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A B S T R A C T

Growing data from human and animal studies indicate the beneficial effects of exercise on several clinical
outcomes in patients with multiple sclerosis (MS), an autoimmune, demyelinating disease, suggesting that it may
slow down the disease progression, by reducing brain damage. However, the mechanisms involved are still
elusive.

Aim of this study was to address the effects of voluntary running wheel in a toxic-demyelinating model of MS,
in which demyelination and brain inflammation occur in response to cuprizone (CPZ) treatment. Mice were
housed in standard or wheel-equipped cages starting from the day of CPZ or normal chow feeding for three or six
weeks and evaluated for weight changes, locomotor skills and neuromuscular functions over the course of the
experimental design. Biochemical, molecular biology and immunohistochemical analyses were performed.

Exercise prevented early weight loss caused by CPZ, indicating improved wellness in these mice. Both neu-
romuscular function and motor coordination were significantly enhanced by exercise in CPZ-treated mice.
Moreover, exercise induced an early protection against axonal damage and the loss of the myelin associated
proteins, myelin basic protein (MBP) and 2′,3′-Cyclic-nucleotide 3′-phosphodiesterase (CNPase), in the striatum
and the corpus callosum, in coincidence of a strongly attenuated microglia activation in both brain areas.
Further, during the late phase of the treatment, exercise in CPZ mice reduced the recruitment of new OLs
compared to sedentary CPZ mice, likely due to the precocious protection against myelin damage.

Overall, these results suggest that life-style interventions can be effective against the demyelinating-in-
flammatory processes occurring in the brains of MS patients.

1. Introduction

Multiple sclerosis (MS) is an autoimmune disorder characterized by
recurrent episodes of T cell-mediated immune attacks of the central
nervous system (CNS), leading to inflammatory demyelination and
secondary axonal damage and progressive disability (Kutzelnigg and
Lassmann, 2014). Infiltrating T cells and monocytes/macrophages not
only cause oligodendrocyte cell death but also recruit brain resident
immune cells, i.e. astroglia and microglia, that, in turn, contribute to

both the amplification and the resolution of inflammation (Zipp and
Aktas, 2006; Popescu and Lucchinetti, 2012). The extent and location of
the damage and the failure of reparative mechanisms within the CNS
result in a number of symptoms and reduced quality of life (Lublin,
2005). Over the last decades, several disease-modifying therapies
(DMTs), have been developed, including immunomodulatory/im-
munosuppressant agents and, more recently, pro-remyelinating com-
pounds, to slow down disease progression (Barry et al., 2016).

In recent years, there has been considerable interest in possible non-
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pharmacological interventions for MS, such as active-rehabilitation or
exercise, to help manage the symptoms of MS and to reinforce the ef-
ficacy of DMTs (Motl and Pilutti, 2012; Pilutti et al., 2014). Exercise is
well tolerated and induces relevant improvements in both physical and
mental functioning in persons with MS (Dalgas et al., 2008), including
muscular strength (Dalgas et al., 2009), ambulatory performance (van
den Berg et al., 2006), cognition (Ensari et al., 2014) and fatigue (Pilutti
et al., 2013; Andreasen et al., 2011), raising the possibility that exercise
can halt or slow down pathological processes in MS.

While no perfect mouse model of MS exists, several animal models
attempt to examine different aspects of CNS pathology in MS. The cu-
prizone (CPZ) model provides a reproducible manner to study primary
demyelination, inflammation, axonal damage, and myelin repair/re-
myelination processes (Hiremath et al., 1998; Mason et al., 2000;
Schultz et al., 2017), in the absence of peripheral immune system ac-
tivation (Matsushima and Morell, 2001; Kipp et al., 2009). Indeed, the
translational relevance of the CPZ model lies in the fact that the CPZ-
induced demyelination closely resembles primary oligodendropathy
occurring in lesion type-III and -IV of MS brains (Lucchinetti et al.,
2000). CPZ is a copper-chelating mitochondrial agent that selectively
targets mature oligodendrocytes of the CNS, especially those of the
corpus callosum (CC) (Praet et al., 2014). Demyelination is complete
after five weeks of cuprizone intoxication, together with massive mi-
crogliosis, astrocytosis and axonal damage (Buschmann et al., 2012).
Furthermore, removal of cuprizone from the diet of animals enhances
remyelination (Morell et al., 1998).

Aim of this study was to investigate the impact of exercise on motor
deficits associated to CPZ model and the underlying pathological hall-
marks, namely demyelination, axonal damage and local inflammatory
reaction. To address this issue, we used a paradigm of voluntary ex-
ercise based on running wheel, which best mimics endurance training
in humans (Goh and Ladiges, 2015) and has been convincingly asso-
ciated with the promotion of wellness in both healthy individuals and
subjects affected by neurodegenerative disorders (Cotman and
Berchtold, 2002).

2. Materials and methods

2.1. Animals

The subjects of this study were 8-week-old female mice, C57BL/6 N,
obtained from Charles-River (Italy). Animals were randomly assigned to
standard cages, with two animals per cage, and kept at standard
housing conditions with light/dark cycle of 12 h in a temperature-
controlled environment (22 °C, 50–60% humidity) and free access to
food and water. In order to reduce stress, the animals were manipulated
for 1 week before starting the experimental protocol.

Experiments were carried out in accordance with the Internal
Institutional Review Committee, the European Directive 2010/63/EU
and the European Recommendations 526/2007, and the Italian D.Lgs
26/2014. All efforts were made to minimize the number of animals
used.

2.2. Cuprizone (CPZ) model and experimental design

Cuprizone diet and voluntary exercise were started together and
mice were sacrificed at the sixt week. Demyelination was induced by
feeding mice a diet containing 0.2% cuprizone (CPZ, bis-cyclohexanone
oxaldihydrazone; Sigma–Aldrich Inc., St. Louis, MO, USA) mixed into
rodent food triturated pellets for 6 weeks (Gudi et al., 2014). At the
starting day of the experiment animals were randomly assigned to ei-
ther voluntary exercise groups fed with standard/0.2% CPZ chow
(Control-exercise and CPZ-exercise, respectively) or sedentary groups
fed with standard/0.2% CPZ chow (Control and CPZ, respectively) (see
also outline in Fig. 1A). CPZ-exercise and Control-exercise groups were
housed in cages equipped with a running wheel to allow free access to

the wheel. Each wheel was connected to a counter to measure running
activity. The sedentary groups were exposed to the same environment,
but in cages without wheels.

All animals were sacrificed at the sixt week and tissues for bio-
chemistry, molecular biology and immunohistochemistry were taken.

3. Behavioral analysis

3.1. Body weight

The body weight (g) of each mouse was measured at the end of the
first, the third and the fifth week of the experimental period.

3.2. Grip strength test

All mice were tested for grip strength performance using the Grip
Strength Meter (Ugo Basile, Italy), as in Gentile et al., 2015, at the end
of the first, the third and the fifth week of the experimental period. The
Grip Strength Meter consisted of a steel wire grid (8× 8 cm) connected
to an isometric force transducer. Mice were lifted by their tail so that
they grasp the grid with their paws. Mice from the four experimental
groups were then gently pulled backward until they released the grid
and the maximal force in newtons (N) exerted by the mouse before
losing the grip was measured. The mean of three consecutive mea-
surements for each animal was calculated.

3.3. Rotarod test

Rotarod analysis is one of the most widely used test to assess motor
coordination in rodents. Before performing the test, animals were fa-
miliarized with the equipment for one week.

The latency to fall was measured on a rotating rod at an accelerating
speed from 4 to 40 rotations/min in 300 s (Harvard Apparatus, UK).
After a training phase, the time and the speed at which the mouse fell
off the rod were recorded. Each mouse had three trials and the mean
latency to fall per trial was calculated. All the mice were evaluated at
the Rotarod at the fifth week of demyelination protocol. The test was
repeated after a 15-min rest. The length of time the mice stayed on the
cylinder correlated with motor coordination and balance; longer times
were associated with better coordination and balance (Gentile et al.,
2015).

4. Striatal total protein extracts preparation and western blot
(WB)

Animals were sacrificed by cervical dislocation at 3 and 6weeks.
Both left and right striata were quickly removed and frozen until use.
Tissues were homogenized in RIPA buffer plus protease and phospha-
tase inhibitors cocktail (SIGMA) as Gentile et al., 2015. After sonica-
tion, the homogenates were centrifuged at 13000 ×g for 20min and the
supernatant was collected. Protein content was quantified according to
the DC Protein Assay method. A quantity of twenty μg of striata extract
was denaturated at 95 °C for 5min and loaded onto a sodium dodecyl-
sulfate polyacrylamide gel [10% for glial fibrillary acidic protein
(GFAP) and 2′,3′-Cyclic-nucleotide 3′-phosphodiesterase (CNPase);
15% for myelin basic protein (MBP) and Ionized calcium binding
adaptor molecule 1 (IBA1)]. Gels were blotted onto nitrocellulose
membrane (Protran; Whatman) and then blocked for 1 h at room
temperature (RT) by 5% non-fat dry milk in Tris buffered solution TBS.
The following primary antibodies were used: mouse anti-β-actin
(1:20000, Sigma) for 1 h RT; rat anti-MBP (1:1000, Millipore) overnight
at +4 °C; mouse anti-GFAP (1:4000, Immunological Science) overnight
at +4 °C; mouse anti-CNPase (1:1000, Millipore) overnight at +4 °C;
rabbit anti-IBA1 (1:500, WAKO). Membranes were incubated with
secondary HRP-conjugated IgG anti-mouse (1:10000, 1 h RT for β-actin;
1:4000,1 h RT for GFAP; 1:2000, 1 h RT for CNPase), anti-rat (1:2000,

G. Mandolesi, et al. Neurobiology of Disease 129 (2019) 102–117

103



1 h RT for MBP), anti-rabbit (1: 2000, 1 h RT for Iba1). All secondary
antibodies were from Amersham GE Healthcare, formerly Amersham
Biosciences. After washing, immunodetection was performed by ECL
reagent (Amersham GE Healthcare, formerly Amersham Biosciences),
and membrane was exposed to film (Amersham GE Healthcare, for-
merly Amersham Biosciences). Densitometric analysis of protein levels
was performed with ImageJ software (http://rsb.info.nih.gov/ij/). WB
results were presented as data normalized to control values.

4.1. RNA extraction and qPCR

Murine striata (3 and 6weeks) were dissected in RNAse-free con-
ditions and total RNA was extracted according to the standard
miRNeasy Micro kit protocol (Qiagen). Next, 1400–1800 ng of total
RNA were reverse-transcribed using High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems), and 21–45 ng of com-
plementary DNA (cDNA) were amplified in triplicate using the Applied
Biosystem 7900HT Fast Real-Time PCR system. SensiMix II Probe Hi-
Rox Kit (Bioline; Meridian Life Science) and the following TaqMan gene

expression assays were used for the quantification of messenger RNA
(mRNAs) coding for interleukin 1 beta (IL1-β), tumor necrosis factor
(TNF), transforming growth factor beta 1 (TGF-β1), C-X-C motif che-
mokine ligand 10 (CXCL10), C-X-C motif chemokine ligand 12
(CXCL12) and beta-actin (ACTB): Il1b mRNA ID: Mm00434228_m1; Tnf
mRNA ID: Mm00443258_m1; Tgfb1 mRNA ID: Mm01178820_m1;
Cxcl10 mRNA ID: Mm00445235_m1; Cxcl12 mRNA ID:
Mm00445553_m1. Relative quantification was performed using the
comparative cycle threshold (2−ΔΔCt) method and β-actin was used as
endogenous control. All data are expressed relative to control.

4.2. Immunohistochemistry and confocal microscopy

The immunofluorescence (IF) experiments were performed similarly
to a method previously described (Gentile et al., 2015). Mice were
deeply anesthetized and intracardially perfused with ice-cold 4% par-
aformaldehyde (PFA) at 3 and 6weeks (n=3 Control, n= 3 Control
mice, n= 4 CPZ and n=4 CPZ-exercise for each time-point). Collected
brains were post-fixed in 4% PFA for 2 h and equilibrated with 30%

Fig. 1. Voluntary running wheel prevents weight loss, grip strength reduction and impairment of motor coordination in CPZ-treated mice.
A. Outline of the experimental design. The starting day of the experiment mice were divided in 4 groups: mice fed with normal chow and housed in standard cages
(Control) or wheel-equipped cages (Control-exercise), mice fed with 0.2% CPZ chow and housed in standard (CPZ) or wheel-equipped cages (CPZ-exercise). All mice
were evaluated for behavioral analysis at week 1, 3 and 5. At week 3 and 6 mice were sacrificed for biochemical, molecular biology and histological evaluations in the
striatum and the corpus callosum. B. Body weight was assessed over the course of the 5-weeks treatment in Control, Control-exercise, CPZ, CPZ-exercise group. CPZ
induced significant weight loss after 1 week of treatment and exercise induced a partial and then a complete recovery in the weight loss induced by CPZ treatment at
the third and the fifth week of experimental design, respectively (one-way ANOVA: CPZ vs CPZ-exercise p < 0.05 week 3, p < 0.01 week 5). C. The grip strength
test performance was not significantly different among groups during the first week, but it was significantly recovered by physical exercise after three weeks (D) and
five weeks (E) of CPZ treatment. (F) Rotarod performance expressed as time (second) to fall off the rod (latency) of CPZ was significantly different in CPZ-exercise
mice compared to Control and CPZ-exercise groups. One-way ANOVA, Tukey post-hoc comparisons: § p < 0.05, §§§ p < 0.001 vs Control-exercise; * p < 0.05, **
p < 0.01, *** p < 0.001 vs Control; ##p < 0.01, ###p < 0.001 vs CPZ.
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sucrose for at least one night. Thirty-micrometer-thick coronal sections
were serially cut on a frozen microtome. One to five sections were taken
to analyze the extent of myelination and inflammatory reaction in the
whole striatum and the area of the genu of the CC (CCG), from bregma
1.34 to 0.14. Slices were permeabilized in PBS with Triton X-100 0.25%
(Tx-PBS). All following incubations were performed in Tx-PBS. To block
unspecific sites, sections were pre-incubated with 10% normal donkey
serum solution for 2 h RT and then incubated with the primary antibody
overnight at +4 °C. Then, after washing, they were incubated with
secondary antibodies for 2 h RT and rinsed. Primary antibodies were
used as following: rat anti-MBP (1:500); mouse anti-CNPase (1:500);
rabbit anti-GFAP (1:500, Dako); rabbit anti-Iba1 (1:500, Wako); mouse
anti-SMI32 (1:500; Covance); rabbit anti-Olig2 (1:500; Abcam); mouse
anti-APC/CC1 (1:500; Millipore). These were used in combination with
the following secondary antibodies: Cy3-conjugated donkey anti-rabbit
(1:200; Jackson); Alexa-488-conjugated donkey anti-mouse or anti-rat
(1:200; Invitrogen). Nuclei were stained with DAPI. Images were ac-
quired using a LSM7 Zeiss or a Nikon TE2000 confocal laser-scanner
microscope with a×4, ×10, × 20 (zoom × 0.5, 1.5) and × 63 ob-
jectives. All images had a pixel resolution of 1024×1024. The confocal
pinhole was kept at 1.0, the gain and the offset were lowered to prevent
saturation in the brightest signals, and sequential scanning for each
channel was performed. Z-stack images were acquired, z-projected and
exported in TIFF file format and adjusted for brightness and contrast as
needed, using ImageJ software.

Brain regions were identified using a mouse brain atlas, and central
slices containing the CC and the striatum in the bregma interval from
1.34 to 0.14 (Fig. 1) were taken to determine the density of Olig2+ and
Olig2+CC1+ in the lateral areas of the CC. For each animal, four
serial sections (one section every five) were processed for immuno-
fluorescence as described above. Z-stacks (10× objective, Z stack in-
terval: 2 μm for a total of twelve slices) were acquired using the same
intensity and exposure time. All images were processed using ImageJ
software and were adjusted for reducing noise by applying background
subtraction as required by the NIH ImageJ. Finally, a projection image
derived from 12 images was product. A ROI (region of interest) was
designed bilaterally around the region of the CC (see Fig. 5) and the
number of Olig2+ or Olig2+CC1+ cells in the ROI was determined.
Data were expressed as cells per mm2.

A 63× objective (zoom: 1×, z-step: 0.36 μm) was used to detect
axons stained with SMI32 antibody. Random field in the CC were
chosen from 4 animals per group.

4.3. Statistical analysis

For WB and qPCR experiments, three to five mice per group were
employed. For behavioral test at least nine mice per group were ana-
lyzed. Throughout the text “n” refer to the number of animals. Data are
presented as mean ± SEM. The significance level was established at
p < 0.05. Differences between two groups were analyzed using two-
tailed unpaired Student's t-test. Multiple comparisons were analyzed by
one-way ANOVA, followed by Tukey's HSD.

5. Results

5.1. Running wheel prevents weight loss and improves motor and
neuromuscular function impairment associated to CPZ treatment

Mice exposed to CPZ develop a progressive disease that results in
body weight loss and motor dysfunction (Hashimoto et al., 2017). To
monitor the effect of exercise on disease progression in the CPZ model,
body weight was measured after one, three and five weeks of treatment.
In line with previous findings, one week of CPZ treatment induced early
weight loss, and exercise induced a partial recovery, even if not sta-
tistically significant (Table 1, Fig. 1B; one-way ANOVA analysis Tukey
post-hoc: Control vs CPZ p < 0.001; Control-exercise vs CPZ

p < 0.01). Sedentary CPZ mice weighed significantly less than Control
and Control-exercise over the course of five weeks of CPZ intoxication,
while CPZ-exercise were significantly different than CPZ at week 3 and
5. In fact, at the third week of treatment the body weight reduction of
CPZ mice was partially recovered by exercise (Table 1, Fig. 1B; one-way
ANOVA analysis Tukey post-hoc: CPZ vs CPZ-exercise p < 0.05; Con-
trol vs CPZ p < 0.001; Control vs CPZ-exercise p < 0.05; Control-ex-
ercise vs CPZ p < 0.001), while after five weeks of treatment, exercise
exerted a remarkable effect inducing a complete recovery of body
weight (Table 1, Fig. 1B; one-way ANOVA analysis Tukey post-hoc:
Control vs CPZ p < 0.001; Control-exercise vs CPZ p < 0.001; CPZ vs
CPZ-exercise p < 0.05).

To investigate the effects of exercise on neuromuscular function, we
assessed the maximal force of the mice using the grip strength test. At
week 1, we did not observe differences in the muscular strength among
the experimental groups (Table 1, Fig. 1C; one-way ANOVA analysis,
Tukey post-hoc comparisons p > 0.05), while at the third week of
treatment CPZ induced significant reduction of the strength of both
fore- and hind-limbs and exercise showed beneficial effect with a
complete recovery of neuromuscular strength (Table 1, Fig. 1D; one-
way ANOVA analysis Tukey post-hoc comparisons: Control vs CPZ
p < 0.01; Control-exercise vs CPZ p < 0.05; CPZ vs CPZ-exercise
p < 0.01). Such beneficial effect of exercise lasted until the fifth week
of CPZ treatment (Table 1, Fig. 1E; one-way ANOVA analysis Tukey
post-hoc: Control vs CPZ p < 0.001; Control-exercise vs CPZ
p < 0.001; CPZ vs CPZ-exercise p < 0.001).

CPZ treatment has been associated with subtle motor dysfunction
detectable at Rotarod test (Ye et al., 2013). To address the therapeutic
effect of exercise on motor coordination, we performed the Rotarod test
at the end of the exercise protocol. Rotarod analyses demonstrated that
mice of the CPZ group had shorter latency to fall compared with both
Control and Control-exercise groups, and, CPZ-exercise animals per-
formed significantly better than CPZ and Control mice (Table 1, Fig. 1F;
one-way ANOVA analysis Tukey post-hoc: Control vs CPZ p < 0.05;
Control vs CPZ-exercise p < 0.01; Control-exercise vs CPZ p < 0.05;
CPZ vs CPZ-exercise p < 0.001), suggesting that voluntary exercise
was effective against typical motor deficits induced by CPZ.

5.2. Voluntary running wheel reduces CPZ-induced demyelination

CPZ induces a highly reproducible demyelination in distinct brain
regions, among which the CC represents the most frequently in-
vestigated white matter tract (Stidworthy et al., 2003). The striatum, an
important area of the basal ganglia involved in motor activity (Grace,
2002), undergoes demyelination during CPZ treatment (Pott et al.,
2009), as well.

We investigated whether physical exercise may have an impact on
demyelination extent in this model. We measured the striatal protein
levels of the myelin basic protein (MBP), marker for myelin, after 3 and
6weeks of CPZ treatment. MBP was shown down-regulated already
after three weeks of CPZ feeding in both the CC and the striatum (Pott
et al., 2009; Hiremath et al., 1998; Stidworthy et al., 2003). In our
experimental settings we found that the loss of MBP protein induced by
3weeks of CPZ feeding was almost recovered by exercise. Indeed, CPZ-
exercise experimental group was not significantly different compared to
both control and CPZ groups (Fig. 2A-A′; MBP/β-actin ratio: Control:
1 ± 0.02, n=3; CPZ: 0.53 ± 0.06, n= 5; CPZ-exercise:
0.79 ± 0.13, n=4; one-way ANOVA analysis Tukey post-hoc: Control
vs CPZ p < 0.05; Control vs CPZ-exercise p > 0.05; CPZ vs CPZ-ex-
ercise p > 0.05). Interestingly, the analysis of striatal samples taken at
the end of the treatment (6 weeks) showed that exercise significantly
attenuated the CPZ-induced loss of MBP (Fig. 2B-B′; MBP/β-actin ratio:
Control: 1 ± 0.14, n=8; CPZ: 0.14 ± 0.02, n=10; CPZ-exercise:
0.44 ± 0.07, n=10; one-way ANOVA analysis Tukey post-hoc: Con-
trol vs CPZ p < 0.001; Control vs CPZ-exercise p < 0.001; CPZ vs CPZ-
exercise p < 0.05). Physical exercise has been reported to affect
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myelination, with various effects according to the analyzed brain area
(Yoon et al., 2016; Tomlinson et al., 2018). For this reason, we assessed
whether physical exercise may induce changes in myelin content per se,
analyzing the protein level of MBP in Control-exercise mice compared
with Control mice. In our experimental conditions and in accordance
with Tomlinson et al. (2018), there were no statistically significant
differences in MBP protein levels between the two experimental groups
after six weeks of treatment (Fig. 2C-C′; MBP/β-actin ratio: Control:
1 ± 0.10, n= 5; Control-exercise: 0.96 ± 0.10, n= 5; Unpaired t-test
p > 0.05).

Next, we performed immunohistochemistry on corticostriatal slices
taken from Control, CPZ and CPZ-exercise mice to support the bio-
chemical studies, and to address the myelination extent in both the CC
and the striatum at week 3 and 6 of the experimental setting. During the
treatment, the CPZ-induced demyelination showed a gradual develop-
ment starting from the lateral areas of both the striatum and the CC to
the medial area of the CC. As shown in Fig. 2D, after 3 weeks of CPZ
feeding myelin loss was evident in the lateral callosal projection and in
the striosomes, the packed myelinated axons, located in the lateral
striatum (Fig. 2D, upper panel, red arrows). At week 6, CPZ induced an
even more significant loss of MBP in the external callosal projection and
external capsule (EC) up to extend to the surrounding white matter area
of the cingulum (CG) (Fig. 2D, low magnification image, middle panel).
At this time-point the striosomes placed in lateral parts of the striatum
were completely demyelinated, while those in the area close to the
lateral ventricle (LV) were less affected, in accordance with previous
data (Pott et al., 2009) (Fig. 2D, red arrows in middle and bottom
panel).

Exercise ameliorated myelin pathology observed in CPZ brains
throughout the period of CPZ feeding. Indeed, running wheel exposure
preserved myelin density in the areas affected by CPZ at week 3 (lateral
callosal projection and striosomes-Fig. 2D, upper panel). Such effect
was remarkably more evident after six weeks of treatment. As shown in
the low magnification images (Fig. 2D, middle panel), exercise in-
creased the staining for MBP in demyelinated areas of CC, CG and
striatum, without inducing gross recovery of MBP labelling in the lat-
eral striatum. At higher magnification it was possible to better ap-
preciate differences in MBP-labelled myelin fibers in both the CC and
the striatum among the three experimental groups. In control slices
myelin fibers were dense and deeply-stained in the CC and the striatum,
while in myelin fibers of the same brain structures of CPZ mice holes
indicative of lack of MBP staining were frequently visible (red arrows).
The pattern of myelin staining was rather preserved in CC and strio-
somes of CPZ-exercise animals.

The 2′,3'-Cyclic-nucleotide 3′-phosphodiesterase (CNPase) is a
myelin protein exclusively expressed by mature oligodendrocyte in the
CNS and considered a marker for myelin forming cells (Bercury and
Macklin, 2015). Moreover, CNPase has been shown to be implicated in
MS pathogenesis, playing a role as an autoantigen (Muraro et al., 2002).
To further confirm the efficacy of physical exercise against an ongoing
demyelination process, we examined CNPase protein levels in the

striatum of Control, CPZ and CPZ-exercise mice. CNPase was already
downregulated after 3 weeks of CPZ feeding and, as observed for MBP,
exercise exerted a beneficial effect with a trend in the recovery of the
protein levels in the analyzed striatal samples (Fig. 3A-A'; CNPase/β-
actin ratio: Control: 1 ± 0.09, n= 4; CPZ: 0.50 ± 0.11, n=5; CPZ-
exercise: 0.89 ± 0.12, n= 4; one-way ANOVA analysis Tukey post-
hoc: Control vs CPZ p < 0.05; Control vs CPZ-exercise p > 0.05; CPZ
vs CPZ-exercise p > 0.05). At week 6, a further significant drop of
CNPase levels in CPZ striatum was observed and voluntary exercise
partially prevented such loss (Fig. 3B-B′; CNPase/β-actin ratio: Control:
1 ± 0.08, n=8; CPZ: 0.09 ± 0.045, n= 7; CPZ-exercise:
0.31 ± 0.035, n= 10; one-way ANOVA analysis Tukey post-hoc:
Control vs CPZ p < 0.001; Control vs CPZ-exercise p < 0.001; CPZ vs
CPZ-exercise p < 0.05). We assessed whether physical exercise could
alter per se CNPase content in striatal lysates, by analyzing the CNPase
levels in Control-exercise and Control mice. In agreement with previous
data (Yoon et al., 2016), no statistically significant differences in pro-
tein levels of CNPase between the two experimental groups could be
detected (Fig. 3C-C'; CNPase/β-actin ratio: Control: 1 ± 0.04, n=5;
Control-exercise: 0.90 ± 0.07, n= 5; Unpaired t-test p > 0.05).

We also evaluated the pattern of expression of CNPase in the CC and
the striatum by IF. In CPZ brains CNPase staining in both areas closely
resembled that observed for MBP in the CC and the striatum at both
time-points (3 and 6weeks) (Fig. 3D). Indeed, significant loss of CNPase
was observed at the level of CC and striatum in CPZ brains and a partial
recovery was found in CPZ-exercise brains already at week 3 (Fig. 3D,
upper panel). At week 6 CNPase staining revealed an extent of de-
myelination in CPZ and CPZ-exercise similar to that detected with MBP
(see yellow arrows in the low magnification image in Fig. 3D, middle
panel). In Fig. 3D areas of CNPase loss and recovery are highlighted by
yellow arrows in CPZ and CPZ-exercise slices, respectively (Fig. 3D,
bottom panel).

5.3. Preventive beneficial effect of exercise on the late recruitment of new
oligodendrocytes (OLs)

Regional differences in the dynamics of OLs differentiation and re-
myelination in response to CPZ have been described (Baxi et al., 2017).
In the midline CC, the number of mature OLs after a consistent reduc-
tion around 3–4weeks of CPZ feeding, raises to normal density at week
6, in coincidence of the spontaneous remyelination, occurring between
week 5 and 6 (Baxi et al., 2017). Notably, such OLs repopulation of the
CC is not followed by a histochemical detection of myelin extent re-
covery, implying an incomplete remyelination which is faster and de-
tectable after CPZ withdrawal from the diet. To account for the myelin
preservation observed at 3 and 6weeks, we assessed the effect of ex-
ercise on OLs loss (3 weeks) and recruitment (6 weeks). We determined
the density of cells expressing the transcription factor Olig2, expressed
in both oligodendrocyte precursor cells (OPCs) and OLs, and the ade-
nomatous polyposis coli CC1 (APC)-CC1, a marker of mature OLs, in the
lateral CC that, based on our previous results, was particularly

Table 1
Behavioral data of mice at week 1, 3 and 5 of the experimental design.

Test Week Control n= 15 Control-exercise n=9 CPZ n=18 CPZ-exercise n=16

Weight (g) 1 18.9 ± 0.340 18.56 ± 0.223 16.31 ± 0.417§§ ⁎⁎⁎ 17.55 ± 0.361
3 20.16 ± 0.374 20 ± 0.303 16.74 ± 0.518§§⁎⁎⁎ 18.31 ± 0.357§#

5 21.25 ± 0.346 21.10 ± 0.294 17.94 ± 0.496⁎⁎⁎§§§ 19.73 ± 0.438#

Grip strength (N) 1 171.5 ± 0.095 162.9 ± 6.868 158.9 ± 6.285 169 ± 6.741
3 179.3 ± 7.524 175.9 ± 10.08 140.5 ± 5.374§⁎⁎ 174.7 ± 7.721##

5 195.5 ± 8.451 217.7 ± 14.13 134.2 ± 7.606§§§⁎⁎⁎ 194.6 ± 9.274###

Rotarod (s) 5 113.6 ± 3.892 119.1± 7.827 82.52 ± 7.091§⁎ 148.7 ± 9.533⁎###

Data are expressed as mean ± sem. Comparison of CPZ and CPZ-exercise to Control * p < 0.05, ** p< .0.01, *** p < 0.001; comparison of CPZ and CPZ-exercise
to Control-exercise §§p < 0.05, §§p<0.01, §§§ p < 0.001; comparison between CPZ and CPZ-exercise # p<0.05, ##p < 0.01, ### p < 0.001. One-way ANOVA
analysis Tukey post-hoc.
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vulnerable to CPZ treatment and partially preserved by exercise. At
week 3 the density of Olig2+ cells was reduced in the CC of CPZ mice
(Fig. 4A-A") and, in both Control and CPZ mice, exercise induced a si-
milar reduction of Olig2+ cells, although the One-way ANOVA statis-
tical test revealed significant differences only between CPZ-exercise and
Control mice (Fig. 4A-A'''; cell density: Control 0.52 ± 0.02 n=3,
Control-exercise 0.39 ± 0.02 n=3, CPZ 0.32 ± 0.06 n=4, CPZ-ex-
ercise 0.28 ± 0.053 n=4; one-way ANOVA analysis Tukey post-hoc:
p < 0.05 CPZ-exercise vs Control). By comparing the number of
Olig2+CC1+ cells among the four experimental groups we observed
that the density of this population was significantly reduced in both
CPZ and CPZ-exercise (Fig. 4A-A"'; cell density: Control 0.19 ± 0.01,
Control-exercise 0.14 ± 0.02, CPZ 0.06 ± 0.01, CPZ-exercise
0.07 ± 0.02; one-way ANOVA analysis Tukey post-hoc: p < 0.01 CPZ
vs Control, p < 0.05 CPZ-exercise vs Control). Surprisingly, the ana-
lysis of cell density in Control-exercise mice highlighted a drop of
Olig2+CC1+ cells in the presence of normal myelin. Based on the
observation that exercise could have an effect per se on this cell popu-
lation, we suggest that in mice fed with CPZ, exercise did not induce a
further drop in Olig2+CC1+ cells, highlighting a reduced loss of
Olig2+CC1+ density in CPZ-exercise group compared to CPZ. This
might explain the finding that in CPZ-exercise the myelin pattern was
more similar to Control and Control-exercise (Fig. 4A', double staining
CC1, red color, and MBP, green color).

At week 6 we found an increase of Olig2+ cells in CPZ CC that, by
one-way ANOVA, was significantly different only from Control-exercise
group (Fig. 4B-B"; cell density: Control 0.51 ± 0.03, Control-exercise
0.27 ± 0.14, CPZ 0.71 ± 0.05, CPZ-exercise 0.51 ± 0.09; one-way
ANOVA analysis Tukey post-hoc: p < 0.05 CPZ vs Control-exercise).
The measure of Olig2+CC1+ density in CPZ mice highlighted a sig-
nificant increase relative to both control groups (Fig. 4B-B"': cell den-
sity: Control 0.15 ± 0.01, Control-exercise 0.08 ± 0.03, CPZ
0.34 ± 0.01, CPZ-exercise 0.21 ± 0.03; one-way ANOVA analysis
Tukey post-hoc: p < 0.01 CPZ vs Control, p < 0.001 CPZ vs Control-
exercise). These data likely reflect the spontaneous OLs repopulation in
the CC occurring at 6 weeks of CPZ, which, however, is unsuccessful by
virtue of the lack of myelin recovery, as highlighted in Fig. 4B' (double
staining CC1, red color, and MBP, green color) and Figs. 2 and 3. In-
terestingly, the recruitment of new OLs in the CPZ-injured region was
milder in CPZ-exercise mice (p < 0.05 CPZ-exercise vs Control-ex-
ercise; p < 0.05 CPZ vs CPZ-exercise), as expected in this experimental
group characterized by the precocious reduced demyelination (Fig. 4B',
double staining CC1, red color, and MBP, green color).

Furthermore, at 6 weeks we observed a gradient of distribution of
the recruited Olig2+CC1+ in the CC with a higher concentration of
the cells in the external part of the CC compared to that close to the LV
and the midline CC (Fig. B). In that zone (yellow Roi in the picture) the
number of Olig2+CC1+ cells in CPZ CC was similar to Control,
confirming previous study (Baxi et al., 2017) and suggesting that at

6 weeks of CPZ feeding in the lateral callosal projection the recruitment
of new OLs is remarkably accelerated compared to other regions of the
CC (Fig. 4B-B"": cell density Control 0.13 ± 0.01, Control-exercise
0.06 ± 0.03, CPZ 0.135 ± 0.02, CPZ-exercise 0.09 ± 0.01; one- way
ANOVA p > 0.05). Importantly, the recruitment of new OLs was lower
in CPZ-exercise compared to CPZ even in this area.

5.4. Running wheel protects against axonal damage in CPZ CC

Together with demyelination, another typical hallmark of MS brain
is axonal damage, characterized by several morphological changes,
including transection, swelling, rearrangements of neurofilaments and
alterations of axonal caliber (Trapp et al., 1998). Similar axonal pa-
thology occurs in the brain of CPZ mice, as well (Gudi et al., 2017).

To study the effects of exercise on axonal pathology of the injured
CPZ brain, we performed IF experiments, using an antibody that se-
lectively labels unphosphorylated neurofilaments, aka SMI32, and that
is a validated marker of neuro-axonal damage (Gudi et al., 2017).
Neurofilaments are the main components of neuronal cytoskeleton in-
volved in axonal transport. In healthy axons they are mostly phos-
phorylated, while the dephosphorylated forms of neurofilaments reside
in dendrites and neuronal soma. Therefore, accumulation of depho-
sphorylated neurofilaments in axons has been linked to pathological
conditions of neuronal degeneration with impaired axonal conduction
(Yuan et al., 2017).

We focused on the lateral callosal projections, where at high mag-
nification SMI32 staining was circumscribed to few myelinated axons in
Control slices (Fig. 5A, double IF for SMI32-red color, MBP-green
color). After 3 weeks of CPZ treatment we could observe an intense
staining for SMI32 and, importantly, in areas of overt demyelination, as
highlighted by the lack of MBP signal. Moreover, axonal interruptions,
typical of pathological axon conduction, could be detected in that area
(yellow arrows) (Fig. 5B). At the same time-point in CPZ-exercise brains
we observed a less intense SMI32 in the presence of a more intense MBP
staining (Fig. 5C, yellow arrows). A week 6, SMI32 staining revealed an
increased staining of the axons for SMI32 in both CPZ and CPZ-exercise
compared to control (in A), with more intense MBP labelling in CPZ
slices. However, SMI32 staining was remarkably higher in CPZ than in
CPZ-exercise, highlighting severe axonal accumulation of depho-
sphorylated neurofilaments (Fig. 5D-E, yellow arrows in the picture).
These data suggest that exercise induced an early protection of axons
during the course of CPZ feeding.

5.5. Astrogliosis is attenuated in CPZ-exercise mice

A typical hallmark of both MS lesions and CPZ-induced demyeli-
nation is the accumulation of reactive astrocytes and microglia within
the damaged CNS areas (Clarner et al., 2012). Astrogliosis and micro-
gliosis have been claimed to play a dual role in myelin disorders,

Fig. 2. Voluntary running wheel lessens demyelination in both the corpus callosum and the striatum of CPZ-treated mice.
A-A'. In the third week, a biochemical study of MBP protein was carried out on striatal protein extracts from control, CPZ and CPZ-exercise mice. Western blot
densitometric analysis shows that the MBP protein level was significantly low in striatal lysates of CPZ compared to control samples and, although not statistically
significant, exercise induced a recovery of MBP levels at this time-point. One-way ANOVA, Post-hoc Tukey comparisons: * p < 0.05. The panel in B-B′ shows that,
after six weeks of treatment, the MBP protein level related to β-actin was significantly increased in striatal lysates of CPZ exercise compared to CPZ samples. One-way
ANOVA; Tukey post-hoc comparisons: * p < 0.05; *** p < 0.001. C-C′. No statistically significant differences in protein levels of MBP between Control and Control-
exercise were observed in WB experiments. Unpaired t-test p > 0.05. D. Coronal sections of Control, CPZ and CPZ-exercise brains were stained with MBP antibody
(green fluorescence). Confocal microscopy images highlight early demyelination after 3 weeks of CPZ feeding, particularly in the lateral callosal projection and the
striosomes placed in lateral parts of the striatum. Running wheel exposure preserved myelin density in the areas affected by CPZ at week 3 (upper panel, scale bar:
50 μm). At week 6, in CPZ-exercise slices MBP staining is preserved in almost the analyzed area with less remarkable effects in the external part of the striatum that is
heavily affected by CPZ treatment. Low magnification images show the extent of demyelination induced by CPZ in the corpus callosum (CC), including the external
capsula (EC), the cingulum (CG), and peripheral area of the striatum and a less intense staining in the lateral part close to the lateral ventricle (LV), (middle panel,
scale bar: 600 μm). Lower panel (high magnification images, scale bar: 10 μm) highlights differences in myelination in the CC and striosomes of Control, CPZ and
CPZ-exercise brains. Compared to Control slices, CPZ reduced the density of MBP-labelled myelin fibers (red arrows indicate lack of MBP staining), while exercise
partially recovered MBP staining. Red arrows in the pictures indicate areas of gross morphological changes and loss of MBP staining. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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meaning that they can participate in both the resolution and the pro-
motion of inflammatory reactions, resulting in myelin repair and da-
mage, respectively (Domingues et al., 2016).

We analyzed the effects of exercise on CPZ-induced astrogliosis. At
week 3 extensive astrogliosis, detected with an antibody against the
astrocyte marker GFAP, was observed in the CC and the striatum of CPZ
mice and the effects of exercise seemed to be moderate and variable in
both areas (Fig. 6A). WB data for GFAP confirmed this observation
(Fig. 6B-B'; GFAP/β-actin ratio Control: 1 ± 0.15, n= 4; CPZ:
10.24 ± 2.0, n=5; CPZ-exercise: 8.33 ± 2.15, n= 5; one-way
ANOVA analysis Tukey post-hoc: Control vs CPZ p < 0.05; Control vs
CPZ-exercise p < 0.05; CPZ vs CPZ-exercise p > 0.05). At week 6 IF
experiments showed that astrogliosis was still strongly high in CPZ
brains, in line with previous findings (Skripuletz et al., 2013), and
partially reduced in CPZ-exercise brains (Fig. 6C, red staining for
GFAP). WB experiments supported the histochemical evaluation, re-
vealing the significant effect of exercise in dampening astroglia reac-
tion, although the degree of reduction was about 5% (Fig. 6D-D'; GFAP/
β-actin ratio Control: 1 ± 0.65, n= 8; CPZ: 29.89 ± 1.28, n=10;
CPZ-exercise: 24.56 ± 1.62, n=10; one-way ANOVA analysis Tukey
post-hoc: Control vs CPZ p < 0.001; Control vs CPZ-exercise
p < 0.001; CPZ vs CPZ-exercise p < 0.05).

Both astroglia and microglia contribute to foster the local in-
flammatory reaction in MS lesions and CPZ brains, by releasing soluble
mediators. By qPCR we analyzed the expression of cytokines (TNF, IL-
1β) and chemokines (TGF-β, CXCL12 and CXCL10) in striatal samples
taken at week 3 and 6 of the experimental design. As expected, the
mRNAs of the above molecules were significantly increased in the CPZ
group compared to both Control and Control-exercise group during the
whole CPZ challenge span, except for CXCL12 (Table 2). Among the
inflammatory mediators analyzed, only CXCL10 was significantly re-
duced by exercise at week 6 (Table 2).

5.6. Exercise significantly lessens microgliosis in CPZ brains

Next, we analyzed the effect of exercise on microglia activation
during the time-course of CPZ treatment. Brain slices were stained with
an antibody raised against Iba1, marker of microglia/macrophage. As
expected, an extensive staining for Iba1 was evident in CPZ brain slices,
and exercise elicited a strong inhibitory effect, as highlighted in the IF
images in Fig. 7A (red color Iba1). The life cycle of microglia includes
the shift from a resting phenotype under normal circumstances to ac-
tivated or reactive states (Lynch, 2009). At this time-point, in both
experimental groups cells intensely stained for Iba1 and with a mor-
phology resembling amoeboid/phagocytic microglia (activated micro-
glia) were found in the whole CC, although they were less frequently
observed in CPZ-exercise brains (round shaped Iba1+ cells highlighted
by yellow arrows and inset on the right in Fig. 7A), while less-intensely
stained cells were more frequent in CPZ-exercise (yellow arrows and
inset on the right in Fig. 7A). Of note, at this time-point in the lateral
callosal projections of CPZ brains, already depicted in Fig. 4A', ex-
tensive microgliosis was associated with areas of myelin loss (Fig. 7A',
yellow arrows in MBP staining). In the same area of CPZ-exercise slices
a reduced microglia activation was observed in association with less

damaged myelin (Fig. 7A').
At week 6 the IF analysis of Iba1 (red staining in the picture)

showed a reduced microgliosis in CPZ compared to 3-week CPZ in line
with previous data showing a reduction of microglia at 6 weeks of CPZ
feeding (Skripuletz et al., 2013). Even at this time-point exercise sig-
nificantly attenuated microgliosis (low magnification image in upper
panel in Fig. 7B). Moreover, while resting microglia (with elongated
and ramified processes) was clearly visible in Control slices (bottom
panel in Fig. 7B), microglia phenotype in CPZ more likely resembled
those of intermediate states of activated microglia, with an increase in
cell body and thickness of elongations, both intensely stained. CPZ-
exercise microglia showed a less intense staining compared to CPZ,
likely indicating a different or alternative activated state (Lynch, 2009).
Moreover, WB experiments performed on striatal lysates taken at
6 weeks supported the IF analysis, showing that Iba1 levels were re-
duced by half in CPZ-exercise striata (Fig. 7C-C′; Iba1/β-actin ratio:
Control: 1 ± 0.09, n=4; CPZ: 6.04 ± 1.03, n=4; CPZ-exercise:
3.12 ± 0.49, n=5; one-way ANOVA analysis Tukey post-hoc: Control
vs CPZ p < 0.001; Control vs CPZ-exercise p > 0.05; CPZ vs CPZ-ex-
ercise p < 0.05).

6. Discussion

In the present investigation we provided first evidence for the
beneficial effects of voluntary exercise during toxic central demyeli-
nation. Voluntary running wheel was able to prevent motor activity
deficits and weight loss induced by CPZ feeding, suggesting improved
well-being. Functional recovery promoted by exercise was linked to
limited myelin destruction and loss of myelin-associated proteins in
white matter tracts of the CC, the CG and the striatum and reduced
axonal pathology. Moreover, exercise significantly attenuated innate
immune response, namely microgliosis and, to a lesser extent, astro-
gliosis.

In rodents, behavioral experiences, including exercise, have been
convincingly associated with significant brain anatomical changes in
terms of weight and size, hippocampal neurogenesis and synaptogen-
esis (van Praag et al., 2000), and synaptic plasticity (Patten et al.,
2013). The effects of exercise may depend on the experimental para-
digms used. Indeed, while forced exercise, like treadmill training, may
induce stress that, in turn, may act as a confounding factor, voluntary
running wheel is considered devoid of the stressful components and
represents a good tool to investigate brain activity changes under
physiological and pathological conditions. Notably, voluntary exercise
has been shown to attenuate clinical and pathological hallmarks in
animal models of neurological disorders, including Parkinson's Disease
(PD) (Klein et al., 2016), Hungtinton's Disease (HD) (Herbst and
Holloway, 2015), Alzheimer's Disease (AD) (Tapia-Rojas et al., 2016)
and Rett Syndrome (Kondo et al., 2016). In the context of MS, several
paradigms of forced and voluntary exercise have been used to address
the effects of physical training on disease course in the MS mouse
model, EAE. In particular, voluntary exercise and environmental en-
richment (EE) have been tested in EAE (Rossi et al., 2009; Benson et al.,
2015; Bonfiglio et al., 2018) and both experimental settings have been
found to ameliorate clinical score and, importantly, to prevent synaptic

Fig. 3. Voluntary running wheel attenuates CNPase down-regulation in both the striatum and the corpus callosum of CPZ-treated mice.
A-A'. Representative blot showing CNPase and β-actin bands of Control, CPZ and CPZ-exercise striatal lysates, taken after 3 weeks of treatment. Band densitometry
shows that 3-weeks voluntary exercise induced a strong trend in the recovery of the protein levels in the CPZ striatum. One-way ANOVA, Tukey post-hoc com-
parisons: * p < 0.05. B, B′. Blot image and densitometric analysis show that six weeks of voluntary exercise significantly attenuated the loss of protein expression of
CNPase induced by CPZ. One-way ANOVA, Tukey post-hoc comparison: * p < 0.05; *** p < 0.001. C-C′. No statistically significant differences in protein levels of
CNPase between Control and Control-exercise groups were detected. Unpaired t-test p > 0.05. D. CNPase antibody was used to stain oligodendrocytes at the level of
CC, CG and striatum. At week 3, CNPase staining (red fluorescence) is less intense in both the CC and the striatum of CPZ mice compared to both Control and CPZ-
exercise slices (upper panel, scale bar: 50 μm). High magnification images of brains taken at 6 weeks show the extent of CNPase staining, which closely resembles that
of MBP in all the experimental groups (middle panel, scale bar: 400 μm). The recovery in CNPase staining is highlighted in high magnification images in the bottom
panel (scale bar: 50 μm). Yellow arrows in the pictures indicate areas of gross morphological changes and loss of CNPase staining. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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defects in the striatum and the cortex of EAE mice (Rossi et al., 2009;
Bonfiglio et al., 2018). However, the effects of such kind of natural
behavioral experiences on the demyelination induced by EAE is still
elusive. In CPZ mice epigenetic mechanisms involving increased ex-
pression of histone deacetylases 1/2 (HDAC1/2) have been postulated
to drive the pro-remyelinating effects of environmental enrichment
initiated after 6-week CPZ-intoxication (Zheng et al., 2017). It should
be noted that the ability of exercise to influence myelination under
physiological and pathological conditions is still poorly investigated
(Tomlinson et al., 2016).

Several lines of evidence indicate that voluntary running wheel can

promote myelin plasticity, by inducing the proliferation and/or differ-
entiation of OPCs, by promoting the terminal differentiation of im-
mature OLs into mature OLs or by improving myelination of existing
OLs (Tomlinson et al., 2016). Here we found that exercise did not
change MBP and CNPase levels in control mice, in line with results
obtained by Tomlinson et al. (2018) in experimental conditions similar
to ours (female mice, housed 2 per cage, voluntary running wheel
started at age 8 weeks). Conversely, exercise partially recovered MBP
and CNPase loss in white matter tracts typically affected by CPZ, such
as the CC, the CG and the striatum already after 3 weeks of CPZ feeding
and up to 6 weeks of treatment, suggesting that during a toxic-

Fig. 4. Effects of exercise on Olig2+ and Olig2+CC1+ and MBP over the course of CPZ treatment.
A-B. Representative confocal micrographs illustrating the density of cells double labelled for CC1 (red) and Olig2 cells (green) in the CC at 3 and 6 weeks of treatment.
Two areas were counted, one including most of the lateral CC (white Roi area on both sides) and the other one close to the LV (orange Roi area on both sides of the
CC). A. The images show the density of Olig2+ and Olig2+CC1+ cells at 3 weeks in CC of Control, Control-exercise, CPZ, and CPZ-exercise mice (Scale bar:
100 μm). Inset on the right refers to the white boxes (Scale bar: 20 μm). A, A". The density of Olig2+ cells was reduced in CC of Control-exercise, CPZ, and CPZ-
exercise mice with a significant difference between CPZ-exercise and Control mice. A, A"'. The number of Olig2+CC1+ cells was significantly reduced in both CPZ
and CPZ-exercise compared to Control. B. The images show the density of Olig2+ cells at 6 weeks in CC of Control, Control-exercise, CPZ, and CPZ-exercise mice
(Scale bar: 100 μm). Inset on the right refers to the white boxes (Scale bar: 20 μm). B, B″. Counting shows an increased density of Olig2+ cells in CPZ that was
significantly different compared to Control-exercise group. B-B″' At 6 weeks, CPZ induced an increase in the number of OLs (Olig2+CC1+) that is attenuated by
exercise. B-B″''. The histogram, referred to the counting performed in the orange Roi area, highlights no significant differences among groups, but a clear trend of
reduction of Olig2+CC1+ cells induced by exercise in both Control and CPZ mice. A'-B′. In A' and B' images highlight the distribution of CC1+ cells (red) in the
external part of the CC area labelled with MBP (green) at 3 (A') and 6 (B′) weeks (Scale bar: 20 μm).
One-way ANOVA, Tukey post-hoc comparisons: * p < 0.05, ** p < 0.01 vs Control; # p < 0.05 vs CPZ; § p < 0.05, §§§ p < 0.001 vs Control-exercise. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Axonal pathology is ameliorated in CPZ-exercise CC.
Coronal slices from Control, CPZ and CPZ-exercise brains were stained with anti-SMI32 (red color) and MBP (green color) to assess the effect of exercise on axonal
damage during the course of CPZ. In A example of SMI-32-MBP staining in the lateral callosal projections, showing the presence of few MBP+SMI32+ axons
(merge). SMI32 staining is significantly increased in CPZ at both 3 (B) and 6weeks (D). At 3 weeks in CPZ CC typical signs of axon conduction impairment are evident
and highlighted by yellow arrows (B) in unmyelinated areas. In CPZ-exercise CC axonal damage is lessened at both time-point (C-E) compared to CPZ. Scale bar:
10 μm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

G. Mandolesi, et al. Neurobiology of Disease 129 (2019) 102–117

112



demyelination insult exercise activates mechanisms/pathways aimed to
increase/protect myelin content.

To this respect, at both time-points we observed an attenuated ax-
onal pathology, which is known to occur during the course of CPZ and

which is a typical hallmark of MS brains (Schultz et al., 2017). Axonal
pathology, meaning the accumulation of SMI32+ axons in lateral cal-
losal projection areas, was lessened in CPZ-exercise brains compared to
CPZ, even early in the disease course and in the presence of increased

Fig. 6. Effects of exercise on astrogliosis during CPZ.
A. Immunofluorescence for GFAP marker (red color in the picture) was performed to assess astrogliosis in the CC and the striatum of mice at 3 weeks. Significant
astrogliosis is observed in both areas of CPZ animals. Exercise had a slight effect on astrogliosis in both areas. Scale bar: 100 μm. B-B′ WB of total lysates were
performed to assess GFAP content (≈51 kDa band on the blot, A) in Control, CPZ and CPZ-exercise groups at week 3. Densitometric analysis of the bands in B′,
normalized to β-actin, reveals that CPZ treatment led to a significant increase in the level of GFAP with negligible effects of exercise. One-way ANOVA, Tukey post-
hoc comparisons: ** p < 0.05. C. Astrogliosis was assessed by IF at 6 weeks of the experimental design. GFAP staining was slightly attenuated by exercise. Scale bar:
100 μm. D-D': WB of 6-week striatal samples confirmed IF observations. GFAP levels normalized to β-actin were significantly reduced in CPZ-exercise mice compared
to CPZ. One-way ANOVA, Tukey post-hoc comparisons: ** p < 0.05, *** p < 0.001. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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myelin. Of note, disturbances in axonal conduction have been linked to
the degree of disability and disease progression in MS (Singh et al.,
2017). In this respect, it is worth pointing out that the data of myelin
and axonal preservation were associated with functional recovery ob-
served in CPZ mice during exercise protocol, providing evidence for the
therapeutic efficacy of the voluntary exercise. Indeed, at Rotarod test
motor coordination deficits typical of CPZ mice were significantly im-
proved by exercise at the end of the experimental design. Furthermore,
exercise prevented the early weight loss associated to CPZ and neuro-
muscular deficits in terms of fore- and hind-limbs strength by the third
week of treatment.

Myelination and remyelination rely on several complex mechanisms
of OPCs differentiation through different stages into mature myeli-
nating OLs (Bercury and Macklin, 2015). We explored the possibility
that exercise could protect OLs against CPZ-induced loss during the
acute phase of OLs death (3 weeks) and/or promote differentiation
during the spontaneous remyelinating phase of CPZ model (between 5
and 6weeks). At 3 weeks, where there is a consistent loss of mature
OLs, exercise seemed to have per se an effect on these cell population
that lasted in chronic (6 weeks). We might suppose that exercise can
favor the terminal differentiation of OLs in both healthy and patholo-
gical conditions, by down-regulating Olig2 in OLs. Indeed, it has been
proposed that the downregulation of the lineage marker Olig2 induces
the terminal differentiation of OLs in myelinating OLs (Mei et al.,
2013). Mei and colleagues elegantly demonstrated that ablation of
Olig2 in OPCs significantly reduced the number of differentiated CC1+
cells, resulting in hypomyelination, while the deletion of the Olig2 gene
in immature OLs significantly enhanced the myelinating phenotype of
mature OLs and resulted in improved remyelination during a 6-weeks
CPZ treatment. Moreover, it has been reported that CC1 may not label
the myelinating OLs (Boda et al., 2011). These data might reconcile our
results of Olig2+CC1+ counts in animals undergoing exercise with
the normal myelin content observed in Control-exercise and the par-
tially preserved myelin of CPZ-exercise, respectively. This suggests that
during the phase of maximal OLs loss caused by CPZ (3 weeks), exercise
may preserve or enhance the density of fully myelinating OLs. This
hypothesis might apply also to results obtained at 6 weeks, where a
reduced recruitment of new OLs was observed in CPZ-exercise com-
pared to CPZ mice. Another possibility is that the early preservation of
myelin exerted by exercise might recruit less OLs during the sixth week
of CPZ treatment. Indeed, at this time-point we highlighted an over-
production of new OLs in CPZ CC and particularly evident in the lateral
CC, that is highly sensitive to CPZ-induced damage (Pott et al., 2009,
present study). During the phase of spontaneous remyelination, the
strong damage caused by CPZ in this area may promote a more efficient
recruitment of OPCs that, however, turns into an unsuccessful

myelination. In contrast, in CPZ-exercise the density of new OLs was
similar to control and significantly lower compared to CPZ, in the
presence of increased myelin density, likely as the consequence of the
early prevention of myelin loss induced by exercise.

Another important finding of our study is that exercise attenuated
astrogliosis and to a much larger extent microgliosis in both the CC and
the striatum. In CNS, activation of microglia and astrocytosis are im-
portant components of the lesion environment that can impact de-
myelination process, and these cells have been crucially involved in
demyelination/remyelination processes during CPZ (Gudi et al., 2014).
The role of astrocytes in the CPZ model is still not completely eluci-
dated. It has been demonstrated that activation of astrocytic NF-κB can
lead to oligodendrocyte damage; on the contrary, attenuation of NF-κB
signaling has been found protective against myelin loss, pro-in-
flammatory response, and reactive gliosis (Raasch et al., 2011; Brück
et al., 2012). Experiments of selective glial ablation in CPZ mice have
clearly demonstrated that astrocytes recruit microglia via CXCL10 to
perform myelin debris removal, suggesting that microglia can promote
remyelination (Skripuletz et al., 2013). In contrast, it has been sug-
gested that microglia, recruited by soluble mediators released by as-
trocytes, actively participates to demyelinating events (Plant et al.,
2005). In our study we observed a minor effect of exercise on astro-
gliosis, which was significant only at week 6 of CPZ treatment in co-
incidence of a reduction of CXCL10 (qPCR). Moreover, we could not
detect significant differences in terms of cytokines and chemokines in
striatal lysates of CPZ and CPZ-exercise, suggesting that, at least limited
to the analyzed molecules, the inflammatory milieu was not affected by
exercise. However, the striking effect of exercise on microglia observed
already at 3 weeks underlies the possibility that exercise acts on mi-
croglia independently of the astroglia-microglia axis, in particular at
week 3. Moreover, we cannot rule out that exercise creates a less toxic
environment even before the point of maximal accumulation of mi-
croglia corresponding to 3–4weeks of CPZ intoxication, leading to the
reduced recruitment of microglia already at this time-point. This hy-
pothesis is supported by the finding that in CPZ-exercise myelin content
is preserved even at 3 weeks, suggesting a protective role of exercise.
Together with data from myelin studies, we suggest that the reduced
myelin damage promoted by exercise might limit the recruitment of
microglia in the damaged white matter area. This, in turn, might lay the
ground for the less recruitment of new OLs during the late phase of CPZ
feeding.

7. Conclusions

In conclusion, our study demonstrates that voluntary exercise has an
impact on the main pathological hallmarks of CPZ mice and likely in

Table 2
qPCR results of striatal cytokines and chemokines at week 3 and 6 of the experimental design.

Week 3 Control n= 5 Control-Exercise n= 5 CPZ n=5 CPZ-Exercise n= 4

Cytokines TNF 1.02 ± 0.10 1.07 ± 0.15 8.56 ± 1.62 ⁎⁎⁎§§§ 10.35 ± 0.27⁎⁎⁎§§§

IL-1β 1.06 ± 0.17 1.28 ± 0.05 13.36 ± 0.98⁎⁎⁎§§§ 12.02 ± 1.57⁎⁎⁎§§§

Chemokines TGF-β1 1.00 ± 0.05 0.99 ± 0.06 1.64 ± 0.08⁎⁎⁎§§§ 1.59 ± 0.08⁎⁎⁎§§§

CXCL12 1.01 ± 0.07 1.06 ± 0.08 0.98 ± 0.06 0.93 ± 0.05
CXCL10 1.01 ± 0.07 0.61 ± 0.11 21.60 ± 2.30⁎⁎⁎§§§ 20.70 ± 1.58⁎⁎⁎§§§

Week 6 Control n= 3 Control-Exercise n= 3 CPZ n=4 CPZ-Exercise n= 4

Cytokines TNF 1.51 ± 0.82 0.30 ± 0.05 4.30 ± 0.39§§ 5.18 ± 0.91⁎§§

IL-1β 1.30 ± 0.67 0.78 ± 0.19 15.24 ± 3.79⁎§ 17.82 ± 3.61⁎§

Chemokines TGF-β1 1.08 ± 0.32 0.85 ± 0.06 2.42 ± 0.13⁎⁎§§§ 2.44 ± 0.20⁎⁎§§§

CXCL12 1.03 ± 0.17 0.95 ± 0.06 0.83 ± 0.06 0.93 ± 0.05
CXCL10 1.12 ± 0.40 1.90 ± 0.67 32.01 ± 4.74⁎⁎⁎§§§ 19.75 ± 0.47⁎⁎§§#

Data are expressed as mean ± sem. Comparison of CPZ and CPZ-exercise to Control * p < 0.05, ** p < 0.01, *** p < 0.001; comparison of CPZ and CPZ-exercise
to Control-exercise §p < 0.05,§§ p<0.01, §§§ p < 0.001; comparison between CPZ and CPZ-exercise #p<0.05, ##p < 0.01, ### p < 0.001. One-way ANOVA
analysis, Tukey post-hoc.
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MS, namely demyelination, axonal pathology, microgliosis and astro-
gliosis, independently of the peripheral immunomodulation. By trans-
lating our results to human pathology and management, our data sug-
gest that promoting MS patient engagement in physical activity tightly
tailored to their degree of disability represent a good non-pharmaco-
logical tool to control disease progression.
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