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ABSTRACT

Introduction: Epigenetic advances have led to the production of a specific class of medicines called epigenetic drugs,
medications that inhibit histone deacetylase (HDACi). Valproic acid (VPA), known as HDACI, has neuroprotective
effects. The current study investigated the histological and functional changes of a demyelination model associated
with VPA treatment in C57BL/6 mice. Material & method: In the present study, 48 C57BL/6 mice were classified
randomly into eight groups: sham, cuprizone (0.2%), three VPA groups (treated with 100, 200, and 300 mg/kg of
VPA), three groups of cuprizone plus VPA (100, 200, and 300 mg/kg of VPA). One week after treatment, gliosis,
apoptosis, and remyelination were examined histologically, and locomotor function was assessed by the behavioral
test. Result: The expression of GFAP and caspase-3 in the untreated controls had the highest immunofluorescence,
while it was significantly decreased in the VPA groups (P<0.05). The lowest expression of these two markers was
observed in the 200 mg/kg VPA group, which also had the highest expression of MBP. Behavioral tests showed that
mice in the 200 mg/kg VPA group achieved the highest score and the results of the histological examination were
consistent with the results of the behavioral test. Conclusion: The data demonstrated that there was an improvement of
the demyelination models of mice treated with an optimal dose of VPA, characterized by an increase in remyelination
and an increase in the behavioral score.
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INTRODUCTION Axonal damage results in an increase in the disability and

symptoms of MS, including weakness, ataxia, fatigue,
Multiple sclerosis (MS) is an inflammatory demyelinating spasticity, cognitive deficits, depression, and pain. [9, 10]
illness that is described by multifocal lesions to CNS Experimental demyelination, the most typically used
myelin.[1, 2] Despite the fact that the etiology of MS has  apimal model for MS, can be induced in species by several
yet to be identified, likely risk factors to its development  (yxins such as cuprizone and ethidium bromide. [11, 12] By
are both genetic and environmental. [3, 4] The disease inhibiting copper-dependent mitochondrial enzymes,
results in proinflammatory Thl cytokine secretion and  cuprizone induces demyelination in various regions of
thereby leads to the destruction of the myelin sheaths that  CNg. [13] This destructive mechanism in the cell

surround axons and the recruitment of other T cells and  regpiratory chain causes oligodendrocyte damage that leads
monocytes. Activated T cells generate inflammatory 5  consistent demyelination. [13, 14] Other
cytokines (interferon-y (IFN-y), interleukin (IL)-4, and IL- histopathological findings are astrocyte, microglia, and
17), and tumor necrosis factor o (TNFa). [5, 6] These  macrophage accumulation in the affected region. Those cell
inflammatory cytokines and chemokines with fenestration types play a pivotal role in cytokine release and
of the blood-brain barrier (BBB) may result in the jpflammation mediated by self-reactive immune responses.

oligodendrocyte death, demyelination, axonal damage, and 15, 16] TNF promotes proliferation of adult human and
gliosis. [7, 8]
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neonatal astrocytes such that cytokines can result in glial
scar formation. Glial scarring prevents neurogenesis,
axonal regeneration, and vascularization. Besides, there is
a relationship between the expression of apoptosis-
associated protein and the occurrence of lesions. [17-20]
Anti-inflammatory and anti-apoptotic agents for treatment
have been revealed to improve the outcome of MS.
Previous investigations demonstrated an anti-inflammatory
impact with valproic acid (VPA; 2-propyl-pentanoic acid),
a histone deacetylase inhibitor (HDACi), improves
behavioral movement, astrogliosis and axonal loss in
female rats. [21, 22] VPA is an epigenetic modulator for
modifying chromatin structure and decreasing the
expression of inflammatory cytokines, which reduces
gliosis. [23] VPA has revealed to manage
differentiation and proliferation of neurons by promoting
neurotrophin expression. [24] Some investigations have
focused on the protective influence of VPA on neural cells
by increasing the expression of anti-apoptotic gene and
oxidative stress. [25, 26] In the present research, we
assessed the impact of reducing gliosis levels by utilization
of VPA on sensory motor activity, remyelination, and
neurogenesis as well as on apoptosis and inflammation in
cuprizone-treated animals.

been

MATERIALS AND METHODS
Mice strain and  demyelination (cuprizone
administration)

All experiments were performed on male mice aged 8 to 9
weeks belonging to the C57BL/6 strain (Pasteur Institute,
Tehran, Iran) weighing 19-21 grams. They were kept on a
12-hour light/dark cycle at room temperature (22+0.5 °C)
with standard mouse food and water ad [libitum. All
protocols were performed in accordance with the guidelines
of the Ethical Committee of the Faculty of Medical
Sciences at the Ilam University of Medical Sciences. In
order to generate a demyelination model, the animals were
fed a diet containing 0.2% cuprizone mixed into ground
standard rodent chow for five weeks. Control groups used
normal rodent chow.

Experimental Design

In the in vitro study, 48 animals were divided randomly into
eight groups: group 1 was the sham group that fed regular
Global Rodent Chow for 5 weeks with intra-peritoneal (i.p.)
injection of normal saline (NS) for the last three days
(positive control: PC); group 2 was the cuprizone group that
received rodent chow mixed with 0.2% cuprizone for five
weeks and received i.p. injection of NS for the last 3 days
(or negative control: NC); groups 3, 4, and 5 received
cuprizone plus VPA (treated with 100, 200 and 300 mg/kg
(i.p.) during the last 3 days of 5-week cuprizone feeding,
respectively); groups 6, 7, and 8 consisted of healthy mice
that received three doses of VPA (100, 200 and 300 mg/kg)

separately for 3 days. Six male mice were used in each
experimental group. [27]

Determine body weight

The measurement of body weight was performed over six
weeks from the start of the treatment protocol. In order to
compare body weights in different groups, animals were
weighed every week and findings are shown as the mean
and standard deviation. The assessment of mean values was
carried out by one-way analysis of variance (ANOVA).

Motor tasks assessments
e  C(Clinical assessment

Neuromuscular severity scores were obtained once per
week in the sham, Cup, Cup plus VPA, and healthy VPA
groups during the six weeks of the experiment. The clinical
signs of weakness were monitored using a published 6-
point scale according to the following standard: 0 = normal
strength and tone without any symptoms; 1 = loss of tail
tone with mild weakness; 2 = moderate hind limb weakness
(weakness of one hind limb); 3 = severe hind limb
weakness (paralysis of both hind limbs); 4 = severe
forelimb weakness (paralysis of both forelimbs); 5=
premorbid state; 6 = death. Intermediate scores were
considered for asymmetrical weakness. [28]

e Balance beam test

In addition, the ability of the animals to maintain balance
was investigated as reported in Boltze et al. [29] Mice were
evaluated by a balance beam test that is part of the Modified
Neurological Severity Scale (MNSS) and consists of a 6-
point scale that includes posture balances (0), catches of
beam (1), one limb falls down from the beam and hugs the
beam (2), two limbs fall and hug the beam in more than 60s
(3), tries to balance but falls off in more than 40s (4),
attempts to balance but falls off in more than 20s (5), and
no attempt to balance and falls off (6).

e Footprint test
A footprint test was performed to compare the gait of
cuprizone mice with that of VPA, Cup plus VPA, and sham
groups. To determine footprints, the hind and fore paws of
the mice were marked with black and blue non-toxic paints,
respectively. Then, the mice walked across a 50 cm long
platform, with walls of 10 cm width and 10 cm height. The
footprint patterns (cm) were measured and analyzed for
four-step parameters (Figure 1).
e Stride length (ST): the average distance between
each stride.
e Hind-base width (HBW): the average distance
between the left and right hind footprints.
e Front-base width (FBW): the average distance
between the left and right front footprints.
e  Overlap of front and hind footprint (OV).
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The values were recorded from each run and the average
value of each set was used in the subsequent analysis. [30]

ov

ST

 Hind timb

-

Figure 1. Schematic representation of footprint parameters (stride length (ST), Hind-base width (HBW), Front-
base width (FBW), Overlap of front and hind footprint (OV)).

e Passive avoidance test (PAT)

A shuttle box test was carried out to assess the learning
memory of the mice. The apparatus included a light and a
dark chamber which were connected by a guillotine door.
The floor of the device had a stillness grid with a separate
stimulator for the generation of electrical shock. The PAT
was assessed for two subsequent days. The first day
included two stages of habituation and training. In the
initial habituation, the animal was put in the illuminated
chamber and after 20 seconds the dividing door was opened
and the mice, based on the natural instinct, moved into the
darkened area. Then, the door was closed and after 30
seconds the mice were returned to the home cage. The
second habituation was repeated 30 minutes after the initial
habituation. Then, the training was conducted 30 minutes
after secondary habituation. For training, the mice were
placed in the illuminated area and after the mice entered the
darkened chamber, the door was closed and a foot shock
(0.4 mA for 1.5 sec) was initiated. After 20 seconds, the
mice were returned to the home cage. After 2 minutes, the
previous step was repeated. If the latency to enter the dark
chamber was < 120 sec, the training step was repeated. On
the second day, the evaluation of short term learning, the
latency to cross the door (Step Through Latency=STL) and
remain in the darkened area (Time spent in Dark
Compartment =TDC) were measured without electrical
shock. [31]

Histological assessment

Mice were anesthetized with ketamine (50 mg/kg) and
xylazine (4 mg/kg) and then the left heart ventricle was
perfused with phosphate-buffered saline (PBS) followed by
4% paraformaldehyde. Brains were removed, fixed
overnight in 4% paraformaldehyde, and embedded in
paraffin. Subsequently, the coronal section was used for
evaluation of demyelination and remyelination, as well as
apoptosis and gliosis.

e Luxol fast blue (LFB) staining
After hydration, the paraffin sections were incubated with
0.1 % LFB solution at 60 °C for 12 hours. The sections were
transferred to 95, 70, and 50% ethanol for 10 minutes and
then rinsed with water. The slides were transferred for the
second time to lithium carbonate solution, 70% ethyl
alcohol, and distilled water, respectively. After LFB
staining, the sections were counterstained with 0.1% Cresyl
fast violet for 10 s, rinsed with distilled water, dehydrated
in a series of alcohols, cleared in xylene, mounted on
gelatin-coated slides, and allowed to dry overnight. The
corpus callosum was demonstrated by a light microscope
and photographed with a camera linked to a microscope.
For the investigation of demyelination, a percentage of the
volume fraction was determined by dividing the damaged
tissue of each section to the total area of the brain using
ImageJ1.43U (NIH, USA) software. [27]

e Immunohistochemical staining
Immunostaining of the tissue was done to evaluate the
demyelination, gliosis, and apoptosis. The slides were
deparaffinized and rehydrated, permeated in PBS (10 min)
with triton x-100 (0.3%) for 15 min (Sigma-Aldrich,
Steinheim, Germany), and blocked in 1% FBS in PBS for
30 minutes. The endogenous peroxidase activity was
inhibited by 3.0% hydrogen peroxide in PBS for 15 min.
The slides were labeled overnight with primary antibodies
including rabbit anti-MBP polyclonal antibody (1:300;
Abcam, Cambridge, UK), anti-Caspase-3 antibody (1:500
Abcam) and mouse anti-GFAP monoclonal antibody (1:
500; Abcam, Cambridge, UK) at 4 °C, washed twice with
PBS (5 min), and incubated with rabbit anti-mouse
polyclonal secondary antibody conjugated with fluorescein
isothiocyanate (FITC -1:100; Abcam, Cambridge, UK) or
goat anti-rabbit secondary antibody conjugated with Alexa-
Red (1:100; Abcam, Cambridge, UK) for 45 min. The
excess secondary antibody was rinsed with PBS and the
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nuclei of the cells were counterstained by 4, 6-diamidino-
2-phenylindole dihydrochloride (DAPI, molecular probes,
1:10000). The sections examined at 10x
magnifications under a fluorescent microscope (Kern,
Germany). The fluorescent intensity was determined
utilizing the Image J software (Aherne and Dunnill).

The findings are displayed as means + SEM. Statistical
analysis was performed using one-way analysis or two-way
analysis of variance (ANOVA). P-values of less than 0.05
were considered statistically significant.

were

RESULT

VPA Increased Cuprizone-Induced Weight Loss

The mean weight of the mice in the positive control group,
healthy groups injected with VPA (100, 200, and 300
mg/kg dose of VPA) and the negative control (cuprizone
only = Cup-group) was compared with mice received Cup
plus VPA (100, 200, and 300 mg/kg) after each week of
treatment. The weight of mice in the negative control and
the Cup plus VPA (100, 200, and 300 mg/kg) was
significantly different between the second (start time of
Cup treatment) and sixth week (start of VPA treatment),
while there was no significant difference between the
positive control group and VPA groups. The weight of mice
in the sixth week in the Cup plus VPA after VPA injection
had a small increase and the weight of the negative control
had a decrease from the positive control group (Table 1).

Intact Demyelination Treatment
0 7 14 21 28 a5 42 45 48
Standard Food : s o
wnd Water 0.2 % Cuprizone Mixed into Ground Standard Assessment
Figure 2. Time schedule of the experimental protocol.
Table 1. Average weight in mice during the treatment period (6 weeks).
Groups 7 Days 2 Weeks 3 Weeks 4 Weeks 5 Weeks 6 Weeks 7 Weeks
Control 25.5+6.5 25.5+6.5 25.7546.5 25.5+6.5 25.5+6.5 26.25+6.7 *26+6.6
Cup 25+0.7 25+0.7 26.25+0.8 26+0.4 26.25+0.4 *24.75+1.9 *24.542.1
Cup+VPA300 24.5+0.6 24.5+0.6 24.25+0.25 25.75+0.4 25.125+0.8 *24.5+0.9 #26.5+£0.6
Cup+VPA200 26.5+0.2 25.5+0.64 24.25+1.7 26.5+0.6 26.625+0.6 *25.25+1.4 | *27.375+0.5
Cup+VPA100 25.5+0.6 25+0.95 24.5+0.9 25.25+0.8 25.75+0.4 *24.75+0.4 *27+1.08
VPA300 25+0.25 25+0.25 25.75+0.25 25.75+0.25 26.25+0.25 26.25+0.25 *26.5+£0.28
VPA200 25.5+0.28 25.5+0.28 25.75+0.28 25.5+0.28 25.5+0.28 26.25+0.25 | *#26.25+0.25
VPA100 25.75+0.4 25.75+0.4 26.25+0.25 26+0.4 26+0.4 26.75+0.4 *26.5+0.28

Results are shown as mean = SEM and analyzed by one-
way ANOVA. Asterisks indicate significant differences
between the positive control and other groups (*P<.05, with
Bonferroni’s correction for multiple comparisons).

Clinical assessment

The mice of the Cup-group were presented with a moderate
weakness that progressed to severe hind- and fore-limb
weakness (associated with significant weight loss). This
score gradually increased with age. In the Cup plus VPA

groups, the results showed a decrease and then an increase
severity scores. The
demonstrated that the lowest score of the clinical test was
at 200 mg/kg of VPA, which was significantly lower than
those scores at the other doses of VPA used in the study
(mean+ SEM neuromuscular severity scores of 2+0.4 at
five weeks, p = 0.002). The positive control and VPA
groups showed no significant differences in clinical tests at
five weeks of follow up.

in  neuromuscular analysis
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Figure 3. Neuromuscular severity score. This figure shows the mean neuromuscular severity scores of the Cup
and Cup plus VPA male mice. There is a progressive weakness in Cup mice (black lines) from weeks 1 to 6 of the
experiment. There is a progression in weakness in Cup plus VPA (100, 200, and 300 mg/kg) from weeks 1 to 5 and
a decrease from weeks 5 to 6. Based on this score, the progression can be divided into a disease onset phase (1-14
days) and a progressive phase (2-5 weeks). ** indicates p < 0.01 comparing Cup plus VPA with Cup mice, ***
indicates p < 0.001 between three different doses of Cup plus VPA.

Balance beam test

Experimental groups were tested for motor coordination
and balance on the beam test. Errors per posture balances,
catches of the beam, and one or two limbs falling down
from the beam to traverse were recorded for each animal.
ANOVA analysis indicated that Cup animals had higher
scores (indicating worse balance) compared with Cup plus

4.5 -

=l Control
= VPAlO0
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VPA mice at 5-6 weeks (P<0.01). Cup mice became
progressively worse compared with the positive control and
VPA groups at weeks 1 to 5 (P<0.001). In addition, Cup
plus VPA animals with 200 mg/kg dose had lower scores
compared with their performance at other doses of VPA
(P<0.001).
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Figure 4. The balance was measured in Cup and Cup plus VPA male mice using the balance beam test (0= normal
and 6= maximum). Cup mice had higher scores in traversing the beam compared with Cup plus VPA mice. In
addition, the positive control and healthy groups injected with VPA (100, 200 and 300 mg/kg) showed no
differences. Values are expressed as mean+ SEM. * indicates P<0.05 comparing Cup plus VPA 100 with Cup
mice, ** indicates P<0.01 comparing Cup plus VPA300 and 200 with Cup mice, *** indicates p < 0.001 between
three different doses of Cup plus VPA.
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Footprint test

Errors per step were assessed by analyzing the footprints of
mice while they walked along a narrow corridor. Footprint
patterns of Cup and Cup plus VPA mice at weeks 1 to 6 of
the experimental procedure are presented in Figure 5. At all
weeks of the experiment, the positive control and VPA
groups walked in a straight line with a regular gait: locating
the hind paw at the position where the ipsilateral forepaw
had been in the previous step. In contrast, Cup mice
progressively walked from side to side, with shorter steps,
vibrational and staggering movements, and unregular gait.
In the Cup plus VPA group, a quantitative type of walking
with 4 parameters (ST, FBW, HBW, and OV) was
evaluated. The ST of the positive control and healthy
groups increased significantly with age. In contrast, from
weeks 1 to 6, Cup mice displayed a significantly shorter ST
compared to positive control mice (P<0.001). In addition,
the ST of Cup plus VPA mice did not differ from that of the
Cup group from weeks 1 to 5, but in the last week, after
treatment by VPA, the ST increased significantly relative
to the Cup mice (P<0.05) (Figure 5A).

The OV showed uniformity of step alternation. As shown
in Figure 5B, Cup and Cup plus VPA mice indicated a

A. Stride Lenght

Distance (cm)

1 B. Forepaw/hindpaw Overlap

0.7
0.6
0.5
0.4
0.3
0.2

0.1

Distance (cm)

week

similar disruption in step alternation from weeks 1 to 5
experimental procedures compared with the positive
control and healthy groups, but at the sixth week the regular
left-right step pattern presented uniformly, and they
exhibited a lesser distance between front and hind footprint
pattern (a decreased overlap) compared with Cup mice. The
lowest distance was for the groups that received 200 mg/kg
of VPA (P<0.008).

The FBW of Cup mice were significantly wider than that
demonstrated by the positive control and VPA groups at
weeks 1 to 6 of the experiment, while in the Cup plus VPA
group, the distance was high until the fifth week and
decreased from 5 to 6 weeks. However, there was no
difference between the treatment groups with VPA (Figure
5C). The findings showed that the HBW of Cup mice was
significantly less than that presented by the positive control
and VPA groups during the experiment. In the Cup plus
VPA group, the distance was low until the fifth week and
increased from weeks 5 to 6. The highest increase of HBW
was in the group receiving the dose of 200 mg/kg VPA; this
increase was significantly different with the positive
control group (P<0.05) (Figure 5D).

C. Front-base width

0.6 -=-Control -=Cup
o4 +VPAT0 —Cup+VPALU0
= VPA200 & Cup+VPA200
0.2 «#VPA3D0  -+Cup+VPA300
0

3 | D. Hind-base width

2 3 4 5 6 7
week

Figure 5. Quantitative analysis of footprint patterns in experimental groups, based on the stride length (A), the
distance between the front and hind footprint overlap (B), front base width (C) and hind base width (D). Values
indicate means + SEM by mice of each group at weeks 1 to 6 (*P<0.05; **P<0.01; **¥*P<(0.001; with Bonferonni’s
correction).
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Passive avoidance test (PAT)

Figures 6A and B show STL and TDC in PAT after
training. The findings showed a significant difference in
STL and TDC among different experimental groups.
Tukey’s post-hoc analysis indicated that Cup plus VPA
(100, 200, and 300 mg/kg) dose-dependently increased
STL and reduced TDC compared with the Cup group.
These results indicate that Cup may increase impairment
effects on PAL and could be investigated in the subsequent
experiments.

=

350
300 4 s

The analysis showed significant differences in STL and
TDC among the Cup and the Cup plus VPA groups
(P>0.05). However, statistical analysis indicated that STL
of the positive control and VPA groups in all doses was
significantly greater than the Cup group (P <0.001).
Besides, TDC of the positive control and VPA groups were
less than Cup mice (P <0.01). Moreover, VPA across all
dosages decreased the impairment effect of Cup on memory
and PAL.
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Figure 6. Effect of saline and VPA (100, 200, and 300 mg/kg) on (A) step-through latency (STL) in the passive
avoidance test (PAT) and (B) Time spent in the dark compartment (TDC) in the PAT. Each symbol indicates
mean = SEM, *P <.05, **P <.01, ***P <.001.

Luxol fast blue (LFB) staining

Figure 7 shows the demyelination in the positive control
(A), VPA treated groups (B-D), the untreated Cup group
(E), and the Cup plus VPA groups (100, 200, and
300 mg/kg). The severity of demyelination in the corpus
callosum can be seen in the untreated group (E), while the

VPA at all different doses affected the myelin loss induced
by cuprizone administration, and resulted in the formation
of the myelin sheath and brain tissue repair. VPA
significantly enhanced myelin formation compared to the
Cup group (Figure 71).
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Figure 7. Effect of different doses of VPA (100, 200, and 300 mg/kg) on myelin sheath in cuprizone model of mice.
The blue areas indicate intact regions (in experimental, positive control, and cuprizone groups) whereas the pink
areas illuminate demyelinating regions. There was a statistically significant difference among Cup plus VPA in
different doses (100, 200 and 300 mg/kg) and the Cup groups. The arrowhead is the myelin sheath and intact
area, and the arrow indicates a demyelination region. Symbols indicate mean £ SEM. Scale bar equals 50 pm
(x10). # P <.14, ##P <.09 and ##P< .21. (*P <.05, **P <.01, ***P <.001).

Immunohistochemical staining

Figure 8 represents a high immunoreactivity of GFAP in
the Cup group. In contrast, there was a lower reactivity in
the Cup plus VPA at all different doses. The brain tissue in
the Cup plus VPA groups showed lower immunostaining
than in the Cup group but higher immunostaining with
GFAP than those of the positive control and VPA groups.

The quantitative investigation illustrated that the lowest
relative intensity was observed at 200 mg/kg. The relative
intensity of the gliosis marker of GFAP in the Cup group
indicates that there was more than a ten-fold increase
compared with the positive control and VPA groups
(P<0.05). Furthermore, this figure represents the high
immunoreactivity of MBP in the positive control group in
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contrast to the Cup group. Cuprizone significantly reduced
myelin protein compared to the positive control mice. VPA
at all different doses induced myelination in brain tissue. A
higher relative intensity was observed at the positive
control and VPA groups and in the Cup plus VPA groups
with doses of 200, 300, and 100 mg/kg, respectively. Also,
the lowest immunostaining with MBP was seen in the Cup
group.

Caspase-3 has long been known to have an important role
in the regulation of apoptosis. Our results demonstrated that
a 5-week administration of cuprizone significantly

increased caspase-3 expression in Cup mice compared to
the positive control and VPA groups (100, 200, and 300
mg/kg). As shown in Figures 9F-H, the expression of
caspase-3 was significantly decreased in Cup plus VPA
mice at all different doses compared to the Cup group.
Results showed that the lowest mean percentage of positive
cells was noticed at 200 mg/kg, which shows the anti-
apoptotic effect of VPA at an optimum dose via suppressing
caspase-3 activation. Furthermore, the injection of VPA
increased caspase-3 expression in mice that only received
VPA compared to the positive control mice (Figure 9B-D).

e

200 - BCEAR

florescent

Relative intensity green of

@=MBP

e
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Figure 8. The effect of valproic acid (VPA) on glial fibril acidic protein (GFAP) and myelin basic protein (MBP)
expression in brain tissue using the immunofluorescent technique (6 weeks post cuprizone demyelination). The
first (A-D) and second (E-H) panels represent the GFAP expression. A-D indicate positive control and VPA (100,
200, and 300 mg/kg of VPA) groups, respectively. E-H show the Cup and Cup plus VPA (100, 200, and 300 mg/kg
of VPA), respectively. The third (I-L) and fourth (M-P) panels represent MBP expression in a brain section. I-L
illustrates the positive control and VPA (100, 200, and 300 mg/kg of VPA) groups, and M-P represents the Cup
and Cup plus VPA (100, 200, and 300 mg/kg of VPA), respectively (scale bars =50 pm). Q and R show the relative
intensity of immunofluorescence (gray level values) of the GFAP and MBP in demyelinated mice treated with
different doses of VPA (100, 200and 300 mg/kg). The asterisk indicates that the value of GFAP and MBP
expression at the optimal dose of “200 mg/kg” is significantly different compared with those at the other doses of
VPA (*P<0.05).
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Figure 9. The effect of valproic acid (VPA) on caspase-3 in brain tissue using the immunofluorescent technique (6
weeks post cuprizone demyelination). The right (A-D) and left (E-H) panels show the caspase-3 expression. A-D
represent the positive control and VPA (100, 200, and 300 mg/kg of VPA) groups, and E-H shows the Cup and
Cup plus VPA (100, 200, and 300 mg/kg of VPA), respectively (scale bars = 50 pm). I shows the mean percentage
of immunoreactive cells by caspase-3 in experimental mice. The arrow indicates a positive cell for the expression
of caspase-3 in brain tissue. Symbols indicate mean £ SEM. (*P <.05, **P <.01, ***P <.001).
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DISCUSSION

The cuprizone model of demyelination has been used to
investigate the process of remyelination and demyelination.
[32] In this study, we evaluated the effect of different doses
of VPA on locomotor and histopathological results in a
cuprizone model of mice. Our results indicate that the
application of VPA has modulatory effects on behavioral
activity (motor and memory), apoptosis, gliosis, and
myelination. In keeping with our results, the weight of mice
decreased after receiving the cuprizone diet over a defined
period (6 weeks), and this finding is in agreement with
previous studies. This study showed that the weight of the
mice treated with VPA increased during the last 7 days of
treatment. Mice lost their body weight at 5 weeks of Cup
feeding and then gained weight over the next week; these
findings are in agreement with Sachs et al. (2014). [33]
Learning and cognition deficits are also reported after
demyelination by cuprizone. [34] In this model, we
demonstrated the effect of VPA on memory. The effect was
evaluated by a passive avoidance task measuring of STL
and TDC in mice. Results showed that mice treated with
VPA showed improved memory (with an increase of STL
and decline of TDC). Cup plus VPA, at all different
dosages, with VPA showed no significant effect on STL,
TDC, or the learning capability of mice. Our results are
consistent with other studies that reported HDACi
upregulates memory, learning, and cognition by inducing
histone H3 and H4 acetylation of brain-derived
neurotrophic factor (BDNF) promoters. [35, 36] BDNF has
a potent impact on development and proliferation,
differentiation, neurogenesis, and survival of the neural
cells in the adult hippocampal region. [37]

In the present study, motor function in Cup mice was tested
and results demonstrated that on all motor tests mice
displayed a progressive deterioration in motor coordination
and balance, compared with the positive control and healthy
groups. Beneficial effects of VPA were observed to occur
in motor functions and these effects were related to the dose
of VPA. These results are comparable to some neurology
studies, in which we have shown a significant reduction in
neurological dysfunction in the demyelination model.
Previous studies have shown a protective role for VPA in
motor and sensory functions on spinal cord injury,
Huntington’s disease, and Parkinson’s disease. Cuprizone
increased axonal injury through the decrease of microglial
activation. IL-6 production is coordinated by motor
abnormalities in mice. In the demyelination model used in
this investigation, the application of VPA decreases the
demyelination region in brain tissue. This result obtained
by LFB staining and is in agreement with previous studies
that shows the administration of VPA after stroke improved
neurological outcome. [38] HDAC inhibitors prevent
oligodendrocyte differentiation and hypomyelination by
activation of the Wnt signaling pathway. [39] VPA elevated

mature oligodendrocytes identified by MBP and
myelinated axons. Furthermore, VPA augments white
matter regeneration. [40]

In the histological assessment, the expression of glial fibril
acidic protein (GFAP) was up-regulated after 5 weeks of
cuprizone administration. The application of VPA reduced
the relative intensity of immunofluorescence at the GFAP
in Cup plus VPA mice. VPA reduces the traumatized spinal
cord gliosis. However, gliosis prevents axon regeneration
that its result is the highest axon loss. In this study, in the
Cup group, GFAP immunoreactivity was the highest, while
the behavioral test had the lowest score. In contrast, Cup
plus VPA mice showed an increase in behavioral scores and
a decrease in GFAP expression. NF-kB was revealed to be
preferentially induced by astrocytes, and caused an increase
of neuronal sparing, sprouting of spinal tract axons,
promoted neuronal survival and elevated significant
functional recovery in experimental autoimmune
encephalomyelitis (EAE). [41, 42]

In addition, the myelin basic protein (MBP) produced by
mature oligodendrocytes is decreased after treatment by
cuprizone. Besides, treating mice with VPA resulted in the
upregulation of MBP expression in the last 7 days after
demyelination. This finding agrees with a recent study. [27,
30]
Extracellular  glutamate caused the death of
oligodendrocytes by inducing the AMPA/kainate receptor
in these cells. GLT-1, as a glutamate transporter, reduces
glutamate in the extracellular area and thus declines the
damage to the grey and white matter brain tissue. HDAC
inhibitors downregulate glutamate through the increase of
GLT-1 and thus reduce oligodendrocyte death. [38]
Moreover, VPA acts on white matter repair and
neurogenesis through regulation of NMDA signaling,
elevated BDNF, and acetylated histone H4, GABA gene
expression, all of which could affect this process. [24-26]
Apoptosis has recently been revealed to occur in
association with decreased reduced histone acetylation or
activated E2F1 transcription factor. E2F1-induced
apoptosis is performed via caspase-3. Besides, caspase-3 is
activated in demyelination models of cuprizone and is
associated with a reduction in motor and sensory functions
and permanent disability. [43] In Cup mice treated with
VPA, we showed that the caspase-3 expression component
resulted in reduced brain tissue. This data is in line with
investigations on the spinal cord that demonstrate
downregulation of caspase-3 activation via HDAC
inhibitors. Furthermore, VPA and other HDACi induce
apoptosis of the microglia by inducing a loss of microglial
mitochondrial transmembrane potential and promote
histone hyperacetylation. A recent investigation explained
VPA involvement in neuroprotective genes such as Hsp70
and Bcl-2. [44, 45]

266



https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/histone-h4
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/brain-derived-neurotrophic-factor
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/brain-derived-neurotrophic-factor
https://www.sciencedirect.com/topics/neuroscience/neurogenesis

International Journal of Pharmaceutical and Phytopharmacological Research (elJPPR) | October 2020 | Volume 10| Issue 5| Page 256-269
Somayeh Sohaili, Repair Effects of Depakene on Neuropathological Changes in Cuprizone Model of Demyelination

CONCLUSION

In the present study, we sought to establish whether
HDAC:S could have a histological and behavioral effect on
Multiple Sclerosis (MS) models. We demonstrated that
VPA has a potential role for regulation of apoptosis,
gliosis, and demyelination using a cuprizone model of
mice. In this MS model, we showed that VPA decreased
caspase-3 and GFAP activation. In addition, VPA
increased the level of MBP and remyelination, which is
enhanced by results of behavioral data such as PAT,
footprint, and balance tests. Our findings showed that VPA

may provide effective therapeutic

interventions for

demyelinating disease.
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