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Abstract Formation of myelin sheaths by Schwann cells
(SCs) enables rapid and efficient transmission of action
potentials in peripheral axons, and disruption of myelina-
tion results in disorders that involve decreased sensory and
motor functions. Given that construction of SC myelin
requires high levels of lipid and protein synthesis, mito-
chondria, which are pivotal in cellular metabolism, may be
potential regulators of the formation and maintenance of
SC myelin. Supporting this notion, abnormal mitochondria
are found in SCs of neuropathic peripheral nerves in both
human patients and the relevant animal models. However,
evidence for the importance of SC mitochondria in
myelination has been limited, until recently. Several stud-
ies have recently used genetic approaches that allow SC-
specific ablation of mitochondrial metabolic activity in
living animals to show the critical roles of SC mitochondria
in the development and maintenance of peripheral nerve
axons. Here, we review current knowledge about the
involvement of SC mitochondria in the formation and
dysfunction of myelinated axons in the peripheral nervous
system.
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Introduction

Schwann cells (SCs), the principal glial cell of the
peripheral nervous system (PNS), form spiral membrane
insulators known as myelin sheaths around axons, which
enables rapid and efficient transmission of sensory and
motor information by saltatory conduction [1]. A differ-
entiated form of SCs, called myelinating SCs, extend their
plasma membranes to construct multilamellar wrappings
around axons during development, and the structure of this
myelin sheath is maintained after development in healthy
nerves. If the maintenance of myelin sheaths is disturbed
under various conditions, such as nerve damage, myeli-
nating SCs lose their myelin sheaths and assume a
dedifferentiated state. The dedifferentiated SCs show
characteristics similar to those of immature SCs during
development and have a capacity to initiate remyelination
[2, 3]. Therefore, the remyelination process can be viewed
as a recapitulation of the developmental myelination.
Because dedifferentiated SCs are observed in nerves
damaged by demyelinating diseases [2], understanding the
mechanisms of SC differentiation and maintenance will
provide insight into how demyelinating diseases progress,
and will potentially contribute to the development of new
therapeutics.

Mitochondria play diverse roles (e.g., energy produc-
tion, lipid and amino acid metabolism, and regulation of
cell death) in both physiological and pathological states in
eukaryotic cells. Defects in mitochondrial metabolism are
one of the common features of neurodegenerative diseases
and are thought to be the key regulators of peripheral
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neuropathic symptoms [4—6]. Structurally or functionally
abnormal mitochondria are often found in SCs of
demyelinating peripheral nerves injured in disorders such
as mitochondrial diseases, Charcot—Marie—Tooth disease,
and diabetes [7-9]. Therefore, mitochondria may play key
roles in the differentiation and maintenance of myelinating
SCs, and mitochondrial abnormalities may contribute to
disease progression in peripheral nerves. Supporting this
idea, recent studies using animal models with decreased
mitochondrial metabolism in myelinating SCs have pro-
vided evidence for a critical role of SC mitochondrial
metabolism in the development and maintenance of
myelinated axons [10-12].

In this topical review, we first briefly introduce the
current knowledge on the diseases that involve abnormal
mitochondria in SCs. We then summarize the recent
findings from animal models that show the involvement
of SC mitochondria in peripheral nerve disorders.
Finally, we describe more recent findings that have
revealed the critical mechanisms regulating mitochon-
drial metabolism during the development and
maintenance of myelinating SCs [13-15], defects of
which may be key pathological contributors to disease
progression in peripheral nerves. We offer apologies to
the many authors whose work could not be discussed
here due to the space limitation.

Abnormal SC mitochondria in peripheral
neuropathies

Mitochondrial dysfunction is a likely cause of peripheral
neuropathy [5, 6, 16]. Although researchers have focused
on the role of axonal mitochondria in the progression of
peripheral neuropathy in light of the high energy demand
of neurons, findings also support the idea that abnormal SC
mitochondria participate in disease progression. Before
discussing this further, however, we will first summarize
the peripheral neuropathies in which abnormal mitochon-
dria are found in SCs.

Mitochondrial diseases

Mitochondrial diseases result from structurally, numeri-
cally, or functionally abnormal mitochondria [5, 6]. In
patients with mitochondrial diseases, mitochondrial
abnormalities are caused primarily by mutations in
mitochondrial DNA (mtDNA) [6], which encodes 13
proteins of the electron transport system, 22 transfer
RNAs, and 2 ribosomal DNAs. Mutations in nuclear DNA
encoding essential proteins for mitochondrial function can
also be the cause of mitochondrial defects. In patients
with mitochondrial diseases, abnormalities are frequently
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found in the nervous system, striated muscles, or both, in
which a high density of mitochondria exist, and approx-
imately one-third of these patients develop peripheral
neuropathic phenotypes involving sensory and motor
dysfunctions in the context of systemic disorders [16]. In
particular, defects in PNS myelinated axons are often
found in patients with diseases associated with mutations
of mtDNA, such as chronic progressive external oph-
thalmoplegia, mitochondrial encephalomyopathy with
lactic acidosis and stroke-like episodes, and myoclonus
epilepsy with ragged-red fibers [16]. Peripheral nerves
affected by such diseases show reduced conduction
velocity [17, 18] and decreased myelinated axon density
[7, 8, 17-19]. Interestingly, electron microscopic analyses
of tissue samples obtained from those neuropathic patients
showed that structurally abnormal mitochondria (e.g.,
swollen mitochondria, mitochondria with distorted cristae,
and mitochondria with paracrystalline inclusions) are
found primarily in SCs but not in axons [7, 8, 17-19].
Given that mitochondrial structure is a key determinant of
mitochondrial function [20], these findings suggest a
potential involvement of abnormal mitochondria in SCs in
the development of the neuropathic phenotype in mito-
chondrial  diseases.  Although how  defects in
mitochondrial diseases are caused by abnormal mito-
chondrial functions remains largely unknown, reduction
of energy and metabolic supply or excess generation of
toxic agents, such as reactive oxygen species (ROS) and
lactic acid, are considered to be causally linked. Indeed,
compounds that support mitochondrial metabolism
(coenzyme Q10, riboflavin, thiamine, carnitine, and cre-
atine), that work as antioxidants (coenzyme Q10, vitamin
C, and vitamin E), or that improve lactic acidosis
(dichloroacetate) are used for the treatment of mitochon-
drial diseases [21].

Charcot-Marie-Tooth diseases

Charcot—-Marie-Tooth disease (CMT) is the most common
hereditary peripheral neuropathy, with a prevalence of
about 40 in 100,000 people [9]. CMT is organized into two
groups: (1) the demyelinating form (CMT1, CMT3, and
CMT4), associated with decreased conduction velocity,
and segmental demyelination and remyelination of SCs; (2)
the axonal form (CMT2), characterized by preserved or
slightly reduced conduction velocity, and axonal loss
without demyelination. More than 40 loci and about 30
genes, which are associated with CMT, have been identi-
fied to date, and several genes encode mitochondrial
proteins. The ganglioside-induced differentiation associ-
ated protein 1 gene (GDAPI), mutations of which are
found in CMT4A (recessive, demyelinating form) and
CMT2K (dominant, axonal form), encodes a mitochondrial
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outer membrane protein that has a key role in mitochon-
drial fission [22]. Indeed, overexpression of GDAPI
promotes fragmentation of mitochondria, whereas either
knockdown of GDAPI1 or overexpression of a disease-re-
lated mutant of GDAP1 causes mitochondria to assume an
elongated structure in vitro [22]. Although most genes
associated with mitochondria-related CMT are mainly
expressed in neurons, GDAPI1 is expressed both in myeli-
nating SCs and neurons [22]. Niemann and colleagues have
recently shown that myelinating SC-specific Gdapl dele-
tion in mice results in decreased conduction velocity and
hypomyelination in the sciatic nerve, whereas motor neu-
ron-specific Gdapl deletion does not affect conduction
velocity and the structure of myelin [23], suggesting that
SC mitochondria without normal GDAPI1 activity are
likely to be involved in the progression of peripheral
neuropathy. However, how mutant GDAP1 causes the
neuropathy is not well understood. Given that mitochon-
drial structure has a key role in the regulation of cellular
metabolism [24, 25], defects in GDAPI1-mediated mito-
chondrial fission may result in the abnormal metabolic state
in SCs.

Diabetes

Diabetes is a huge health problem worldwide, and,
according to a report from the World Health Organization,
about 9 % of adults (18 years and older) were diagnosed
with diabetes in 2014 (http://www.who.int/mediacentre/
factsheets/fs312/en/). One of the major complications of
diabetes is diabetic peripheral neuropathy, which involves
axonal degeneration, demyelination, and loss of both
myelinated and unmyelinated fibers [26]. A potential key
player in the progression of diabetic neuropathy is abnor-
mal mitochondria [26, 27]. Interestingly, an anatomical
analysis has shown that structurally abnormal mitochondria
(swollen mitochondria with effaced cristae) are preferen-
tially found in SCs in the peripheral nerves of both human
patients with diabetes and animal models of diabetes
[28, 29]. Furthermore, chronic exposure of cells to high
levels of glucose causes dramatic changes in the mito-
chondrial proteome, which lead to decreased mitochondrial
metabolic activity, in various cell types [27], including SCs
[30]. These results support the notion that SC mitochondria
are involved in the development of diabetic peripheral
neuropathy. Although the detailed mechanism of diabetic
neuropathy progression remains to be further explored,
generation of ROS by abnormal mitochondria may be a key
process for the progression of diabetic neuropathy, because
administration of o-lipoic acid, an antioxidant, significantly
improves neuropathic symptoms and deficits in diabetic
patients [31].

Mouse models of SC-specific mitochondrial
metabolic defects

As described above, the presence of abnormal mitochon-
dria in SCs in diseased peripheral nerves implicates the
potential involvement of SC mitochondria in the develop-
ment and maintenance of myelinated axons. However, it is
difficult to know whether mitochondrial abnormalities are
the direct cause of disease progression in human patients.
Thus, to gain the insight into the roles of SC mitochondria,
research using animal models is important. Recent studies
using mutant mice in which mitochondrial molecules
indispensable for mitochondrial oxidative respiration were
disrupted selectively in myelinating SCs have provided
evidence for the critical roles of SC mitochondria in the
development and maintenance of myelinated axons
[10-12].

Cox10 knockout mice

COX10 encodes heme A:farnesyl transferase, an enzyme
for the biosynthesis of heme A, which is essential for
cytochrome ¢ oxidase integrity, and mutations of COXI0
have been found in patients with mitochondrial diseases
who experience systemic disorders accompanying
demyelinating peripheral neuropathy [32]. Conditional
deletion of the CoxI0 gene in various cell types such as
skeletal muscle cells [33], hepatocytes [34], and neuronal
cells [35] in mice results in the loss of mitochondrial res-
piration, and the phenotype of these mutant mice
recapitulates several symptoms of human diseases. SC-
specific Cox10 deletion decreases the number of functional
mitochondria and increases swollen mitochondria in SCs
[11]. SC-specific CoxI10-knockout (KO) mice (CoxI0-
SCKO mice) show hypomyelination and reduced conduc-
tion velocity as early as postnatal day 21 (P21) [11]. CoxI0
elimination in SCs does not cause SC death and inflam-
matory response in the peripheral nerves. These results
suggest the importance of mitochondrial oxidative phos-
phorylation in the development of myelin.

Note that deletion of the CoxI0 gene in oligodendro-
cytes, myelinating glia in the central nervous system, does
not cause detectable defects. The differential effects could
be explained as follows: (1) elimination of Cox10 results in
gradual loss of mitochondrial respiration in myelinating
oligodendrocytes because of slow mitochondrial turnover
(t1» ~ 3 weeks) in the brain, whereas intact mitochondria
in proliferating Schwann cells are more rapidly lost by
dilution in the progeny, (2) increased glycolysis likely
compensates for the mitochondrial metabolic defects in
mature oligodendrocytes [11]. Thus, whether mitochon-
drial metabolic activity in oligodendrocytes is involved in
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myelin development and maintenance requires further
clarification.

Tfam knockout mice

Mitochondrial transcription factor A (Tfam) is an essential
protein for the transcription and replication of mtDNA, and
deletion of the Tfam gene results in the absence of mtDNA,
which leads to the loss of mitochondrial respiration. Thus,
Tfam-KO mice have been used as a model of mitochondrial
diseases [36-39]. Viader and colleagues reported that SC-
specific Tfam-KO mice (Tfam-SCKO mice) show abnor-
malities in peripheral nerves [10, 12], but the phenotype is
different from that of Cox/0-SCKO mice. Tfam-SCKO
mice show reduced nerve conduction velocity and defects
in sensory and motor functions. As is also observed in the
nerves of humans with mitochondrial diseases, abnormal
mitochondria are found in 7fam-null SCs. Interestingly, the
peripheral nerves of Tfam-SCKO mice show not only
demyelination but also axonal degeneration both in
myelinated and unmyelinated axons. This suggests that
Tfam-null SCs have deleterious effects on axons in a non-
cell-autonomous manner. Deletion of Tfam in SCs results
in the activation of the integrated stress response (ISR)
[12], a signaling mechanism that is commonly activated
when eukaryotic cells are exposed to a stressful environ-
ment [40]. The induction of ISR in SCs switches lipid
metabolism from lipid synthesis to lipid oxidation, which
results in depletion of glycosphingolipids, such as cere-
brosides and sulfatides, which are important for myelin
maintenance. Thus, this is a likely cause of demyelination.
Furthermore, accumulation of acylcarnitines has also been
observed in SCs as a consequence of abnormal lipid
metabolism [12]. Because chronic application of palmi-
toylcarnitine, an acylcarnitine species that is markedly
increased in the nerves of Tfam-SCKO mice, results in
degeneration of axons of dorsal root ganglion neurons
in vitro, release of acylcarnitines from SCs is likely to
cause axonal damage in Tfam-SCKO mice [12].

Critical signals for mitochondrial metabolism
in myelinating SCs

Mitochondrial metabolism can be controlled by a variety of
intracellular signaling mechanisms, depending on the cel-
lular metabolic demand [41]. Considering that the
development and maintenance of the myelin sheath are
metabolically demanding, those signaling mechanisms may
also control mitochondrial functions in SCs. Recently, two
key signals, Lkb1 [13, 14] and mitochondrial Ca®" signals
[15], have been identified as critical regulators for mito-
chondrial metabolism in myelinating SCs (Fig. 1a).
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LKB1

The serine-threonine liver kinase B1 (LKB1) was origi-
nally discovered as a tumor suppressor gene, and iS now
recognized to be a master kinase for metabolic regulation
[42]. One of the major substrates of LKB1 is AMP-acti-
vated protein kinase (AMPK), an evolutionarily conserved
metabolic sensor kinase that is activated in response to
intracellular ATP deprivation (i.e., enhanced AMP levels)
[43]. AMPK is a heterotrimeric complex composed of a
catalytic o subunit and regulatory B and y subunits. Bind-
ing of AMP to the 7y subunit induces a conformational
change that makes the o subunit more sensitive to LKB1-
mediated phosphorylation. The phosphorylated AMPK
controls the activity and expression of the enzymes for
glucose and lipid metabolism. LKB1 also phosphorylates
multiple kinases, which regulate cell growth, metabolism,
and cell polarity in an AMPK-independent manner.
Because the activity of AMPK is suppressed under
hyperglycemic conditions [42], defects in LKB1-mediated
signaling may be related to diabetic peripheral neuropathy.

Recent reports have suggested an important role of
LKBI in SC mitochondrial metabolism [13, 14]. Although
mice lacking the Lkbl gene in SCs (LkbI-SCKO mice)
show neuropathic phenotypes, the phenotypes of LkblI-
SCKO mice reported by two independent groups are
slightly different. Pooya et al. generated LkbI-SCKO mice
using a Dhh-Cre driver [14], in which Cre expression
begins around embryonic day (E) 12.5, which corresponds
to the SC precursor stage [44]. These LkbI-SCKO mice
show hypomyelination and begin to exhibit a neuropathic
phenotype as early as around P30, and the phenotype
continues thereafter. Pooya et al. investigated how LkbI
deletion affects SC myelination, and discovered that
expression levels of proteins important for mitochondrial
metabolism significantly increase in SCs after the initiation
of myelination [14]. However, this upregulation of mito-
chondrial proteins is suppressed in the LkbI-SCKO mice,
while expression levels of proteins involved in myelin
construction (protein zero, peripheral myelin protein 22,
and myelin basic protein) and Krox20, an essential tran-
scription factor for their expression, are unaltered. In line
with this result, mitochondrial oxygen consumption of
sciatic nerves in the LkbI-SCKO mice is significantly
decreased compared with that in wild-type animals. These
findings suggest that LKB1 has a key role in the maturation
of mitochondrial metabolic activity in myelinating SCs.
How, then, does decreased mitochondrial metabolism in
the LkbI-mutant mice cause hypomyelination? Pooya et al.
found that the LkbI-null SCs show decreased production of
citrate, a metabolite of the tricarboxylic acid (TCA) cycle
important for mitochondrial energy production and lipid
synthesis [14]. Overexpression of citrate synthase rescues
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the defects in differentiation and myelination in primary
cultured LkbI-null SCs. Therefore, a decreased amount of
citrate, which leads to energy depletion and decreased lipid
synthesis, is a likely cause of hypomyelination in the LkbI-
SCKO mice. In addition to its role in the control of mito-
chondrial metabolic activity, Lkbl also has a key role in
the regulation of radial (i.e. adaxonal-to-abaxonal) SC
polarity [45], which is important for the initiation of
myelination [46]. Whether a link exists between LKBI1-
mediated metabolic control and polarity regulation remains
to be elucidated.

«Fig. 1 Schematic diagram depicting how SC mitochondria are

involved in the myelination (a) and pathogenesis of peripheral axons
(b). a Signaling that regulates mitochondrial metabolism in SCs
during myelination. Lkbl plays a key role in the upregulation of
mitochondrial metabolic enzymes and production of citrate, an
important metabolite for mitochondrial energy production and lipid
synthesis. Upstream and downstream regulators of Lkbl in SC have
not been well characterized. However, stimulation of P2RY2, a Gq-
coupled receptor, by ATP released from firing axons increases the
cytoplasmic Ca®" concentration via IP; receptor-mediated Ca®"
release from intracellular Ca®* stores. Then, Ca’" is delivered to the
mitochondrial matrix via the MCU. An increase in the Ca®"
concentration within the mitochondrial matrix ([Ca”]mt) stimulates
mitochondrial metabolic activity. These signaling inputs enhance
energy production and lipid synthesis in myelinating SCs. b Potential
pathogenic mechanisms of abnormal SC mitochondria in demyelina-
tion and axon degeneration. Abnormalities in mitochondrial
metabolism are caused by various factors, such as mutations in
nuclear DNA or mtDNA and metabolic stress (e.g., hyperglycemia).
Abnormalities of mitochondrial metabolism can cause adverse effects
in SCs, including remodeling of lipid metabolism (decreased lipid
synthesis and increased lipid oxidation), production of excessive
ROS, and sensitization to cell death. Under these conditions, SCs may
undergo demyelination, cause axonal degeneration, or both

Conversely, Beirowski et al. generated LkbI-SCKO
mice using a PO-Cre driver [13], in which Cre starts to be
expressed between E13.5 and 14.5, which corresponds to
the immature SC stage [47]. These LkbI-SCKO mice show
hypomyelination at P14, which recovers by P30. This is
likely to be due to the compensatory effects of elevated
neuregulin-erbB signaling, a signaling axis critical for SC
myelination [48]. At 3 months of age, the mutant mice start
to show degeneration of myelinated and unmyelinated
axons and also to exhibit the neuropathic phenotype, and
most of the unmyelinated axons are lost by 12—18 months
of age. The axonal loss in the Lkb/-SCKO mice is not due
to SC developmental defects because similar axonal loss is
observed when the LkbIl gene in SCs is deleted using a
tamoxifen-inducible conditional KO system after the
completion of myelination. Although the mechanism of
axonal loss in the LkbI-SCKO mice requires further clar-
ification, Lkbl-mediated metabolic regulation in SCs is
likely to be important for axonal maintenance. Interest-
ingly, preferential loss of small unmyelinated fibers in the
Lkb1-SCKO mice is similar to the features of peripheral
nerves injured in diabetic neuropathy. Thus, understanding
the mechanism of axonal loss in the Lkb/-SCKO mice may
inform therapies for diabetic neuropathic nerves.

Mitochondrial Ca®* signaling
One of the classic signaling mechanisms in mitochondrial
metabolism is an increase in the Ca>" concentration of the

mitochondrial matrix [49]. Ca*" uptake by energized
mitochondria was discovered about half century ago
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[50, 51]. Subsequently, it has been found that increases in
the Ca®" concentration within mitochondria stimulate
mitochondrial metabolism [52, 53]. The main targets of
Ca’" are three enzymes in the TCA cycle: pyruvate
dehydrogenase phosphatase, o-ketoglutarate dehydroge-
nase, and isocitrate dehydrogenase [49, 53]. Ca>" binding
to these enzymes enhances the production of TCA cycle
metabolites and nicotinamide adenine dinucleotide, and
subsequently drives oxidative phosphorylation in the
electron transport system. Ca*™ uptake by mitochondria is
mediated by a Ca®" channel, the mitochondrial Ca®" uni-
porter (MCU), which resides on the inner membrane of
mitochondria. After extensive study on the basic properties
of the MCU, a 40-kDa mitochondrial protein was finally
identified in 2011 as a core component of the Ca*" channel
[54, 55].

Ino et al. found that MCU-mediated mitochondrial Ca**
signaling plays a key role in myelination [15]. The in vitro
search for potential ligands that affect mitochondrial
metabolism in SCs has suggested that purinergic receptor
signaling mediates MCU-dependent mitochondrial meta-
bolism in SCs. In line with this idea, stimulation of the rat
sciatic nerve with ATP induces increases in the Ca®"
concentration in both the cytosol and mitochondrial matrix
in myelinating SCs. The ATP-induced cytoplasmic Ca®"
increase is mediated by the signaling cascade consisting of
the activation of the P2Y2 purinergic receptor (P2RY2),
production of inositol 1,4,5-trisphosphate (IP3) via
hydrolysis of phosphatidylinositol 4,5-bisphosphate by
phospholipase C, and Ca”" release from intracellular Ca®"
stores via IP; receptors. This P2Y2-IP;-mediated cyto-
plasmic  Ca®" mobilization subsequently induces
mitochondrial Ca®" signaling via the MCU.

The physiological significance of mitochondrial Ca®*
signaling in myelinating SCs has been examined in vivo by
disrupting the P2RY2-1P;-MCU pathway using shRNA for
P2RY2 (shP2RY2), or IP3-5 phosphatase (Sppase), an
enzyme that suppress IP; receptor-mediated Ca’" release
by rapidly hydrolyzing IP; [56-62], or shRNA for MCU
(shMCU). Expression of shP2RY?2, 5ppase, or shMCU in
myelinating SCs results in increased levels of phosphory-
lated AMPK, suggesting a critical role for P2RY2-1P3-
MCU signaling in energy metabolism in myelinating SCs.
Inhibition of P2RY2-IP3-MCU signaling does not cause SC
death, excluding the involvement of this pathway in cell
death. Silencing of P2RY2-IP;-MCU signaling for 4 weeks
starting on P3, when myelination initiates in rodents,
results in decreased longitudinal and radial development as
well as hypomyelination in myelinating SCs. Similar
results are observed when P2RY2-IP;-MCU is silenced
during the period of active myelination (from P3 to P14);
by contrast, no significant changes are observed when
P2RY2-IP;-MCU s silenced after the period of active
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myelination (from P14 to P31). These findings suggest that
mitochondrial Ca®' signaling mediated by P2RY2-IP;-
MCU pathway has a key role in the process of myelin
development rather than in myelin maintenance [15].

How, then, is the P2RY2-IP;-MCU pathway activated in
SCs in vivo? Most developmental processes in SCs, such as
proliferation, survival, and differentiation, are regulated by
signaling from axons [48]. Thus, it seems plausible that the
P2RY2-IP;-MCU pathway in SC myelination is regulated
by axons. Electrically active PNS axons release ATP
through maxi-anion channels [63], which have a 1.3-nm-
radius open pore through which ATP (which has a radius of
0.6 nm) can permeate [64]. Thus, Ino et al. examined
whether purinergic receptor-mediated mitochondrial Ca®"
signaling is controlled by activity-dependent axonal sig-
naling [15]. The results of microdialysis analysis in
neonatal rat sciatic nerve have shown that electrical stim-
ulation with a paradigm relevant to the firing pattern in
response to sensory stimulation enhances the extracellular
ATP level to approximately 0.5 uM [15], which is suffi-
cient to activate most P2 purinergic receptors [65, 66].
Indeed, electrical stimulation with the same paradigm
induces a reversible Ca®" increase in both the cytosol and
mitochondrial matrix in myelinating SCs. This suggests
that Ca®" levels within mitochondria, which control the
activity of mitochondrial metabolism, in SCs juxtaposed to
firing axons may be kept high. Considering that the firing
rate of afferent sensory nerves markedly increases during
the early postnatal period in rodents [67], during which SCs
actively undergo myelination, axons may stimulate mito-
chondrial metabolism activity in SCs to meet the high
metabolic demand of myelination. Whether this mecha-
nism is functioning in living animals is an important issue
to be examined in the future.

In addition to regulating cellular metabolism, mito-
chondria also control various cellular functions in a Ca®'-
dependent manner [49]. In particular, excessive Ca®"
accumulation within the mitochondrial matrix, which is
induced by Ca”*" overload in the cytosol, results in severe
cellular damage. In the central nervous system, it has been
proposed that Ca®" overload via the N-methyl-D-aspartate
glutamate receptor [68] or the TRPA1 [69] channel medi-
ates myelin loss during ischemia. Therefore, Ca®* overload
within SCs may also underlie the damaging effects on PNS
myelin during disease progression.

Conclusion and perspectives

Recent studies have indicated that SC mitochondria play
critical roles in energy production and lipid synthesis
during the development and maintenance of myelinated
axons. So far, two key signaling mechanisms, Lkbl and
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mitochondrial Ca2+, have been shown to be involved in
these processes (Fig. 1a). The construction of the myelin
sheath is considered to require high levels of lipid and
protein synthesis [70]; it has been estimated that as much as
0.5 mol (i.e., about 250 grams) of ATP is required to
synthesize 1 g of myelin [71]. Supporting this idea, abla-
tion of signals for SC mitochondrial metabolism impairs
myelin sheath formation [13—15]. Although further clari-
fication is required, these mechanisms may contribute to
pathological progression in demyelinating diseases.

In addition to their metabolic roles, mitochondria may
also cause damaging effects and cell death by generating
toxic agents [49], which may also be involved in disease
progression. In mutant animals with mitochondrial abnor-
malities, such as Tfam-SCKO and LkbI-SCKO mice,
gradual onset of demyelination and axonal degeneration is
observed [10, 12, 13]. These findings suggest the possi-
bility that accumulation of abnormal mitochondria in SCs
can cause damaging effects in both SCs and axons. How do
abnormal mitochondria cause demyelination and axonal
degeneration? Lipidomic analyses have shown that abla-
tion of mitochondrial metabolism results in decreased
synthesis of myelin lipids and cholesterol, which leads to
demyelination [72]. These studies have also shown that
ablation of mitochondrial metabolism results in accumu-
lation of acylcarnitines, lipid oxidation metabolites that can
cause toxic effects in axons. Therefore, altering lipid
metabolism from lipid synthesis to lipid oxidation in
abnormal SC mitochondria may underlie a key process in
gradual-onset damage of peripheral nerves. In addition,
increase in the production of ROS, a common risk factor in
neurodegenerative diseases [4], has been observed in Lkb1-
KO SCs. Because ROS can cause damage in both cell-
autonomous and non-cell-autonomous manners [73], ROS
may be a potential factor in demyelination and axonal
damage. Consistent with this idea, administration of
antioxidants can improve neuropathic symptoms in human
patients [21, 31]. Furthermore, because abnormal mito-
chondria also play a critical role in cell death, a key feature
of neurodegenerative diseases [74], abnormal mitochondria
may also induce SC death and subsequent demyelination.
Indeed, apoptotic SCs were found in human peripheral
nerves injured in diabetic neuropathy [75], supporting the
notion that SC death is a likely cause of demyelination.
However, no signs of cell death are found in SCs in which
mitochondrial metabolism has been  suppressed
[10, 11, 13-15]. Thus, additional mechanisms may be
involved in the induction of SC death in human diseased
nerves.

Taking all these results together, abnormal mitochondria
are likely to trigger undesirable cellular responses in SCs,
including remodeling of lipid metabolism, excessive pro-
duction of ROS, and enhanced susceptibility to cell death,

which can lead to demyelination, axonal degeneration, or
both (Fig. 1b). Because some of the phenotypes of mutant
animals with mitochondrial abnormalities are similar to
those found in neuropathic peripheral nerves of human
patients, the reactions triggered by abnormal mitochondria
may underlie the pathogenesis of human peripheral neu-
ropathy. Further accumulation of knowledge about the
detailed roles of SC mitochondria may assist in the dis-
covery of new therapeutic targets for peripheral
neuropathy.
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