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Abstract
Impaired nerve conduction, axonal degeneration, and synaptic alterations contribute to neurological disabilities in inflam-
matory demyelinating diseases. Cerebellar dysfunction is associated with demyelinating disorders, but the alterations of 
axon terminals in cerebellar gray matter during chronic demyelination are still unclear. We analyzed the morphological and 
ultrastructural changes of climbing fiber terminals in a mouse model of hereditary chronic demyelination. Three-dimensional 
ultrastructural analyses using serial block-face scanning electron microscopy and immunostaining for synaptic markers were 
performed in a demyelination mouse model caused by extra copies of myelin gene (PLP4e). At 1 month old, many myelinated 
axons were observed in PLP4e and wild-type mice, but demyelinated axons and axons with abnormally thin myelin were 
prominent in PLP4e mice at 5 months old. The density of climbing fiber terminals was significantly reduced in PLP4e mice 
at 5 months old. Reconstruction of climbing fiber terminals revealed that PLP4e climbing fibers had increased varicosity 
volume and enlarged mitochondria in the varicosities at 5-month-old mice. These results suggest that chronic demyelination 
is associated with alterations and loss of climbing fiber terminals in the cerebellar cortex, and that synaptic changes may 
contribute to cerebellar phenotypes observed in hereditary demyelinating disorders.
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Introduction

Many axons in the vertebrate nervous system are ensheathed 
by myelin, which is essential for fast saltatory conduction 
and for the integrity and survival of axons. Demyelination, 
which is the pathological loss of myelin, impairs nerve con-
duction and axonal survival and leads to neurological defects 
in myelin diseases. The alteration of axon terminals in gray 
matter has also been implicated in the pathophysiology of 
demyelinating diseases and animal models. For example, 

demyelination in the hippocampus is associated with synap-
tic loss and cognitive failure in multiple sclerosis, an inflam-
matory demyelinating disease [1]. Animal models, such as 
cuprizone-induced demyelination and experimental autoim-
mune encephalomyelitis, are associated with synaptic loss 
in the hippocampus and cerebellar cortex [2]. However, it 
is still unclear if synaptic changes are commonly associated 
with demyelination and involved in the pathophysiology of 
chronic demyelination in hereditary myelin disorders.

The cerebellum is a major brain region affected in demy-
elinating diseases, and cerebellar dysfunctions are com-
monly observed in myelin disorders that accompany demy-
elination in cerebellar white matter [3]. Cerebellar functions 
are maintained by Purkinje cells (PC), which receive excita-
tory inputs from climbing fibers (CF) [4–6]. CF, which origi-
nate from the inferior olivary nucleus, enter cerebellar white 
matter via the inferior cerebellar peduncle, pass through the 
granular layer, and directly form hundreds of excitatory syn-
apses on targeted PC dendrites by postnatal day 20. Damage 
to the cerebellum leads to gait ataxia, poor hand coordina-
tion, and tremors, and contributes to disability [2, 3, 7], but 
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it is unclear how CF terminals and related axonal organelles 
are affected under conditions of chronic demyelination in 
cerebellar gray matter.

In this study, we investigated alterations in the den-
sity and morphology of CF terminals and CF organelles, 
including mitochondria, in the cerebellum, using a chronic 
demyelination mouse model caused by extra-copies of the 
proteolipid protein (Plp1) gene, and found that structural 
alterations and loss of CF terminals are associated with 
chronic demyelination.

Materials and methods

Animals

All animal experiments were approved by the Institutional 
Animal Care and Use Committee of the National Institutes 
for Physiological Sciences and performed in accordance 
with institute guidelines. Hemizygous transgenic (PLP4e/−) 
mice (PLP4e mice), which have two extra-copies of the Plp1 
gene [8], were maintained by crossing with BDF1 mice. 
Transgenic (PLP4e/−) mice were produced by introducing 
a cosmid, which carried all seven exons of the mouse Plp 
gene, 20 kb of the 5′ flanking sequence and 4 kb of the 3′ 
flanking sequence, into the wild-type mouse germline by 
the microinjection method as described previously [8]. Male 
BDF1 mice, which are offspring of female C57BL/6 and 
male DBA/2, were purchased from SLC (Shizuoka, Japan).

Serial block‑face scanning electron microscopy 
(SBF‑SEM)

PLP4e mice and WT littermates at 1 and 5 months old (mo) 
were anesthetized and transcardially perfused with phos-
phate buffered saline (PBS, pH 7.4) followed by 4% para-
formaldehyde and 0.5% glutaraldehyde in 0.1 M phosphate 
buffer (pH 7.4). Cerebellar vermis areas were dissected, cut 
into small pieces (< 1 mm each) with razor blades in ice-cold 
fixative solution, and immersed in the same fixative at 4 °C 
overnight. All tissues were post-fixed, stained en bloc, and 
embedded in carbon-based conductive resin, as described 
previously [9, 10]. Prepared samples were observed 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). The acquired serial 
images were processed by ImageJ with Fiji plugins (http://
fiji.sc/wiki/index​.php/Fiji), and segmentation, three-dimen-
sional reconstruction, and image analyses were performed in 
TrakEM2 [11] and Amira (FEI Visualization Science Group, 
Hillsboro, OR, USA).

Serial electron microscope images were obtained at the 
resolution of 5–7 nm/pixel, a dwelling time of 1 µs, and 
the thickness of 70–80 nm. The G-ratio of each nerve fiber 
was obtained by dividing the axonal perimeter with the 
outer perimeter including the myelin sheath. As described 
previously [6, 12, 13], CFs were identified in the granular 
layer as fibers that run toward the molecular layer, contain 
many cytoskeletal elements including microtubules, and are 
ensheathed by myelin. In the molecular layer, CF varicosities 
were defined as axonal segments with increased diameter 
and the presence of synaptic vesicles and postsynaptic den-
sity on PC dendrites. Varicosity volume and mitochondria 
were measured by ImageJ with TrakEM2 plugins [11].

Immunohistochemistry

PLP4e and WT at 1 and 5 mo were anesthetized and tran-
scardially perfused with PBS (pH 7.4) followed by 4% para-
formaldehyde in 0.1 M phosphate buffer (pH 7.4). Cerebella 
were dissected, post-fixed overnight in the same fixative at 
4 °C and then incubated in PBS containing 30% sucrose for 
48 h. Cerebella were embedded in O.C.T. compound (Sakura 
Finetek, Torrance, CA, USA) and floating sections (40-µm 
thick) were prepared by a Leica cryostat (CM 3050S series, 
Nussloch, Germany). Floating sections were washed three 
times with PBS, for 5 min each, microwaved for 5 min with-
out boiling in 10 mM citrate buffer (pH 6.0), and permea-
bilized in PBS containing 3% bovine serum albumin (BSA, 
Wako, Japan) and 1% TritonX-100 (Wako, Japan) for 2 h at 
room temperature. After a brief wash with PBS, sections 
were incubated with primary antibodies in PBS containing 
5% BSA and 0.1% TritonX-100 at 4 °C for 2 nights. The 
sections were washed three times with PBS for 5 min each, 
and incubated with secondary antibodies in PBS containing 
5% BSA at 4 °C overnight. Sections were placed at room 
temperature for 3 h, washed three times with PBS for 5 min 
each, and embedded for image acquisition. The primary 
antibodies were mouse anti-calbindin-D28k (Swant, Swit-
zerland, 1:4000), guinea-pig anti-vGluT2 (Frontier Institute, 
Japan, vGluT2-gp-Af810, 1:250) and rabbit anti-vGluT2 
(Hokkaido University, Japan, rabbit anti-vesicular gluta-
mate transporter 2, 1:900) [14]. Secondary antibodies were 
anti-mouse, guinea-pig and rabbit antibodies conjugated 
with Alexa 488, Alexa 568, or Cy5 (Abcam, Japan). Confo-
cal images were obtained with Nikon A1R confocal laser 
scanning microscope equipped with NIS-Element software 
(Nikon, America), processed by ImageJ with Fiji plugins 
(http://fiji.sc/wiki/index​.php/Fiji), and Adobe Photoshop 
CS6. Stacked images (60 or 100× objective lens with N.A. 
1.40) were obtained at 0.5-µm intervals. Stacked images 
were processed by ImageJ with Fiji plugins. The density of 
CF presynaptic terminals was acquired by dividing the num-
ber of vGluT2-positive profiles with the area size selected 
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along PC dendrites or the length of observed PC dendrites 
[15].

Statistics

Quantification was performed using data obtained from 
at least three mice in each group. All measurements were 
summarized with Microsoft Excel 2013. Statistical analyses 
were performed using Prism (GraphPad software, La Jolla, 
CA, America). For comparisons, we used a two-tailed Stu-
dent’s t-test for normally distributed data and Mann–Whit-
ney U test for others. Multiple comparisons were made with 
Bonferroni corrections. Graphs of the normally distributed 
data show mean and SD, and graphs of the other data are box 
(median and interquartile range) and whisker plots (min to 
max) or dot plots with a bar (median).

Results

Chronic demyelination in cerebellar white matter 
of aged PLP4e mice

It has been reported that myelin degeneration and chronic 
demyelination begin around 3 mo in PLP4e mice [8, 16]. 
To investigate myelination and demyelination in cerebel-
lar white matter of PLP4e mice and WT littermates at 1 
and 5 mo, we used ultrastructural analyses of serial elec-
tron microscope images obtained with SBF-SEM. CF pass 
through cerebellar white matter, penetrate into the granular 
layer, enter the molecular layer, and make synapses along 
PC dendrites (Fig. 1a) [6, 12, 13]. The electron microscope 
images also showed myelinated segments of CF in the gran-
ular layer and PC layer (Fig. 1b1, b2), and the unmyelinated 
segment of CF in the molecular layer (Fig. 1b3). Myelinated 
segments of CF were not observed in the molecular layer. 
In the cerebellar white matter, the myelin sheath (asterisk 
in Fig. 1c–e, blue color in insets), formed electron dense 
layers around axons, and wrapped most axons (yellow 
color in insets in Fig. 1c–f) in WT and PLP4e mice at 1 mo 
(Fig. 1c, d) and in WT mice at 5 mo (Fig. 1e). In contrast, 
we observed many demyelinated axons in the white matter 
of PLP4e cerebellum at 5 mo (Fig. 1f). The G-ratio, calcu-
lated by dividing the axonal perimeter with the outer perim-
eter including the myelin sheath, in PLP4e mice was higher 
than that in WT mice at 5 mo (Fig. 1g), which suggests that 
the myelin sheath was thinner in PLP4e axons compared 
with age-matched WT axons. Axons in SBF-SEM images 
are identified by the presence of abundant and evenly dis-
tributed cytoskeletal elements throughout the axoplasm and 
also organelles including endoplasmic reticulum enriched 
beneath the axolemma, and many axons in PLP4e mice 
were without myelin ensheathment at 5 mo (Fig. 1h). These 

results revealed myelination and chronic demyelination in 
cerebellar white matter of PLP4e mice.

Decrease of CF synaptic terminals in the cerebellar 
molecular layer of aged PLP4e mice

To evaluate the effect of chronic demyelination on the den-
sity of CF presynaptic terminals, we performed immuno-
histochemical analyses of cerebellar gray matter in WT and 
PLP4e mice at 1 and 5 mo. Calbindin-D28k, a member of 
cytosolic calcium (Ca2+) buffer proteins including parval-
bumins, calbindin-D9k, calbindin-D28k and calretinin, is 
a specific marker of PC in cerebellum and used in order 
to visualize distribution and length of PC dendrites. Light 
microscope images of calbindin-D28k revealed no obvious 
difference in the morphology of PC soma and dendrites in 
PLP4e and WT mice. To investigate the density of presyn-
aptic terminals, we examined the immunolocalization of a 
marker of CF-PC synapses, vesicle glutamate transporter 2 
(vGluT2, Fig. 2a–l). The density of CF terminals was sig-
nificantly decreased in PLP4e at 5 mo compared with that 
in age-matched WT (Fig. 2m, n). By contrast, the density 
of vGluT2-positive synaptic puncta was similar at 1 mo in 
WT and PLP4e mice (Fig. 2m, n). These results revealed a 
decreased number of vGluT2-positive CF terminals under 
chronic demyelination.

Enlargement of CF presynaptic terminals 
in cerebellar gray matter of aged PLP4e mice

Structural alterations of synaptic terminals are associated 
with elimination of synapses [4]. To further investigate 
structural changes of CF-PC synapses and organelles in cer-
ebellar gray matter, we used SBF-SEM for 3D ultrastructural 
analyses. In the serial electron microscope images, the soma 
and dendrites of PC were readily identified. PC soma are 
large, and locate between the molecular and granular layers 
(Fig. 1b1). PC dendrites are characterized by thick and fre-
quently branching processes densely packed with organelles 
such as mitochondria and endoplasmic reticulum (Fig. 3a). 
CF form varicosities with synapses on the PC dendrites 
which are characterized by accumulation of synaptic vesi-
cles, presynaptic and postsynaptic membrane attachment and 
presynaptic mitochondria (Figs. 3b1, b2). 3D reconstruction 
of serial images revealed that the number of CF varicosities 
per unit length of PC dendrite in PLP4e mice at 5 mo was 
less than that in WT littermates (Fig. 3c, d). The volume 
of each varicosity in PLP4e mice at 5 mo also significantly 
increased compared with that in WT littermates (Fig. 3e–g). 
The volume of individual mitochondria in the CF presynap-
tic terminal of PLP4e mice was larger than that of WT mice 
at 5 mo (Fig. 3e, f, h) and the percentage volume occupied 
by mitochondria was similar in PLP4e and WT mice at 5 mo 
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(Fig. 3i). These results revealed that the loss of CF synaptic 
terminals in chronic demyelination accompanies synaptic 
alterations involving enlargement of synaptic varicosities 
and mitochondria in the varicosities.

Discussion

We examined the alterations of CF terminals in the cer-
ebellar cortex of chronically demyelinated PLP4e mice. In 

Fig. 1   Chronic demyelination 
is induced in cerebellar white 
matter of aged PLP4e mice. A 
scheme (a) describes the inputs 
onto Purkinje cells (PC, black) 
from climbing fibers (CF, red) 
and mossy fibers (m, green) 
through granule cells (light 
blue). ML molecular layer, PCL 
Purkinje cell layer, GL granular 
layer, WM white matter, Pa PC 
axon. An electron microscope 
image of an adult wild-type 
(WT) mouse shows the mouse 
cerebellar cortex (b1), and 
the red arrowhead indicates 
CF in GL. The image shows a 
myelinated segment of CF in 
the PCL (b2, red arrowhead) 
and another image shows a CF 
in ML (b3, red arrowhead). 
Electron microscope images of 
cerebellar white matter show 
myelinated axons of WT (c) 
and PLP4e (d) mice at 1 month 
old (1 mo) and a WT mouse 
(e) at 5 months old (5 mo), and 
demyelinated axons of a PLP4e 
mouse at 5 mo (f). Single axons 
(ax or yellow color in insets) 
with myelin sheath (asterisks or 
blue color in insets) and axonal 
mitochondria (arrowheads or 
red color in insets) are marked 
in the panels or colored in the 
insets (c–f, insets). Bars: 25 µm 
(b1), 4 µm (b2), or 2 µm (b3, 
c–f). The G-ratio in PLP4e 
mice at 5 mo are higher than 
those in PLP4e mice at 1 mo 
and WT mice (g). N = 125 
axons (g). ****p < 0.0001 by 
a Mann–Whitney U test. The 
percentage of axons with-
out myelin in PLP4e mice at 
5 mo are higher than those in 
PLP4e mice at 1 mo and WT 
mice (h). N = 20 images (in 
each WT group, h) or N = 40 
images (in each PLP4e group, 
h). ****p < 0.0001, n.s. no 
significance by a Mann–Whit-
ney U test
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Fig. 2   A decrease of climbing fiber (CF) synaptic terminals in 
the molecular layer of the cerebellum in aged PLP4e mice. Dou-
ble immunofluorescence (a–l) for vGluT2 (green) and calbindin-
D28k (red) in wild-type (WT, a–c, g–i) and PLP4e mice (d–f, j–l) 
at 1 month old (1 mo, a–f) and 5 months old (5 mo, g–l). The den-
sity of CF terminals was significantly decreased in 5 mo PLP4e mice 

when compared with that in age-matched WT mice (m, n). N = 23, 
20, 23, and 20 dendritic segments of Purkinje cell (PC) (m) or 24, 27, 
42, and 40 areas on individual PC dendrites (n) for 1 mo WT, 1 mo 
PLP4e, 5 mo WT, and 5 mo PLP4e mice, respectively. ***p < 0.001, 
****p < 0.0001, n.s. no significance by a Student’s t test. Bars: 50 µm
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aged PLP4e mice, demyelinated axons were prominent in 
the cerebellar white matter, and the number of CF termi-
nals was significantly reduced in the cerebellar cortex. The 
3D ultrastructural analyses of the molecular layer revealed 
that the volume of CF varicosities and mitochondrial vol-
ume in the varicosities were both increased in the cer-
ebellar cortex under chronic demyelination. These results 
revealed that the loss of synaptic terminals, coupled with 
hypertrophy in the remaining varicosities and enlargement 

of presynaptic mitochondria, were associated with chronic 
demyelination.

Genetic mutations of Plp1 cause various symptoms 
ranging from the severe Pelizaeus–Merzbacher disease 
(PMD) to the mild spastic paraplegia 2 (SPG2) in humans, 
and increased copies of PLP are a frequent cause of PMD 
[17–20]. Since the severity of the disease depends on the 
dosage of PLP1 protein, PLP4e mice used here with mild 
overexpression of PLP show normal myelination followed by 
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abnormal progressive demyelination [8, 21, 22]. The clinical 
symptoms of PMD include impairment of movement, ataxia, 
intention tremors, and altered perception, which are symp-
toms partly shared with other demyelinating diseases such 
as multiple sclerosis [20, 23–27]. Because axons are rela-
tively remained in PMD brains, impaired myelination and 
nerve conduction are involved in the neurological defects 
of PMD [28]. However, our results indicated that synaptic 
alterations are also associated with the pathophysiology of 
PMD, as observed in other demyelinating diseases and their 
models [1, 2, 29, 30]. The loss of synapses may be com-
monly observed in different types of demyelinating diseases 
and their models, although future studies are necessary to 
address if PMD and/or SPG2 caused by different mutations 
or expression of PLP also involve synaptic alterations.

Synaptic elimination during development has been asso-
ciated with the complement system and phagocytic removal 
of synaptic components [31–33] and inflammatory demy-
elination and neurodegeneration [31]. In MS brains and a 
pharmacological animal model, a decrease in synapses was 
associated with decreased expression of neuronal molecules, 
which was mediated by specific miRNA [1, 29]. Develop-
mentally, the selection and maintenance of CF terminals are 
mediated by C1q-like family member, C1ql1, on CF ter-
minals and brain-specific angiogenesis inhibitor 3 (Bai3) 
expressed on PC [34]. Because the decreased expression of 
C1ql1 in adulthood results in a decreased number of CF-PC 
synapses, it is possible that these molecules are involved in a 
decrease of CF terminals [34]. Further studies are needed to 
determine the mechanisms that contribute to the progression 
of chronic demyelination diseases.

The synaptic alterations in the PMD model included 
volume changes of synaptic varicosities and mitochondria. 
The presynaptic boutons or varicosities of CF are dynamic 
structures that can be affected by synaptic transmission [35, 
36]. The volume of varicosities is associated with presyn-
aptic terminal activity, which is modulated by conduction 
impairment and ectopic firing of demyelinated axons [37, 
38]. The loading of neurotransmitters into vesicles and the 
fusion of vesicle membrane with the plasma membrane are 
energy-dependent processes [39, 40]. Neurotransmission 
induces Ca2+ influx [41, 42], and mitochondria have a cen-
tral role in the maintenance of presynaptic homeostasis by 
supplying ATP and buffering Ca2+ during synaptic activity 
[43–45]. Therefore, the alterations of CF terminal struc-
tures, including mitochondrial morphology, may represent 
enhanced synaptic transmission of the remaining CF bou-
tons and mitochondrial support for energy metabolism and 
Ca2+ regulation, but future studies are needed to evaluate the 
physiological roles of varicosity enlargement and increase 
in mitochondrial volume in CF terminals.
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