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Abstract Cognitive deficits have been observed in
patients with multiple sclerosis (MS) due to hippocampal
insults. Antioxidant vitamins D and E are suggested for
patients suffering from neurodegenerative diseases like
MS, while their mechanisms of action are not well
understood. Here, we have tried to study the effects of
these vitamins on demyelination, cell death, and remyeli-
nation of rat hippocampus following local ethidium bro-
mide (EB) injection. Animals received 100 mg/kg vitamin
E or 5 png/kg of vitamin D3 for 2, 7, or 28 days. The extent
of demyelination, myelin staining intensity, and expression
of myelin basic protein and caspase-3 were investigated
using histological and immunoblotting verification.
Administration of EB alone caused demyelination, cell
death, and afterward an endogenous repair. Vitamins E and
D3 reduced the EB-induced damage and increased the
endogenous remyelination of hippocampus. Although the
anti-apoptotic effect of these vitamins and protection
against demyelination were predictable based on their
antioxidant effect, our results indicated the positive effect
of vitamins E and D3 on process of remyelination by
endogenous progenitor cells and supported their possible
therapeutic effects in the context of demyelinating diseases
like MS.
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Abbreviations

CNS  Central nervous system
EB Ethidium bromide

MS Multiple sclerosis

MBP  Myelin basic protein

OPCs Oligodendrocyte precursor cells

SVZ  Sub-ventricular zone

EAE  Experimental autoimmune encephalomyelitis

DG Dentate gyrus

Introduction

Regeneration in adult mammalian central nervous system
(CNS) fails for different reasons including the presence of
inhibitory molecules associated with CNS macroglia and
low regenerative potential of most damaged CNS axons.
Nevertheless, CNS is capable of regeneration given an
appropriate environment or manipulations that restore the
regenerative potential of neurons (Brecknell and Fawcett
1996). Demyelination is a pathological event in CNS in
that it may be followed by remyelination, a spontaneous
regenerative response in which lost myelin internodes are
replaced by new ones, resulting in the restoration of sal-
tatory conduction and demyelination-associated loss of
function (Smith et al. 1979; Woodruff and Franklin 1999).
Recent research, especially using MRI technique, has
indicated that demyelination takes place in gray matter, in
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addition to its occurrence in white matter (Sailer et al.
2003). Making use of MRI, demyelination lesions, and
abnormalities in hippocampus have been reported in
patients with neurodegenerative diseases (Vercellino et al.
2005; Roosendaal et al. 2008; Geurts et al. 2007).

Experimentally induced demyelination through chemi-
cal agents provides a model system for analyzing the cel-
lular changes that occur during demyelinating pathologies
such as MS (Blakemore and Crang 1989; Levine and
Reynolds 1999). Direct injection of ethidium bromide (EB)
as a chromatin-disrupting agent has offered a simple,
reproducible, and powerful model for studying the biology
of remyelination and the subsequent repair process
(Blakemore 1982; Woodruff and Franklin 1998). Oligo-
dendroglial damage induced by EB produces cell death and
primary demyelinating lesions at the site of injection
(Blakemore et al. 1983; Bondan et al. 2000, 2006; Guazzo
2005). Reactive T cells and macrophages in CNS produce
cytokines and other mediators like tumor necrosis factor o,
interferon y, and reactive oxygen species (H,O,, O,~, NO)
that activate caspase protein family (Rus et al. 2006). There
are 14 members in caspase family of proteins which,
according to their function, are divided to initiator caspases
(caspases 2, 8, 9, and 10), executioner caspases (caspases 3,
6, and 7), and caspases involved in cytokine processing
(caspases 1, 4, 5, 11, 12, 13, and 14) (Wolf and Green
1999). Apoptosis contributes to oligodendrocyte depletion
in MS lesions and ultimately increases demyelination
(reviewed in Rus et al. 2006; Frohman et al. 2006). Also,
oligodendrocytes of CNS are very sensitive to oxidative
stress in vitro, apparently due to their low capacity for
antioxidant defense and intrinsic risk factors (Almazan
et al. 2004). Activated immune cells also affect the
expression of myelin basic proteins (MBPs) by secreting
cytokines (Hung et al. 2002).

Myelin basic proteins are a family of positively charged
proteins that contribute to formation and compaction of
myelin sheath. In the CNS, such proteins are found in
myelinating oligodendrocytes at the major dense line, the
cytoplasmic interface of the myelin sheath (Monuki and
Lemke 1995). During myelination, the mentioned proteins
are expressed in a highly coordinated sequence (Woodruff
and Franklin 1998). Of the four major isoforms of MBPs,
the proportion of the 21.5 and 17 kDa isoforms is enriched
during active myelination (Barbarese et al. 1978).

Antioxidant a-tocopherol is well known as ROS scav-
engers in vivo and in vitro. The antioxidant activity of
a-tocopherol in preventing free radical-initiated peroxida-
tive tissue damage is accepted by most investigators and is
believed to be the primary free radical scavenger in
mammalian cell membrane (Rose and Bode 1993; Droge
2002). The direct action of a-tocopherol has been attributed
to its ability in functioning as a lipid-based free radical
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chain-breaking molecule, which protects the organism
against these radicals (Miyoshi et al. 2005; Traber and
Atkinson 2007) and, thereby, prevents from apoptosis and
necrosis (Ikeda et al. 2003; Kang et al. 2006).

During the 1970s, the concept that vitamin D might
represent an important factor in MS emerged from epide-
miological and genetic studies (Goldberg 1974a, b). 1,25-
Dihydroxyvitamin-D3 (1,25-D3), the biologically active
form of vitamin D, ameliorated the symptoms of experi-
mental autoimmune encephalomyelitis (EAE), an animal
model of MS when administered after the onset of clinical
signs (Garcion et al. 2003; Mosayebi et al. 2006). Although
antioxidant vitamins like vitamin D are recommended as
supplements for different therapeutic drugs used for con-
trolling the symptoms of MS, the mechanism of their positive
effect is not yet understood. It is not clear that these vitamins
are protective, because of their known antioxidant effect and
ameliorate the degenerative processes and/or other mecha-
nisms like potentiating the regenerative capacities of CNS
are also involved. In this study, we have tried to investigate
the effects of vitamins E and D3 on degeneration and re-
myelination processes in insults induced by local injection of
the toxin ethidium bromide.

The adult hippocampus, a vital center for learning and
memory, is extremely vulnerable to various insults and
neurological diseases (Nakafuku et al. 2002). Cognitive
deficits have been observed in 25-60% of MS patients
suffering from hippocampus insults (Rao et al. 1991). This
area is a site for functionally significant oxidative damage
(Cha et al. 2002). Dentate gyrus (DG) of hippocampus is
the most mitotically active zone in adult CNS, where
granule cells continue to be generated throughout the life in
rodents and humans (Becq et al. 2005). The presence of
both degenerative and regenerative mechanisms in hippo-
campus makes it suitable for investigating our questions.
Here, we also report the presence of the endogenous re-
myelinating mechanism in rat’s hippocampus in the con-
text of EB-induced demyelination.

Experimental Procedures
Animals

All experiments were carried out on adult male Sprague-
Dawley rats (8-10 weeks aged) weighting 200-250 g
(Razi Institute, Karaj, Iran). Animals were housed four per
cage under a 12-h light/dark cycle in a room with con-
trolled temperature (23 £ 2°C). Food and water were
available ad libitum. All research and animal care proce-
dures were performed according to international guidelines
on the use of laboratory animals and were approved by
Tarbiat Modares University ethical committee for animal
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research. Efforts were made to minimize the number of
animals used and their suffering.

Gliotoxin Injection and Treatments

Animals were anaesthetized with chloral hydrate (80 mg/kg,
i.p.) and placed on rat stereotaxic instrument in the skull-flat
position. Demyelination was induced unilaterally by direct
single injection of 3 pl of 0.01% ethidium bromide in sterile
0.9% saline (Sim et al. 2000) at the rate of 1 pl/min into the
right dentate gyrus of hippocampal formation, using appro-
priate stereotaxic coordinates (AP = —2.8; ML = +1.8;
DV = +2.5) (Paxinos and Watson 2006). Animals in experi-
mental groups received 100 mg/kg vitamin E (DSM Nutri-
tional Products, Village-Neuf, France) (Martinovits et al.
1986; Offen et al. 2001; Cinthia et al. 2009) or 5 pg/kg
vitamin D3 (DSM Nutritional Products, Village-Neuf,
France) (Garcion et al. 2003) for 2, 7, or 28 days post lesion.
Soybean oil (Hayes et al. 2004) as the vehicle of vitamins E
and D3 was used as control.

Histological Assessment

Animals were re-anesthetized on days 2, 7, or 28 post
lesion and perfused intracardially with freshly prepared
phosphate-buffered saline (PBS) and then with 4% para-
formaldehyde prepared in 0.1 M phosphate buffer with pH
7.4. The right hemisphere was removed and then postfixed
overnight in the same solution at 4°C. The hemispheres
were afterward processed and embedded in paraffin, sagi-
tally sectioned at 5-um-thick preparations. Preparations
corresponding to the area between 0.5 mm before the site
of injection to 0.5 mm after the site of injection (200
sections) were considered for evaluation. Sections were
stained with luxol fast blue (British Drugs Houses Inc, UK)
and cresyl fast violet (Merck, Darmstadt, Germany). One
section out of each 10 sections (10 sections for each hip-
pocampus) was considered for measuring the extent of
demyelination and the intensity of myelin staining (mye-
lination intensity) using light microscopy. In histological
analysis, Scion and Image J softwares were used for
assessing the myelination intensity and the extent of
demyelination, respectively. For each section, the extent of
demyelination was assessed as the percentage of total
hippocampal area. Myelination intensity was assessed in
reference to an intact area in the same preparation. For each
animal, data from different sections were averaged and
incorporated into the comparison of different groups.

Immunoblotting Analysis

For Immunoblotting, animals were killed by decapitation
under CO, anesthesia and the right hippocampus was

immediately removed and preserved in liquid nitrogen until
the day of immunoblotting. The extracted hippocampus was
homogenized on ice in cold lysis buffer containing 50 mM
Tris—HCI (pH 8.0), 150 mM NaCl, 0.1% Triton X-100,
0.25% sodiumdeoxycholate, 0.1% sodium dodecyl sulfate
(SDS), 1 mM EDTA, and 1% protease inhibitor cocktail
(Roche, Germany). After centrifugation, the supernatant
was collected and assayed for protein concentration using
the Bradford method. The lysates containing equal amounts
of protein were resolved on SDS—12.5% polyacrylamide gel
electrophoresis, transferred to PVDF membrane (Amer-
sham Bioscience, Freiburg, Germany), blocked in 2% ECL
advanced kit blocking reagent (Amersham Bioscience,
Freiburg, Germany) and probed with primary rabbit
monoclonal antibody to caspase-3 (1:1000, Cell Signaling
Technology, Danvers, MA, USA) or rabbit polyclonal
antibody to MBP (1:1000, Santa Cruz Biotechnology, CA,
USA) overnight at 4°C. After washing, membranes were
incubated for 60 min at room temperature with the horse-
radish peroxidase—conjugated secondary antibody (1:10000,
Santa Cruz Biotechnology, CA, USA). Blots were subse-
quently revealed by ECL advanced kit (Amersham Bio-
science, Freiburg, Germany). To normalize for protein
content of lanes, blots were stripped in stripping buffer
containing 100 mM 2-mercaptoethanol, 2% (w/v) SDS, and
62.5 mM Tris—HCI (pH 6.7) and then probed with rabbit
anti-actin antibody (1:1000, Santa Cruz Biotechnology, CA,
USA).

Statistical Analysis

Following immunoblotting, band densities on the blots
were measured using Labworks software (UVP, Inc., UK).
The densities obtained for activated caspase-3 and MBP
were normalized to corresponding actin band density. Data
from immunoblotting and histological analysis were scru-
tinized using one-way analysis of variance (ANOVA)
followed by the Tukey post hoc. The results are expressed
as mean £ SEM. P < 0.05 was considered as minimum
significant difference of means.

Results

EB-induced Apoptosis, Demyelination,
and Remyelination

EB induced an obvious demyelination in rat hippocampus.
The extent of demyelination and the intensity of myelina-
tion were studied 2, 7, 14, 28, and 60 days after EB
injection using luxol-fast-blue myelin-specific staining.
Two days after injection, infiltration of inflammatory cells
was usually observed. There was nevertheless no obvious

@ Springer



292

Cell Mol Neurobiol (2010) 30:289-299

demyelinated area and the myelination intensity was same
as that of control animals (Fig. 1a, b). Demyelinated area
was observed on day 7 and increased on days 14 and 28
(P < 0.001). Lower level of demyelination was seen on
day 60 post lesion. Myelination intensity decreased on days
7,14, 28 (P < 0.001), and 60 (P < 0.01), and increased on
day 60 (P < 0.01 vs. day 28), while it was still below the
control level (Fig. la, b). Representative histological
micrographs for control group and days 7, 28, and 60 are
shown in Fig. Ic.

To study the possible role of apoptotic cell death in the
process of demyelination and changes in the activity of
myelinating cells, we evaluated the expression of caspase-3
and MBP on days 2, 14, and 28 post lesion. Our results
showed that there was no significant difference between
intact and saline-treated animals for expression of caspase-
3 and MBP. Therefore, the data for these different groups
were averaged and presented as control. EB injection
caused a significant increase in the level of activated
caspase-3 on 2, 7, and 28 days post lesion (P < 0.05,
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20% | .
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% The extent of demyelination 3>

Control 2 7 14 28 60

Days post lesion
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Fig. 1 Ethidium bromide (EB)-induced demyelination and remyeli-
nation in rat hippocampus. The extent of demyelination and the
intensity of myelin-specific staining were studied 2, 7, 14, 28, and
60 days after local injection of EB, using luxol fast blue staining of
histological preparations. a A significant demyelinated area was
observed on days 7, 14, 28, and 60 post lesion. Lower extent of
demyelination was observed on day 60. b Myelin-specific staining
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P < 0.001, and P < 0.01, respectively). This increase was
at maximum on day 7 (Fig.2a). EB injection also
decreased the expression of MBP on day 2 post lesion
(P <0.001) and increased its expression on day 28
(P < 0.05). Compared to day 2, the expression of MBP
increased on days 7 and 28 (both, P < 0.001) (Fig. 2b).
Representative western blotting bands are presented in
Fig. 2c. Our overall observation showed that the total
number of cells did not change in post-lesion days.

Effect of Vitamins E and D3 on EB-induced
Demyelination

As is shown in Figs. 3 and 4, a very low demyelination and
normal myelination intensity were observed on day 2 post
lesion (Figs. 3a, 4a). One-way ANOVA showed a non-
significant difference between the groups on day 2, there-
fore no post-test was carried out. Seven days after EB
injection, demyelination was significantly extended and the
intensity of myelin staining reduced. However,
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showed a reduced myelination on days 7, 14, 28, and 60. The
myelination level was partially reversed on day 60. ¢ Light
micrographs for control and days 7, 28, and 60 are shown as
representative. Bars mean + SEM, n = 4, dpl = day post lesion,
* P <005 **P<0.01, **P<0.001 compared to -control
group, T P <0.05, 1 P < 0.01 compared to day 28 as evaluated
by one-way analysis of variance (ANOVA) and Tukey post hoc
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following ethidium bromide (EB)-induced demyelination in rat hippo- gE® 30% 1
campus, as evaluated by western blotting. Extracts from rat hippocam- 3 g
pus were probed with anti-activated-caspase-3 or anti-MBP and then S b . *%
with HRP-conjugated secondary antibody. ECL advanced kit was used "g 2 20% 1 *%
to reveal the bands. a EB injection caused a significant increase in the 1 <
level of activated caspase-3 on days 2, 7, and 28 post lesion. This o
. . e Q 10% -
increase was at maximum on day 7. b EB injection decreased the l-E
expression of MBP on day 2 post lesion. While the expression was at
minimum on day 2, it was reversed to control level on day 7 and 0%
‘o T T

increased to a higher level on day 28. ¢ This is representative of western
blot data for caspase-3 and MBP proteins. Bars mean + SEM,
Control = a pool of intact and saline-treated animals, n > 4,
* P <0.05 **P<001, ** P <0.00l compared to control
group, 11 P < 0.001 compared to day 2 post lesion as evaluated by
one-way analysis of variance (ANOVA) and Tukey post hoc

administration of vitamins E or D3 during these 7 days did
not show any significant effect on demyelination and
myelin staining intensity (Figs. 3b, 4b).

Twenty-eight days after EB injection, animals which
received vitamins E and D3 daily showed a significant

EB EB+Vit E EB+Vit D3

Fig. 3 Effects of vitamins E and D3 on the extent of demyelination
induced by injection of ethidium bromide (EB) into rat hippocampus in
days 2 (a), 7 (b), and 28 (c) post lesion. Administration of vitamins E and
D3 for 2 or 7 days did not exert significant effect on the extent of
demyelination. Administration of vitamins E and D3 during 28 days post
lesion significantly reduced the extent of demyelination. Bars mean +
SEM, n > 4,** P < 0.01 compared to EB-treated group as evaluated by
one-way analysis of variance (ANOVA) and Tukey post hoc

decrease in the extent of demyelination (both P < 0.01)
and had an increased level of myelin staining (P < 0.001
and P < 0.05, respectively) (Figs. 3¢, 4c). Our overall
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Fig. 4 Effects of vitamins E and D3 on the intensity of myelination
following ethidium bromide (EB)-induced demyelination in rat
hippocampus in days 2 (a), 7 (b), and 28 (c¢) post lesion.
Administration of vitamins E and D3 for 2 or 7 days did not exert
significant effect on the intensity of demyelination. Administration of
vitamins E and D3 during 28 days post lesion significantly increased
the intensity of myelination. Bars mean + SEM, n > 4, * P < 0.05
and *** P < (0.001 compared to EB-treated group as evaluated by
one-way analysis of variance (ANOVA) and Tukey post hoc

observation showed that the total number of cells did not
change in animals treated with vitamins D3 and E.

In the presence of vitamins E and D3, the extent of
demyelination and myelination intensity on day 28 seems
to be same to, or even better than these parameters on day
60 in control group. On the other word, vitamins shortened
the recovery time to about 50%. Based on this observation,
we ignored day 60 from vitamin-treated groups.
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Effect of Vitamins E and D3 on EB-induced Apoptosis
and Remyelination

Our data showed that EB injection into hippocampus
induces apoptosis, demyelination, and remyelination. To
study the effects of daily administration of vitamins E and
D3 on the level of activated caspase-3, demyelination and
remyelination, the levels of activated caspase-3 and MBP
were measured 2, 7, and 28 days after EB injection. Since
there was no difference in the level of caspase-3 and MBP
in intact and vehicle-treated animals, the data for these two
groups were merged and mentioned as control.

As is shown in Fig. 5, 2 days after the injection of EB,
the level of activated caspase-3 (P < 0.05) increased sig-
nificantly. This increase was reversed by vitamins E and
D3 (Fig. 5a). Seven days after EB injection, the level of
activated caspase-3 increased highly. Vitamins E and D3
returned the activated caspase-3 level to control level (both
P <0.001 vs. EB-treated rats) (Fig. 5b). The level of
activated caspase-3 in EB-treated rats on day 28 post lesion
was still higher than that of control. This level was sig-
nificantly decreased by vitamins E and D3 (P < 0.001 and
P < 0.01, respectively). Vitamin E decreased the level of
activated caspase-3 to a lower level than control (P < 0.01)
(Fig. 5¢).

As is shown in Fig. 6, while EB alone severely
decreased the expression of MBP on day 2 post lesion,
vitamins E and D3 reversed this effect (both P < 0.05).
The expression of MBP in vitamin E-treated animals was
significantly higher than that in EB-treated group
(P < 0.05) (Fig. 6a). On day 7, there was no significant
difference among control, EB-, vitamin E-, and vitamin
D3-treated animals (Fig. 6b). On day 28, the expression
level of MBP in EB-, vitamin E- and vitamin D3-treated
animals was higher than that in control group (P < 0.05,
P < 0.001 and P < 0.001, respectively). Compared to the
EB-treated group, administration of vitamins E and D3
significantly increased the expression of MBP (both
P < 0.001) (Fig. 6¢).

Discussion

Several studies have proposed that demyelinating insults
occur in the CNS gray matter of MS patients. Hippocampal
formation is known as one of the important gray matters
which are reported to be affected by MS (Sailer et al. 2003;
Geurts et al. 2007). The purpose of the present study was to
investigate the effect of vitamins D3 and E on the cell
death and remyelination of rat hippocampal formation
following local injection of EB. EB injection into hippo-
campus caused local demyelination. Maximum extent of
demyelination was observed on day 28 post lesion. Sixty
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induced changes in the level of activated caspase-3 in rat hippocam-
pus evaluated by western blotting. Extracts from rat hippocampus
were probed with anti-activated caspase-3 or anti-MBP and then with
HRP-conjugated secondary antibody. ECL advanced kit was used to
reveal the bands. a This graph shows that vitamins E and D3
prevented the significant increase in the level of active caspase-3 on
day 2 post lesion. b The graph indicates that administration of
vitamins E and D3 during 7 days post lesion significantly decreased
EB-induced elevated level of active caspase-3. ¢ This graph shows
that administration of vitamins E and D3 during 28 days post lesion
significantly decreased EB-induced elevated level of active caspase-3.
Vitamin E reduced the level of caspase-3 even to a level lower than
that of control. Bars mean + SEM, Control = a pool of intact
and saline-treated animals, n >4, * P <0.05, ** P <0.01,
##% P < (0.001 compared to control group, Tt P <0.01,
11 P < 0.001 compared to EB-treated animals as evaluated by
one-way analysis of variance (ANOVA) and Tukey post hoc

days post lesion, the extent of demyelination area reduced
and a higher myelin-specific staining was observed. The
presence of both demyelinating and remyelinating pro-
cesses following local injection of EB into hippocampus

Fig. 6 Effects of vitamins E and D3 on the ethidium bromide (EB)-
induced changes in the level of MBP in rat hippocampus evaluated by
western blotting. Extracts from rat hippocampus were probed with
anti-activated caspase-3 or anti-MBP and then with HRP-conjugated
secondary antibody. ECL advanced kit was used to reveal the bands.
a On day 2 post lesion, the expression of MBP in animals treated with
vitamin E was significantly higher than EB-treated group. b On day 7
post lesion, there was no significant difference between control and
EB-, vitamin E-, or vitamin D3-treated animals. ¢ On day 28 post
lesion, the expression level of MBP in EB-, vitamin E-, and vitamin
D3-treated animals was higher than that in control group. Compared
to EB-treated group, administration of vitamins E and D3 signifi-
cantly increased the expression of MBP. Bars mean + SEM,
Control = a pool of intact and saline-treated animals, n > 4,
* P <0.05 *** P <0.00l compared to control group, T P <
0.05, 11 P < 0.001 compared to EB-treated animals as evaluated
by one-way analysis of variance (ANOVA) and Tukey post hoc

provides a well-suited model for studying the effect of
potentially effective drugs on demyelinating diseases like
MS. The endogenous remyelination in this experiment also
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provides a good model for investigating the endogenous
mechanisms of CNS repair. Our results also showed that
subsequent to local injection of EB, an increased level of
the apoptotic protein, activated caspase-3, was observed on
days 7 and 28. This finding was similar to previous
reported results on apoptosis caused by EB administration
in CNS. This apoptosis may be due to activation of T-cells
and macrophages which produce inflammatory cytokines
and mediators such as tumor necrosis factor [TNF]-a,
interferon [IFN]-y and reactive oxygen/nitrogen species
(Rus et al. 2006; Frohman et al. 2006). Biochemical events
initiated by these reactive species may induce lipid per-
oxidation and protein oxidation, leading to cell damage and
death by apoptosis (Kochman et al. 2002). Degenerative
changes, induced by EB injection into rat brain, are
reported in oligodendrocytes within 72 h and their sub-
sequent death results in demyelination (Blakemore et al.
1983). Due to their lower antioxidant capacity, oligoden-
drocytes are more sensitive to oxidative and nitrative stress,
compared to microglial cells and astrocytes (Smith et al.
1999). EB causes death in oligodendrocytes via producing
free radicals, but this neural damage may be compensated
by physiological capacity of CNS for repair (Setzu et al.
2004; Zhang et al. 1999; Levine et al. 2001). Such apop-
tosis may explain the EB-induced demyelination in our
study.

MBP is expressed in myelinating cells including both
immature and mature oligodendrocytes and, in this ways, its
expression can regard as activity or presence of these cells
(Baumann and Pham-Dinh 2001). The expression of MBP
in the lesioned hippocampus was significantly reduced
2 days post lesion, returned to control level on day 7, and
increased to a level higher than that in control on day 28.
The level of MBP expression on days 7 and 28 was sig-
nificantly higher than its expression level on day 2.
Reduced level of MBP on day 2 seems to be attributable to
oligodendrocytes damage and death as it was assumed by
approximately twofold increase in the level of activated
caspase-3. The other possibility for decreased MBP
expression is the role of activated immune cells. Activated
immune cells decrease the expression level of myelin basic
proteins by secreting the cytokines (Hung et al. 2002).
Following the lesion and death of oligodendrocytes, it is
shown that precursor cells migrate into the lesion site and
then differentiate to oligodendrocytes and increase the
level of MBP expression (Zhao et al. 2005; Sim et al.
2000). Results of our study also confirmed the elevation of
MBP expression to control level on day 7. On day 28, the
expression level of MBP was even higher than that of
control. There are two possible explanations for the higher
levels of MBP expression in the remyelinated area. First, it
is known that cell proliferation is required for remyelina-
tion and that the remyelinated area contains more
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myelinating oligodendrocytes (Keirstead et al. 1998; Ke-
irstead and Blakemore 1997; Prayoonwiwat and Rodriguez
1993). If oligodendrocytes were expressing similar
amounts of MBP then increased number of cells would
accounts for the higher levels of myelin protein expression.
The second possibility is that the levels of expression
reflect the age of the myelinating cell, thus in the remye-
linated area being much younger than that in the control
white matter (Sim et al. 2000). Our overall observation of
the histological preparations showed that the total number
of cells did not change in post-lesion days. Therefore, the
first explanation seems to be more plausible. Another
explanation is that, we have estimated the total number of
cells, but the occurrence of apoptosis is more possible for
oligodendrocytes, due to their higher sensitivity. In the
context of demyelination, progenitor cells also mostly
differentiate into oligodendrocytes. Therefore, the other
possibility is that in our experiment, the significant change
in a small portion of cells is masked by total cell count. In a
consistent report, in caspase-3-deficient mouse with a
decreased apoptosis and marked expansion of the total
population of actively proliferating neuroblasts, the histo-
logical features of normal neurogenesis seemed to be
maintained (Pompeiano et al. 2000). Totally, our findings
in molecular level shows that in post-lesion time, the
condition has changed in favor of remyelination, which
may lead to increased myelination intensity, as was
observed in 60 days post lesion in histological studies.

The endogenous potential of CNS for remyelination of
the lesions was previously reported (Zhang et al. 1999;
Zhao et al. 2005; Scolding 2001; Rice and Scolding
2007). There may be several sources for myelinating cells
in adults CNS; Oligodendrocyte precursors that have
widespread distribution throughout the white and gray
matters in healthy brain are composed of approximately
quiescence populations that proliferate slowly and par-
ticipate in oligodendrocyte turnover (Levine et al. 2001).
It is shown that these cells are able to be activated in
response to a demyelinating insult and participated in
adults CNS remyelination (Franklin et al. 1997). Sub-
ventricular zone of lateral ventricles is the main pool of
stem cells in the brain (Galli et al. 2003), which is
reported that are able to answer to the demyelinating
insults in corpus callosum by proliferation, mobilization
to the site of injury, and differentiation into the myeli-
nating cells (Gensert and Goldman 1997; Nait-Oumesmar
et al. 2008). The stem cells are also present in hippo-
campus (Nakafuku et al. 2002; Becq et al. 2005). Toxin-
induced lesion in the CNS usually causes inactivation or
death of progenitors inside the lesion. Therefore, the
repair is thought to be mostly due to migration of mye-
linating cells from tissues around the lesion (Franklin
et al. 1997; Menn et al. 2006).
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Based on the epidemiological, genetic, and animal
studies, vitamin D might represent an important factor in
MS (Goldberg 1974a, b). Although the antioxidant vitamin
D is recommended as a supplement for different thera-
peutic regimes of MS (Garcion et al. 2003), the mechanism
of its positive effect is not yet understood. Vitamin E is an
essential nutrient in humans and its antioxidant and anti-
inflammatory role is well established (Johnson 2000;
Rimbach et al. 2002; El-Demerdash 2004; Grammas et al.
2004; Reiter et al. 2007). Vitamin E-treated rats have
shown smaller lesions induced by EB, suggesting that this
compound somehow interferes in the development of
lesions. As is shown in Figs. 3 and 4, administration
of vitamins D3 and E for 7 days did not change the extent
of demyelination and the intensity of myelin staining.
Twenty-eight days administration of vitamins D3 and E
significantly reduced the extent of EB-induced demyelin-
ation in hippocampus. These vitamins also increased the
myelin-specific staining as an index of remyelination. This
positive action of vitamins D3 and E may be caused by
their protective and anti-inflammatory effects against the
oligodendrocytes damage. These results are in accordance
with other studies that demonstrated the anti-inflammatory
effects of vitamins D3 and E on demyelinating models of
MS (Garcion et al. 2003; Hayes et al. 1997; Mosayebi et al.
2006; Cinthia et al. 2009). More focusing on the myelin
staining intensity parameter reveals that in day 7 post
lesion, EB alone but not in the presence of vitamins D3 and
E, caused a significant decrease in the intensity of myelin
staining, while in day 28 the vitamins caused a significantly
increased myelin staining. In the other words, comparing
the myelination intensity in days 7 and 28 in vitamin-
treated groups shows a significant increase in the myelin
staining. These findings show that the effects of vitamins
D3 and E at doses applied in this study may be mostly due
to their positive effect on the process of remyelination.

In this study, the positive effects of vitamins D3 and E
on demyelination and remyelination processes were also
verified by the levels of active caspase-3 and MBP
expressions. While the level of activated caspase-3 in day 2
post lesion was significantly higher than that in control
group, increase in the level of this protein in animals
treated with vitamins D3 and E were non-significant. Seven
or 28 days post lesion, vitamins D3 and E reduced the level
of caspase-3. The level of this protein in day 28 following
vitamin E administration was even lower than that in
control group. Altogether, changes in the level of caspase-3
in this experiment support the previously reported effect of
antioxidant vitamins on apoptosis of CNS cells. In the other
words, the protective effect of vitamins D3 and E on the
processes of demyelination and remyelination is at least
partially mediated by their effect on the EB-induced
apoptosis (Ikeda et al. 2003; Kang et al. 2006; Noseworthy

et al. 2000). Seven days post lesion, a lower decrease in
MBP expression was observed in animals treated with
vitamins E and D3. This effect mostly seems to be owing to
reduced damage and apoptosis in myelinating cells.
Twenty-eight days post lesion, when the expression of
MBP in EB-treated group was higher than that in control
level, vitamins D3 and E increased the expression of MBP
even to higher levels than EB group. This increased level
of MBP following its initial decrease seems to be due to an
increase in the number of MBP expressing cells or due to
an increased expression level of MBP in recruiting cells
(Sim et al. 2000). The total number of cells did not change
in vitamin-treated animals. Therefore, as heretofore dis-
cussed the second possibility seems to be more plausible.
In the other word, after 28 days, less caspase-3 is visible in
vitamin-treated animals with more myelination. It seems
that the newly generated cells which compensate for the
apoptosis are more active in producing MBP.

It may be suggested that vitamins D3 and E are capable
of increasing the remyelination process through potentiat-
ing the remyelination process and decreasing EB-induced
apoptosis (Ikeda et al. 2003; Kang et al. 2006; Noseworthy
et al. 2000; Hung et al. 2002). Previous studies also suggest
the effect of vitamins D3 and E on CNS regeneration and
stem cells-mediated regeneration. Many studies have
clearly indicated that antioxidant activity of vitamin E
protects the neural tissue against a variety of neurodegen-
erative conditions induced by oxidative stress (Schewe
1995; Imai et al. 2001; Porciuncula et al. 2001; Grammas
et al. 2004; Mosayebi et al. 2006; Reiter et al. 2007) and
have suggested it as a potential therapeutics and scientific
tool to be investigated in brain disorders associated with
demyelinating events (Cinthia et al. 2009). Autoradio-
graphic, immunologic, and mRNA expression studies
suggest that the neuronal system, including the hippo-
campal subfields and glial cells, is the potential target of
vitamin D (Baas et al. 2000; Clemens et al. 1988). Another
study indicated that vitamin D receptor (VDR) protein is
present and functional in hippocampus neurons and glial
cells (Langub et al. 2001). In vivo data confirm vitamin D-
induced increases of NGF levels in rat brain (Saporito et al.
1993, 1994). These reports may explain for the positive
effects of vitamin D3 in the context of EB-induced
demyelination and remyelination.

Our data showed that vitamins D3 and E were able to
protect the CNS against a demyelinating damage. Although
this was predictable based on antioxidant and anti-apoptotic
effects of these vitamins, their effect on the process of
remyelination and increasing the myelination level pro-
vided a quite new insight into the potential therapeutic
effects of vitamins D3 and E. The positive effect suggested
for vitamins D3 and E in the context of demyelinating
diseases like MS seems to be a result of their protective
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effect on the demyelination process and apoptosis and also
their positive effect on proliferation, migration, and differ-
entiation of stem cells into adult myelinating cells.
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