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ARTICLE INFO ABSTRACT

Keywords: Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system (CNS). In MS, a
Demyelination long disease duration is known to be a strong risk factor for converting the clinical course of the disease from
Cuprizone relapse remitting MS to secondary progressing MS. There is a hypothesis that long sustained demyelination may
lsJ:rri‘;zlE:min exhaust neurons, however, pathological changes induced in neurons following demyelination remain unknown.

Cuprizone administration can induce and sustain demyelination in the mouse CNS. We examined pathological
changes in mice following long sustained demyelination caused by up to 34-week cuprizone administration.
Twelve-week cuprizone administration induced severe demyelination in the cerebral cortex, corpus callosum
and deep cerebellar nuclei. Demyelination persisted up to 34 weeks, as shown by myelin basic protein im-
munohistochemistry. In contrast, cuprizone administration developed demyelination in the striatum by week 34.
In these demyelinated regions, no neuronal loss was observed. However, in the striatum and deep cerebellar
nuclei, cuprizone-induced demyelination changed the intracellular distribution of parvalbumin (PV).
Furthermore, in the striatum, there was an increase in PV in the demyelinated axons and most PV im-
munoreactivity did not co-localize with SMI32 immunoreactivity in mice with 34-week cuprizone administra-
tion. Further, mice with 34-week cuprizone administration showed motor coordination dysfunction in the
balance beam test. However, 12-week withdrawal from the cuprizone diet induced remyelination in the regions
and motor coordination dysfunction recovered. These results indicate that 34-week cuprizone administration
induces and sustains demyelination and results in reversible motor coordination dysfunction. The change of
intracellular PV distribution suggests that PV may protect demyelinated axons by Ca®* buffering. This model
may be useful to investigate pathological and behavioral changes following demyelination in the CNS.

Multiple sclerosis

1. Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease of
the central nervous system (CNS) that results in many neurological
disabilities (Reich et al., 2018). Patients with MS often start clinical
courses treating the inflammatory disease, but within 20 years of di-
agnosis, most of them convert their clinical courses to treat the pro-
gressive neurodegenerative disease independent of inflammation
(Correale et al., 2017; Kipp et al., 2017; Larochelle et al., 2016; Vukusic
and Confavreux, 2003). Although many efficient disease-modifying
therapies ameliorate inflammatory attacks in MS, drugs to suppress
neurodegeneration following demyelination remain elusive (Correale
et al., 2017; Kipp et al., 2017; Kutzelnigg et al., 2005; Larochelle et al.,
2016). Therefore, uncovering the mechanisms underlying the induction
of neurodegeneration following demyelination in MS is of great im-
portance. Since longer disease duration is a powerful risk factor for
neurodegeneration (Calabrese, 2013; Kutzelnigg et al., 2005; Larochelle
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et al., 2016; Vukusic and Confavreux, 2003), one hypothesis is that
accumulation of damage exhausts CNS trophic factors and compensa-
tory mechanisms arise (Calabrese, 2013; Larochelle et al., 2016).
However, the pathological changes induced in neurons following sus-
tained demyelination remain unknown.

Cuprizone-induced demyelination is often used as a model of MS in
mice (Kipp et al., 2017; Matsushima and Morell, 2001; Groebe et al.,
2009; Gudi et al., 2014). In the cuprizone model, demyelination is in-
duced in the corpus callosum, cerebral cortex, striatum and cerebellum
(Kipp et al., 2017; Matsushima and Morell, 2001; Groebe et al., 2009;
Gudi et al., 2014; Skripuletz et al., 2008; Pott et al., 2009). In addition,
demyelination persists during continuous cuprizone feeding
(Matsushima and Morell, 2001; Gudi et al., 2014; Skripuletz et al.,
2008). Furthermore, withdrawal of cuprizone administration leads to
remyelination (Kipp et al., 2017; Matsushima and Morell, 2001; Gudi
et al., 2014; Skripuletz et al., 2008). For these reasons, cuprizone-in-
duced demyelination is well used to understand the pathological
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Abbreviations

CNS central nervous system
MS multiple sclerosis

PV parvalbumin

MBP myelin basic protein

mechanisms of demyelination and remyelination in the CNS. However,
how cuprizone administration of longer than 12 weeks affects neurons
in the CNS is unknown.

Here mice were fed a cuprizone diet for up to 34 weeks to examine
the pathological and behavioral changes following sustained demyeli-
nation in the CNS.

2. Materials and methods
2.1. Animals

All experimental protocols were carried out in accordance with the
“Principles of laboratory animal care” guidelines provided by the
National Institutes of Health, USA, regarding the care and use of ani-
mals for experimental procedures. All experimental protocols were
approved by the Institutional Animal Care and Use Committee of
Asahikawa Medical University. All efforts were made to minimize an-
imal suffering, to reduce the number of animals used, and to utilize
alternatives to in vivo techniques, if possible. Female C57BL/6 mice
were obtained from the Center for Advanced Research and Education,
Asahikawa Medical University Animal Laboratory for Medical
Research, (Hokkaido, Japan). Mouse chow containing 0.2% cuprizone
(bis-cyclohexanone oxaldihydrazone; Sigma, St. Louis, MO, USA) was
custom-synthesized (Oriental Yeast Co. LTD, Chiba, Japan). To induce
demyelination in 6-week-old female C57BL/6 mice (n = 12-14 animals
per experimental group), animals were administered a normal diet or a
0.2% cuprizone containing diet for 4-34 weeks, as previously described
(Bando et al., 2015; Nomura et al., 2017; Tanaka et al., 2013).

2.2. Histochemistry & immunohistochemistry

Mice (n = 5-8 animals per experimental group) were deeply an-
esthetized using medetomidine (0.3 mg/kg, Nihon Zenyaku Kogyo,
Fukushima, Japan), midazolam (4.0 mg/kg, Sando, Tokyo, Japan), and
butorphanol (5.0 mg/kg, Meiji Seika Pharma, Tokyo, Japan), then
perfused with phosphate buffered saline solution (PBS) followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB, pH 7.4). Mouse
brains were removed and immersed in the same fixative solution
overnight at 4°C. Mouse brains were cryoprotected using 0.1 M PB
containing 30% sucrose for 2 days at 4 °C and then frozen in Optimal
Cutting Temperature compound. Frozen 10-um-thick sections were cut
from their tissue blocks using a cryostat. To assess the extent of de-
myelination, luxol fast blue (LFB) staining was performed. Sections
were rehydrated in 95% ethanol and immersed in the 0.01% LFB so-
lution overnight at 55°C. Sections were then differentiated using a
0.05% lithium carbonate and 70% ethanol solution. For im-
munohistochemistry, rat monoclonal anti-myelin basic protein (MBP)
antibody (1:500, Abcam, Cambridge, UK), anti-Iba-1 antibody (1:1000,
Wako, Osaka, Japan), mouse anti-NeuN antibody (1:500, Millipore,
Frankfurt, Germany), rabbit polyclonal anti-parvalbumin antibody
(1:3000, Abcam, Cambridge, UK), mouse anti-SMI32 antibody (1:1000,
BioLegend, San Diego, CA, USA), mouse anti-amyloid precursor protein
antibody (1:1000, Millipore, Frankfurt, Germany).
Immunofluorescence staining was performed as previously reported
(Bando et al., 2015; Nomura et al. 2013, 2017). In brief, after drying,
the sections were incubated with a solution containing 5% bovine
serum albumin and 0.3% Triton-X for 60 min. Then those sections were
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incubated with primary antibodies at 4 °C overnight. Sections were then
incubated with either Alexa-488-conjugated or Alexa-594-conjugated
secondary antibodies (1:500-1000, Molecular probes, Eugene, OR,
USA) at room temperature for 1h followed by nuclear staining with
4’,6-diamidino-2-phenylindole (DAPI, Sigma, St. Louis, MO, USA).
Sections were then imaged by a confocal laser scanning microscope
(Olympus, Tokyo, Japan). For immunohistochemistry with 3,3’-Dia-
minobenzidine, tetrahydrochloridedetection, after incubating with the
primary antibody, sections were immersed in 1.5% H,O, in methanol
for 15min to block endogenous peroxidase activity. Then using a
VECTASTAIN ABC kit (Funakoshi, Tokyo, Japan) and 0.02% DAB so-
lution in 50mM Tris-HCl (pH 7.4) buffer. By analysis software
(Olympus, Tokyo, Japan), we counted the number of neurons that
stained positive with anti-NeuN antibodies.

2.3. Transmission electron microscopy (TEM)

Animals (n = 3 animals per experimental group) were perfused with
2% glutaraldehyde (GA) and 4% PFA in 0.1 M PB. The brains were re-
moved and 100-um-thick sections were cut by a DSK MICROSLICER
(DTK-3000). Then, the sections were fixed with 1% OsO4 and em-
bedded in Epon, as previously described (Bando et al., 2015; Nomura
et al., 2013). Ultrathin sections were cut and stained with 4% uranium
acetate and lead citrate and observed under a transmission electron
microscope (H-7650, Hitachi, Japan).

2.4. Pre-embedding immunoelectron microscopy

Animals (n = 3 animals per experimental group) were perfused with
0.5% GA and 4% PFA in 0.1 M PB. The brains were removed and 50-um
sections were cut by a DSK MICROSLICER (DTK-3000). The sections
were blocked with a solution containing 5% bovine serum albumin in
PBS for 1h. Then the sections were incubated with a rabbit anti-par-
valbumin antibody (1:3000, Abcam, Cambridge, UK) overnight. Using a
VECTASTAIN ABC kit as described above, a DAB reaction was per-
formed. After fixation with 2% GA and 4% PFA, sections were further
fixed with 1% OsO,4 and embedded in Epon.

2.5. In situ hybridization

Parvalbumin (PV) probes were made by the following primers: PV
sense primer 5-CGCTGAGGACATCAAGAAGG-3’; PV anti-sense primer
5-GCCACTTTTGTCTTTGTCCA-3". In situ hybridization was performed
by digoxigenin (DIG; Roche Molecular Biochemicals, Mannheim,
Germany) labeled cRNA probes of parvalbumin in the method pre-
viously described (Chen et al., 1998; Terayama et al., 2004; Yoshida
et al., 1994). Briefly, frozen 10-um sections were treated with 10 mg/ml
protenase K containing buffer. Following fixation with 4% PFA, sections
were incubated in acetic anhydride in 0.1 M triethanolamine. Then, the
sections were dehydrated and defatted with ethanol and chloroform.
Prehybridization was performed with a hybridization buffer (50%
deionized formamide, 10% dextran sulfate, 0.2% sarcosyl, 0.5 mg/ml of
yeast tRNA, 0.2 mg/ml of denatured salmon sperm DNA and 1 X Den-
hardt's solution) for 1h at 55 °C. Then, sections were incubated with
DIG-labeled cRNA probes of parvalbumin in a hybridization buffer
overnight at 55 °C. Following washing with 50% formamide, 2xSSC, the
sections were treated with an Rnase A buffer to remove excess probes.
After incubation with a 1.5% Roche blocking reagent in 100 mM
malenic acid and 150 mM Nacl, the sections were reacted with 1:500 of
an alkaline phosphatase-anti-digoxygenin antibody (Roche Molecular
Biochemicals, Mannheim, Germany). Parvalbumin immunoreactivity
was visualized with 3.75ul/ml of 5-bromo-4-chloro-3-indolyl phos-
phate (BCIP, Roche Molecular Biochemicals, Mannheim, Germany) and
5 ul/ml of nitroblue tetrazolium (NBT, Roche Molecular Biochemicals,
Mannheim, Germany) in 100 mM Tris-HCl, 100 mM NaCl and 50 mM
MgCl2, pH 9.5.
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2.6. Balance beam test

To assess motor coordination disorders, a balance beam test was
performed as described before (Chort et al., 2013; Luong et al., 2011).
All balance beams were made of wood. Mice (n = 12-14 animals per
experimental group) crossed the 80 cm long, 10 mm diameter beam,
95 cm above cushions to protect the mice if they fell. A desk lamp was
set on the start platform to serve as an aversive stimulus. At the end of
the beam, a black box was placed containing nesting materials from the
home cages of the mice. All mice crossed the beam in three consecutive
days. The first two days were for training, and the last day was the test.
On the test day, we captured mice crossing the beam twice with a video
camera and we counted the number of foot slips and the number of time
the mice dropped from the beam in a blind manner and calculated the
average foot slips for each mouse and the ratio of dropping mice from
the beam.

2.7. Data analysis

For semi-quantitative analysis, intensities of MBP immunoreactivity
were measured using ImageJ software. Ibal immunoreactive structures
that were located completely around the DAPI-stained nuclei were
counted as microglia. These analyses were conducted by an investigator
blinded to the treatment groups to omit the bias.

2.8. Statistics
Welch's t-test was used to compare differences between mean values

control cuprizone 12w

cortex

cuprizone 22w
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for two groups. When we compared differences of mean values among
three or more groups, we used a one-way ANOVA, followed by a Tukey-
Kramer test. To compare differences of rate values, we used Fisher's
exact test. Differences were deemed statistically significant if they ex-
ceeded the 95% confidence interval (p < 0.05).

3. Results
3.1. Cuprizone induced demyelination in the CNS

Mice were fed chow supplemented with 0.2% cuprizone for up to 34
weeks to induce and sustain demyelination. First, we examined the time
course of cuprizone-induced demyelination by performing myelin basic
protein (MBP) immunohistochemistry (Fig. 1). In the control mice, MBP
immunoreactivity was evenly detected in the corpus callosum, the
cerebral cortex, striatum and deep cerebellar nuclei (Fig. 1a,f and k).
Twelve-week cuprizone administration decreased MBP im-
munoreactivity in the corpus callosum, cerebral cortex and deep cere-
bellar nuclei (Fig. 1b and g). In these regions, the decrease in MBP
immunoreactivity was sustained until 34 weeks of cuprizone adminis-
tration (Fig. lc,d,m and n). In contrast, the decrease in MBP im-
munoreactivity in the striatum did not reach its peak until 12 weeks and
at 34 weeks the greatest decrease in immunoreactivity was observed
(Fig. 1g,h and i). The relative intensity of MBP immunoreactivity was
significantly reduced by cuprizone administration compared with con-
trol mice in the cerebral cortex (control: 100.00 + 13.82%, cuprizone
12w: 33.14 = 4.77%, cuprizone 22w: 36.81 = 2.87%, cuprizone
34w: 22.25 + 4.73%) (Fig. le), striatum (control: 100.00 + 11.49%,

cuprizone 34w
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Fig. 1. Cuprizone administration induced demyelination shown by MBP immunohistochemistry.

Representative images of MBP immunohistochemistry in the corpus callosum and cerebral cortex (a—d), striatum (f-i) and deep cerebellar cortex (DCN) (k-n) in mice
with control or 12-34-week cuprizone diet are shown. In the corpus callosum and cerebral cortex, while strong MBP immunoreactivity was detected in control mice
(a), in mice with 12-week cuprizone administration, MBP immunoreactivity decreased (b). The decrease in MBP immunoreactivity was sustained by 34-week
cuprizone administration (c,d). In the deep cerebellar nuclei, while strong MBP immunoreactivity was detected in control mice (k), in mice with 12-week cuprizone
administration, MBP immunoreactivity decreased (1). The decrease in MBP immunoreactivity was sustained by 34-week cuprizone administration (m,n). In contrast,
in the striatum, MBP immunoreactivity was decreased gradually by cuprizone administration (f-i). Scale bar = 50 um. Semi-quantitative assessments of the intensity
of MBP immunoreactivity in the cerebral cortex (e), striatum (j) and deep cerebellar nuclei (o) are shown in the graphs. Data were obtained from such images from 5
animals in each group (mean * SEM; **P < 0.01, *P < 0.05 relative to control, one-way ANOVA with Tukey-Kramer post hoc test).
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cuprizone 12w: 55.63 * 12.14%, cuprizone 22w: 38.34 *= 8.69%,
cuprizone 34w: 17.13 * 5.32%) (Fig. 1j) and deep cerebellar nuclei
(control: 100.00 *+ 18.73%, cuprizone 12w: 43.40 = 7.18%, cupri-
zone 22w: 46.91 *= 3.32%, cuprizone 34w: 27.26 * 2.33%) (Fig. 10).
In the striatum, though not significant, longer cuprizone administration
tended to reduce the relative intensity of MBP immunoreactivity
(Fig. 1j). On the other hand, MBP immunoreactivity in the brainstem
and spinal cord were preserved even in 34-week cuprizone admini-
strated mice (Appendix: Supplementary Figs. Sla-d). Although luxol
fast blue (LFB) staining was not sensitive enough to detect myelination
in the cerebral cortex (Appendix: Supplementary Fig. S2a), the pro-
gression of cuprizone-induced demyelination in the corpus callosum,
deep cerebellar nuclei and striatum shown by LFB staining were con-
sistent with the results of MBP immunohistochemistry (Appendix:
Supplementary Fig. S2).

Microglia are known to promote cuprizone-induced demyelination
in the corpus callosum (Gudi et al., 2014; McMahon et al., 2001;
Pasquini et al., 2007). Therefore, we examined whether microglia are
activated in the deep cerebellar nuclei and striatum. Four-week cupri-
zone administration significantly increased the number of microglia in
the deep cerebellar nuclei (control: 16.4 *+ 1.5/field, cuprizone 4w:
160.4 = 13.0/field) (Appendix: Supplementary Fig.S3a,b and f), and
in the white matter of the striatum (control: 22.4 + 3.9/field, cupri-
zone 4w: 61.2 + 7.1/field) (Appendix: Supplementary Fig.S4a,b and
f). The number of microglia significantly decreased thereafter in the

control

cerebral cortex

deep cerebellar nuclei

striatum

Fig. 2. No neuronal loss was induced by cuprizone administration.

cuprizone 34w
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cerebellum (cuprizone 12w: 66.6 *= 9.2/field, cuprizone 22w:
42.8 = 6.2/field, cuprizone 34w: 33.0 * 3.2/field) (Appendix:
Supplementary Figs. S3c—f) while the number of microglia sustained
thereafter in the striatum (cuprizone 12w: 54.4 + 8.7/field, cuprizone
22w: 63.4 = 3.0/field, cuprizone 34w: 45.8 + 11.2/field) (Appendix:
Supplementary Figs. S4c—f).

3.2. No neuronal loss was observed by cuprizone administration

Next, we examined whether sustained demyelination resulted in
neuronal loss. Brain sections of control and 34-week cuprizone-fed mice
were immunostained with anti-NeuN antibody. We counted the number
of NeuN-positive neurons in the cerebral cortex, deep cerebellar nuclei
and striatum. (Fig. 2). The numbers of NeuN-positive cells in control
mice (cerebral cortex: 608.9 + 30.2/field, deep cerebellar nuclei:
192.5 + 9.3/field, striatum: 251.3 *= 10. 9/field) were not sig-
nificantly different from those in 34-week cuprizone-fed mice (cerebral
cortex: 633.2 *+ 23.4/field, deep cerebellar nuclei: 205.4 *+ 10.5/
field, striatum: 280.1 + 11.8/field) (Fig. 2g-i). However, the deep
cerebellar nuclei area and the white matter areas in the striatum in 34-
week cuprizone-fed mice were smaller than those in control mice pos-
sibly due to demyelination.
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Representative images in mice with or without cuprizone administration in the cerebral cortex (a,b), deep cerebellar nuclei (c,d) and striatum (e,f) by NeuN
immunostaining. Scale bar = 100 um. Quantitative analysis was performed. The number of NeuN positive cells per field in the cerebral cortex (g), deep cerebellar
nuclei (h) and striatum (i) are shown in the graphs. Data were obtained from 5 animals in each group (mean * SEM; **P < 0.05, Welch's t-test).
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3.3. Cuprizone-induced demyelination changed the intracellular distribution
of parvalbumin in the deep cerebellar nuclei and striatum

The cerebral cortex, deep cerebellar nuclei and striatum contain
many parvalbumin (PV) neurons. PV is a member of the EF-hand family
of calcium-binding proteins and is expressed in subpopulations of
neurons (Baimbridge et al., 1992; Celio and Heizmann, 1981; Krieger
et al., 1994). Previous reports showed that PV-positive neurons were
impaired in the brains of MS patients and in experimental autoimmune
encephalomyelitis, another mouse model of MS, (Clements et al., 2008;
Dutta et al., 2006; Falco et al., 2014). Therefore, we examined changes
in PV-positive structures. In the cerebral cortex, relatively small PV-
positive neuronal somata were observed in control mice (Appendix:
Supplementary Fig. S5a). The PV staining pattern in the cerebral cortex
was not affected by 34-week cuprizone administration (Appendix:
Supplementary Fig. S5b). PV immunoreactivity was strongly detected
in relatively large neuronal somata and in the neuropil of control deep
cerebellar nuclei (Fig. 3a). At 12-week cuprizone administration, PV
immunoreactivity in the neuronal somata disappeared and unidentified
structures were rather evenly stained (Fig. 3b). This PV staining pattern
in the deep cerebellar nuclei persisted with 34-week cuprizone ad-
ministration (Fig. 3c). In the striatum, relatively small PV-positive
neuronal somata and axons in white matter areas were observed in
control mice (Fig. 3d). Twelve-week cuprizone administration de-
creased PV staining in white matter areas without changing PV-positive
cell bodies (Fig. 3e). However, at 34-week cuprizone administration, PV
staining in white matter areas further decreased but many discrete PV-
positive axons appeared, although PV-positive neuronal somata were
still observed (Fig. 3f arrowheads).

The next question we had is whether or not PV is still expressed by
neuronal cells after cuprizone challenge. We analyzed the expression of
PV-mRNA by in situ hybridization. In control mice, we detected PV-
mRNA positive neurons in the cerebral cortex, deep cerebellar nuclei
and striatum (Fig. 4a,c and e). These PV-mRNA signals were not af-
fected by 34-week cuprizone administration (Fig. 4b,d and f). The

control

deep cerebellar nuclei

striatum

cuprizone 12w
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results of immunohistochemistry and in situ hybridization of PV suggest
that the intracellular distribution of PV in the deep cerebellar nuclei
and striatum was changed by cuprizone-induced demyelination.

3.4. PV is localized in demyelinated axons but not in damaged axons

In the striatum, the distribution of PV drastically changed after 34-
week cuprizone administration. While only dot-like PV im-
munoreactivity was observed in control mice (Fig. 5a), much fiber-like
PV immunoreactivity was detected in mice following 34-week cupri-
zone administration (Fig. 5b). Pre-embedding immunoelectron micro-
scopy revealed that there were few PV-positive axons in control mice
(Fig. 5¢), PV-positive demyelinated axons were observed in mice with
34-week cuprizone administration (Fig. 5d). Moreover, TEM analysis
revealed that many PV-negative myelinated axons were observed in the
striatum in control mice (Fig. 5e). After 34-week cuprizone adminis-
tration, many demyelinated axons were detected (Fig. 5f). Consistent
with these results, amyloid precursor protein (APP), a marker of axonal
degeneration, was negative in the striatum in both control mice and in
mice with 34-week cuprizone administration (Appendix:
Supplementary Fig. S6). However, many SMI32-positive fibers (another
marker of axonal damage) were observed in mice with 34-week cu-
prizone administration (Fig. 5h). Most PV-positive fiber-like im-
munoreactivity did not overlap with SMI32 immunoreactivity in the
striatum in mice with 34-week cuprizone administration (Fig. 51).

3.5. Long term cuprizone administration induced motor coordination
disorder

The cerebral cortex, deep cerebellar nuclei and striatum play pivotal
roles in coordinated movement. Thus, we used a balance beam test to
examine whether coordinated movement was impaired by cuprizone-
induced demyelination. In control mice and mice with 4 or 12-week
cuprizone administration, there were few foot slips across the beam
(control: 0.93 + 0.20, cuprizone 4w: 0.96 = 0.27, cuprizone 12w:

cuprizone 34w

Fig. 3. Cuprizone administration changed the PV immunostaining pattern in the deep cerebellar nuclei and striatum.

Representative images in control and 12 or 34-week cuprizone administered mice in the deep cerebellar nuclei (a-c) and striatum (d-f) stained with PV are shown. In
the deep cerebellar nuclei, relatively large PV-positive neuronal somata were observed in control mice. (a) By 12 or 34-week cuprizone administration, PV-im-
munoreactivity was stained evenly in the deep cerebellar nuclei (b,c). In the striatum, relatively small PV-positive neuronal somata and white matter areas were
observed in control mice (d). In mice with 12-week cuprizone administration, although the PV staining pattern was not changed, white matter areas were decreased
(e). In mice with 34-week cuprizone administration, white matter areas were further decreased and PV-positive fiber-like immunoreactivity (arrowheads) was

observed (f). Scale bar = 100 pm.
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Fig. 4. The PV mRNA expression pattern revealed by
in situ hybridization was not affected in the cerebral
cortex, deep cerebellar nuclei or striatum by 34-week
cuprizone administration.

Representative images of PV in situ hybridization in
the cerebral cortex (a,b), deep cerebellar nuclei (c,d)
and striatum (e,f) in mice with control or 34-week
cuprizone diet are shown. In the cerebral cortex,
relatively small PV-positive neuronal nuclei were
observed (a) and 34-week cuprizone administration
did not affect the PV staining pattern (b). In the deep
cerebellar nuclei, relatively large PV-positive neu-
ronal nuclei were observed in control mice (c). In
mice with 34-week cuprizone administration, al-
though the area of deep cerebellar nuclei was de-
creased due to demyelination, relatively large PV-
positive neuronal nuclei were still observed (d). In
the striatum, relatively small PV-positive nuclei and
white matter areas were observed in control mice (e).
In mice with 34-week cuprizone administration, al-
though white matter areas were decreased, the PV
staining pattern was not affected (f). Scale
bar = 100 pm.

Fig.4 Nomura et al.

1.13 = 0.25) and no mice fell off the beam (Fig. 6). However, mice
with 22 and 34-week cuprizone administration showed significantly
more foot slips (cuprizone 22w: 12.50 = 1.98, cuprizone 34w:
11.40 = 2.13) crossing the beam compared to control mice and,
though not significant, an increased number of cuprizone-fed mice
dropped from the beam (cuprizone 22w: 14.29%, cuprizone 34w:
28.57%) (Fig. 6).

3.6. Withdrawal from cuprizone chow induced remyelination and the
recovery of motor coordination

It is well known that cuprizone-induced demyelination is reversed
by withdrawal of cuprizone chow (Kipp et al., 2017; Matsushima and
Morell, 2001; Gudi et al., 2014; Skripuletz et al., 2008). This recovery
has been reported in mice fed cuprizone for up to 12 weeks. To examine
whether remyelination was also induced by withdrawal of cuprizone
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chow after a longer period of cuprizone feeding, we gave mice a normal
diet for up to 12 weeks following 22 weeks of cuprizone feeding. In
control mice, MBP was rich in the cerebral cortex, striatum and deep
cerebellar nuclei (Fig. 7a,e and i). MBP immunoreactivity decreased in
these regions following 22-week cuprizone administration (Fig. 7b,f
and j). MBP immunoreactivity in the cerebral cortex, striatum and deep
cerebellar nuclei was partially but significantly recovered by 12-week
administration of a normal diet following 22-week cuprizone adminis-
tration (Fig. 7c,g and k). The relative intensity of MBP im-
munoreactivity was significantly reduced by 22-week cuprizone ad-
ministration compared with control mice, but significantly recovered
by 12-week administration of a normal diet following 22-week cupri-
zone administration in the cerebral cortex (control: 100.00 = 11.21%,
cuprizone 22w: 31.74 + 3.36%, cuprizone 22w Reverse 12w:
79.92 = 9.68%) (Fig. 7d), striatum (control: 100.00 + 9.45%, cupri-
zone 22w: 39.28 * 6.77%, cuprizone 22w Reverse 12w:
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Fig. 5. PV increased cuprizone-induced demyelinated axons and PV positive axons tended to be protected from SMI32 positive axonal damage.

Representative images of PV immunohistochemistry in control and 34-week cuprizone administered mice are shown (a,b). In control mice, relatively small PV-
positive neuronal somata in the grey matter and dot-like PV immunoreactivity in the white matter were observed (a). In mice with 34-week cuprizone administration,
although the staining pattern of PV-positive neurons in the grey matter was not affected, PV-positive fiber-like immunoreactivity was increased in the white matter
(b). Scale bar = 50 um. Representative images of pre-embedding immunoelectron microscopy stained with PV in mice with control or 34-week cuprizone ad-
ministered mice are shown (c,d). In control mice, many myelinated axons were observed and few axons were PV-positive (c). In mice with 34-week cuprizone
administration, PV-positive demyelinated axons (asterisk) were increased (d). Scale bar = 1 pm. Representative images of transmission electron microscopy (TEM) in
the striatum in mice with control or 34-week cuprizone diet are shown (e,f). In control mice, most axons were myelinated (e). In mice with 34-week cuprizone
administration, although most axons were demyelinated, no degenerative axons were observed in the striatum (f). Ax: axon. Scale bar = 1 um. Representative images
of SMI32 and PV immunohistochemistry in the striatum in mice with control and 34-week cuprizone diet are shown (g-1). In control mice, little SMI32 and PV
immunoreactivity was detected in the white matter in the striatum (g,i). However, in mice with 34-week cuprizone administration, increased immunoreactivity to
SMI32 and PV was observed in the striatum (h,j). The merged view revealed that most SMI32 immunoreactivity did not co-localize with PV immunoreactivity (1).
Scale bar = 10 um.

a b Fig. 6. Cuprizone induced motor coordina-
tion disorder as revealed by a balance beam

16 A 50 9 test.
ok . A balance beam test was performed on mice
14 - fed control or 4-34-week cuprizone diets.
" @ 40 1 The number of foot slips and the ratio of
S 121 < falls in each group are shown in the graphs
‘; § (a,b). In control mice, few foot slips were
L 10 1 _§ 30 1 observed and 4 or 12-week cuprizone ad-
B g - 2, ministration did not significantly increase
E g foot slips (a). However, mice with 22 or 34-
E ¢ S 20 1 week cuprizone administration had sig-
f, g nificant increases in the number of foot slips
ﬁ 4 4 = compared to control mice (a). Control and 4
10 1 or 12-week cuprizone administered mice
2 1 did not fall while crossing the beam (b).
_- i - However, the ratio of mice that fell in mice

0 - T T T T 0 T T

with 22 or 34-week cuprizone administra-
tion increased (b). Data were obtained from
12 to 14 animals in each group
cuprizone cuprizone (mean + SEM; **P < 0.05, one-way
ANOVA with Tukey-Kramer post hoc test
for (a) and Fisher's exact test for (b).
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Fig. 7. Cuprizone-induced demyelination were reversed by 12-week withdrawal of cuprizone administration.

Representative images of MBP immunohistochemistry in the corpus callosum and cerebral cortex (a—c), striatum (e-g) and deep cerebellar cortex (i-k) in mice with
control or 22-week cuprizone diet (cup22w) or 12-week recovery by normal diet following a 22-week cuprizone diet (cuprizone 22w Reverse 12w or cup22wR12w)
are shown. In the cerebral cortex, striatum and deep cerebellar nuclei, while MBP immunoreactivity was evenly detected in control mice (a,e,i), in mice with 22-week
cuprizone administration, MBP immunoreactivity in these regions decreased (b,f,j). However, in 12-week recovery following 22-week cuprizone administration,
partial recovery of MBP immunoreactivity was detected in the cerebral cortex (c), striatum (g) and deep cerebellar nuclei (k). Scale bar = 50 pm. Semi-quantitative
assessments of the intensity of MBP immunoreactivity in the cerebral cortex (d), striatum (h) and deep cerebellar nuclei (1) are shown in the graphs. Data were
obtained from such images from 6 to 8 animals in each group (mean + SEM; **P < 0.01, *P < 0.05, one-way ANOVA with Tukey-Kramer post hoc test).

86.05 + 17.85%) (Fig. 7h) and deep cerebellar nuclei (control: above, mice with 6 or 12-week recovery after cuprizone administration
100.00 + 15.92%, cuprizone 22w: 43.24 * 3.27%, cuprizone 22w did not drop from the beam (Fig. 8a). Although mice with a 6-week
Reverse 12w: 85.58 + 7.95%) (Fig. 71). Furthermore, while the bal- recovery following 22-week cuprizone administration (cuprizone 22w
ance beam test showed that an increased number of mice with 22-week Reverse 6w) did not significantly improve the number of foot slips
cuprizone administration fell (cuprizone 22w: 15.38%) as mentioned compared to mice with 22-week cuprizone administration, another 6-
a N.S. b Fig. 8. Cuprizone-induced motor coordina-
or o tion disorder were reversed by 12-week

withdrawal of cuprizone administration.
18 1 - 100 1 A balance beam test was performed on these
16 1 | | | . mice. While few foot slips were observed in
é. | = 30 - control mice, mice with 22-week cuprizone
g 14 8 administration showed significantly more
f 12 _5 60 - foot slips than those in control mice (a).
S 10 A é Although 6-week recovery following 22-
}é 8 - _g week cuprizone administration (cuprizone
2 ¢ “ 40 1 22w Reverse 6w) did not significantly de-
2 2 crease the number of foot slips compared to
=4 & 20 that in mice with 22-week cuprizone diet,
2 _i . 12-week recovery (cuprizone 22w Reverse
0 - - r T 0 T T T »  12w) significantly decreased the number of
\,\o\ '\:ﬁ q,qu ﬁ:"@'\fx \@\ '9,4\ ,_‘,}4*& r{}’éqf‘ foot slips compared to that in mice with 22-
& s s O £ & s < &8 £ week  cuprizone administration ().
OQ'&\(‘) QQ'&\"’ QQ{\(" OQ'&\(" QQN} QQL\(V Although some mice with 22-week cupri-

) ) < ) <

zone administration dropped from the
beam, mice with 6 or 12-week recovery following cuprizone administration did not drop from the beam (b). Data were obtained from 12 to 13 animals in each group
(mean = SEM; **P < 0.05, one-way ANOVA with Tukey-Kramer post hoc test for (j), and Fisher's exact test for (k).
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week recovery (cuprizone 22w Reverse 12w) significantly improved the
number of foot slips compared to mice with 22-week cuprizone ad-
ministration (control: 1.50 * 0.43, cuprizone 22w: 13.41 * 2.09,
cuprizone 22w Reverse 6w: 13.29 * 2.32, cuprizone 22w Reverse
12w: 4.50 = 0.78) (Fig. 8b).

4. Discussion

In the present study, we demonstrated that there are regional dif-
ferences in demyelination by cuprizone and in parvalbumin (PV) -po-
sitive neurons. Our results also suggest that continuous demyelination
alone by long term cuprizone administration may not be enough to
induce neuronal degeneration. Regional differences in sensitivity to
cuprizone may explain why there are favored demyelination sites in
multiple sclerosis (MS).

We showed that cuprizone administration induced severe demyeli-
nation in the cortex, corpus callosum, and deep cerebellar nuclei by 12
weeks, in agreement with previous reports (Kipp et al., 2017;
Matsushima and Morell, 2001; Groebe et al., 2009; Gudi et al., 2014;
Skripuletz et al., 2008). It had already been reported that in the
striatum, partial demyelination was induced by 5-week cuprizone ad-
ministration (Pott et al., 2009). However, it had been unknown whether
longer cuprizone administration advanced demyelination in the
striatum. We first revealed that cuprizone-induced demyelination ad-
vanced gradually up to 34 weeks in the striatum. In contrast, despite
34-week cuprizone administration, demyelination was not induced in
the spinal cord or brainstem. These results imply that each region in the
central nervous system (CNS) has differential sensitivity to demyeli-
nation.

In cuprizone-induced demyelination, damage to oligodendrocytes
by cuprizone toxicity and microglial inflammation and phagocytosis are
known to play key roles (Blakemore, 1972; Gudi et al, 2014;
Matsushima and Morell, 2001; McMahon et al., 2001; Pasquini et al.,
2007). Oligodendrocytes are heterogeneous cells present in many re-
gions (Bechler et al., 2015; Marques et al., 2016). For example, oligo-
dendrocytes in the striatum show a different gene expression pattern
from those in the corpus callosum (Marques et al., 2016). Another study
revealed that oligodendrocytes in the spinal cord form longer myelin
sheaths than those in the cortex (Bechler et al., 2015). Therefore, dif-
ferent types of oligodendrocytes among regions may be responsible for
the sensitivities to demyelination. Microglia also show regional phe-
notypes. For example, microglia are more phagocytic in the cerebellum
and are more static in the striatum (Ayata et al., 2018). In our study,
microglia had already increased both in the deep cerebellar nuclei and
in the striatum by 4-week cuprizone administration. However, while it
took 12 weeks to induce demyelination in the deep cerebellar nuclei, it
took 34 weeks to induce demyelination in the striatum. These results
may stem in part due to the different phenotypes of microglia between
cerebellum and striatum. These glial differences among regions may be
related to favored sites in MS. Further studies to elucidate glial function
among regions are needed.

In the present study, cuprizone induced changes in PV-positive
neurons. Intracellular localization of PV was changed in the cerebellum
and striatum, but not in the cerebral cortex. PV is expressed in various
types of neurons such as GABAergic interneurons in many regions in-
cluding cerebral cortex and striatum (Jinno and Kosaka, 2004; Koés and
Tepper, 1999; Lee et al., 2017; Tamamaki et al., 2010), cortical GA-
BAergic neurons projecting to the striatum (Jinno and Kosaka, 2004;
Tamamaki et al., 2010) and cortical glutamatergic neurons projecting
to the striatum (Jinno and Kosaka, 2004). Reactions to cuprizone-in-
duced demyelination may be different among the populations of PV-
positive neurons. In the striatum, PV immunoreactivity appeared in
demyelinated axons. Since PV is expressed in fast-firing neurons, PV-
positive neurons are thought to be myelinated to satisfy high-energy
demands (Celio, 1990; Stedehouder and Kushner, 2017). Therefore, PV-
positive cells may be vulnerable to environmental disorders. Indeed,
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PV-positive neurons were impaired following demyelination in MS
(Clements et al., 2008; Dutta et al., 2006). Two animal models of MS,
experimental autoimmune encephalomyelitis (EAE) and the cuprizone
model, are mainly used (Gudi et al., 2014; Kipp et al., 2017). These two
models have some differences. EAE induces neuronal loss including PV-
positive neurons leading severe paralysis (Aktas et al., 2005; Falco
et al., 2014; Meyer et al., 2001; Vogt et al., 2009), and cuprizone-fed
mice show no neuronal loss and mild motor-coordination dysfunction.
It is possibly due to the difference of inflammatory reactions. EAE ex-
hibits intense inflammation by microglia and lympohocytes (Aktas
et al., 2005; Gudi et al., 2014; Vogt et al., 2009), however, cuprizone
administration induces relatively mild inflammation mainly due to lack
of lymphocyte infiltration (Bakker and Ludwin, 1987; Gudi et al.,
2014). Although the cuprizone model is useful to study some aspects of
neuronal pathological changes in neurons by demyelination and re-
myelination, this model holds some limitations.

PV is a calcium-binding protein that can protect cells from the toxic
calcium overload in neuronal damage (Beers et al., 2001; Dekkers et al.,
2004; Krieger et al., 1994; Verdaguer et al., 2015). It is probable that PV
accumulated in axons during demyelination to protect from degenera-
tion. However, to our knowledge, there is no report showing the role of
PV in the axon. Further studies are needed.

In MS, long disease duration is a powerful risk factor for neurode-
generation following demyelination (Calabrese, 2013; Kutzelnigg et al.,
2005; Larochelle et al., 2016; Vukusic and Confavreux, 2003). In the
present study, we administered a 34-week cuprizone diet for sustained
demyelination. However, unlike MS, no neuronal loss was observed.
Although neurodegeneration in MS advances its clinical course without
inflammatory attacks, diffuse inflammatory infiltrates and follicle-like
lymphoid structures in the meninges are detected (Correale et al., 2017;
Kipp et al., 2017; Larochelle et al., 2016; Magliozzi et al., 2007; Serafini
et al., 2004). In contrast, no lymphocyte infiltration is observed in cu-
prizone-induced demyelination. Therefore, infiltration of lymphocytes
may play a critical role in the induction of neuronal degeneration in
addition to sustained demyelination.

It has been reported that withdrawal from a cuprizone diet reversed
demyelination induced by up to 12-week cuprizone administration
(Kipp et al., 2017; Matsushima and Morell, 2001; Gudi et al., 2014;
Skripuletz et al., 2008). We showed that 22-week cuprizone-induced
demyelination was also reveresed by following a 12-week withdrawal.
In addition, cuprizone-induced motor-coordination dysfunction was
also recovered along with remyelination. Therefore, mice with 22-week
cuprizone administration may be useful models for examining the ef-
fects of drugs on histology and behavior.

5. Conclusions

In the present study, we demonstrated pathological changes caused
by long term cuprizone administration in the CNS. Regional and neu-
ronal vulnerability to demyelination were observed. However, cupri-
zone-induced sustained demyelination may not be sufficient to induce
neurodegeneration, possibly due to the protective role of PV in Ca®*
buffering. Although neuronal degeneration was not observed, this
model showed reversible demyelination and motor-coordination dys-
function. Therefore this model will be useful for investigating patho-
logical and behavioral changes following demyelination in the CNS.
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