Medical Molecular Morphology (2019) 52:135-146
https://doi.org/10.1007/s00795-018-0212-0

ORIGINAL PAPER

@ CrossMark

Interactions between mitochondria and endoplasmic reticulum
in demyelinated axons

Truc Quynh Thai'? . Huy Bang Nguyen'-2 - Yang Sui' - Kazuhiro Ikenaka’ - Toshiyuki Oda? - Nobuhiko Ohno'3

Received: 28 August 2018 / Accepted: 30 October 2018 / Published online: 17 November 2018
© The Japanese Society for Clinical Molecular Morphology 2018

Abstract

Demyelination leads to axonal changes that involve the functions and dynamics of axonal mitochondria supporting metabo-
lism and survival of axons. However, the changes in the physical interactions between mitochondria and endoplasmic reticu-
lum, called mitochondria-associated membranes, are poorly understood in demyelinated axons. In this study, we investigated
the three-dimensional ultrastructural changes in membrane juxtapositions between mitochondria and endoplasmic reticulum
in axons of a chronic progressive demyelination mouse model caused by extra copies of proteolipid protein (PLP4e). In
the optic nerve of PLP4e mice, most axons were ensheathed by myelin by age 1 month, but were demyelinated by age 5
months. At age 1 month, mitochondria in PLP4e mice were slightly larger than those in wild-type mice, while the size and
frequency of juxtaposition were similar. At age 5 months, the sizes of mitochondria and size of juxtaposition in PLP4e mice
were prominently larger than those in wild-type mice. In degenerating axons under demyelination, the enlargement of mito-
chondria was diminished, while the density and frequency of juxtaposition were similar to those of non-degenerating axons.
These results suggest that interactions between mitochondria and ER are enhanced in chronically demyelinated axons and
maintained during axonal degeneration in hereditary myelin diseases.

Keywords Mitochondria - Endoplasmic reticulum - Mitochondria-associated membranes - Demyelination - Axonal
degeneration

Introduction

Demyelination leads to structural and molecular changes in
axons, and has been implicated in the axonal degeneration
that contributes to the permanent neurological deficits seen
in demyelination disorders [1, 2]. Under demyelination, axo-
lemmal proteins such as ion channels are redistributed and
axons are exposed to the microenvironment, which is often
inflammatory and can damage axonal molecules [3, 4]. Met-
abolic and environmental changes of axons are associated
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with functional modulations of axonal organelles includ-
ing mitochondria, which involve alterations in their trans-
port, localization and morphology [5-8]. These behavioral
aspects of mitochondria are controlled by molecules asso-
ciated with cytoskeletons or inner and outer mitochondrial
membranes [9]. Since mitochondrial function is essential
for axonal integrity and survival, the interactions between
mitochondria and other organelles, which are critical for the
functional maintenance of mitochondria and axons, may play
arole in the pathophysiology of demyelinating disorders.
The interactions between mitochondria and endoplasmic
reticulum (ER), which are referred to as the mitochondria-
associated membrane (MAM), play several roles in cellular
metabolism and organelle dynamics, such as lipid metabo-
lism, Ca®* signaling and mitochondrial fission [10-14].
These interactions are characterized by membrane juxtapo-
sition with a distance of 10-30 nm, and are associated with
complexes that include molecules on mitochondrial and/or
ER membranes, such as Mfn2 [15-17]. Impaired interac-
tions between mitochondria and ER have been implicated
in the degeneration of neurons and axons in neurological
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disorders, and are associated with mitochondrial dysfunc-
tions in a myelin disease model [18—-20]. However, the struc-
tural changes and roles of mitochondria—ER interactions in
demyelinated axons are still poorly understood.

In this study, three-dimensional ultrastructural changes in
the membrane juxtaposition between mitochondria and ER
in demyelinated axons were investigated using serial block-
face scanning electron microscopy (SBF-SEM), where serial
electron microscopic images were acquired from optic nerve
tissues and all of the membrane juxtapositions of individ-
ual mitochondria and ER in axons were reconstructed. The
structural parameters of membrane juxtapositions such as
number, area, and relationship to the mitochondrial surface
area were analyzed in a mouse model of chronic demyelina-
tion, which leads to almost complete and reproducible demy-
elination in optic nerves following myelin formation. The
results demonstrated that enlargement of the membrane jux-
taposition of mitochondria and ER is caused by the chronic
loss of myelin. Furthermore, the results suggested that the
interaction of mitochondria and ER could be maintained in
axonal degeneration in hereditary demyelinating disorders.

Materials and methods
Animals

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of Yama-
nashi and National Institute for Physiological Sciences and
performed in accordance with institutional guidelines. Mice
with extra copies of the PLP gene, PLP*/~ mice (PLP4e)
were obtained from Riken BRC (Tsukuba, Ibaraki, Japan)
and maintained by crossing with DBF-1 mice purchased
from Japan SLC (Shizuoka, Japan) [21]. Male PLP4e mice
and control littermates were used in all experiments.

Observations and image analyses with SBF-SEM

16 mice were anaesthetized by pentobarbital and transcardi-
ally perfused with 4% paraformaldehyde and 0.5% glutar-
aldehyde in 0.1M phosphate buffer (pH 7.4). Optic nerves
were collected and immersed in the same fixatives overnight,
and samples in resin for SBF-SEM observation were pre-
pared as previously described [7, 22]. Serial images were
acquired with a field emission scanning electron microscope
(Merlin or Sigma from Carl Zeiss, Germany) equipped
with 3View, a system with a built-in ultramicrotome and
a back-scattered electron detector (Gatan, CA, USA), at
a resolution of approximately 6 nm/pixel in the X and Y
directions and 50-70 nm in the Z-direction. The 500-720
serial images from each dataset were handled with ImageJ
with Fiji plugins (https://fiji.sc/), and manual segmentation,
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reconstruction and analyses were performed with TrakEM?2
[23] and Amira (FEI Visualization Science Group, Hills-
boro, OR, USA).

In the serial electron microscopic images, mitochondria
were identified as cylindrical double-membrane structures
with interior crista membranes [24]. ER was identified as
tubular and continuous cisternae forming networks through-
out the cytoplasm [20]. Axons were identified by the pres-
ence of endoplasmic reticulum enriched beneath the axo-
lemma, and abundant and evenly distributed cytoskeletal
profiles in the axoplasm [25]. The membrane juxtapositions
between mitochondria and ER were defined as the close
membrane apposition of mitochondria and ER where there
is not more than 15 nm of space between the two membranes
on electron micrographs. Degenerating axons were identified
as beading axonal profiles with occasional axonal swellings
and swollen mitochondria with a large matrix and sparse
interior cristae.

Triple immunostaining and measurement
of fluorescence intensity

Optic nerves were obtained from three wild-type and 3 PLP4e
mice following transcardial perfusion with and subsequent
overnight incubation in 0.1M phosphate buffer containing 4%
paraformaldehyde. The tissues were immersed in phosphate
buffered saline (PBS) containing 15% sucrose at 4 °C for 4 h,
and then in PBS containing 30% sucrose and 5% glycerol at
4 °C for 2 days. Then tissues were frozen in OCT compound,
sectioned at the thickness of 5—14 um using cryostat (CM3050
Leica, Wetzlar, Germany), and attached onto Matsunami
adhesive silane (MAS)-coated glass slides (Matsunami glass
Ind., Ltd., Osaka, Japan, S9226). The sections were washed
in PBS, and microwaved in 0.01M citrate buffer three times
without boiling for antigen retrieval. After cooling down for
20 min at room temperature, sections were incubated in PBS
containing 0.5% Triton-X 100 at room temperature for 2 h,
and then in PBS containing 2% bovine serum albumin (BSA,
Sigma-Aldrich Japan, Tokyo, Japan) and the mixture of pri-
mary antibodies at 4 °C overnight. The primary antibodies
were against neurofilament (Novus Biologicals, Littleton,
USA, NB300-217, 1:4000), Tom20 (Santa Cruz Biotech-
nologies, Santa Cruz, USA, sc-11415, 1:1000), and mitofu-
sin 2 (Mfn2, Abcam, Cambridge, United Kindom, ab56889,
1:1000). Then sections were washed in PBS, and incubated in
PBS containing 2% BSA and fluorescent secondary antibod-
ies (Cy5-conjugated goat anti-mouse IgG 1:600 (Chemicon,
Temecula, USA, AP124S), Alexa488-conjugated goat anti-
rabbit IgG 1:800 (Thermo Fisher Scientific, Rockford, USA,
A11034), Alexa594-conjugated goat anti-chicken IgG 1:800
(Thermo Fisher Scientific, A11042)) at room temperature for
3 hin dark. After washing and embedding, the immunostained
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sections were observed using an AIR confocal microscope
with a 100X objective lens (Nikon Corporation, Tokyo, Japan).
The fluorescence intensity of immunostaining for TOM20
and Mfn2 was measured in 16bit images using ImageJ with
Fiji plugins (http:/fiji.sc/wiki/index.php/Fiji). The mean fluo-
rescence intensity (mF,) was measured in each neurofilament-
positive axonal profile, and mean fluorescence intensity of
the background (mF;) was measured in the adjacent regions
negative for immunostaining. The fluorescence intensity was
calculated with the following formula: mF, — mF,.

Western blotting

Optic nerve tissues were homogenized and lysed in buffer
containing 40 mM Tris—HCl, 5 mM EGTA, 100 mM Nac(l,
1% Triton-X 100 and protease inhibitors which included
phenylmethylsulfonyl fluoride (50 pg/ml), pepstatin A
(10 pg/ml), leupeptin (10 pg/ml), ethylenediaminetetraacetic
acid (1-5 mM), N-ethylmaleimide (1 mM). Protein concen-
trations were determined by Bradford protein assay (Bio-
Rad Laboratories, Hercules, USA). Proteins were loaded,
electrophoresed on 4-15% acrylamide gel and transferred
onto polyvinylidene fluoride (PVDF) membrane which has
a nominal pore size 0.45 um. The bands were visualized
with anti-Mfn2 (Abcam, ab56889, 1:5000) and anti-voltage
dependent anion channel 1 (VDACI1, Abcam, ab 14734,
1:5000) primary antibodies, the horse radish peroxidase-
conjugated goat anti-mouse IgG secondary antibody, and
ECL-prime Western blot detection reagent (GE healthcare
Life Sciences, Uppsala, Sweden).

Quantification of western blots for Mfn2 and VDAC1 was
done by measuring band intensities with subtraction of the
background, and dividing the intensity of Mfn2 with the
intensity of VDACI in each blot, using ImageJ.

Statistical analysis

SBF-SEM analyses and measurements were performed
using 3 WT and PLP4e mice at age 1 month and 5 months,
and 2 WT and PLP4e mice at age 3 months. Statistical com-
parisons and normality tests were performed using Prism
(GraphPad Software, La Jolla, CA, USA). Graphs show
medians (bars), quartile ranges (boxes), and 10-90% ranges
(whiskers), and statistical comparisons were performed
using the MannWhitney U test or ¢ test. Multiple compari-
sons were made with Bonferroni corrections.

Results

To examine mitochondrial changes and their interactions
with ER in chronically demyelinated axons, we used mice
with extra copies of the PLP gene, PLP*'~ mice (PLP4e),

which exhibit chronically progressive demyelination in the
central nervous system [21]. To confirm chronic demyelina-
tion in the optic nerves of PLP4e mice, we performed ultra-
structural analyses of optic nerves of wild-type mice (WT)
and PLP4e, using SBF-SEM. Axons in the optic nerves of
WT were largely myelinated at age 1 month (mo) (Fig. 1a),
and 3 mo (Fig. 1b), and almost fully myelinated at 5 mo
(Figs. 1c, 2a). In contrast, although comparable numbers
of optic nerve axons were myelinated in PLP4e at 1 mo
(Fig. 1d), the number of myelinated axons was decreased at
3 mo (Figs. le, 2a). In 5 mo-PLP4e mice, almost all axons
were demyelinated and lacked a myelin sheath (Figs. 1f, 2a).
In PLP4e mice, the G-ratio (ratio of axonal diameter-to-the
outer diameter of the myelin sheath), which is higher when
the myelin sheath is thinner, was higher than that in WT
mice at 1, 3, and 5 mo (Fig. 2b—e). These results reflect
myelin formation followed by progressive and almost com-
plete demyelination in optic nerves of PLP4e mice.

We next examined how mitochondrial morphology and
distribution are altered during the chronically progressive
demyelination of PLP4e. Axons and their mitochondria in
optic nerves of WT and PLP4e mice at 1, 3, and 5 mo were
clearly identified in single SBF-SEM images, and their 3D
reconstruction showed the sizes and distribution of all mito-
chondria in individual axons (Figs. 3, 4, 5). In PLP4e mice at
5 mo, while some axons were not degenerative and included
large mitochondria with dense cristae (Fig. 4d—f, 1), some
axons exhibited beading and contained swollen and round
mitochondria, and these axons were separately analyzed
as degenerating axons (Fig. 4g—j). At 1 mo, the % axonal
volume occupied by mitochondria (mtVol/axVol) and num-
ber of mitochondria per unit axonal volume (mtNo/axVol)
were not significantly different between WT and PLP4e,
while the volume of individual mitochondria (mtVol) was
slightly larger in PLP4e mice (Figs. 3a—f, 5a—c). In contrast,
mtVol/axVol was significantly higher in axons of PLP4e
optic nerve at 3 mo, and this increase was attributable to
the increased mtNo/ax Vol ratio (Figs. 3g—1, 5a—c). In addi-
tion, mtVol/axVol in demyelinated axons of PLP4e mice at
5 mo was significantly higher than those of PLP4e mice at
3 mo and WT mice at 5 mo (Figs. 4a—f, k, 1, 5a). The higher
mtVol/axVol ratio in demyelinated axons of PLP4e mice
at 5 mo was due to the prominent increase in mtVol, since,
at 5 mo, mtNo/axVol in WT was similar to that in PLP4e
mice (Fig. 5b, ¢). The increase of mitochondrial volume in
non-degenerating axons with demyelination in 5 mo PLP4e
mice was not due to mitochondrial swelling, since neither
enlargement of the mitochondrial matrix nor sparse cristae
was observed in mitochondria of non-degenerating axons
in PLP4e mice (Fig. 41), as in mitochondria of myelinated
axons in WT mice (Fig. 4k). In PLP4e mice at 5 mo, mtVol
in degenerating axons were lower than those in non-degen-
erating axons, while mtVol/axVol were similar (Fig. Sa—c).
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Fig. 1 Chronically progressive demyelination in PLP4e optic nerves.
Most axons (Ax) were myelinated (arrowheads) in wild-type (WT)
mice at 1 (a, 1 mo), 3 (b, 3 mo) and 5 months of age (¢, 5 mo). Many
axons were myelinated in PLP4e mice at 1 mo (d, arrowheads). In

The lower mtVol in degenerating axons is likely to be due to
the enhanced mitochondrial fission along with mitochondrial
swelling, since mitochondria are cylindrical with compact
matrix in non-degenerating axons but appear smaller and
more spherical with sparse cristae and enlarged matrix in
degenerating axons (Fig. 4f, g, j). Collectively, these results
suggest that axonal volume occupied by mitochondria is
dramatically increased under chronically progressive demy-
elination, and involves mitochondrial fusion leading to the
enlargement of individual mitochondria. Furthermore, the
degeneration of chronically demyelinated axons is associated
with a decrease in the axonal volume occupied by mitochon-
dria and the sizes of individual mitochondria.

Maintenance of mitochondrial functions requires physical
interactions with ER through MAM. To examine whether
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PLP4e, some axons were demyelinated at 3 mo (e, arrows), while oth-
ers remained myelinated (e, arrowheads). At 5 mo, most axons were
demyelinated (f, arrows). Bars: 1 um

the physical interactions between mitochondria and ER are
modulated due to the changes in mitochondria under chronic
demyelination, the membrane juxtapositions of mitochon-
dria and ER were reconstructed and analyzed in the mye-
linated and demyelinated axons of WT and PLP4e mice,
using SBF-SEM. The physical contacts (< 15 nm) between
mitochondria and ER were identified (Fig. 6a, b, d, e, g,
h) and segmented as MAM in serial electron microscopic
images obtained by SBF-SEM (Fig. 6c¢, f, i). The contact
areas were measured along with structural parameters of
mitochondria and ER in the reconstructed 3D volume of
axoplasm (Fig. 6j—m). The surface areas of individual mito-
chondria (miA) in myelinated axons of PL.P4e mice were
slightly larger than those of WT mice at 1 mo (Fig. 7a).
However, the total MAM area for individual mitochondria
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Fig.2 Axonal ensheathment by thinner myelin and prominent demy-
elination in PLP4e optic nerves. The percentage of myelinated axons
(a) and G-ratio (ratio of the axonal diameter-to-the outer diameter of
the myelin sheath), b in wild-type (WT) and PLP4e mice at age 1, 3,

(Fig. 7b) was similar in myelinated axons of WT and PLP4e
at 1 mo. In contrast, at 5 mo, miA as well as the total areas
of MAM for individual mitochondria in demyelinated axons
of PLP4e mice were significantly larger than those in mye-
linated axons of WT mice (Fig. 7a, b). The larger MAM
areas in demyelinated axons of PLP4e mice were not simply
due to the enlargement of mitochondria (increase of miA),
since the MAM area per unit mitochondrial surface area
(% MAM area) in PLP4e was also larger than that in WT
(Fig. 7d). The larger % MAM area in PLP4e was considered
to be attributable to the enlargement of each MAM (Fig. 7f).
This enlargement of MAM is not related to the total length
of ER in axoplasm, since the measured ER length per unit
axoplasmic volume (ER length/axV) was similar in WT and
PLP4e (Fig. 7g). In myelinated axons of 5 mo WT mice,
the total MAM area appeared to be proportional to miA in
each mitochondrion (Fig. 7h), while % MAM area was vari-
able (Fig. 71). In 5 mo PLP4e mice, a similar relationship
was observed between miA and total MAM area (Fig. 7h),
and % MAM area for some larger mitochondria appeared to
be greater than that of similar-sized mitochondria in 5 mo
WT (Fig. 71). These results demonstrated that chronically
progressive demyelination causes significant enhancement
of mitochondria—ER interactions in optic nerve axons, and
suggest that the enhancement under chronic demyelination

Axon diameter (um)

Axon diameter (um)

and 5 months (mo) are shown. The relationship between axon diam-
eter and G-ratio (c—e) is also compared at 1 (c¢), 3 (d), and 5 mo (e).
*p<0.05, ¥**p <0.001 by the Mann—Whitney U test. N=12 images
(a), 150 axons (b), 1 and 5 mo (¢, e) or 100 axons (b, 3 mo, d)

is attributable to the enlargement of each MAM rather to an
increased number of MAM.

In the demyelinated optic nerve tissues of PLP4e mice at
5 mo, a small number of axons were degenerating with an
abnormal morphology including obvious beading and frag-
mented and swollen mitochondria (Fig. 4g—j). To examine
whether there are changes in the interactions between mito-
chondria and ER in these degenerating axons, juxtapositions
of the degenerating axons were reconstructed and compared
with those of non-degenerating axons in the demyelinated
optic nerves of PLP4e mice at 5 mo. Consistent with the
mitochondrial fragmentation described above, mitochondria
in the degenerating axons were smaller and had less miA
compared with non-degenerating axons (Fig. 7a). In addi-
tion, degenerating axons had significantly smaller MAM
on individual mitochondria than non-degenerating axons
(Fig. 7b), although the % MAM area was similar in degen-
erating and non-degenerating axons (Fig. 7d). These results
suggest that the degeneration of demyelinated axons is asso-
ciated with mitochondrial fission and maintains juxtaposi-
tion of mitochondria and ER in optic nerves of PLP4e.

Regulation mechanisms of MAM areas under physiologi-
cal as well as pathological circumstances are still not fully
understood, but expression levels of molecules involved in
MAM have been associated with the functional changes
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Fig.3 Three-dimensional reconstruction of axonal mitochondria in
optic nerve axons of wild-type (WT) and PLP4e mice at age 1 and
3 months. Original electron microscopic images (a, d, g, j), labeled

of MAM [17, 19, 26]. In particular, reduced expression of
Mfn2 has been associated with increased interaction between
ER and mitochondria [27, 28]. To address if expression level
of Mfn2 is altered in demyelinated optic nerve axons of
PLP4e, immunostaining for Mfn2, Tom20, a mitochondrial
marker, and neurofilament, an axonal marker, was done in
the optic nerve tissues obtained from 5 mo WT and PLP4e.
The small dot-like immunoreactivities of Tom20 and Mfn2
were observed throughout the cross sections of optic nerves,
and often co-localized with each other and that of neurofila-
ment both in WT and PLP4e tissues (Fig. 8a, b). In the neu-
rofilament-positive axonal profiles, the immunofluorescence
intensities of Tom20 in WT and PLP4e mice were similar
(Fig. 8c), while the immunofluorescence intensities of Mfn2
in PLP4e mice were higher than those in WT mice (Fig. 8d).
To further examine the expression of Mfn2, we performed
western blot of optic nerves of 5 mo WT and PLP4e mice.
The results showed the expression of Mfn2 compared with
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images (b, e, h, k) and reconstructions (c, f, i, 1) of axons (gray) and
mitochondria (various colors) in WT (a—c, g—i) and PLP4e (d—f, j-1)
mice at age 1 (a—f) and 3 (g-1) months are shown. Bars: 1 um

a control mitochondrial protein, VDACI1, in PLP4e mice
was higher than that in WT mice (Fig. 8e, f). These results
suggest that the alteration of MAM under chronic demyeli-
nation of optic nerve axons in PLP4e accompanies increased
expression level of axonal Mfn2.

Discussion

This study examined how interactions between mitochon-
dria and ER change in chronic demyelinated CNS axons
in vivo, using SBF-SEM and a chronic demyelination model
with extra copies of the Plpl gene. The 3D reconstruction
of serial electron microscopy images obtained from optic
nerve tissues revealed that (1) MAM is enlarged in chroni-
cally demyelinated axons, (2) this increase is due to an
increase in the size of individual MAM rather than in the
density (number per mitochondrial area) of MAM, and (3)
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5 month-old

non-degenerating axons
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PLP4e

WT 5mo non-degenerating axons

T

normal mitochondrion

Fig.4 Three-dimensional reconstruction of axonal mitochondria
in optic nerve axons of wild-type (WT) and PLP4e mice at age 5
months. Original electron microscopic images (a, d, g, h), labeled
images (b, e, i) and reconstructions (c, f, j) of axons (gray) and mito-
chondria (various colors) in WT (a—c) and PLP4e (d—j) mice at age
5 months are shown. In PLP4e mice, an axon (Ax) with degenerative
changes, including axonal swelling and fragmented and swollen short

mitochondrial sizes are decreased but MAM sizes are similar
in degenerating axons of demyelinated optic nerves. These
results suggest that the sizes of MAM are actively regulated
in response to the chronic loss of myelin, and are maintained
upon axonal degeneration in demyelinating diseases.

degenerating axons

mitochondria (g, arrowheads), and high magnification of the swollen
mitochondrion with sparse cristae (g, inset) are also shown. A mito-
chondrion in a myelinated axon of a WT mouse (k) and a large mito-
chondrion in non-degenerating demyelinated axon of a PLP4e mouse
(1) at age 5 months are shown. Bars: 1 um (a—j) and 0.5 um (g, inset,
k-1)

In this study, 3D reconstruction of serial electron micro-
scopic images was used to examine the 3D distribution of
mitochondria—ER juxtaposition. Although light microscopic
analysis of mitochondria and ER is a common approach for
studying the spatial proximity of these organelles, light
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Fig.5 Increased mitochondrial volume in chronically demyelinated
axons and decreased mitochondrial sizes in degenerative axons in
optic nerves of PLP4e mice. Graphs of mitochondrial volume per
axonal volume (mtV/axV, a), mitochondrial number per axonal vol-
ume (mtNo/axV, b), and sizes of individual mitochondria (c¢) are
shown. Data in PLP4e mice at age of 5 months are obtained from

microscopy has limited resolution, and it can be difficult to
determine if the distances between organelles are within the
range of functional distance reported previously [16, 17, 29].
Electron microscopic analyses with 3D reconstruction can
determine the distribution of all membrane juxtapositions
in axonal segments, and how the number and sizes of MAM
are independently regulated upon demyelination and axonal
degeneration. Although electron microscopic analyses also
have limitations, such as the impossibility of time-lapse
observation, the results of this study support the notion that
3D ultrastructural analyses of mitochondria—ER interactions
can provide unique information about their structural altera-
tions in particular cellular compartments under physiologi-
cal and pathological conditions.

In this study, the ultrastructural analysis of mitochon-
dria—ER interactions was applied to a chronic and pro-
gressive demyelination mouse model with extra copies of
the Plpl gene. Pelizaeus—Merzbacher disease (PMD) and
spastic paraplegia 2 (SPG2) in humans have been associ-
ated with mutations in PLP, and PMD is frequently caused
by increased copies of PLP [30, 31]. The PLP4e mice in
this study only mildly overexpress PLP, and therefore
comparable myelination is followed by progressive and
chronic demyelination [21, 32]. Although demyelination
can be caused by various mechanisms, such as the inflam-
matory activation of immune cells and toxins that affect
myelin-forming cells, changes in axonal organelles such as
mitochondria are common in these disorders. Indeed, the
mitochondrial volume/number is significantly increased
upon demyelination regardless of its cause, and is likely to
be related to the interaction with cytoskeletons [8, 33-36].
Our results are consistent with these studies, and therefore
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non-degenerating (nm) and degenerating (de) axons. N (WT-1mo,
PLP4e-1mo, WT-3mo, PLP4e-3mo, WT-5mo, PLP4e-5mo, degener-
ating axons in PLP4e-5mo0)=9, 9, 6, 6,9, 9, 9 axons (a, b) or 102, 94,
112, 114, 174, 217 and 183 mitochondria (¢) *p<0.05, **p<0.01,
*#%p <0.001, n.s. not significant by the Mann—Whitney U test

it is possible that enhanced interactions between mitochon-
dria and ER could be commonly observed in demyelinated
axons along with an increased volume of axonal mitochon-
dria. Future studies will be needed to identify the changes
in the interactions between mitochondria and ER upon
demyelination caused by different mechanisms.

Changes in the interactions between mitochondria and
ER have been associated with various mechanisms and
molecules that are physically involved in this attachment
or are associated with signaling that regulates these inter-
actions. Mfn2 has been reported to be an important pro-
tein in the mitochondria—ER tether [37]. In mouse embry-
onic fibroblasts and HeLa cells, ablation of Mfn2 led to
a decrease in ER—mitochondria interactions, while some
studies have suggested that knockdown of Mfn2 increased
ER-mitochondria contacts [15, 27, 28]. Mitochondrial
ion channel, voltage-dependent anion channel, and ino-
sitol 1, 4, 5-trisphosphate receptor have been associated
with the interactions between mitochondria and ER [38].
It is possible that multiple mechanisms regulate either
the number or size of mitochondria—ER juxtapositions in
axons. Our results suggest that the increased mitochon-
dria—ER interactions upon demyelination can be modu-
lated by an increase in the size of each interaction, but not
by an increase in the number of interactions. Although
we obtained data showing that increased axonal expres-
sion of Mfn2 is related to an increase in mitochondria—ER
juxtaposition in demyelinated axons (Fig. 8), further stud-
ies using molecular approaches, such as knockdown of
Mfn2 in vivo, will be needed to confirm that Mfn2 leads
to altered ER—mitochondria connections in axons under
demyelination.



Medical Molecular Morphology (2019) 52:135-146

143

WT 5month-old

PLP4e 5 month-old

Fig.6 Three-dimensional reconstructions of membrane juxtaposi-
tions between mitochondria and endoplasmic reticulum (ER) in optic
nerve axons of wild-type (WT) and PLP4e mice at age 5 months.
Serial electron microscopic images show mitochondria in an axon
(Ax, a, d, g) and the juxtapositions of mitochondria and ER (b, ¢, e, f,
h, i, arrowheads) of 166th (a—c), 167th (d—f) and 168th (g—i) images.
The juxtapositions (¢, f, i, red), mitochondria (c, f, i, yellow) and ER

Demyelination increased mitochondrial volume, which
plays important roles in the survival of demyelinated axons
[39]. The size of mitochondria—ER juxtaposition was pro-
portional to the size of mitochondria in both myelinated
axons and demyelinated axons, and the size of mitochon-
dria—ER juxtaposition was significantly increased under
chronic demyelination. These observations support the
notion that enlarged mitochondria require larger mitochon-
dria—ER interactions, and this enhanced mitochondria—ER
interaction may help to protect against the degeneration
and loss of axons. The regulation of mitochondria—ER
interactions is important for mitochondrial functions, such

xﬁ

(c, f, i, blue) are colored. The areas marked with rectangles (a, d, g)
are magnified (b, c, e, f, h, i). Three-dimensional reconstructions of
mitochondria (j-m, yellow) and ER (j, 1, light blue) and the juxta-
positions between them (k, m, red, arrows) in WT (j, k) and PLP4e
(1, m) mice at age 5 months are shown. Bars: 0.5 um (a—i) and 1 um

(j-m)

as transfer of Ca>* from ER to mitochondria, mitochon-
drial division and regulation of apoptosis [17]. Interac-
tions between mitochondria and ER play important roles
in the function and survival of neurons and axons. For
example, impaired mitochondria—ER interactions have
been reported in a mouse model with genetic mutations
in myelin-forming genes, and are associated with mito-
chondrial dysfunction and axonal degeneration [20]. Loss
of SIGMARI1 was related to impaired mitochondria—ER
interactions and axonal degeneration, while the inhibition
of mitochondrial fission was implicated in axonal degen-
eration through affected intracellular Ca* signaling,
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Fig.7 The sizes of membrane juxtapositions between mitochondria
and endoplasmic reticulum (ER), which are called mitochondria-
associated membranes (MAM), are increased in demyelinated axons
and maintained in degenerative axons in optic nerves of PLP4e. The
graphs show the surface area of individual mitochondria (a), total
area of MAM on individual mitochondria (b), number of MAM on
individual mitochondria (c), % MAM area (d) and number (e) per
unit mitochondrial surface area, size of each MAM (f) and total ER
length per axonal volume (g) in wild-type (WT) and PLP4e mice at
age 1 and 5 months (mo). For PLP4e mice at 5 mo, data from demy-

activation of ER stress and impaired mitochondrial dynam-
ics [18]. Although the size of mitochondria—ER juxtaposi-
tions was similar in degenerating and non-degenerating

@ Springer

elinated axons with (de) or without (nm) degenerative changes are
shown. The relationships between mitochondrial size and total MAM
area (h) or MAM area per unit mitochondrial surface area (i) of indi-
vidual mitochondria in WT and PLP4e mice at 5 mo are shown. Data
in PLP4e mice at age of 5 months are obtained from non-degener-
ating (nm) and degenerating (de) axons. N (WT-1mo, PLP4e-1mo,
WT-5mo, PLP4e-5mo, degenerating axons in PLP4e-5mo) =102, 94,
174, 217 and 183 mitochondria (a—e), or 184, 240, 628, 1209 and 719
MAM (f). ¥p<0.05, ¥*p <0.01, ***p <0.001, n.s. not significant by
the Mann—Whitney U test

axons, it requires further analyses to address if the func-
tions of MAM are changed upon degenerating the demy-
elinated axons. Future studies are necessary to address if
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Fig.8 Expression of Mfn2 is increased in demyelinated axons of
PLP4e. Triple immunostaining for neurofilament (NF, blue), Tom20
(red) and mitofusin 2 (Mfn2, green) in optic nerves of wild-type
(WT) and PLP4e mice at age of 5 months (mo) is shown (a, b). At
the higher magnification (a, b, insets), areas demarcated with white
lines indicated NF-immunopositive axons where Mfn2 and Tom20-
positive mitochondria are co-localized in WT (a, arrowhead) and
PLP4e (b, arrowheads) mice. The mean fluorescence intensities of

interventions that enhance mitochondria—ER interactions
facilitate functional maintenance and improve the survival
of demyelinated axons, and thus could be useful as thera-
peutic strategies in myelin disorders.
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