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Low-field magnetic stimulation improved cuprizone-induced
depression-like symptoms and demyelination in female mice
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Abstract. Depression is a common and disabling comorbidity
of multiple sclerosis (MS), with currently no clear guidelines
for treatment. Low-field magnetic stimulation (LFMS), a
novel non-invasive neuromodulation intervention, has been
previously demonstrated to rapidly alleviate mood disorders.
The aim of the present study was to investigate the effects of
LFMS on depression-like behaviors and demyelination in a
well-established mouse model of MS. C57BL/6 female mice
were fed a 0.2% cuprizone (CPZ) diet for 3 or 6 weeks to
induce acute demyelination. During this time, the mice were
treated with either sham or LFMS for 20 min/day, 5 days/week.
After 3 or 6 weeks of treatment, behavior was assessed with
the open field task, Y-maze and the forced swim test. The
prefrontal cortex and hippocampus were then collected to
perform immunohistochemistry and western blot analysis to
verify myelination status. The CPZ diet did not cause signifi-
cant locomotor deficits; however, working memory, measured
using the Y maze, depression-like behavior and adaptive
learning, assayed using the forced swim test, were significantly
impaired in these animals. LFMS treatment demonstrated a
significant antidepressant-like effect and markedly attenuated
the CPZ-induced demyelination in the prefrontal cortex after
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3- and 6-weeks of treatment, as observed by changes in myelin
basic protein immunostaining and western blot analysis.
Therefore, the results of the present study indicated that LFMS
may be a promising therapy for demyelinating diseases due
to the improvement of depressive symptoms via regulation of
myelination in cortical areas.

Introduction

Multiple sclerosis (MS) is an inflammatory, demyelinating
and neurodegenerative disease of the central nervous system
(CNS) (1,2). It is estimated that a total of 2.8 million people
live with MS worldwide (35.9 cases per 100,000 globally);
representing a significant socioeconomic impact (3). MS is the
main cause of disability in young adults (20-40 years old) and
is one of the leading causes of neurological disability in this
age group (4). Depression is a common and significant comor-
bidity in MS (5), whereby ~50% of patients with MS will
experience major depression and disease-related psychosocial
challenges (6). Depression and the associated symptoms,
including fatigue and anxiety, are strong determinants of a
patients quality-of-life with MS (6), with depression in patients
increasing the risk of suicidal ideation and death by suicide
in this population (7,8). Treating depression in patients with
MS is a challenge and there is therefore an urgent need for
effective, safe and better-tolerated therapies for depression in
patients with MS (9).

Moreover, another disabling consequence of MS is
cognitive impairment (CI). This can affect 40-70% of patients
at any time throughout disease progression (10,11). Attention,
working memory and executive function are commonly
affected in patients with MS (12,13). Disease-modifying
therapies, memory-enhancing agents, physical exercise and
cognitive restraint have demonstrated limited and inconsistent
benefits (11,14). As a result, efficient treatments for depression
and CI in patients with MS are urgently needed.

Rodent models to study MS are generally divided into
autoimmune, viral-induced and toxin-induced models (15).
The cuprizone (CPZ) model has been widely used to study
demyelination and remyelination in the context of MS (16),
as it is capable of recapitulating the demyelination-induced
reorganization of brain circuitry observed in patients with
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MS (16,17). Previous CPZ studies have demonstrated memory
impairment and depression like-symptoms following a CPZ
diet of 5-6 weeks (18-20). Hence, strategies that promote
intrinsic repair of myelin may help restore brain function and
consequently alleviate depression and improve cognition in
animal models, and ultimately, patients with MS.

In the present study the effects of a novel technology that
delivers low-intensity magnetic stimulation to multiple cortical
areas (21), called low-field magnetic stimulation (LFMS), were
investigated. Over 25 years ago, a population of individuals
with bipolar disorder, reported mood improvements following
a magnetic resonance spectroscopic imaging procedure (22).
Since then, numerous studies have sought to investigate the
ability of magnetic stimulation on neuromodulation (23-26).
LFMS is of interest as a non-invasive neuromodulation therapy,
which has been shown to rapidly improve mood in patients
diagnosed with depression (27). In our previous study, we
demonstrated that 40 Hz LFMS restored cognitive and motor
functions in an animal model of traumatic brain injury (28)
and enhanced the differentiation of oligodendrocyte progenitor
cells in vitro (29). More recently, LFMS stimulation has been
reported to promote myelin repair in the prefrontal cortex
(PFC) and improves cognition and depression-like symptoms
in a chronic CPZ mouse model (30). Together, these findings
support the hypothesis that LFMS will improve depressive
symptoms and CI, while restoring demyelination in an acute
CPZ-induced mouse model of MS.

In the present study, we aimed to investigate locomotor
activity, working memory, depression-like behavior and
adaptability following a 3- or 6-week CPZ diet with concur-
rent sham or LFMS treatment. Following the behavioral
analysis, the levels of demyelination within the PFC and
hippocampus (HPC) were examined through immunostaining
and immunoblotting for myelin-basic protein (MBP).

Materials and methods

Animals. Female C57BL/6 mice (age, 7 weeks; weight,
18-20 g) were purchased from Charles River Laboratories,
Inc. and were acclimatized for one week in the vivarium
(12 h light-dark cycles; 22+0.5°C at 60% humidity; ad libitum
access to food and water). As MS is predominantly diagnosed
in women, we chose to complete our experiments in female
mice (31,32). Furthermore, a previous study examining sex
differences in a CPZ model of C57BL/6 mice demonstrated no
differences in terms of demyelination (33). All animal proce-
dures were performed in accordance with the guidelines of
the Canadian Council on Animal Care (34,35) and approved
by the University of Saskatchewan's Animal Research Ethics
Board in 2016 (Saskatoon, Canada; approval no. 20160103).

Experimental design and CPZ treatment. After the acclima-
tization period, mice were randomly divided into four groups
in a 2x2 experimental design: Normal diet healthy mice with
either sham treatment (CTL) or LEMS treatment (LFMS) and
CPZ-treated mice received either the sham treatment (CPZ)
or LFMS treatment (CPZ + LEMS). CPZ was purchased from
Sigma-Aldrich (Merck KGaA). The CPZ groups received
rodent chow supplemented with 0.2% CPZ for 3 or 6 weeks
to induce acute demyelination. The effect of LFMS treatment

was studied at two time points: i) After 3 weeks CPZ diet,
marking the peak inflammatory response within the brain;
and ii) at the end of 6 weeks, when acute demyelination is
fully established (36). At the end of week 3, half of the mice
from each group underwent behavioral tests followed by
euthanasia, the remaining animals were treated until the end
of week 6, at which point they underwent behavioral analysis
and were euthanized (the experimental design is presented in
Fig. 1A). For immunohistochemistry, a deep plane of surgical
anesthesia was induced at 5% isoflurane and the mice were
maintained in this state with 2% isoflurane. Deep anesthesia
was confirmed by loss of pedal reflexes prior to the perfusion
of 1X PBS followed by 4% paraformaldehyde via transcardiac
injection through the left ventricle of the heart. The animals
were maintained in a deep surgical plane of anesthesia until
death was confirmed by cessation of breathing, no palpable
heartbeat and pale/blue/grey colored mucous membranes. For
protein extraction and western blotting, a deep plane of surgical
anesthesia was reached as described prior to decapitation,
tissue dissection and collection of the specified brain regions.

LFMS treatment. The LFMS device is composed of two
360 mm-diameter coils and a control center that generates
intermittent gamma stimulation waves (Beijing Antis Biotech
Co., Ltd.). The LFMS parameter settings were based on our
previous in vivo and in vitro studies (28-30,37). Briefly, the
magnetic field alternated every 2 min between approximate
and linear gradients. Cycles consisting of 2 sec on and 8 sec
off were applied for 20 min. Every 2-sec output was composed
of 80 trains of stimulation, producing a 40-Hz rhythm. Each
train had 6 pulses (6 msec) at 1,000 Hz frequency and 19 msec
intervals. The maximal magnetic flux density was less than
2 mT and the peaked induced electric field was less than
0.5 V/m.

Following the removal of any metal components, mice
in their home cages were placed on the LFMS device and
received 20-min of LFMS treatment daily, 5 days a week
(Monday to Friday) for 3 weeks and up to 6 weeks. Animals in
the sham group underwent the same treatment routine without
LFMS stimulation.

Behavioral tests

Open Field Test (OFT). The OFT is frequently used to assess
a rodent's locomotor activity and anxiety levels in an open
space (38). Briefly, mice were placed in the center of a white
PVC plastic box (50x50x38 cm; built in house) and allowed
to freely explore the apparatus for 5 min. The surface of
the box was divided into 25 equal squares. In the middle,
nine squares were appointed as the central zone and the
remaining squares adjacent to the wall were designated the
peripheral zone using ANY-maze software (version 6.35;
Stoelting Co.). The following parameters were collected for
each mouse during the test: the time spent in the central and
peripheral zones (sec), the total distance travelled (m), the
mean freezing score and the mean speed velocity (mm/sec).
The OFT data were quantified using ANY-maze tracking
system software.

Y-maze spontaneous alternation test. The Y-Maze is widely
used to evaluate spatial working memory (39) and has been
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Figure 1. Schematic representation of the experimental procedures. Groups of mice were fed and treated as follows: Control group were fed with a normal diet
(0% CPZ) + sham treatment; LFMS mice group were fed with a normal diet (0% CPZ) + LEMS treatment; CPZ mice were fed with a CPZ diet (0.2% cupri-
zone) + sham treatment; and CPZ + LFMS mice group were fed with cuprizone diet (0.2% cuprizone) + LEMS treatment. Behavioral tests were performed
after 3 and 6 weeks of treatment (week 4 and 7, respectively) follow by euthanasia and brain collection. CPZ, cuprizone; LEMS, low-field magnetic stimulation;

WB, western blotting; IHC, immunohistochemistry.

previously used to detect memory deficits in CPZ models
in numerous studies (18,30,40,41). Mice exhibiting normal
behavior remember the arm they have already explored and
will enter one of the other arms of the maze (19). The Y maze
apparatus was built in house and previously described (19,30).
Briefly, each mouse was placed at the end of arm A and allowed
to freely explore all three arms for 5 min. The number and
sequence of arms entered was evaluated and the results were
calculated as the percentage of the spontaneous alternations
(%)=(number of alternations)/(total number of arm entries-2)
x100 (19). If a mouse re-entered an arm immediately after
exiting it but before entering another arm, it was not counted
as a separate entry and was not included in the final analysis. If
an animal entered <8 arms throughout the duration of the test,
the animal was excluded from statistical analysis to avoid the
potential effect that low numbers of entries may have on the
spontaneous alternation score (42). Distance travelled (m) was
measured during the test and used as a measure of mobility.
The Y-maze data were quantified using ANY-maze tracking
system software.

Forced Swim Test (FST). The FST is one of the most
commonly used animal models for assessing antidepres-
sion-like behavior (43) and has been used to test the efficacy
of existing and novel antidepressant drugs (44). The FST test
is based on the assumption that when a rodent is placed in
a container filled with water it will first attempt to escape,
but will eventually stop or become immobile, reflecting a
measure of ‘behavioral despair’ (45). While there has been
controversy regarding the use of the forced swim test in
mice (46), numerous studies have utilized this behavior
assay in mice and have concluded that this test can be used
with good reliability (47,48). Behavioral despair analysis is
usually measured after one FST. The FST can also be used to
measure adaptive learned behavioral responses, behaviors that
promote survival and coping skill abilities (49,50). Repeated
exposure to the FST can progressively increase the passive
coping strategies evidenced by floating behavior (immobility
time) over time (49,50). The shift from active (climbing and
swimming) to passive (floating) coping strategies is a normal
response in rodents repeatedly exposed to an inescapable
water environment, where animals deficient in their adaptive
response will continue to struggle (50).

On the third day of the week following the 3-week treat-
ment, mice were individually placed in a plexiglass cylinder
(10 cm internal diameter, 20 cm high) filled with water to a
depth of 10 cm (25-26°C). Each mouse was allowed to swim
for 6 min; however, total immobility time was only recorded
for the last 5 min of the session to analyze depression-like
behavioral despair. Mobility time was measured using a
stopwatch by researchers blinded to experimental conditions.
The mobile time was then subtracted from the total test time
of 300 seconds to determine the immobility time. To analyze
adaptive learned behavioral responses and long-term memory
coping skills, mice were tested 24 h after the initial FST.
A third and fourth test were run 24 h apart following the
completion of the 6-week treatment.

Immunohistochemistry. Perfused brains were cut into 30 ym
sections coronally using the Leica Vibrating Microtome
(model VT1200; Leica Microsystems, Inc.). Floating sections
were quenched with 0.3% hydrogen peroxide in 0.01 M PBS
at room temperature (RT) for 30 min to remove endogenous
peroxidase activity. The sections were subsequently incubated
in 0.01 M PBS with 10% goat serum (Abcam) blocking solu-
tion for 1 h at RT and then incubated overnight with rabbit
anti-myelin basic protein (MBP; 1:250; cat. no. 78896; Cell
Signaling Technology, Inc.) primary antibody diluted in the
blocking solution. After washing in 0.01 M PBS, the sections
were incubated with goat anti-rabbit IgG biotin-conjugated
secondary antibody (1:1,000; cat. no. BA-1000-1.5; Vector
Laboratories, Inc.) for 1 h at RT. The Avidin-Biotin Complex
Kit (cat. no. PK-6100; Vector Laboratories, Inc.) was used
according to manufacturer's instructions and visualized
by incubating for 1-2 min at room temperature in DAB
chromogen (Sigma-Aldrich; Merck KGaA), monitoring for
color development.

Image analysis. All images were obtained using an Aperio
Scanscope CS Digital Pathology Scanner (Leica Microsystems
Inc.). The integrated optical density of MBP-positive staining
was analyzed using ImagelJ software (version 1.51; National
Institutes of Health), which was calibrated using an optical
density step tablet (Stouffer Industries). Uniform areas
within the images were selected and the integrated density
of the image was calculated and compared between groups.
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A minimum of 20 coronal sections were examined, with a
minimum of 3 animals per group.

Western blotting. After the removal of the brain, one hemi-
sphere from randomly selected mice in each group was
dissected into the PFC and HPC using a brain matrix. Samples
were then stored at -80°C until further use. Frozen brain
samples were homogenized and total protein was extracted
using a Tris-EDTA lysis buffer (1% Triton X-100, 10% glyc-
erol, 20 mM Tris, pH 7.5, 1 mM EDTA) with a freshly added
protease inhibitor cocktail (Sigma-Aldrich; Merck KGaA).
Protein quantification was completed using the Bio-Rad
Protein Assay (cat. no. 500-0006; Bio-Rad Laboratories, Inc.)
as per manufacturer's instructions. Equal quantities of protein
(40 ug protein/well) were separated on a 10% SDS-PAGE
gel and transferred onto a 0.45 ym nitrocellulose membrane
(Bio-Rad Laboratories, Inc.) prior to blocking in 5% milk
in TBS for 1 h at room temperature. B-actin was used as the
internal protein loading control. Membranes were incubated
overnight at 4°C with primary antibodies against f-actin
(1:1,000; cat. no. A3854; Sigma-Aldrich; Merck KGaA) and
MBP (1:1,000; cat. no. 78896; Cell Signaling Technology,
Inc.) diluted in 10% BSA in TBS + 0.1% Tween-20 (TBST;
Sigma-Aldrich, Merck KGaA). The membranes were washed
in TBST, prior to incubation for 1 h at room temperature
with the appropriate HRP-conjugated horse anti-mouse IgG
(1:10,000; cat. no. 7076; Cell Signaling Technology, Inc.) and
goat anti-rabbit IgG (1:10,000; cat. no. 7074, Cell Signaling
Technology, Inc.) secondary antibodies. Protein bands
were visualized using an ECL detection kit (Amersham;
Cytiva). Band densities were semi-quantified using ImageJ
(version 1.51; National Institutes of Health), with MBP band
intensities normalized to the corresponding f-actin band
intensity, prior to being expressed as a ratio to the control
(CTL) band.

Statistical analysis. Each animal was considered to be a single
biological replicate (the number of animals analyzed are indi-
cated in the figure legend for each assay). Data are presented
as the mean + SEM. Statistical analysis was completed using
GraphPad PRISM software (version 8.0; GraphPad Software,
Inc.) using unpaired student's t-test or one- and two-way
ANOVAs followed by Tukey's post hoc test. Two-way ANOVA
was used to evaluate the behavioral tasks with factors of treat-
ment (CTL, LEMS, CPZ and CPZ + LFMS) and time (3- and
6-weeks). For immunohistochemistry and western blotting
data, one-way ANOVA was used to compare differences
among more than two groups. The unpaired two-tailed
t-test was used to statistically compare the demyelination
data between the CPZ and CPZ + LFMS. Data that did not
reach normality and/or equal variances were analyzed using
a nonparametric Kruskal-Wallis test, which was followed by
Dunn's post hoc test. All data were tested for outliers using
Grubb's test and identified outliers were removed. P<0.05 was
considered to indicate a statistically significant difference.

Results

LFMS treatment has no effect on locomotion or anxiety
parameters in CPZ mice. The impact of 3- and 6-week LFMS

treatment on locomotor activity was quantified using the OFT,
which evaluated the total distance travelled (Fig. 2A). The
two-way ANOVA demonstrated a significant effect of time
(F1 85=16.26; P=0.0001). However, no significant effect was
seen with types of treatment (F 3 35,=0.18; P=0.90) or treatment
by time interaction (F;z5=1.97; P=0.12) among the groups.
Statistical analysis on the mean speed velocity, demonstrated
a significant effect of time (F 4,,=31.31; P=0.0001; Fig. 2D).
However, there was no statistically significant difference with
treatment effect or interaction. These results suggested that the
animals remembered the open field arena and therefore exhib-
ited reduced exploration at 6 weeks, however, neither the CPZ
diet nor LEMS treatment had an impact on locomotor ability.
The OFT can also be used to assess anxiety-like behav-
iors. Time spent in the inner zone of the arena demonstrated
a significant main effect of treatment (F; g;=3.60; P=0.0167),
without time differences or interaction between factors.
Tukey's post hoc test demonstrated that CPZ-treated mice
spent markedly more time (P<0.05) in the inner zone compared
with the LFMS group after 6 weeks (Fig. 2B), which suggested
these mice potentially exhibited lower anxiety levels than the
controls. The two-way ANOVA also demonstrated that the
mean freezing score was significantly affected by treatment
(F385=6.06; P=0.0009) and time (F, 45,=20.58; P=0.0001), but
not by interaction (F; 35,=6.24; P=0.86) The post hoc multiple
comparisons test demonstrated that mice fed the CPZ diet with
LFMS treatment exhibited significantly lower mean freezing
scores (P<0.05) compared with the LFMS mice (Fig. 2C).
These findings indicated that the CPZ diet may inhibit
anxiety-like behaviors compared with the controls; however,
LFMS treatment alone has no impact on anxiety levels.

LFMS treatment improves spatial memory in CPZ mice.
In support of the OFT results, locomotor activity was not
significantly different between groups in the Y maze (Fig. 3B).
Analysis of the spontaneous alternation revealed a statistically
significant result in treatment effect (F; 4,,=3.9574; P<0.0175).
However, there were no significant results for time (F; 40,=3.262;
P=0.0777) or interaction (F ; g,,=0.4641; P<0.7081). Moreover,
while CPZ diet mice demonstrated a significant spatial
memory deficit (P<0.05) compared with the control group
at 6 weeks, LFMS treatment markedly improved spontaneous
alteration compared with the CPZ group; however, this trend
was not significant (Fig. 3A).

LFMS treatment significantly improves depression-like
symptoms and impacts the adaptive learning response in CPZ
mice. The FST was used to assess depression-like symptoms
and evaluate adaptive learning behavior. Analysis of the
latency to first immobility (time to start floating) revealed a
significant time effect (F; ,,,=185.9; P<0.0001) without treat-
ment effect (F3,6,=0.2419; P=0.8670) but with interaction
(F3.164=0.2419; P=0.8670; Fig. 4A). Post hoc analysis revealed
that the CPZ diet mice exhibited a significant lower latency to
start floating (P<0.01) when compared to the CTL, LFMS and
CPZ + LFMS groups (Fig. 4A; 1st swim at 3rd week). LFMS
treatment significantly reversed the CPZ effect on the latency
to the first immobility instance compared with the CPZ only
group (P<0.001), suggesting that LFMS may have a potential
antidepressant effect on the animal demyelination model.
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Repeated exposure to the FST (2nd, 3rd and 4th swim at
week 3 and 6) revealed a significant reduction in the latency to
the first instance of immobility (P<0.0001) as determined by
two-way ANOVA with Tukey's post hoc multiple comparisons,
suggesting that all animals remembered their previous
experience.

Results from total immobility time revealed a significant
main treatment effect (F; 55,=9.927; P<0.0001) and significant
differences with interaction (F g 45,=6.095; P<0.0001), but not
with time (F 3 45,=2.423; P=0.10). The CPZ group exhibited a
significantly higher total immobility time compared with the
LFMS treatment group (P<0.05) in the first FST (Fig. 4B),
which indicated a depressive-like behavior in CPZ mice. Total
immobility time did not show significant differences on the
second trial day; however, in the third trial, the CPZ diet mice
presented reduced immobility time compared with the CTL
and LFMS groups (P<0.0001). This trend continued in the
fourth trial, although the CPZ differed from the CTL group
only (P<0.001; Fig. 4B). LFMS treatment demonstrated a slight
improvement on the passive behavior compared with the CPZ
fed mice during the third and fourth FST trials; however, this
effect was not significant. Furthermore, there was a significant
difference between the CPZ + LFMS and CTL groups in the
third (P<0.001) and fourth trials (P<0.05) (Fig. 4B), suggesting

that LFMS was unable to completely ameliorate this adaptive
learning impairment.

LFMS treatment significantly impacts myelination in the
PFC in CPZ mice. CPZ has previously been demonstrated to
cause oligodendrocyte death leading to demyelination (51).
Using western blotting, the relative protein expression levels
of MBP, a major protein involved in myelin function, within
the PFC was compared following 3 or 6 weeks of treat-
ment. The results demonstrated that MBP protein expression
levels were not significantly difference between groups after
3 weeks (Fig. 5A and C), whereas statistically significant
differences were observed following 6 weeks on the CPZ diet
(Kruskal-Wallis 4,19; P<0.0003; Fig. 5D). The CPZ diet mice
exhibited a decrease (P<0.001) in relative MBP protein expres-
sion levels compared with the control groups (CTL and LFMS
treatment only), which demonstrated that there was potentially
a significant loss of myelin in the PFC of CPZ diet mice after
6 weeks. The two-tailed unpaired t-test (t=2.665; degrees of
freedom=10; P<0.0237) revealed a significant difference
between CPZ and CPZ + LFMS mice, whereby LMFS treat-
ment significantly increased the relative protein expression
levels of MBP in CPZ treated mice. These results therefore
indicated that LFMS treatment either protected the PFC from
demyelination or promoted remyelination following 6 weeks
of treatment.

One-way ANOVA demonstrated significant differences in
MBP staining density between diet in the PFC (F; 5,,=19.25;
P<0.0001) and HPC (F; 5=18.67; P<0.0001) at 3 weeks
(Fig. 6A and B). The CPZ diet mice exhibited significantly
decreased MBP staining density compared with the CTL or
LFMS treatment group in both the PFC and HPC (Fig. 6E-G),
which represented a potential loss of myelin in mice fed
with the CPZ diet. Mice that received the LFMS treatment
(CPZ + LFMS) exhibited significantly increased MBP staining
density in the PFC compared with the CPZ group (t=2.246;
degrees of freedom=15; P<0.0402) and HPC (P<0.0025).

Following 6 weeks of treatment, one-way ANOVA demon-
strated significant differences between groups in the PFC
(F3,1y=4.472; P<0.0141) and HPC (F 3 ,5=60.57; P<0.0001).
Reduction of MBP staining was sustained at 6 weeks in the
mice on the CPZ diet, with significant reductions within the
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western blots of MBP and (3-actin expression in the PFC after (A) 3 weeks
and (B) 6 weeks of treatment. MBP band intensity was semi-quantified
and normalized to the (3-actin band intensity for each mouse at (C) 3 weeks
and (D) 6 weeks. Data are presented as a ratio to the control group. n=5-6
mice/group. “P<0.01. “P<0.05 vs. CPZ. LFMS, low-field magnetic stimula-
tion; MBP, myelin basic protein; PFC, prefrontal cortex; CTL, control; CPZ,
cuprizone.

HPC (P<0.001) compared with the CTL and LFMS groups,
but not in the PFC. Moreover, LFMS treatment did not
impact MBP staining density in CPZ diet mice within the
HPC, whereas LFMS treatment significantly increased MBP
staining density in CPZ diet mice within the PFC compared
with the CPZ only group (P<0.05).

Discussion

In the present study, it was demonstrated, to the best of our
knowledge for the first time, the beneficial effects of LFMS,

a non-invasive and deep brain stimulation, after 3 or 6 weeks
of treatment in a CPZ-induced demyelination animal model.
Mice treated with LFMS exhibited significantly improved
depression-like symptoms and demonstrated modest
enhancements in cognitive function and adaptive learning
skills. Furthermore, in the demyelination model, LFMS
treatment was able to potentially protect from or reverse
the demyelination processes, evidenced by the markedly
increased immunostaining density of MBP in the PFC after
3 and 6 weeks of treatment.

It was also observed that following 3 weeks on the CPZ
diet, mice demonstrated depressive-like behaviors, while
cognitive deficits were observed following 6 weeks on
the CPZ diet. These behavioral changes were associated
with demyelination, as quantified by significantly reduced
immunostaining of MBP in the PFC and HPC evident at 3 and
6 weeks and confirmed by western blot analysis in the PFC at
6 weeks. These results indicated that the CPZ-induced acute
demyelination model may be useful for studying the effects of
LFMS on myelination.

To the best of our knowledge, this is the first study to
have demonstrated early depression-like behavior following
3 weeks of CPZ feeding. Previous studies have demonstrated
an increase in depression-like symptoms in CPZ models after
5, 6 and 12 weeks on a CPZ diet (19,30,52). A significantly
increased latency to the first immobile episode was observed in
the CPZ group compared to the control and LEMS groups after
only 3 weeks on the CPZ diet (FST1), which was ameliorated
by LEMS treatment. This therefore demonstrated that LFMS
has an antidepressant-like effect in this demyelination model.

Almost one-half of patients with MS display symptoms
of depression (53). The depressive symptoms observed in
patients with MS can precede the onset of neurological
symptoms, suggesting that depression may be related to
early disease-specific processes (54). Both MS and major
depressive disorder share the common pathophysiology
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of demyelination of CNS regions and are associated with
neuro-inflammation processes (55,56). Indeed, previous CPZ
mouse models have reported depression-like symptoms and
myelin deficiency (19,30) demonstrating a possible correlation
between depression and demyelination of the CNS. In the
present study, it was demonstrated that mice fed with CPZ
exhibited markedly reduced MBP staining density within
the PFC and HPC after only 3 weeks, which suggested that
there was a possible link between early depression and myelin
damage in this demyelinating disease model. Most impor-
tantly, the LFMS antidepressant-like effect observed after 3
weeks of treatment during the FST1 may be associated with
markedly greater levels of MBP in the PFC. The significant
increase in MBP levels following LFMS treatment after

6 weeks suggested that myelin is either protected by or its loss
is reversed by LFMS treatment. These findings indicated that
myelination is an important factor to improve depression in
patients with MS and possibly in other demyelinating diseases.
Future studies are needed to elucidate the mechanism by which
LFMS impacts myelination, either via protecting myelin from
demyelination or stimulating remyelination, and to examine
the integrity of the protected/restored myelin, including
investigating the re-establishment of the nodes of Ranvier.
Demyelination is associated with axon damage, leading to
cognitive deficits, including in memory and attention (52). In
the present study, CPZ fed mice demonstrated a significantly
lower percentage of spontaneous alternations in the Y maze
after 6 weeks, which demonstrated a working memory deficit.
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Spontaneous alternations were not altered after 3 weeks of
CPZ feeding, which indicated that short-term CPZ exposure
may not impair working memory. In support of this finding,
previous studies have reported no changes in the Y-maze
test after 0.4% CPZ-feeding for 3 weeks or 0.2% CPZ for
1 week (57,58). Together, these findings suggested that
short-term exposure (1-3 weeks) to the CPZ diet may not cause
working memory dysregulation. LFMS treatment demon-
strated a trend in repairing the cognitive impairment caused
by the 6-week CPZ diet. A previous study demonstrated that
LFMS treatment improved cognition in the CPZ mouse model
after twelve weeks of 0.2% CPZ exposure followed by four
weeks of CPZ withdrawal with sham or LEMS treatment (29).
The difference between treatment time and procedure may
explain the discrepancy between the observed effect of LFMS
treatment on working memory.

Evidence has also suggested that patients with MS have
demonstrated higher levels of anxiety (59,60). In the present
study, we used the time spent in the central area of the
OFT arena to measure anxiety-like behavior. The results
demonstrated that mice treated with CPZ for 6 weeks had a
significantly higher center-area activity compared with the
LFMS group, which indicated diminished anxiety. Previous
studies have demonstrated similar behavior after CPZ treat-
ment for 3 and 4 weeks (61,62). This result can be associated
with an inhibited anxiogenic response to novel environments
or increased impulsiveness and could be related to white matter
alterations (61). Further studies investigating anxiety, such as
the elevated plus maze or the light-dark box, will need to be
conducted to obtain a clearer understanding of the impact of
CPZ on anxiety levels.

CPZ mice displayed significantly decreased immobility at
the FST3 and FST4 timepoints, whereas the control groups
exhibited an adaptative learning behavior response or intact
coping strategies following exposure to a stressful situation.
These results suggested that the CPZ mice failed to display
normal adaptation from active to passive coping. To the best
of our knowledge this is the first study to have demonstrated
that the CPZ model impairs adaptive coping strategies. LFMS
treatment resulted in a marked improvement in the CPZ mice
coping strategy but was not sufficient to reverse this effect.
Coping strategies serve an important role in challenging
conditions ensuring the ability to adapt to stressful life
conditions (63,64). Patients with MS and other neuropsy-
chiatric conditions are less able to integrate adaptive coping
abilities compared with healthy individuals (65,66). As coping
strategies are important factors that can affect a patients'
quality of life (67) further investigation in this area is required.

Depression and defective working memory (68), have
both been shown to have a negative impact on the ability to
utilize coping strategies (69,70). Furthermore, the PFC coor-
dinates processes which enable effective coping skills (71).
Considering these factors, the results of the present study
indicated that failure to engage in coping strategies by mice
exposed to CPZ, may be associated with the depressive-like
symptoms and white matter impairment and demyelination
observed in the PFC. It can therefore be hypothesized that
these elements are required for a healthy coping mechanism.

The results of the present study have provided the first
evidence for the short-term effect of LFMS in attenuating

early-stage depressive-like behavior in a demyelination
animal model. It was also demonstrated that LFMS treatment
either provided protection against demyelination or promoted
remyelination with increased immunostaining of MBP in the
PFC after 3 and 6 weeks of treatment, confirmed by western
blot analysis at 6 weeks. Therefore, these results indicated that
LFMS may have the potential to be a novel therapy to manage
depression in patients with MS. The present study has raised
the possibility for the future application of this non-pharma-
cological therapy for MS and has encouraged the exploration
of technological advances in manipulating brain activity
in a non-invasive manner to treat different neurological and
neuropsychiatric diseases. The present study's design did not
determine the mechanism by which LFMS increased MBP
levels and whether the treatment protected oligodendrocytes
from damage or whether the treatment stimulated remyelin-
ation. The ability for LFMS to trigger remyelination has been
previously reported (30), but it is unknown if LFMS treatment
is sufficient to mitigate the toxic effects of CPZ in oligodendro-
cytes, protecting them from damage, or if the LFMS treatment
could stimulate repair at a rate faster than CPZ destruction.
Further investigation into the mechanism by which LFMS acts
is needed to better understand the impact on myelination and
how this treatment can be used in clinical conditions.
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