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Metallothionein expression in the central nervous system of multiple sclerosis

Expresion de metalotioneinas en el sistema nervioso central de pacientes con

esclerosis multiple

En este ultimo trabajo se estudia la expresion de MT-I y MT-Il en la enfermedad
humana, la EM. Para ello se estudiaron 15 lesiones cronicas activas y 15 lesiones
cronicas inactivas de SNC de pacientes con EM, asi como 15 secciones control de
pacientes que no presentaban enfermedades del SNC. Tal como se habia descrito
en la EAE, se observd un aumento de la expresion de MT-l y MT-Il en el SNC de
los pacientes con EM respecto a los pacientes control. Las células que expresaban
estas proteinas eran principalmente los astrocitos y los monocitos/macréfagos
activados. Curiosamente, la expresion de MT-l y MT-Il estaba aumentada en las
lesiones de EM cronicas inactivas respecto a las cronicas activas, sugiriendo, como
ya se habia observado en la EAE, la posible funcion de las MT en la remisién de la

enfermedad.
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Abstract. Multiple sclerosis (MS) is a major chronic de-
myelinating and inflammatory disease of the central ner-
vous system (CNS) in which oxidative stress likely plays
a pathogenic role in the development of myelin and neu-
ronal damage. Metallothioneins (MTs) are antioxidant
proteins induced in the CNS by tissue injury, stress and
some neurodegenerative diseases, which have been pos-
tulated to play a neuroprotective role. In fact, MT-I+I1-de-
ficient mice are more susceptible to developing experi-

mental autoimmune encephalomyelitis (EAE), and treat-
ment of Lewis rats with Zn-MT-1I reduces EAE severity.
We show here that, as in EAE, MT-I+II proteins were ex-
pressed in brain lesions of MS patients. Cells expressing
MT-I+II were mainly astrocytes and activated mono-
cytes/macrophages. Interestingly, the levels of MT-I+II
were slightly increased in the inactive MS lesions in com-
parison with the active lesions, suggesting that MTs may
be important in disease remission.

Key words. Metallothionein; multiple sclerosis; neuronal damage; oxidative stress; antioxidant.

Multiple sclerosis (MS) is a chronic demyelinating in-
flammatory autoimmune disease of the central nervous
system (CNS) with a multifactorial pathogenesis, poly-
genic and environmental factors acting concertedly. The
mechanisms involved in disease development have been
extensively studied and most of the available data support
a model of lesion development mediated by Th1 CD4+
lymphocytes secreting proinflammatory cytokines such
as interferon-gamma (IFN-y) and tumor necrosis factor-
alpha (TNF-a). In light of these findings, increasing evi-
dence points to a direct role for oxidative stress in myelin

* Corresponding author.

and neuronal damage. Activation of the inducible nitric
oxide synthase (iNOS) and nitric oxide (NO) production
in the CNS has been demonstrated during experimental
autoimmune encephalomyelitis (EAE) [1-5] and MS
[6, 7] and NO, both through direct interaction with CNS
components and through its byproducts such as peroxini-
trite has been suggested to cause a variety of toxic effects
inducing strong axonal damage and demyelination
[8—10]. The role of antioxidants in both EAE and MS is
less known. Uric acid, a strong peroxynitrite scavenger,
has been shown to have a protective role during EAE, and
hyperuricemia has been postulated to have protective
properties against MS [11—14].
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Metallothioneins (MTs) are a family of low-molecular-
weight, heavy-metal-binding, cysteine-rich proteins that
accumulate under conditions where oxidative stress has
taken place. Four isoforms of MTs have been identified
in the mouse (MT-I-1V) and MT-I plus MT-II have been
related to antioxidant functions. Recently, our group
showed that MT-I+II are induced in the brain of mice with
EAE [15] and that MT-I+II knockout mice are more sus-
ceptible to and suffer from more severe EAE than wild-
type controls [16]. Furthermore, Zn-MT-II treatment has
been shown to reduce both the severity of and mortality
from EAE in a time- and dose-dependent manner
[17, 18]. All these data support a protective role for MT-
I+II in EAE.

MT-I+II protein expression has been studied during neu-
rodegenerative diseases such as Alzheimer’s disease
[19,20], Pick’s disease [21], amyotrophic lateral sclerosis
[22] or following brain ischemia [23], in all of which ox-
idative stress has been implicated as a significant factor
contributing to tissue injury. In contrast, MT-I+II expres-
sion has not been specifically analyzed in MS. Only a
very recent report performing microarray analysis of MS
brains showed a significant induction of MT-I+II gene ex-
pression in all samples analyzed [24].

Using immunohistochemistry, in this report we analyzed
MT-I+II expression in active and inactive lesions of
brains from three deceased MS patients and two controls.
We found that in all MS cellular infiltrates, MT-I+II im-
munoreactivity increased significantly. The pattern of
MT expression was similar to that found in the EAE
model. Interestingly, the levels of MT-I+II were slightly
increased in the inactive MS lesions in comparison with
the active lesions, suggesting that they could be related to
disease remission. The present results support the hy-
pothesis that MT-I+1I are involved in MS pathogenesis as
factors attempting to cope with tissue injury and point to
treatment with MT-I+I1 as a potentially useful therapy for
MS.

Materials and methods

Paraffin-embedded human brain tissue sections were ob-
tained at autopsy from three patients who had suffered
from MS [patient 1: woman, 62 years old, relapsing-re-
mitting (RR) course, cause of death — pulmonary em-
bolism, brain removed 17 h after death; patient 2: man, 45
years old, RR course, cause of death — myocard infarct,
brain removed 10 h after death; patient 3: woman, 50
years old, progressive course, cause of death — bacterial
bronchopneumonia, brain removed 20 h after death] and
two control patients without CNS pathology at the time of
death (control patient 1: man, 50 years old, cause of death
— acute myocardial infarct, brain removed 12 h after
death; control patient 2: woman, 60 years old, cause of
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death — respiratory failure due to pneumonia, brain re-
moved 10 h after death), all from the Pathology Depart-
ment, Hospital Vall d’Hebron, Barcelona. Prior to being
paraffin-embedded, all brains were fixed by suspension
from the basilar artery in 10% formaldehyde buffered to
pH 7 and stabilized with methanol for 2 weeks. We ana-
lyzed 15 chronic active and 15 chronic inactive brain MS
lesion sections, and 15 control sections. Active MS le-
sions were defined as areas infiltrated with numerous
round macrophages and T lymphocytes while inactive
MS lesions were brain areas with decreased macrophage
and T cell infiltration but increased astrogliosis. Proce-
dures were approved by the Ethics Committee and IRB of
Hospital Vall d’Hebron.

The brain tissues were cut into serial, 4-pm-thick sections
for histochemistry and immunohistochemistry. Depend-
ing on the antibody to be used (see below), sections were
subjected to specific antigen retrieval methods. For heat-
induced antigen retrieval, some sections were boiled in
citrate buffer, pH 9.1 or pH 6.0 in a microwave oven for
10 min. In some sections, epitope retrieval was obtained
by preincubating the sections with Protease type XIV
(0.025 g dissolved in 50 ml TBS) (Sigma-Aldrich) for
10 min, pH 7.4, at 37 °C. Some stainings did not require
specific epitope retrieval. All the sections were then
incubated in 1.5% H,0, in Tris-buffered saline (TBS)/
Nonidet (TBS: 0.05 M Tris, pH 7.4, 0.15 M NaCl; with
0.01% Nonidet P-40) (Sigma-Aldrich) for 15 min at
room temperature to quench endogenous peroxidase.
Sections were incubated with 10% normal goat serum (In
Vitro) or 10% normal donkey serum (The Binding Site)
in TBS/Nonidet for 30 min at room temperature in order
to block non-specific binding.

Histochemistry

Staining for tomato lectin from Lycopersicon esculentum
and H&E were performed as previously described [17,
25].

Immunohistochemistry

The sections were incubated overnight at 4°C with
mouse anti-human CD3 1:50 (Santa Cruz Biotech.) (mi-
crowave oven, citrate buffer, pH 9); mouse anti-human
CD4 1:10 (Serotec) (microwave oven, citrate buffer, pH
9); mouse anti-human CD14 1:50 (Santa Cruz Biotech.)
(microwave oven, citrate buffer, pH 6); goat anti-human
glial fibrillary acidic protein (GFAP) 1:100 (Santa Cruz
Biotech.); rabbit anti-human interleukin-6 (IL-6) 1:50
(Santa Cruz Biotech.); rabbit anti-human TNF-a 1:50
(Santa Cruz Biotech.) (microwave oven, citrate buffer pH
9); rabbit anti-rat MT-I+11 1:500 [25-28]; rabbit anti-
nitrotyrosine (NITT) 1:100 (Alpha Diagnostic Int.) (a
marker for peroxynitrite-induced nitration of tyrosine
residues, which monitors oxidative stress) (microwave
oven, citrate buffer, pH 6); rabbit anti-malondialdehyde
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(MDA) 1:100 (Alpha Diagnostic Int.) (a marker for MDA
produced as a byproduct of fatty acid peroxidation,
thereby monitoring oxidative stress); mouse anti-non-
phosphorylated neurofilaments (SMI-32) 1:50 (Stern-
berger Monoclonals Inc.) (detecting axonal transection
and demyelination).

The primary antibody was detected using biotinylated
goat anti-mouse IgG 1:200 (Sigma-Aldrich), biotinylated
mouse anti-rabbit IgG 1:400 (Sigma-Aldrich), or biotiny-
lated donkey anti-sheep IgG 1:20 (Amersham) for 30 min
at room temperature followed by streptavidin-biotin-per-
oxidase complex (StreptABComplex/HRP; Dakopatts)
prepared at the manufacturer’s recommended dilutions
for 30 min at room temperature. Afterwards, sections
were incubated with biotinylated tyramide and strepta-
vidin-peroxidase complex (NEN, Life Science Products)
prepared following the manufacturer’s recommendations.
The immunoreaction was visualized using DAB as a
chromogen (see above).

To evaluate the extent of non-specific binding in the im-
munohistochemical experiments, control sections were
incubated in the absence of primary antibody. Results
were considered only if these controls were negative.

In situ detection of DNA fragmentation

Terminal deoxynucleotidyl transferase (TdT)-mediated
deoxyuridine triphosphate (dUTP)-digoxigenin nick end
labeling (TUNEL) staining was performed as previously
described [16, 18, 25].

Fluorescence histochemistry

To determine which cells suffered apoptosis during MS,
sections were incubated with fluorescein (FITC)-linked
TUNEL (Oncor) according to the manufacturers proto-
col, and afterwards incubated overnight at 4 °C with rab-
bit anti-human neuron-specific enolase (NSE) 1:1000
(Calbiochem) (marking neurons) and goat anti-human vi-
mentin 1:50 (Santa Cruz Biotech.). The anti-NSE anti-
bodies were detected using donkey anti-rabbit IgG linked
with TexasRed (TXRD) 1:50 (Jackson ImmunoResearch,
while the anti-vimentin antibodies were detected using
donkey anti-goat IgG linked with aminomethylcoumarin
(AMCA) 1:50 (Jackson ImmunoResearch).

Sections were also incubated with FITC-linked TUNEL
(see above) and afterwards incubated overnight at 4°C
with mouse anti-human CD4 or mouse anti-human
2’3’cyclic nucleotide 3’phosphohydrolase (CNPase)
1:150 (Biogenesis). These monoclonal antibodies were
detected using TXRD-linked goat anti-mouse I1gG 1:50
(Southern Biotechnology).

To examine which cells showed oxidative stress, sections
were incubated overnight at 4 °C with rabbit anti-NITT
and one of the following antibodies: mouse anti-human
neurofilaments (NF) (marking neurons) (ready-to-use)
(Biogenex), or mouse anti-human CNPase 1:150, mouse
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anti-human CD14 1:30 (Zymed), mouse anti-human
GFAP 1:150 (Santa Cruz Biotech.) or mouse anti-human
CD4. The anti-NITT antibodies were detected using goat
anti-rabbit IgG linked with FITC 1:50 (Southern Biotech-
nology), while the mouse-derived antibodies were de-
tected using TXRD-linked goat anti-mouse 1gG.

To determine oxidative stress and its relationship to either
apoptosis or neuronal damage during MS, sections were
incubated overnight at 4°C with either FITC-linked
TUNEL and rabbit anti-NITT and mouse anti-MDA 1:50
(Alpha Diagnostic) or with rabbit anti-NITT and mouse
anti-non-phosphorylated  neurofilaments  (SMI-32).
These primary antibodies were detected using TXRD-
linked goat anti-mouse IgG and goat anti-rabbit IgG
linked with AMCA 1:50 (Jackson ImmunoResearch).

To determine which cells expressed MT-I+11, we per-
formed double immunofluorescence by incubating sec-
tions overnight at 4 °C with TXRD-linked tomato lectin
1:500 (Sigma-Aldrich) simultaneously with rabbit anti-
rat MT-I+1I (as above). The primary antibodies were de-
tected using FITC-linked goat anti-rabbit IgG. Other sec-
tions were incubated overnight at 4 °C with rabbit anti-
human GFAP 1:250 (Santa Cruz Biotech.) simultaneously
with mouse anti-horse MT-I+1II 1:50 (Dakopatts). These
antibodies were detected using TXRD-linked goat anti-
mouse IgG and FITC-linked goat anti-rabbit IgG. Other
sections were incubated overnight at 4 °C with mouse
anti-human CNPase, 1:150, (Biogenesis), ready-to-use,
mouse anti-human NF (Biogenex) or mouse anti-human
CD3 and simultaneously with rabbit anti-rat MT-I+I1.
These antibodies were detected using TXRD-linked goat
anti-mouse IgG and FITC-linked goat anti-rabbit IgG.
To determine the association between MT-I+11 expression
and cell death, other sections were incubated with FITC-
linked TUNEL and afterwards incubated overnight at
4 °C with rabbit anti-rat MT-I+11. The anti-MT-I+II anti-
bodies were detected using TXRD-linked goat anti-rabbit
IgG 1:50 (Jackson ImmunoResearch).

To determine the association between MT-I+11 expression
and oxidative stress, sections were incubated overnight at
4°C with rabbit anti-rat MT-I+II and mouse anti-NITT
1:100 (Alpha Diagnostic) or mouse anti-MDA 1:100 (Al-
pha Diagnostic). These antibodies were detected using
TXRD-linked goat anti-mouse IgG and FITC-linked goat
anti-rabbit IgG. The sections were embedded in 20 pl
fluorescent mounting (Dakopatts) and kept in darkness at
4°C.

The colors generated are primarily green (FITC), red
(TXRD) and blue (AMCA). When green and red are
colocalized, the color observed is yellow. When green and
blue are colocalized, the color observed is turquoise.
When red and blue are colocalized, the color observed is
pink.

To evaluate the extent of non-specific binding of the an-
tisera in the fluorescence stainings, control sections were
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incubated in the absence of primary antibody. Re-
sults were considered only when these controls were neg-
ative. For the simultaneous examination and recording of
the three stains, a Zeiss Axioplan2 light microscope
equipped with a tripleband (FITC/TXRD/AMCA) filter
was used.

Cell counts and statistical analysis

For statistical analysis of the results, positively stained
cells (defined as those cells with cytoplasmic staining or,
in the case of TUNEL, cells with nuclear staining) were
counted in a blinded manner in representative matched
0.5-mm? brain areas. To this end, we used histologically
matching areas from either temporal or frontal cerebral
cortex. For example, if we counted cells from frontal cor-
tex layer 4 (internal granular layer) of one patient with
MS, we also counted cells from the matching frontal cor-
tex layer 4 (internal granular layer) of the control brains.
Statistical analysis was performed with either one-way
analysis of variance (ANOVA) followed by the post hoc
Scheffé test or Kruskall-Wallis test (Mann-Whitney U
test). A difference was considered significant when
p<0.05.

Results

Inflammatory infiltrates

Brain sections were obtained from both chronic inactive
and chronic active lesions of MS patients. These lesions
were initially classified according to their histologic fea-
tures after histochemical staining and light-microscopic
study. The control brain tissues displayed no neuropatho-
logic findings.

In control sections, round macrophages and T lympho-
cytes were not detected and immunoreactivity for the
proinflammatory cytokines IL-6 and TNF-a was very
rarely seen (data not shown). In MS brain sections, nu-
merous inflammatory cells were detected in the active le-
sions in comparison with inactive lesions and control sec-
tions, as judged using H&E, Kluver-Barrera, lectin histo-
chemistry and immunoreactivity for CD3, CD4 and
CDI14. Hence, in the active lesions, several lectin+
CD14+ macrophages and CD3+CD4+ T lymphocytes
were seen, and these cells expressed increased levels of
IL-6 and TNF-a (data not shown). Furthermore, these ac-
tive lesions showed macrophages containing Luxol fast
blue positive myelin debris. A pronounced GFAP+ reac-
tive astrogliosis was also seen in the active MS lesions
(fig.1). The number of macrophages and T cells were sig-
nificantly reduced in inactive lesions, as were in the ex-
pression of IL-6 and TNF-a (table 1). In contrast, the
number of astrocytes (both reactive and resting) observed
in the inactive MS lesions was higher than in the active le-
sions (fig. 1, table 1).
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Table 1. Cell counts from MS lesions and controls.

Control Inactive MS Active MS

(n=15) (n=15) (n=15)
CD3 0.87£0.92 30.80+6.69 55.80+7.01
CD14 1.47£0.92 70.67+14.78 130.93£17.62
GFAP 21.13+£5.66 122.93+17.50 72.40+5.26
IL-6 0.3340.49 76.33+£13.27 140.40+18.17
TNF-a 0.53+0.64 71.87+13.26 135.53+18.97
NITT 2.27+1.71 15.40+£5.01 55.13+13.78
MDA 2.60£1.96 20.53+6.64 55.67+8.36
TUNEL 1.87£1.41 10.13+3.29 59.07+10.02
MT-I+II 25.87+7.88 86.20+10.85 69.33+8.72

Counts of positive cellular immunostaining were carried out in a
blinded manner in 15 representative 0.5-mm? brain areas from ac-
tive or inactive MS lesions and from control sections. All differ-
ences between control sections and both inactive and active MS le-
sions, and between inactive and active MS lesions were statistically
significant (p<0.001).

Oxidative stress, apoptosis and neuronal damage

In sections of the control human brains, immunoreactiv-
ity for NITT (monitoring nitrotyrosine/oxidative stress)
and TUNEL staining (monitoring apoptotic cell death)
were rarely detected (fig. 2 A, D). Similarly, immunore-
activity for non-phosphorylated neurofilaments, indicat-
ing axonal damage, was little detected in control sections
(fig. 2 G).

In contrast, the active MS lesions showed several cells with
immunoreactivity for NITT as well as many TUNEL+ cells
(fig. 2 B, E). As judged by using triple- or double-fluores-
cence stainings, the cells undergoing apoptosis were mainly
NSE+ neurons (fig. 3 A), and there were also some vi-
mentint astrocytes that suffered apoptotic cell death (fig. 3
A). Moreover, concomitant with apoptotic cell death, these
TUNEL+ cells also contained the oxidative stress markers
NITT and MDA (fig. 3 B) and non-phosphorylated neuro-
filaments, indicating axonal demyelination-related damage
(fig. 2 H). In addition, in the active MS lesions, some oligo-
dendrocytes were positively stained for TUNEL as well as
for NITT and MDA (data not shown). Macrophages and T
cells were not TUNEL+ (data not shown).

In the inactive MS lesions, the number of cells containing
NITT and MDA immunoreactivity and the numbers of
TUNEL+ cells were clearly reduced in comparison with
the active MS lesions (fig. 2 C, F, table 1). Accordingly,
the levels of apoptotic cell death of the inactive lesions
were similar to those of control sections (fig. 2). How-
ever, in the case of apoptosis in the inactive MS lesions,
the TUNEL+ cells were mainly neurons and some astro-
cytes (data not shown). Both neurons and astrocytes, and
oligodendrocytes of the inactive MS lesions showed im-
munoreactivity for NITT and MDA and suffered apop-
totic cell death as judged using triple- or double-fluores-
cence stainings (data not shown).
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Figure 1. GFAP and MT-I+II immunoreactivity in control sections, active MS lesions and inactive MS lesions. Scale bars, A—C = 55 pm;
D-F =66 pm. (4) In control sections, GFAP expression was seen in some scattered astrocytes throughout the CNS. (B) In the active MS
lesions, GFAP immunostaining was increased relative to controls, showing some clusters of reactive astrocytes in the MS lesions in the
white matter. (C) In the inactive MS lesions, GFAP immunoreactivity was increased when compared to that of active MS lesions. Accord-
ingly, several GFAP+ astrocytes were seen in the white matter. (D) Some scattered astrocytes showed MT-I+1II expression in control sec-
tions. (E) In the active MS lesions, MT-I+II were increased in astrocytes and macrophages/microglia. () MT-I+II expression was signifi-
cantly increased in the inactive MS lesions in comparison with control sections.
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Figure 2. Oxidative stress marker NITT (A—C), TUNEL (D-F), and non-phosphorylated neurofilament (SMI-32) expression (G—I).
Scale bars, A—C = 50 pm; D—F = 66 pm; G—1 = 55 pm. (4) In control sections, slight immunoreactivity for NITT was seen in a very few
cells. (B) NITT immunoreactivity was significantly increased in active MS lesions. (C) In the inactive MS lesions, immunoreactivity for
NITT was reduced in comparison with the active lesions. (D) Only very few cells were labeled by TUNEL in control sections. (£) The num-
ber of TUNEL+ cells was significantly increased in the active MS lesions. (F) In the inactive MS lesions, the number of TUNEL+ cells
was clearly reduced when compared to active MS lesions. (G) In control sections, immunostaining for SMI-32 was hardly seen. (/) In the
active MS lesions, SMI-32 immunoreactivity was significantly increased in comparison with controls. Thus, numerous neuronal processes
and axon-terminal spheroids were stained positively for SMI-32 indicating demyelinating axons and axonal transection. (/) In inactive MS
lesions, immunostaining for SMI-32 was reduced in comparison with that of the active MS lesions, indicating that demyelination and
axonal transection were less pronounced.
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Figure 3. Apoptosis and oxidative stress in active MS lesions.
Scale bars, A, B = 30 pm; C = 50 pm. (4) Triple staining for
TUNEL (green), NSE+ neurons (red), and vimentin+ astrocytes
and macrophages (blue). As shown, mainly neurons, though also a
very few astrocytes, were suffering from apoptotic cell death in the
active MS lesions. Macrophages were rarely stained positively for
TUNEL. (B) Triple staining showing TUNEL (green), NITT (blue)
and MDA (red). The TUNEL+ apoptotic cells were also suffering
oxidative stress because they simultaneously expressed NITT and
MDA (pink). (C) Double immunofluorescence for SMI-32 (red)
and NITT (green). Several damaged axons (SMI-32+) were also
suffering oxidative stress (yellow).
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Moreover, immunoreactivity for non-phosphorylated
neurofilaments, indicating axonal demyelination-related
damage, was significantly increased in both the active
(fig. 2 H) and in the inactive (fig. 2 I) MS lesions.

MT-I+II expression

In control sections, MT-I+II expression was detected in
non-neuronal cells, mainly some astrocytes dispersed
throughout the CNS as well as meningeal cells, ependy-
mal cells and in the choroid plexus. Conversely, mi-
croglia, oligodendrocytes and neurons appeared roughly
devoid of MT-I+II expression (fig. 1 D).

In all the MS lesions, MT-I+II were significantly in-
creased (fig. 1 E, F). Accordingly, in the active MS le-
sions, MT-I+II expression was increased in several astro-
cytes and also in activated macrophages/microglia (fig.
4 A, B). In the inactive MS lesions, MT-I+1I expression
was significantly increased in most of the observed astro-
cytes, whereas it was hardly detected in macrophages
(data not shown). In all the MS lesions, CD3+ T lympho-
cytes, CNPase+ oligodendrocytes and NF+ neurons were
devoid of MT-I+1I immunoreactivity (fig. 4 C—E). In ad-
dition, we observed that the MT-I+II-expressing cells of
all the MS lesions never suffered oxidative stress or apop-
tosis as judged from using double staining for TUNEL
and MT-I+1I (fig. 4 F), or double immunostaining for MT-
[+1I and NITT (fig. 4 G), pointing to antioxidative and
antiapoptotic actions of MT-I-+II.

Interestingly, the levels of MT-I+1I were increased in the
inactive MS lesions in comparison with the active lesions
(fig. 1, table 1).

Discussion

MT-I+II are cysteine-rich, heavy-metal-binding proteins
that bind Zn and Cu and presumably function in metal ion
regulation and detoxification in peripheral tissues and the
CNS. Accumulating evidence suggests that MTs could be
significant antioxidant proteins [29—31] that may protect
against the myelin and neuronal damage occurring in MS.
In this context, recent published work from our group has
shown that MT-I+II are involved in the pathogenesis of
EAE, playing a protective role, given that MT-I+II-defi-
cient mice suffer from a more severe EAE than control
animals [16] and treatment of EAE with Zn-MT-II has a
beneficial effect, reducing the severity of the clinical
symptoms and mortality in a dose-dependent manner
[17, 18].

In contrast to the increasing data on the role of MTs in
EAE, little is known about the actual role of these proteins
in MS. To our knowledge, this is the first report showing
the expression of MT-I+II proteins in MS plaques by im-
munohistochemistry. We observed that MT-I+II expression
was significantly increased in MS lesions compared to
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Figure 4. Double immunofluorescence stainings of active MS brain lesions showing cellular localization of MT-I+II. Scale bars, A =
21 pm; B =19 pm; C-E, G =20 pm; F = 16 pm. (4) GFAP (green) and MT-I+II (red) expression were both seen in astrocytes (yellow).
MT-I+II were additionally expressed in other round cells. (B) Lectin (red) and MT-I+II (green) staining were colocalized in some round
or ameboid macrophages (yellow). However, most MT-I+II+ cells were stellate astrocytic cells. (C) CNPase (red) and MT-I+II
(green) immunoreactivity showed that oligodendrocytes were devoid of MT-I+11. (D) NF (red) and MT-I+II (green) stainings showed that
neurons expressed little MT-I+I. (£) CD3 (red) and MT-I+II (green) immunoreactivity showed that lymphocytes were devoid of MT-I+II.
(F) Double staining showing TUNEL (green) and MT-I+II immunoreactivity (red). The MT-I+11-expressing cells were protected from apop-
tosis. MT-I+1I were observed in astrocytes and macrophages. (G) Immunoreactivity for NITT (red) and MT-I+II (green) showed that
MT-I+II-expressing cells were protected from oxidative stress.
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control sections. MT-I+II expression was found in astro-
cytes and activated macrophages/microglia, whereas T
lymphocytes, oligodendrocytes and neurons were devoid
of MT-I+II immunoreactivity. These results are in agree-
ment with other reports on MT-I+1I expression during EAE
[16, 17]. Interestingly, the MT-I+II-expressing cells of all
the MS brain sections never suffered oxidative stress or
apoptosis, which supports the hypothesis that MTs have a
protective role against oxidative stress and cell death, prob-
ably arising from their ability to act as scavengers of su-
peroxide and hydroxyl radicals [32, 33].

MT expression was observed in all MS lesions analyzed.
MT induction was most probably driven by inflammatory
cytokines, such as IL-6 and TNF-a [34—36], and oxida-
tive stress [37, 38] present in MS lesions. A number of re-
ports in the literature have shown increases in proinflam-
matory cytokines and oxidative stress markers in MS le-
sions [39—42] and in the animal model of the disease,
EAE, in which these events have been more extensively
analyzed [43, 44], supporting their important pathogenic
role in disease induction. In relation to MT expression,
our results agree with those recently reported by Lock et
al. [24] for mRNA. Looking at gene-microarray analysis
of MS lesions of four individuals, these authors found an
increase in MT gene expression in all samples analyzed
(two acute and two chronic silent lesions). Interestingly,
in the present work, we observed that the levels of MT-
I+II were slightly increased in the inactive MS lesions in
comparison with the active lesions, accompanying the in-
creased number of GFAP+ cells (astrocytes). The number
of astrocytes is likely increased in inactive MS lesions
relative to active lesions, because astroglia are particu-
larly important and activated during CNS recovery. As-
trocytes are needed during CNS recovery and neurore-
generation as the main cell source in the brain of antioxi-
dants, growth factors and trophic molecules. Moreover,
the astroglia produce components of the extracellular ma-
trix which may be necessary during CNS recovery. The
high levels of MT-I+II expression also found in inactive
MS lesions suggest that MT-I+1I may have a role in the re-
mission of the disease.

The exact mechanisms of action of MT-I+II in MS need
to be elucidated. From the EAE studies one can hypothe-
size that MT-I+I1 (i) might act directly as antioxidants, or
(i1) could indirectly decrease oxidative stress by reducing
the reactive oxygen species produced by macrophages or
(ii1) by increasing the number of astrocytes, a main source
of antioxidant factors [17]. Whatever the case may be, all
these data point to a beneficial effect of these proteins in
EAE/MS and hint at MT-I+1I as potential candidates for
MS treatment.
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