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Axonal degeneration is a primary cause of permanent neurological
disability in individuals with the CNS demyelinating disease multiple
sclerosis. Dysfunction of axonal mitochondria and imbalanced energy
demand and supply are implicated in degeneration of chronically
demyelinated axons. The purpose of this studywas to define the roles
of mitochondrial volume and distribution in axonal degeneration
following acute CNS demyelination. We show that the axonal mito-
chondrial volume increase following acute demyelination of WT CNS
axonsdoesnotoccur indemyelinatedaxonsdeficient insyntaphilin,an
axonal molecule that immobilizes stationary mitochondria to micro-
tubules. These findings were supported by time-lapse imaging of WT
and syntaphilin-deficient axons in vitro. When demyelinated, axons
deficient in syntaphilin degenerate at a significantly greater rate than
WT axons, and this degeneration can be rescued by reducing axonal
electricalactivitywith theNa+ channelblocker flecainide. These results
supporttheconceptthatsyntaphilin-mediatedimmobilizationofmito-
chondria tomicrotubules is required for the volume increaseof axonal
mitochondria following acute demyelination and protects against
axonal degeneration in the CNS.

Axonal loss is the major cause of permanent neurological
disability in individuals with primary diseases of myelin (1).

Axonal degeneration associated with myelin diseases has been
well studied in the immune-mediated CNS demyelinating disease
multiple sclerosis. Two mechanisms are responsible for the de-
generation of demyelinated axons in multiple sclerosis brains.
First, axons are transected in acute multiple sclerosis lesions (2)
and axonal injury correlates with the number of infiltrating pe-
ripheral immune cells (3, 4). Edema associated with breakdown
of the blood–brain barrier and toxic substances secreted by in-
flammatory immune cells are thought to transect the acutely
demyelinated axon (5). Second, chronically demyelinated axons
degenerate as a result of loss of trophic support provided by
oligodendrocytes and myelin (6, 7). In addition to increasing the
speed of nerve transmission, oligodendrocytes and myelin pro-
vide axons with trophic support that is essential for their long-
term survival (8–10). Although most demyelinated axons com-
pensate for loss of oligodendrocytes/myelin, additional insults to
axonal mitochondria impair axonal metabolism, increase axonal
Ca2+, and promote progressive disruption of mitochondrial
function (11, 12). Changes in axonal mitochondria have been
described in chronically demyelinated axons in postmortem
multiple sclerosis tissue, and include decreased expression of
nuclear-encoded mitochondrial genes (13), reduced mitochon-
drial respiration (14), and genetic alterations in mitochondrial
DNA (15). A vicious cycle of reduced ATP production and in-
creased axonal Ca2+ results in degeneration of the chronically
demyelinated axon.
Myelinated axons contain two populations of mitochondria.

Most axonal mitochondria do not appear to translocate and are
located at stationary sites. Mitochondrial stationary sites are
distributed along the entire length of the axon, and individual
sites can have multiple mitochondria that may vary in length
but not in diameter (16–19). In live imaging studies, a popula-
tion of relatively small axonal mitochondria is translocated in

anterograde and retrograde directions (17, 18, 20). Motile mi-
tochondria are made in the neuronal cell body, can transiently
stop within stationary sites, and can fuse with or bud from sta-
tionary mitochondria; they are essential for axonal mitochondria
turnover and redistribution (20–23). Transport and docking of
axonal mitochondria are dynamic processes that can be modu-
lated by axonal metabolic demands. For example, mitochondrial
stationary sites can be increased in nodal axoplasm by increased
axonal firing (18).
Syntaphilin tethers and immobilizes axonal mitochondria to

microtubules at stationary sites (24). In syntaphilin-null unmy-
elinated axons in vitro, mitochondrial stationary site volume is
decreased and the number of motile mitochondria is increased
(24). Overexpression of syntaphilin increased axonal stationary
site size and reduced the number of motile mitochondria (25).
The purpose of the present study is twofold. First, we investigated
whether axonal degeneration was a feature of acute toxin-induced
CNS demyelination. Second, we investigated the role of axonal
mitochondria in the axonal pathology associated with acute toxin-
mediated CNS demyelination by comparing mitochondrial dis-
tribution/shape and axonal pathology in WT and syntaphilin-
deficient demyelinated axons.

Significance

Degeneration of demyelinated axons is a major cause of per-
manent neurological disability in primary diseases of myelin. In
addition to myelin loss, dysfunction of axonal mitochondria
may be an essential requisite for degeneration of demyelin-
ated axons. Here we describe a significant increase in axonal
mitochondrial volume following demyelination of CNS axons.
A deficiency in tethering mitochondria to the cytoskeleton
prevented this volume increase in demyelinated axons and
increased axonal degeneration, which was rescued by phar-
macological inhibition of nerve transmission along the demye-
linated axon. These results demonstrate that (i) increasing
mitochondrial volume in CNS demyelinated axons protects
against axonal degeneration and (ii ) immobilization of mito-
chondria is required for the increase in axonal mitochondria
volume following CNS demyelination.
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As demonstrated previously in demyelinated peripheral ner-
vous system (PNS) axons (17), we find that the volume of mi-
tochondrial stationary sites is increased in demyelinated CNS
axons. We extend this observation by demonstrating that syntaphilin
plays an essential role in increasing mitochondrial stationary
site size in CNS demyelinated axons. Failure to increase mito-
chondrial stationary sites following demyelination of syntaphilin-
deficient axons increased axonal degeneration and axonal pa-
thology. Degeneration of syntaphilin-null demyelinated axons was
reduced by treatment with the Na+ channel blocker flecainide.
These results support the concept that syntaphilin-mediated mi-
tochondrial immobilization is essential for increasing the size of
mitochondrial stationary sites in demyelinated axons. Increased
mitochondrial volume is an adaptive response of the demyeli-
nated axon, which helps meet the increased energy demands
of nonsaltatory nerve conduction and minimizes axonal de-
generation and the progression of neurological disability.

Results
The purpose of this study is to compare mitochondrial distri-
bution/shape and axonal pathology in WT and syntaphilin-
deficient demyelinated axons. We first investigated whether the
number of myelinated fibers and the distribution/size of mito-
chondria in myelinated axons were similar in WT and syntaphilin-
null corpus callosa. We chose the corpus callosum because it is
a common target of demyelination in multiple sclerosis brains
(26) and is extensively demyelinated in cuprizone-fed mice. By
using serial block face scanning EM, we quantified myelinated
axons and compared the 3D size and distribution of individual
mitochondria in myelinated and demyelinated corpus callosa
from WT and syntaphilin-null mice (Fig. 1 A–G). The size and
density of myelinated fibers (Fig. 1 A and C) was similar in WT
and syntaphilin-deficient corpus callosa. Mitochondrial number
per myelinated axonal volume (Fig. 1K) and mitochondrial
volume per myelinated axonal volume (Fig. 1L) were similar in
WT and syntaphilin-null corpus callosa; we used total axonal
volume instead of axonal length as the denominator to allow for
any differences in axon diameter among sample sets. Volumes
(Fig. 1H) and lengths (Fig. 1I) of individual axonal mitochondria
were also similar. Compared with WT myelinated axons, there
was a slight but significant decrease in the diameter of mito-
chondria (Fig. 1J) in syntaphilin-null myelinated axons. Similar
densities and volumes of axonal mitochondria and the absence of
major neurological phenotypes (24) indicate that the mouse
neuron/axon can compensate for loss of syntaphilin during the
first four postnatal months.
We next investigated how WT and syntaphilin-null axons

responded to demyelination induced by cuprizone/rapamycin
treatment. Cuprizone is a toxin that kills oligodendrocytes (27).
During a 6-wk cuprizone feeding paradigm, spontaneous remyelin-
ation of the corpus callosum occurs by 4 wk of cuprizone-only
treatment. Cuprizone, however, does not kill these remyelinating
oligodendrocytes. This remyelination can, however, be inhibited by
daily concurrent injections of rapamycin (28). The combination of
cuprizone feeding and daily rapamycin injections for 6 wk demye-
linates the corpus callosum (Fig. 1B). All control mice received daily
rapamycin injections in these experiments. Demyelination was ex-
tensive in WT and syntaphilin-null corpus callosa (Fig. 1C). In WT
demyelinated axons, the volumes (Fig. 1H) and lengths (Fig. 1I) of
individual mitochondria and mitochondrial number per axonal
volume (Fig. 1K) were significantly increased, and mitochondrial
volume per axonal volume (Fig. 1L) was doubled compared with
myelinated WT axons. In contrast, neither the volume of individual
mitochondria (Fig. 1H) nor mitochondrial numbers per axonal
volume (Fig. 1K) were increased in demyelinated syntaphilin-null
axons in which mitochondria were ∼50% shorter (Fig. 1I) and
∼50% wider (Fig. 1J) compared with myelinated syntaphilin-null
axons. Thus, unlike WT demyelinated axons, syntaphilin-null axons

did not increase mitochondrial volume per axonal volume following
demyelination (Fig. 1L). High doses of cuprizone delivered to
weanling mice have profound effects in hepatocytes, producing
swollen “giant” mitochondria characterized by fragmented short
cristae concentrated at the periphery of the swollen mitochondria
(29, 30). Following 6 wk of cuprizone/rapamycin treatment, giant
mitochondria with fragmented cristae were not found in WT (Fig.
S1A) or syntaphilin-null axons (Fig. S1B), including regions with
axonal swellings. Swollen axonal mitochondria with altered cristae
were not detected in previous studies using similar cuprizone dosing

Fig. 1. Syntaphilin is essential for increasing mitochondrial stationary site
size in demyelinated CNS axons. (A and B) Three-dimensional reconstructions
of serial EM images of myelinated (A) and demyelinated (B) corpus callosa
from syntaphilin-null mice. (C) The number of myelinated axons is similar
in WT and syntaphilin-null (KO) corpus callosa. Demyelination following
cuprizone treatment (Cup) is almost complete in both strains of mice (n = 8
for Control and n = 10 for Cup; ***P < 0.001, t test). (D–F) Individual slices
illustrating mitochondria (arrowheads) in myelinated (D) and demyelinated
(E and F) axons (yellow) from syntaphilin-KO mice. (G) Three-dimensional
reconstructions of individual axonal mitochondria (various colors) in corpus
callosum of myelinated (Cont) and demyelinated (Cup) WT and syntaphilin-
null (KO) mice. (H–J) Compared with mitochondria in WT myelinated axons,
mitochondria in WT demyelinated axons were significantly larger (H) and
longer (I). In contrast, mitochondria in syntaphilin-null demyelinated axons
were similar in volume (H), but shorter (I) and thicker (J) than mitochondria
in myelinated syntaphilin-null axons. (K and L) Percent axonal volume oc-
cupied by mitochondria (mitoVol/aVol; L) and mitochondrial density
(mitoNo/aVol; K) are similar in myelinated WT axons compared with mye-
linated syntaphilin-null axons. Percent axonal volume occupied by mito-
chondria and mitochondrial density are increased in demyelinated WT axons
but are unchanged in demyelinated syntaphilin-null axons. Medians (lines)
and first-to-third quartile ranges (boxes) are shown (*P < 0.05, **P < 0.01,
and ***P < 0.001). For control/WT, control/KO, cuprizone/WT, and cuprizone/
KO, n = 207, n = 134, n = 320, and n = 128 mitochondria (H–J), respectively,
and n = 24, n = 18, n = 26, and n = 24 axons (K and L), respectively. (Scale bars:
3 μm.)
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paradigms (31, 32). Mitochondria in hepatocytes in our cuprizone/
rapamycin-treated mice, however, were slightly swollen with altered
cristae distributions (Fig. S1 C and D). This differential effect on
hepatocyte mitochondria reflects the detoxifying role of liver. These
observations demonstrate that the cuprizone treatment in the
present study does not alter mitochondrial structure in CNS axons
and indicate that syntaphilin is required for the increase in mito-
chondrial size and density that occurs after demyelination of
CNS axons.
We next asked whether the lack of syntaphilin promotes ax-

onal degeneration in the demyelinated corpus callosa. De-
generation of demyelinated axons was assessed by comparing the
number of nonphosphorylated neurofilament-positive axonal
ovoids in demyelinated corpus callosa from WT (Fig. 2A) and
syntaphilin-null (Fig. 2B) mice. These ovoids represent the cut
ends of axons that are still connected to viable neurons (2) or
axonal swellings that precede axonal transection (33, 34). Axonal
ovoids positive for nonphosphorylated neurofilament were not
observed in myelinated corpus callosa of WT and syntaphilin-
deficient mice. Axonal ovoids were significantly increased and
twice as common in syntaphilin-null demyelinated corpus callosa
compared with WT (Fig. 2C), and 70.0 ± 5.5% (n = 5 corpus
callosa) of axonal ovoids contained detectable levels of the am-
yloid precursor protein (APP; Fig. 2 D–G), a marker for com-
promised axonal transport (3, 4, 35). Axonal ovoids were readily
identified in EM images of corpus callosum (Fig. 2H) and con-
tained densely packed axoplasmic organelles, including intact
and fragmented mitochondria. Axonal ovoids were more fre-
quent and approximately three times larger in EM images of
demyelinated syntaphilin-KO mice compared with demyelinated
WT mice. In EM analyses, axonal ovoids were not found in
myelinated WT and syntaphilin-KO mice (Fig. S2). These results
show that axonal ovoid formation is increased in demyelinated
syntaphilin-deficient axons.
We next compared axonal DsRed2-labeled mitochondrial

distribution and transport in myelinated and demyelinated living
cerebellar slice cultures from WT and syntaphilin-deficient mice
(Fig. 3A). In these slice cultures, the majority of axonal mito-
chondria were stationary, and the size of mitochondrial station-
ary sites was similar in WT and syntaphilin-deficient myelinated
axons (Fig. 3B). The number of motile mitochondria, however,
was increased in syntaphilin-deficient myelinated axons com-
pared with myelinated WT axons (Fig. 3C and Fig. S3), but their
mean velocity of mitochondrial transport was similar (Fig. 3C

and Fig. S3). Mitochondrial stationary site size (Fig. 3B), the
number of motile mitochondria (Fig. 3C), and the velocity of
mitochondrial transport (Fig. 3D) were significantly increased in
demyelinated WT axons compared with WT myelinated axons.
In contrast, mitochondria stationary site size was similar in my-
elinated and demyelinated syntaphilin-deficient axons (Fig. 3B).
The number of motile mitochondria (Fig. 3C) and the mean
velocity of motile mitochondria translocation (Fig. 3D) were
significantly decreased in demyelinated syntaphilin-deficient
axons compared with myelinated syntaphilin-deficient axons.
To examine axonal pathology in the slice cultures, myelinated

and demyelinated WT and syntaphilin-deficient cerebellar cul-
tures were immunostained for neurofilaments and APP (3, 4,
35). Although the number of APP-positive axonal ovoids in
myelinated WT slices was comparable to that in myelinated
syntaphilin-deficient slices, demyelinated syntaphilin-deficient
slices had significantly more APP-positive axonal ovoids and
transections than demyelinated WT slices and myelinated syn-
taphilin-deficient slices (Fig. 4). Increased axonal pathology
in demyelinated syntaphilin-deficient axons was also found in
demyelinated corpus callosa of syntaphilin-KO mice (Fig. 2 and
Fig. S2). Na+ channel blockers can reduce axonal pathology in
conditions that compromise axonal mitochondrial energy pro-
duction (36, 37). If reduced mitochondrial density in syntaphilin-
deficient axons leads to insufficient energy production for axonal
survival, blocking Na+-channel activities may be beneficial for the
survival of demyelinated syntaphilin-deficient axons. Flecainide is
a Na+ channel blocker that can reduce axonal loss following NO
treatment in vitro and during inflammatory demyelination in vivo
(37, 38). Indeed, when syntaphilin-deficient slice cultures were
treated with flecainide, APP-positive axonal ovoids and trans-
ections were significantly decreased in a dose-dependent manner
(Fig. 4G). These in vitro results collectively demonstrate that
syntaphilin plays an important role in increasing the volume of
axonal mitochondrial stationary sites upon demyelination, and
provides further support to the hypothesis that increased mito-
chondrial stationary site size protects against degeneration of
demyelinated axons, which is caused in part by the increased en-
ergy demands of nonsaltatory nerve conduction.

Discussion
The present study investigated mitochondrial behavior in acutely
demyelinated CNS axons. We described changes in mitochon-
drial distribution in demyelinated axons in vivo by using 3D EM

Fig. 2. Axonal ovoids are increased in demyelinated syntaphilin-null CNS axons. (A and B) Immunostaining for nonphosphorylated neurofilament (npNF) in
demyelinated corpus callosum of WT (A) and syntaphilin-null (KO) mice (B). (C) The number of axonal ovoids (A and B, arrowheads) is significantly increased in
demyelinated corpus callosum of syntaphilin-null mice (**P < 0.01; n = 7 WT mice; n = 5 KO mice). (D–G) Immunostaining for nonphosphorylated neuro-
filament (red), APP (green), and proteolipid protein (PLP, blue) shows that APP accumulates in axonal ovoids (arrows) in demyelinated syntaphilin-null corpus
callosum. (H) EM images obtained from demyelinated corpus callosum from syntaphilin-null mice show multiple axonal ovoids filled with membranous
organelles (arrowheads). (I) Ovoid attached to a thin axon (arrows). (Scale bars: A and B, 100 μm; D, 10 μm; H, 5 μm.)
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and visualized mitochondrial motility and distribution in living
myelinated and demyelinated CNS axons in vitro. As we pre-
viously described for demyelinated PNS axons in vitro (17), CNS
demyelinated axons compensate for loss of myelin by increasing
(i) the volume of mitochondrial stationary sites and (ii) the
number and velocity of motile mitochondrial transport. By using
syntaphilin-deficient mice, we extend these fundamental mito-
chondrial responses shared by CNS and PNS demyelinated axons
by establishing that (i) syntaphilin-mediated immobilization of
stationary mitochondria is essential for the increased volume of
mitochondrial stationary sites in demyelinated CNS axons, (ii)
deleting axonal syntaphilin significantly increases degeneration
of demyelinated CNS axons, and (iii) the incidence of this axonal
degeneration can be reduced by blocking Na+ channel activity.
Collectively, our studies indicate that acutely demyelinated axons
increase the volume of mitochondrial stationary sites to meet the
increased energy demands of nonsaltatory nerve conduction and
thereby prevent or slow axonal degeneration.
Lack of significant behavioral or neurological phenotypes (24)

and no change of mitochondrial density and volume in synta-
philin-null mice at 2–3 mo of age indicate that myelinated axons
can compensate for the loss of syntaphilin during development
and early postnatal life. The mechanism by which this compen-
sation occurs is unknown. In contrast, we establish that synta-
philin-null axons cannot fully compensate for loss of myelin.
Specifically, demyelinated syntaphilin-null axons do not increase
the size of stationary mitochondria, but they contain more ovoids
and they degenerated at a greater rate than demyelinated WT
axons. The frequent presence of axonal ovoids positive for APP
support that axonal ovoid formation in demyelinated syntaphilin-
null axons accompanies impaired axonal transport (3, 4, 35).
Mitochondrial biogenesis and/or redistribution in addition to an
imbalance between mitochondrial fusion/fission are likely to be

responsible for the increase of stationary mitochondria volume in
demyelinated axons. Syntaphilin immunoreactivity is increased in
demyelinated lesions in postmortem brains obtained from indi-
viduals with multiple sclerosis, and this increased staining is as-
sociated with mitochondria (14). A similar increase in syntaphilin-
positive mitochondria was found in demyelinated axons in the
present study (Fig. S4). Mitochondria in syntaphilin-null
demyelinated axons were shorter and thicker than those in
demyelinated WT axons. Syntaphilin appears to be required for
the rapid increase in stationary mitochondrial volume that occurs
through interactions with microtubules following demyelination.
Further studies are necessary to address how syntaphilin is reg-
ulated in demyelinated axons and how syntaphilin-mediated
mitochondrial immobilization indirectly affects mitochondrial
fusion/fission to facilitate mitochondrial elongation.
An important question in the present study is whether cupri-

zone alters mitochondria function in demyelinated axons. To
address this question, we used 3D EM to investigate whether
mitochondrial pathologic conditions described in liver (29, 30)
were present in demyelinated axons in cuprizone/rapamycin-
treated mice. Consistent with previous studies that used similar
concentrations of cuprizone (0.2–0.3%) to demyelinate CNS
axons (31, 32), we did not detect swollen mitochondria with
peripherally located cisternae in WT or syntaphilin-null demye-
linated axons. The cuprizone doses used to cause giant mito-
chondria in liver were 60–300% greater than that used in the
present study, and the mice were much younger and thus more
susceptible to cuprizone toxicity (27, 39). In contrast to the CNS,
we did detect abnormal mitochondria in the liver from our
cuprizone/rapamycin-treated mice (Fig. S1). Hepatocyte mito-
chondria from cuprizone/rapamycin-treated mice were swollen
and contained abnormally distributed cisternae compared with
mitochondria in hepatocytes from mice that received rapamycin
only (Fig. S1 D and E). Their diameter never exceeded 2 μm and
never approached diameters reported in the literature (>10 μm
diameter) from younger mice receiving higher cuprizone doses.
The cuprizone dose used in the present study does not cause
changes in mitochondrial structure in CNS axons. Although we
cannot rule out cuprizone-induced changes in mitochondrial
function, increased mitochondrial size/volume in demyelinated
axons has been reported in multiple studies regardless of the
cause of demyelination (14, 17, 40–42). The mitochondrial
changes described following cuprizone-induced demyelination
in vivo were also found following lysolecithin-induced demyelination
in vitro. The observation that lysolecithin did not alter mitochondrial
behavior in unmyelinated axons provides additional support for
demyelination (not cuprizone-induced mitochondria changes) as the
cause of the changes in axonal mitochondria described in the
present paper.
Studies of postmortem multiple sclerosis brains have described

increased mitochondria volume in axons that are likely to be
demyelinated for years or decades (14, 42). We establish here
that increased axonal mitochondrial volume occurs within days
(slice cultures) or weeks (mice) of demyelination, and that this
increase is caused by increased sizes of mitochondrial stationary
sites. Further studies are necessary to elucidate the mechanisms
that simultaneously regulate mitochondrial stationary site size
and mitochondrial motility in demyelinated axons. To compen-
sate for loss of myelin, the demyelinated axon distributes voltage-
gated Na+ channels along its entire surface (43). In contrast to
nerve impulses that jump from node to node in myelinated axons,
nerve impulses are propagated by continuous depolarization of the
axolemma in demyelinated axons. It has been hypothesized that this
increases the energy demand for repolarization of the axolemma,
which occurs by exchange of axoplasmic Na+ for extracellular K+ in
an energy-dependent manner. In addition to increasing the energy
demand of nerve conduction, demyelination may also decrease
the availability of ATP precursors. Recent studies have raised the

Fig. 3. Mitochondrial behavior in myelinated and demyelinated WT and
syntaphilin-null axons in vitro. (A, Upper) Mito-DsRed distribution in pro-
jected staked images of living myelinated (Cont) and demyelinated (Lyso)
WT and syntaphilin-deficient (KO) slice cultures. (A, Middle) Kymographs
of staked images show stationary sites as vertical black lines and trajec-
tories of mobile mitochondria as colored dots. (A, Lower) Following live
imaging, slices were fixed and stained for proteolipid protein (blue) to
confirm myelination and demyelination of imaged axons. Mitochondria
distribution is shown in red. (B–D) In contrast to demyelinated WT axons,
demyelinated syntaphilin-null axons do not increase mitochondrial sta-
tionary site sizes (B), the number of motile mitochondria (C ), or the speed
of mitochondria transport (D). Compared with myelinated WT axons,
motile mitochondria are increased in myelinated syntaphilin-null axons
(C ). (Scale bars: 10 μm.) Bars in B–D represent means and SEM (*P < 0.05,
**P < 0.01, and ***P < 0.001). For WT-Cont, WT-Lyso, KO-Cont, and KO-
Lyso, n = 17, n = 16, n = 19, and n = 19 axons (B), respectively, and n = 14,
n = 16, n = 19, and n = 17 (C and D) axons.
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possibility that the monocarboxylase transporter-1 located in myelin
transfers lactate from the oligodendrocytes to myelinated axons (44,
45). Axons are at risk to degenerate when they cannot generate
sufficient ATP to exchange Na+ for K+, as excessive axoplasmic Na+

is exchanged for extracellular Ca2+ by the Na+/Ca2+ exchanger in an
energy-independent manner (12, 46). Increased axoplasmic Ca2+ is
thought to be a major cause of pathology and degeneration of
demyelinated axons (11). We propose, therefore, that failure to in-
crease mitochondrial volume in syntaphilin-deficient demyelinated
axons reduces ATP production, increases axonal Na+ and Ca2+, and
augments axonal degeneration. This interpretation is consistent with
previous studies that have shown that the lack of syntaphilin-medi-
ated mitochondrial docking in presynaptic terminals induces rapid
buildup of intracellular Ca2+ during intensive stimulation without
significantly affecting basal synaptic transmission (24).
ATP output in individual demyelinated axons cannot be re-

liably measured. We rationalized that the increased energy de-
mand would be proportional to the rate of axonal firing in
demyelinated axons. This hypothesis is supported by our obser-
vation that blocking Na+ channels of syntaphilin-null demyelin-
ated axons significantly reduced axonal degeneration. This is
consistent with previous reports that Na+ channel blockers
reduced axonal degeneration in the immune-mediated de-
myelinating mouse models of experimental autoimmune en-
cephalomyelitis and neuritis (38, 47, 48) and in myelinated
peripheral axons treated with NO (37). Given that glutamate-
mediated excitotoxicity has been implicated in damage of demyelin-
ated axons (49), stationary mitochondria may also have a direct
beneficial role to buffer axoplasmic Ca2+ in demyelinated axons, and
this buffering capacity may be compromised in syntaphilin-
deficient axons. In addition, blockage of axonal Na+ channels can
also reduce Ca2+ influx and Ca2+ signaling pathways that alter
axonal stability. Our studies have described mitochondrial changes
in demyelinated axons that could involve mitochondrial biogenesis,
redistribution, and dynamics, and can render the demyelinated
axon more susceptible to axonal degeneration. They raise the
possibility that therapeutic stabilization of mitochondria–microtu-
bule docking interactions may prevent or reduce degeneration of
demyelinated axons.

Materials and Methods
Animals. C57BL/6J mice were purchased from Jackson Laboratories. Synta-
philin-KO mice were generated by Zu-Hang Sheng (24), backcrossed with
C57BL/6J mice for more than 12 generations, and genotyped as described
previously (24). Animal experimental protocols were approved by the
Cleveland Clinic Institutional Animal Care and Use Committee.

In Vivo Demyelination. Demyelination of the corpus callosum was induced by
feeding 2–3-mo-old WT and syntaphilin-null mice standard chow containing
0.3% bis(cyclohexanone)oxaldihydrazone (cuprizone; Sigma-Aldrich) for
6 wk. All mice received daily injections of rapamycin (10 mg/kg). Control
mice (WT and syntaphilin-deficient) were fed standard rodent chow and
received daily injections of rapamycin for 6 wk.

For light microscopic analyses, mice were perfused with 4% (wt/vol) para-
formaldehyde, and free-floating sections containing identical areas of the
corpus callosum were immunostained as previously described (10). Axonal
ovoids (>3 μm in diameter), identified with nonphosphorylated neurofilament
(SMI-32; Covance) and β-APP (Invitrogen) antibodies, were quantified and
expressed as number per unit area. Free-floating sections of myelinated and
demyelinated axons were also stained with syntaphilin antibodies.

Myelinated and demyelinated corpus callosa were analyzed by 3D EM.
Mice were perfused with 2.5% (wt/vol) glutaraldehyde and 4% para-
formaldehyde, and corpus callosa were removed, stained with heavy metals,
and embedded in resin as previously described (18). Serial block-face scan-
ning EM of corpus callosa was performed by using a SigmaVP scanning
electron microscope (Carl Zeiss) equipped with a 3View in-chamber ultra-
microtome system (Gatan). Serial image sequences were generated at 50–75-
nm steps, providing image stacks >10 μm deep and 48 μm × 48 μm wide at
a resolution of 5–10 nm per pixel. Images were processed and measured
with ImageJ using FIJI plugins (http://fiji.sc/wiki/index.php/Fiji), including Tra-
kEM2 (50). Myelinated axons and demyelinated axons (>0.3 μm in diameter)
were quantified. Axonal mitochondria were reconstructed in 3D, and their dis-
tribution, length, width, and volume per axonal length/volume were de-
termined. Axonal ovoids were also quantified and measured.

In Vitro Demyelination.Myelinating cerebellar organotypic slice cultures from
P8-9 WT and syntaphilin-KO mice were generated, and Purkinje cells were
infected with lentiviral constructs containing mitochondria-targeted DsRed2
as reported previously (18). To induce demyelination, slices were incubated
with media containing 0.05% wt/vol lysolecithin (L-α-lysophosphatidylcho-
line; Sigma-Aldrich) for 26 h and maintained without lysolecithin for ∼24 h
before time-lapse imaging and/or fixation (51). The effect of 0.05% lyso-
lecithin to axons is largely attributable to demyelination, as there is no
significant effect on unmyelinated axons (17). Additional WT and synta-
philin-deficient demyelinated slices were treated with 5 μM, 50 μM, or 500
μM flecainide acetate (F6777; Sigma-Aldrich) during the 24 h before fixation.

Time-Lapse Imaging by Confocal Microscopy. The distribution, size, and mean
transport velocity of DsRed2-positive mitochondria in myelinated and
demyelinated Purkinje cell axons were imaged with a Leica inverted confocal
microscope as described previously (18). Total live imaging time was re-
stricted to <20 min to minimize phototoxic damage. Lengths, areas, and
diameters of axonal mitochondria were measured by using ImageJ after
thresholding. The number and mean velocity of motile mitochondria were
extrapolated from kymographs (18). Stationary sites in this study were de-
fined as DsRed-positive profiles that were stationary during a 5-min period.
To measure the size of the stationary sites, a pair of image stacks, including all
DsRed-positive profiles of each axon, were obtained at time 0 and time 5 min.
DsRed-positive profiles that overlapped in the 2D projections of the paired
image stacks were identified, and their pixel areas were measured and con-
verted to square micrometers with Fiji (18). Finally, sizes of stationary sites per
unit axonal lengths were calculated and compared with compensate for the
different sampling lengths of each axon. Some slice cultures were fixed,
immunostained with proteolipid protein (Agmed) and/or APP antibodies, and
examined by confocal microscopy as described previously (18). For each im-
aging experiment, slice culture data were collected from randomly selected
axons in at least five slices obtained from three different animals.

Statistical Analyses. Statistical analyses including a normality test were per-
formed by using SigmaStat (Aspire Software International). Data are presented
as means with SEM for normally distributed data or medians with first-to-third
quartile ranges. Comparisons were made by using the two-tailed Student t test
for normally distributed data and the Mann–Whitney U test for nonparametric
data. Multiple comparisons were performed with Bonferroni corrections.

Fig. 4. Na+ channel blockers reduce axonal ovoid formation in syntaphilin-
null axons. (A–F) Neurofilament (NF, red) and APP (green) immunostaining
in organotypic slice cultures prepared from WT and syntaphilin-KO mice and
demyelinated with lysolecithin treatment (Lyso). (Insets) Transected APP-
positive axonal ovoids. (G) The number of APP-positive axonal ovoids (black
lines and asterisks) and transected APP-positive axonal ovoids (stippled
boxes, blue lines, and asterisks) in lysolecithin/KO is significantly increased
compared with KO cultures without lysolecithin treatment (Cont) and lyso-
lecithin/WT cultures. The number of APP-positive ovoids in lysolecithin/KO
cultures is decreased by flecainide treatment in a dose-dependent manner
[5 μM (+FL5), 50 μM (+FL50), and 500 μM (+FL500) flecainide]. Bars show
medians (lines) and first-to-third quartile ranges (boxes). (**P < 0.01 and
***P < 0.001, U test.) Number of samples is shown on each box. (Scale bars: A
and D, 20 μm; D, Inset, 20 μm.)
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