to have short-range
movement along actin filaments, facilitated by myosin motors. Cells also have a stationary
pool of mitochondria, which are tethered to the cytoskeletal filaments via specific anchoring
proteins [55]. Studies from neurons and astrocytes demonstrate that mitochondria are
stopped at sites of increased Ca2+ influx during glutamate signaling [45,50]. In neurons,
the Ca2+ entering through NMDA receptors stops mitochondria at active synapses. This
mechanism depends on Ca2+ binding to Miro1 [50], thereby detaching mitochondria to
the kinesin motor. Mitochondria in astrocytes were stopped by Ca2+ influx through the
Na+/Ca2+ exchanger (in reverse mode) during high neuronal activity [45], suggesting a
similar mechanism to that in neurons. Surprisingly, mitochondria in oligodendrocytes
were not stopped by glutamate. Instead, glutamate increased mitochondrial movement by
76% [44]. This appeared to be Ca2+ dependent as removal of Ca2+ from the extracellular
medium completely abolished mitochondrial movement. Thus, it seems that mitochondrial
movement in oligodendrocytes is not reduced, but rather increased by Ca2+ influx. This
implies a completely different mechanism for mitochondrial movement and stopping in
oligodendrocytes compared with other brain cells. ATP availability has been suggested as
another regulator of mitochondrial movement, but the mechanisms for this are unclear [79].
The increased glucose uptake of oligodendrocytes after NMDA receptor activation would
lead to increased ATP availability (produced by glycolysis) [59]. Moreover, if elevated
Ca2+ leads to increased mitochondrial movement in oligodendrocytes, this would cause
mitochondria to move away from the NMDA-mediated Ca2+ influx sites, thus ensuring that
lactate is not metabolized and can instead be released (Figure 1). Since mitochondrial Ca2+

uptake stimulates ATP production (via activation of mitochondrial dehydrogenases and
ATP synthase, [80,81]), moving away from Ca2+ influx sites would prevent Ca2+-induced
mitochondrial ATP production. From a functional point of view, if oligodendrocyte mito-
chondria mainly serve purposes other than ATP production, then it makes sense that they
should not be stopped at active sites in the same way as in neurons and astrocytes. It should
be mentioned that the netrin-1-dependent reduction of mitochondrial movement [49] may
contradict these findings since extracellular netrin-1 leads to increased intracellular Ca2+,
at least in neurons [82]. Therefore the effects of intracellular Ca2+ should be studied further
by combined imaging of intracellular Ca2+ and mitochondria in oligodendrocytes.

7. What Can We Learn about Oligodendrocyte Metabolism from Transcriptome and
Proteome Data

In recent years, several groups have published transcriptome or proteome data in
which they compared gene expression between oligodendrocytes at different develop-
mental stages and/or between oligodendrocytes and other brain cells. If mature oligo-
dendrocytes are highly glycolytic with low OXPHOS, this should be reflected in their
transcriptome and proteome profile. Indeed, the transcriptome profile has been used
to argue for the high glycolytic activity of astrocytes and the astrocyte-to-neuron lactate
shuttle [83]. Here, we compared transcriptome and proteome data of four key metabolic
enzymes from four different studies [83–85]. We present figures made from expression
tables available from two of the papers, namely Zhang et al. [83] and Sharma et al. [84] for
transcriptome and proteome analysis, respectively. These papers were chosen for figures
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because they contain data from all the relevant cell types and because the data expression
tables were available.

Pfk1 (6-phosphofructo-1-kinase) is a master regulator of glycolysis. It is activated by
the enzyme fructose-2,6-bisphosphate, which is generated by Pfkfb3 (6-phosphofructo-2-
kinase/fructose-2, 6-bisphosphatase-3). Therefore, the level of Pfkfb3 is used as a measure
of glycolytic activity, and is highly expressed in glycolytic cancer cells [86]. In line with this,
neurons are unable to upregulate glycolysis due to low Pfkfb3, whereas glycolytic astrocytes
have high Pfkfb3 [83,87]. Thus, if mature oligodendrocytes are highly glycolytic, a high
level of Pfkfb3 would be expected. Surprisingly, the mRNA and protein levels of Pfkfb3 in
oligodendrocytes appears to be similar to that in neurons, and significantly lower than that
in astrocytes [83–85] (Figure 2A). Whether there is a change in expression of Pfkfb3 during
oligodendrocyte maturation is unclear as there is a discrepancy between the different
studies. While the proteome study by Sharma et al. [84] and the transcriptome study by
Cahoy et al. [85] suggest an increase in Pfkfb3 protein during oligodendrocyte development,
this was not seen in the study by Zhang et al. ([83], Figure 2A). In Marques et al. [88],
Pfkfb3 is elevated by a factor of 3 in immature myelin-forming oligodendrocytes compared
with OPCs, but then goes down again in mature oligodendrocytes. The discrepancy
between the different studies could be due to differences in cell sorting methods or in situ
isolation versus culture. Of note, the levels of Pfkfb3 in microglia were as high at those
in astrocytes (Figure 2A). This suggests that microglia are highly glycolytic, as recently
reported [89]. However, microglia may have a high metabolic flexibility, and change toward
more glycolysis, specifically when activated [90].

Another critical regulated point of glycolysis is the final step, in which phosphoenol
pyruvate is converted to pyruvate through the enzyme pyruvate kinase (PK). PK is found
in two splice variants, Pkm1 and Pkm2. In contrast to Pkm1, Pkm2 contains an inducible
nuclear translocation signal that allows a cell to regulate the amount of glycolytic flux
in response to the local energy state. The study by Zhang et al. [83] showed that while
neurons only have Pkm1, locking them in a steady state of glycolysis, all glia cells including
oligodendrocytes express Pkm2.

The pyruvate produced by glycolysis is either transported into mitochondria for
further metabolism or converted to lactate by lactate dehydrogenase (LDH). Conversely,
LDH can convert imported lactate into pyruvate. LDH is a family of enzymes including
five isoforms, each consisting of tetramers of M and H subunits. The M (muscle variant)
and H (heart variant) subunits are encoded by the LDHA and the LDHB genes, respectively.
The differential expression of LDHA and LDHB has been proposed to reflect glycolytic
activity with LDHA preferentially facilitating pyruvate to lactate conversion and being
expressed in tissue with high glycolytic activity [91], although some studies have stated
the opposite [83]. There is inconsistency between the different transcriptome and proteome
in oligodendrocyte expression of LDH variants, with the only common trend being that
LDHA is reduced during oligodendrocyte maturation (Figure 2B, [83–85,88]). In any case,
it is unclear whether the LDHA/LDHB ratio in itself can predict whether a cell type is
mainly glycolytic as astrocytes predominantly express the LDHB variant (at least on RNA
level) and neurons predominantly express LDHA ([83,85,92] and Figure 2B).
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Figure 2. RNA and protein expression of regulatory enzymes involved in glucose and pyruvate
metabolism. Transcriptome and proteome data are from Zhang et al. [83] and Sharma et al. [84],
respectively. Different cell types are indicated by different colors as explained in the top right panel.
The study by Sharma et al. used isolated cells that were cultured and analyzed at different days
in vitro (DIV), as indicated. (A) Expression of Pfkfb3, a major positive regulator of glycolysis. (B)
Expression of the two lactate dehydrogenase isozymes LDHA and LDHB. (C) Expression of PDK3
and PDK4, which indirectly act as positive regulators of glycolysis by inhibiting pyruvate metabolism
in mitochondria. See main text for details.

When pyruvate enters the mitochondria, it is converted to acetyl-CoA and CO2. This
reaction is catalyzed by the pyruvate dehydrogenase (PDH) complex. Since PDH provides
the primary link between glycolysis and the TCA cycle, it is one of the major enzymes
responsible for the regulation of glucose metabolism. The activity of PDH is regulated by
pyruvate dehydrogenase kinase (PDK), which inactivates PDH by phosphorylation. PDK
exists in four isoforms, PDK1–4, all of which have somewhat different phosphorylation
activity. While all isoforms seem present in the brain, PDK3 has the highest expression.
Importantly, PDK4 might be particularly important in glycolytic cells as it is the only
isoform that has a basal activity [93]. In agreement with this, astrocytes have particularly
high PDK4 activity. In comparison, oligodendrocytes have little, if any, PDK4, but instead
they have a high expression of PDK3 compared with the other cell types (Figure 2C). Since
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PDK3 does not have basal activity, these data may point to a high potential for inducing
glycolytic activity in oligodendrocytes rather than a generally high glycolysis.

In sum, the different transcriptome and proteome studies usually show a similar
pattern of expression, with some exceptions. Most studies show that astrocytes, which
are known for a high glycolytic activity and lactate release, have an expression pattern
for metabolic enzymes that differs from that of neurons and oligodendrocytes. Oligoden-
drocytes have an expression pattern that more closely resembles that of neurons, perhaps
with the exception of LDHA and PDK3. This could mean that oligodendrocytes have a
lower glycolytic rate than astrocytes, but with a large potential to increase the glycolytic
rate when needed.

8. Conclusions

Mitochondria have many important functions throughout the life of oligodendrocytes.
During development, oligodendrocytes have a large network of tubular mitochondria
that are important for ATP production and Ca2+ signaling to stimulate differentiation and
growth of the myelin sheath. After myelination is complete, mature oligodendrocytes have
fewer and more fragmented mitochondria. This change in mitochondria is linked to a shift
toward more glycolysis and less OXPHOS, and mature oligodendrocytes release lactate
from the myelin sheath to underlying neurons. Mitochondria are also present within the
myelin sheath, but their low density and small size indicate they are not important for
OXPHOS. Though more research is needed to unravel the functions of these mitochondria,
we propose that they are specialized for lipid metabolism and Ca2+ homeostasis. While
oligodendrocyte mitochondria have low mobility compared with other brain cells, their
movement increases upon Ca2+ entry through NMDA receptors. This suggests an entirely
different mechanism for the regulation of mitochondrial movement than in other brain cells
and would ensure mitochondria are removed from the myelin sheath when active neurons
signal to receive lactate. Finally, expression of metabolic enzymes in oligodendrocytes
resembles that of neurons more than astrocytes and microglia. This suggests that oligo-
dendrocytes do not have as high basal glycolytic activity as astrocytes (and presumably
microglia), but that they have the potential for inducing high glycolysis when needed.
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et al. Pervasive Axonal Transport Deficits in Multiple Sclerosis Models. Neuron 2014, 84, 1183–1190. [CrossRef] [PubMed]

54. Gonzalez, S.; Fernando, R.; Berthelot, J.; Perrin-Tricaud, C.; Sarzi, E.; Chrast, R.; Lenaers, G.; Tricaud, N. In vivo time-lapse
imaging of mitochondria in healthy and diseased peripheral myelin sheath. Mitochondrion 2015, 23, 32–41. [CrossRef]

55. Misgeld, T.; Schwarz, T.L. Mitostasis in Neurons: Maintaining Mitochondria in an Extended Cellular Architecture. Neuron 2017,
96, 651–666. [CrossRef]

56. Pérez-Escuredo, J.; Van Hée, V.; Sboarina, M.; Falces, J.; Payen, V.L.; Pellerin, L.; Sonveaux, P. Monocarboxylate transporters in the
brain and in cancer. Biochim. Biophys. Acta (BBA) Bioenerg. 2016, 1863, 2481–2497. [CrossRef] [PubMed]

57. Lee, Y.; Morrison, B.M.; Pellerin, L.; Magistretti, P.J.; Rothstein, J.D.; Li, Y.; Lengacher, S.; Farah, M.H.; Hoffman, P.N.; Liu, Y.;
et al. Oligodendroglia metabolically support axons and contribute to neurodegeneration. Nature 2012, 487, 443–448. [CrossRef]
[PubMed]

58. Philips, T.; Mironova, Y.A.; Jouroukhin, Y.; Chew, J.; Vidensky, S.; Farah, M.H.; Pletnikov, M.V.; Bergles, D.E.; Morrison, B.M.;
Rothstein, J.D. MCT1 Deletion in Oligodendrocyte Lineage Cells Causes Late-Onset Hypomyelination and Axonal Degeneration.
Cell Rep. 2021, 34, 108610. [CrossRef]

59. Saab, A.S.; Tzvetavona, I.D.; Trevisiol, A.; Baltan, S.; Dibaj, P.; Kusch, K.; Möbius, W.; Goetze, B.; Jahn, H.M.; Huang, W.;
et al. Oligodendroglial NMDA Receptors Regulate Glucose Import and Axonal Energy Metabolism. Neuron 2016, 91, 119–132.
[CrossRef]

60. Meyer, N.; Richter, N.; Fan, Z.; Siemonsmeier, G.; Pivneva, T.; Jordan, P.; Steinhäuser, C.; Semtner, M.; Nolte, C.; Kettenmann, H.
Oligodendrocytes in the Mouse Corpus Callosum Maintain Axonal Function by Delivery of Glucose. Cell Rep. 2018, 22, 2383–2394.
[CrossRef] [PubMed]

61. Frühbeis, C.; Kuo-Elsner, W.P.; Müller, C.; Barth, K.; Peris, L.; Tenzer, S.; Möbius, W.; Werner, H.B.; Nave, K.-A.; Fröhlich, D.; et al.
Oligodendrocytes support axonal transport and maintenance via exosome secretion. PLoS Biol. 2020, 18, e3000621. [CrossRef]

62. Nualart-Marti, A.; Solsona, C.; Fields, R.D. Gap junction communication in myelinating glia. Biochim. Biophys. Acta (BBA)
Biomembr. 2013, 1828, 69–78. [CrossRef] [PubMed]

63. Tress, O.; Maglione, M.; Zlomuzica, A.; May, D.; Dicke, N.; Degen, J.; Dere, E.; Kettenmann, H.; Hartmann, D.; Willecke,
K. Pathologic and Phenotypic Alterations in a Mouse Expressing a Connexin47 Missense Mutation That Causes Pelizaeus-
Merzbacher–Like Disease in Humans. PLoS Genet. 2011, 7, e1002146. [CrossRef] [PubMed]

http://doi.org/10.1080/15548627.2019.1660545
http://doi.org/10.1038/emboj.2009.89
http://doi.org/10.1097/00001756-199503270-00008
http://www.ncbi.nlm.nih.gov/pubmed/7605937
http://doi.org/10.1016/j.neuint.2007.01.003
http://www.ncbi.nlm.nih.gov/pubmed/17316901
http://doi.org/10.1002/glia.22965
http://doi.org/10.1523/JNEUROSCI.3510-13.2014
http://doi.org/10.3233/BPL-170044
http://www.ncbi.nlm.nih.gov/pubmed/29765861
http://doi.org/10.1016/j.stem.2016.04.015
http://doi.org/10.1038/nature11007
http://doi.org/10.1002/glia.23905
http://doi.org/10.1016/j.neuron.2009.01.030
http://www.ncbi.nlm.nih.gov/pubmed/19249275
http://doi.org/10.1523/JNEUROSCI.1012-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16807333
http://doi.org/10.3389/fncel.2016.00123
http://doi.org/10.1016/j.neuron.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25433639
http://doi.org/10.1016/j.mito.2015.05.004
http://doi.org/10.1016/j.neuron.2017.09.055
http://doi.org/10.1016/j.bbamcr.2016.03.013
http://www.ncbi.nlm.nih.gov/pubmed/26993058
http://doi.org/10.1038/nature11314
http://www.ncbi.nlm.nih.gov/pubmed/22801498
http://doi.org/10.1016/j.celrep.2020.108610
http://doi.org/10.1016/j.neuron.2016.05.016
http://doi.org/10.1016/j.celrep.2018.02.022
http://www.ncbi.nlm.nih.gov/pubmed/29490274
http://doi.org/10.1371/journal.pbio.3000621
http://doi.org/10.1016/j.bbamem.2012.01.024
http://www.ncbi.nlm.nih.gov/pubmed/22326946
http://doi.org/10.1371/journal.pgen.1002146
http://www.ncbi.nlm.nih.gov/pubmed/21750683


Metabolites 2021, 11, 359 13 of 14

64. Philippot, C.; Griemsmann, S.; Jabs, R.; Seifert, G.; Kettenmann, H.; Steinhäuser, C. Astrocytes and oligodendrocytes in the
thalamus jointly maintain synaptic activity by supplying metabolites. Cell Rep. 2021, 34, 108642. [CrossRef] [PubMed]

65. Tognatta, R.; Karl, M.T.; Fyffe-Maricich, S.L.; Popratiloff, A.; Garrison, E.D.; Schenck, J.K.; Abu-Rub, M.; Miller, R.H. Astrocytes
Are Required for Oligodendrocyte Survival and Maintenance of Myelin Compaction and Integrity. Front. Cell. Neurosci. 2020, 14,
74. [CrossRef] [PubMed]

66. Peters, A.; Palay, S.; Webster, H. The fine structure of the nervous system 494 pages. £80.00., Neurons and their supporting cells
(Third edition), Oxford University Press (1991) 0-19-506571-9. Cell Biol. Int. Rep. 1992, 16, 283. [CrossRef]

67. Battefeld, A.; Popovic, M.A.; de Vries, S.I.; Kole, M.H. High-Frequency Microdomain Ca2+ Transients and Waves during Early
Myelin Internode Remodeling. Cell Rep. 2019, 26, 182–191.e5. [CrossRef]

68. Thorburne, S.K.; Juurlink, B.H.J. Low Glutathione and High Iron Govern the Susceptibility of Oligodendroglial Precursors to
Oxidative Stress. J. Neurochem. 2002, 67, 1014–1022. [CrossRef] [PubMed]

69. Kim, J.Y.; Kim, J.-H.; Kim, Y.-D.; Seo, J.H. High Vulnerability of Oligodendrocytes to Oxidative Stress Induced by Ultrafine Urban
Particles. Antioxidants 2020, 10, 4. [CrossRef] [PubMed]

70. Zhou, P.; Guan, T.; Jiang, Z.; Namaka, M.; Huang, Q.J.; Kong, J.M. Monocarboxylate transporter 1 and the vulnerability of
oligodendrocyte lineage cells to metabolic stresses. CNS Neurosci. Ther. 2018, 24, 126–134. [CrossRef]

71. Ruiz, A.; Quintela-López, T.; Sánchez-Gómez, M.V.; Gaminde-Blasco, A.; Alberdi, E.; Matute, C. Mitochondrial division inhibitor
1 disrupts oligodendrocyte Ca2+ homeostasis and mitochondrial function. Glia 2020, 68, 1743–1756. [CrossRef]

72. Rone, M.B.; Cui, Q.-L.; Fang, J.; Wang, L.-C.; Zhang, J.; Khan, D.; Bedard, M.; Almazan, G.; Ludwin, S.K.; Jones, R.; et al.
Oligodendrogliopathy in Multiple Sclerosis: Low Glycolytic Metabolic Rate Promotes Oligodendrocyte Survival. J. Neurosci.
2016, 36, 4698–4707. [CrossRef]

73. Mancini, G.; Pirruccio, K.; Yang, X.; Blücher, M.; Rodeheffer, M.; Horvath, T.L. Mitofusin 2 in Mature Adipocytes Controls
Adiposity and Body Weight. Cell Rep. 2019, 26, 2849–2858.e4. [CrossRef] [PubMed]

74. Krasnow, A.M.; Ford, M.C.; Valdivia, L.E.; Wilson, S.W.; Attwell, D. Regulation of developing myelin sheath elongation by
oligodendrocyte calcium transients in vivo. Nat. Neurosci. 2018, 21, 24–28. [CrossRef] [PubMed]

75. Devine, M.; Kittler, J.T. Mitochondria at the neuronal presynapse in health and disease. Nat. Rev. Neurosci. 2018, 19, 63–80.
[CrossRef]

76. Schofield, J.H.; Schafer, Z.T. Mitochondrial Reactive Oxygen Species and Mitophagy: A Complex and Nuanced Relationship.
Antioxidants Redox Signal. 2021, 34, 517–530. [CrossRef]

77. Ivanov, A.; Malkov, A.E.; Waseem, T.; Mukhtarov, M.; Buldakova, S.; Gubkina, O.; Zilberter, M.; Zilberter, Y. Glycolysis and
Oxidative Phosphorylation in Neurons and Astrocytes during Network Activity in Hippocampal Slices. J. Cereb. Blood Flow
Metab. 2013, 34, 397–407. [CrossRef] [PubMed]

78. Waagepetersen, H.S.; Hansen, G.H.; Fenger, K.; Lindsay, J.G.; Gibson, G.; Schousboe, A. Cellular mitochondrial heterogeneity
in cultured astrocytes as demonstrated by immunogold labeling of α-ketoglutarate dehydrogenase. Glia 2005, 53, 225–231.
[CrossRef] [PubMed]

79. Lin, M.-Y.; Sheng, Z.-H. Regulation of mitochondrial transport in neurons. Exp. Cell Res. 2015, 334, 35–44. [CrossRef] [PubMed]
80. Jackson, J.G.; Robinson, M.B. Regulation of mitochondrial dynamics in astrocytes: Mechanisms, consequences, and unknowns.

Glia 2018, 66, 1213–1234. [CrossRef]
81. Denton, R.M. Regulation of mitochondrial dehydrogenases by calcium ions. Biochim. Biophys. Acta Bioenerg. 2009, 1787, 1309–1316.

[CrossRef]
82. Hong, K.; Nishiyama, M.; Henley, J.R.; Tessier-Lavigne, M.; Poo, M.-M. Calcium signalling in the guidance of nerve growth by

netrin-1. Nature 2000, 403, 93–98. [CrossRef] [PubMed]
83. Zhang, Y.; Chen, K.; Sloan, S.A.; Bennett, M.L.; Scholze, A.R.; O’Keeffe, S.; Phatnani, H.P.; Guarnieri, P.; Caneda, C.; Ruderisch, N.;

et al. An RNA-Sequencing Transcriptome and Splicing Database of Glia, Neurons, and Vascular Cells of the Cerebral Cortex. J.
Neurosci. 2014, 34, 11929–11947. [CrossRef]

84. Sharma, K.; Schmitt, S.; Bergner, C.G.; Tyanova, S.; Kannaiyan, N.; Manrique-Hoyos, N.; Kongi, K.; Cantuti, L.; Hanisch, U.-K.;
Philips, M.-A.; et al. Cell type– and brain region–resolved mouse brain proteome. Nat. Neurosci. 2015, 18, 1819–1831. [CrossRef]

85. Cahoy, J.D.; Emery, B.; Kaushal, A.; Foo, L.C.; Zamanian, J.L.; Christopherson, K.S.; Xing, Y.; Lubischer, J.; Krieg, P.A.; Krupenko,
S.A.; et al. A Transcriptome Database for Astrocytes, Neurons, and Oligodendrocytes: A New Resource for Understanding Brain
Development and Function. J. Neurosci. 2008, 28, 264–278. [CrossRef] [PubMed]

86. Shi, L.; Pan, H.; Liu, Z.; Xie, J.; Han, W. Roles of PFKFB3 in cancer. Signal Transduct. Target. Ther. 2017, 2, 17044. [CrossRef]
87. Herrero-Mendez, A.; Almeida, A.; Fernández, E.; Maestre, C.; Moncada, S.; Bolaños, J.P. The bioenergetic and antioxidant status

of neurons is controlled by continuous degradation of a key glycolytic enzyme by APC/C–Cdh1. Nat. Cell Biol. 2009, 11, 747–752.
[CrossRef]

88. Marques, S.; Zeisel, A.; Codeluppi, S.; van Bruggen, D.; Falcão, A.M.; Xiao, L.; Li, H.; Häring, M.; Hochgerner, H.; Romanov,
R.A.; et al. Oligodendrocyte heterogeneity in the mouse juvenile and adult central nervous system. Science 2016, 352, 1326–1329.
[CrossRef] [PubMed]

89. Bernier, L.-P.; York, E.M.; Kamyabi, A.; Choi, H.B.; Weilinger, N.L.; MacVicar, B.A. Microglial metabolic flexibility supports
immune surveillance of the brain parenchyma. Nat. Commun. 2020, 11, 1–17. [CrossRef]

http://doi.org/10.1016/j.celrep.2020.108642
http://www.ncbi.nlm.nih.gov/pubmed/33472059
http://doi.org/10.3389/fncel.2020.00074
http://www.ncbi.nlm.nih.gov/pubmed/32300294
http://doi.org/10.1016/S0309-1651(06)80129-3
http://doi.org/10.1016/j.celrep.2018.12.039
http://doi.org/10.1046/j.1471-4159.1996.67031014.x
http://www.ncbi.nlm.nih.gov/pubmed/8752107
http://doi.org/10.3390/antiox10010004
http://www.ncbi.nlm.nih.gov/pubmed/33375107
http://doi.org/10.1111/cns.12782
http://doi.org/10.1002/glia.23802
http://doi.org/10.1523/JNEUROSCI.4077-15.2016
http://doi.org/10.1016/j.celrep.2019.02.039
http://www.ncbi.nlm.nih.gov/pubmed/30865877
http://doi.org/10.1038/s41593-017-0031-y
http://www.ncbi.nlm.nih.gov/pubmed/29230052
http://doi.org/10.1038/nrn.2017.170
http://doi.org/10.1089/ars.2020.8058
http://doi.org/10.1038/jcbfm.2013.222
http://www.ncbi.nlm.nih.gov/pubmed/24326389
http://doi.org/10.1002/glia.20276
http://www.ncbi.nlm.nih.gov/pubmed/16206171
http://doi.org/10.1016/j.yexcr.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/25612908
http://doi.org/10.1002/glia.23252
http://doi.org/10.1016/j.bbabio.2009.01.005
http://doi.org/10.1038/47507
http://www.ncbi.nlm.nih.gov/pubmed/10638760
http://doi.org/10.1523/JNEUROSCI.1860-14.2014
http://doi.org/10.1038/nn.4160
http://doi.org/10.1523/JNEUROSCI.4178-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18171944
http://doi.org/10.1038/sigtrans.2017.44
http://doi.org/10.1038/ncb1881
http://doi.org/10.1126/science.aaf6463
http://www.ncbi.nlm.nih.gov/pubmed/27284195
http://doi.org/10.1038/s41467-020-15267-z


Metabolites 2021, 11, 359 14 of 14

90. Ghosh, S.; Castillo, E.; Frias, E.S.; Swanson, R.A. Bioenergetic regulation of microglia. Glia 2018, 66, 1200–1212. [CrossRef]
[PubMed]

91. Mishra, D.; Banerjee, D. Lactate dehydrogenases as metabolic links between tumor and stroma in the tumor microenvironment.
Cancers 2019, 11, 750. [CrossRef] [PubMed]

92. Petit, J.-M.; Gyger, J.; Burlet-Godinot, S.; Fiumelli, H.; Martin, J.-L.; Magistretti, P.J. Genes Involved in the Astrocyte-Neuron
Lactate Shuttle (ANLS) Are Specifically Regulated in Cortical Astrocytes Following Sleep Deprivation in Mice. Sleep 2013, 36,
1445–1458. [CrossRef] [PubMed]

93. Wynn, R.; Kato, M.; Chuang, J.L.; Tso, S.-C.; Li, J.; Chuang, D.T. Pyruvate Dehydrogenase Kinase-4 Structures Reveal a Metastable
Open Conformation Fostering Robust Core-free Basal Activity*. J. Biol. Chem. 2008, 283, 25305–25315. [CrossRef] [PubMed]

http://doi.org/10.1002/glia.23271
http://www.ncbi.nlm.nih.gov/pubmed/29219210
http://doi.org/10.3390/cancers11060750
http://www.ncbi.nlm.nih.gov/pubmed/31146503
http://doi.org/10.5665/sleep.3034
http://www.ncbi.nlm.nih.gov/pubmed/24082304
http://doi.org/10.1074/jbc.M802249200
http://www.ncbi.nlm.nih.gov/pubmed/18658136

	Oligodendrocytes—The Myelin Forming Glia Cells of the Brain 
	Oligodendrocyte Maturation and Myelin Formation 
	Developing Oligodendrocytes Have Active Mitochondrial Respiration 
	Oligodendrocyte Mitochondrial Load and OXPHOS Is Reduced After Myelination 
	Mitochondria in the Myelin Sheath 
	Mitochondrial Mobility in Oligodendrocytes 
	What Can We Learn about Oligodendrocyte Metabolism from Transcriptome and Proteome Data 
	Conclusions 
	References

