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INTRODUCTION
MT PROTEINS
In historical reports, a protein with high affinity for heavy metals
and unusual cysteine abundance was discovered in 1957 in the
equine kidney, and the protein was named metallothionein (MT)
due to its high content of metals and sulfur (Kägi and Vallee, 1960;
Margoshes and Vallee, 1957). Over the years, it was shown that MT
constitutes a superfamily of quite unusual proteins, which are subdi-
vided into MT classes and isoforms. The mammalian MTs all belong
to class I; and the MT discovered in 1957 comprised the two major
isoforms MT-I and MT-II (MT-I+II). MT-I+II are low-molecular-
weight (6-7 kDa), nonenzymatic proteins consisting of a single
polypeptide chain of 61 amino acids characterized by a high content
of sulfur (present as cysteine), zinc (Zn) and copper (Cu). In fact, 20
out of the 61 amino acids are cysteine residues, while aromatic
amino acids and histidine are absent in MT-I+II (Ghoshal and
Jacob, 2001; Klaassen et al., 1999). The spatial structure resembles a
dumbell having two separate metal-thiolate clusters, the N-terminal
β domain and the C-terminal α domain (Fischer and Davie, 1998;
Kägi and Kojima, 1987).

MT-I+II are regulated and expressed coordinately, and MT-I+II
proteins are expressed ubiquitously throughout the animal kingdom
in most tissues and cell types including in the CNS (Hidalgo et al.,
1997b; Miles et al., 2000; Searle et al., 1984). In fact, MT-I+II are
present not only in every animal phyla but also in prokaryotic and
eukaryotic bacteria, fungi and plants, as MT-I+II proteins are very
old in an evolutionary sense and have changed only little in the
course of time (Ghoshal and Jacob, 2001; Kägi and Kojima, 1987;
Klaassen, 1999). Besides the ubiquitous MT-I+II, another MT iso-
form called growth inhibitory factor (GIF) or MT-III has been
described in CNS. However, MT-III/GIF regulation, expression and
functions differ clearly from those of MT-I+II (Carrasco et al., 2003;
Coyle et al., 2002). The fourth, known isoform MT-IV has not been
shown in CNS. 

MT-I+II EXPRESSION IN THE CNS
MT-I+II expression in the normal CNS
During development and in adults, MT-I+II are expressed in low
concentrations in the CNS (Nakajima and Suzuki, 1995; Penkowa et
al., 1999b; Young et al., 1991). MT-I+II are seen intracellularly in
some dispersed astrocytes, meningeal cells, ependymal cells, and
choroid plexus, while microglia, oligodendrocytes, neurons and

endothelial cells appear roughly devoid of MT-I+II (Nishimura et
al., 1992; Penkowa et al., 2001b).

MT-I+II expression in CNS pathological conditions
Damage to the CNS elicits a characteristic inflammatory response,
where resident microglia and blood-derived monocytes are ac-
tivated and transform into amoeboid or round macrophages (Ben-
veniste et al., 2004). Astrocytes are also prominent and show reactive
astrogliosis (Faulkner et al., 2004; Hartlage-Rubsamen et al., 2003),
and haematogenous leucocytes such as T and B lymphocytes are re-
cruited (Ransohoff et al., 2003; Trebst et al., 2003). These activated
cells generate many proinflammatory mediators such as cytokines,
complement proteins, adhesion/costimulatory molecules, enzymes
and arachidonic acid metabolites; and ultimately reactive oxygen
species (ROS) are generated (Allan and Rothwell, 2003; Floyd et al.,
1999; Mhatre et al., 2004; Villoslada and Genain, 2004). In CNS,
ROS have detrimental actions including oxidation of DNA, proteins
and lipids, which eventually lead to neurodegeneration and cell
death (Barnham et al., 2004; Pong, 2003).

Hence, inflammation in CNS may result in delayed (secondary)
damage and neuron death. On the other hand, immune responses
are important host defense reactions. Accordingly, reactive astro-
cytes provide antioxidants, energy substrates and trophic factors
that promote neuron survival and CNS regeneration (Liberto et al.,
2004; Takuma et al., 2004). Also, some cytokines with neurotoxic ac-
tions may also mediate significant neuroprotection depending on
the intensity and duration of the disorder (Campbell, 2001;
Penkowa et al., 2001c, 2003a; Wang et al., 2002). Thus, cerebral in-
flammation can result in neurotoxicity with progressive neuron
death or instead, neuroprotection and CNS tissue repair.

By the early 1990’s, MT-I+II expression during various CNS dis-
orders had not been examined. However, it soon became clear that
basically any pathological condition could increase MT-I+II mRNA
and proteins in CNS. Some of the first in vivo studies describing the
MT-I+II induction during brain injury are presented in this thesis.
Subsequent studies have validated that MT-I+II mRNA and proteins
are rapidly increased following brain disorders like traumatic injury
(Penkowa et al., 1999a, 2001b) neurotoxicity (Penkowa and Hidalgo,
2000a; Penkowa et al., 1997, 2002); epilepsy (Carrasco et al., 2000b;
Penkowa et al., 2001c), brain ischemia (Trendelenburg et al., 2002;
Van Lookeren Campagne et al., 1999); EAE (an animal model for
MS) (Espejo et al., 2001a, 2002; Penkowa and Hidalgo, 2000b); and
inflammatory encephalopathies (Carrasco et al., 1998b, 2000a; Gi-
ralt et al., 2001); and in a model of familial ALS (Gong and Elliott,
2000). In fact, MT-I+II are induced even by immobilization for 6-18
hours (Hidalgo et al., 1997a) or subjection to total darkness for 2-8
weeks (Beltramini et al., 2004). Also in humans, MT-I+II increase in
astroglia during degenerative diseases such as AD, Pick’s disease and
ALS (Adlard et al., 1998; Nakajima and Suzuki, 1995; Sillevis Smitt
et al., 1992); and during MS, Binswanger’s encephalopathy and is-
chaemia (Neal et al., 1996; Penkowa et al., 2003c; Zambenedetti et
al., 2002).

MT-I+II regulation in the CNS
MT-I+II are regulated in a coordinate manner in mice (Searle et al.,
1984) and can be induced by almost any inflammatory or patho-
logical stimulus (Ghoshal and Jacob, 2001; Klaassen et al., 1999;
Miles et al., 2000). The inducibility of MT-I+II occurs mainly at
transcription levels; where several cis-acting DNA elements in the
promoter region are binding sites for trans-acting transcription fac-
tors; although post-transcriptional events may also affect MT-I+II
biosynthesis (Haq et al., 2003; Hernandez et al., 1997).

MT-I+II are induced by essential and heavy metals (Zn, Cu, Cd,
Hg) (Aschner, 1997; Penkowa et al., 2001b), glucocorticoids and cat-
echolamines (Beattie et al., 2000; Hidalgo et al., 1997a,b), ROS and
oxidative stress (Andrews, 2000; Sato and Bremner, 1993) and lipo-
polysaccharide (LPS) (Hidalgo et al., 2001; Leibbrandt and Koro-
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patnick, 1994). Proinflammatory cytokines, for example IL-3, IL-6,
TNF-α, M-CSF, IFN-α and IFN-γ have also been suggested to regu-
late MT-I+II, as demonstrated by using genetically cytokine-modi-
fied mice (Carrasco et al., 1998a,b,2000a; Espejo et al., 2001b; Giralt
et al., 2001; Penkowa et al., 2002). 

THE FUNCTIONAL SIGNIFICANCE OF MT-I+II
Even four decades after the discovery of MT-I+II in 1957, the precise
physiological functions of these proteins remained elusive. However,
genetically modified mice with MT-I+II deficiency (MT-KO mice)
or MT-I overexpression (TgMT mice) have provided valuable tools
for the analysis of MT-I+II functions in vivo during various disor-
ders. Some of the first studies of such mice showing that MT-I+II
induce significant neuroprotection and CNS repair after brain in-
jury are presented in this thesis.

By the time we began to study in vivo brain pathology in MT-KO
and TgMT mice, in vitro studies had indicated that MT-I+II have
different roles in response to a variety of stresses. 

Hence, MT-I+II bind and release essential metal ions such as Zn
and Cu and also heavy metals such as Cd, Pb and Hg (Aschner and
Walker, 2002; Coyle et al., 2002; Vasak and Hasler, 2000), which in
excess amounts are highly toxic in CNS (Frederickson et al., 2004).
By acting both as a donor and acceptor of Zn and Cu, MT-I+II may
control Zn- and Cu-dependent proteins, enzymes, and transcription
factors in the cells (Ghoshal and Jacob, 2001; Kelly and Palmiter,
1996; Kelly et al., 1996). 

Moreover, leucocyte studies suggest that MT-I+II affect immune
cells like monocytes and lymphocytes. Thus, MT-I+II induction in
monocytes inhibit monocytic activation including cell adhesion, IL-
1 accumulation, and the oxidative burst (Koropatnick and Zalups,
1997), while decreased MT-I+II levels enhance monocyte activation
such as their adherence, invasion and the respiratory burst (Leib-
brandt and Koropatnick, 1994; Leibbrandt et al., 1994). Moreover,
MT-I+II inhibit macrophage-induced T cell proliferation (Youn et
al., 1995) and immune responses of cytotoxic T cells (Youn and
Lynes, 1999) and antigen-specific humoral responses (Canpolat and
Lynes, 2001; Lynes et al., 1993).

In the 1980’s, in vitro data showed that MT-I is an efficient ROS
scavenger, which can inhibit ROS-induced cyto- and nuclear toxicity
more effectively than proteins 10-50-times its molecular weight
(Thornalley and Vasak, 1985). Other in vitro studies support the
antioxidant effects of MT-I+II (Viarengo et al., 2000), which protect
against ROS-induced DNA degradation with much higher molar
efficiency than glutathione (Abel and de Ruiter, 1989; Maret, 1995;
Miura et al., 1997), as well as MT-I+II may protect against ionizing
radiation, toxic agents and electrophilic anticancer drugs (Aschner,
1997; Cai et al., 2004; Sato and Kondoh, 2002). In yeast, increased
MT-I+II levels were suggested to functionally compensate for
deficiency of Cu/Zn-super oxide dismutase (Cu/Zn-SOD) in the
defense against oxidative stress (Tamai et al., 1993). Accordingly,
studies of genetically modified cells showed that MT-I overexpres-
sion protects against oxidative stress and associated apoptotic cell
death; and vice versa in MT-I+II deficient cell cultures (Klaassen et
al., 1999; Kondo et al., 1997; Suzuki et al., 2000; Wanpen et al., 2004).

As presented here, it soon became clear that MT-I+II also inhibit
oxidative stress and ROS-induced neuron death in vivo after brain
injury and toxicity.

Even though thousands of MT-I+II studies were published within
the first four decades after the discovery of MT-I+II in 1957, and
although they described the MT-I+II structure, chemical character-
istics, regulation, expression, distribution, degradation and the con-
sequences of reducing or increasing MT-I+II in cells, the precise
functions of MT-I+II were not clarified. Besides, genetic studies of
MT-KO mice showed that during basal physiological (healthy) set-
tings, MT-I+II are not essential as MT-KO mice develop and repro-
duce normally. Hence, the ubiquitous MT-I+II may not be essential
for a normal healthy life, or a back-up system may exist to compen-

sate for the absent MT-I+II. Still, in the 1990s the possible functions
of MT-I+II during diseases and pathology were not established; and
particularly, the in vivo significance of MT-I+II during brain dis-
orders remained enigmatic.

Another appealing aspect was the evolution of MT-I+II: Why
would evolutionary forces conserve multiple MT-I+II genes so well
and favor their ubiquitous expression throughout species, if they did
not provide selective advantages in life?

In order to elucidate the in vivo significance of MT-I+II in CNS
disorders, we performed a multitude of neuropathological experi-
ments, of which 8 publications were selected for this doctoral thesis.
Some of these research data were the first to pinpoint the in vivo
MT-I+II neuroprotective functions.

OBJECTIVE
The brain research presented here was initiated in 1993 in order to
determine the MT-I+II expression and roles during CNS disorders. 

The aim of this thesis is to bring together and review a series of
data including the expression, functions and therapeutic relevance
of MT-I+II during neuropathological conditions.

Accordingly, medical and scientific brain research conducted at
the University of Copenhagen will be presented in its latest version,
in order to be shared not only with scientific researchers and doc-
tors, but with anybody taking an interest in brain research.

METHODOLOGY
ANIMALS
Rats
Neonatal (day 0) rat pups (I) were used to study MT-I+II expression
in developing CNS after brain injury (cryogenic lesion in cerebral
cortex). Similar studies were done in adult rats (Penkowa et al.,
2001b).

Mice
Adult mice (II-VIII) were used in order to study cerebral expression,
regulation and roles of MT-I+II during brain injury (cryogenic le-
sion in cortex) and 6-AN-induced toxicity in brain stem.

Both normal (wildtype) mice and genetically modified mice were
used (II-VIII) as in parallel experiments (Carrasco et al., 2000b;
Giralt et al., 2002a, b; Molinero et al., 2003; Penkowa et al., 1999a,
2003b, 2004). 

The genetically modified mice included different genotypes, such as: 

1. Mice with genetic IL-6 deficiency (IL-6 knock-out (IL-6KO) 
mice) (II)

2. Mice with astrocyte-targeted transgenic IL-6 overexpression 
(GFAP-IL6 mice) (III, V, VI).

3. Mice with genetic MT-I+II deficiency (MT-I+II knock-out 
(MT-KO) mice) (IV, V, VII).

4. Mice with transgenic, cerebral MT-I overexpression (TgMT 
mice) (VI, VIII).

5. Mice with simultaneous IL-6 overexpression and MT-I+II 
deficiency (GFAP-IL6/MT-KO mice) (V).

6. Mice with simultaneous IL-6 and MT-I overexpression 
(GFAP-IL6/TgMT mice) (VI).

Further details on their generation, genetic background, choice of
wildtype controls, genotyping and characterization are described
elsewhere (II-VIII; Campbell et al., 1993, 2001; Kopf et al., 1994;
Masters et al., 1994; Michalska and Choo, 1993; Palmiter et al., 1993;
Penkowa et al., 2001a, c, 2004).

EXPERIMENTAL PROCEDURES
Traumatic brain injury
Animals were subjected to a primary injury, which was produced by
extracranial application of dry ice to the skull (I-VI). This results in
a cryogenic (freeze) lesion in cerebral cortex with immediate necro-
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sis and blood-brain barrier (BBB) disruption, which are followed by
inflammatory responses. The model is a simple and reproducible
method for creating a localized injury, which is easily identified as a
cortical necrotic cavity (with no viable cells) surrounded by un-
lesioned parenchyma (Carrasco et al., 1999, 2003; Penkowa et al.,
1999a, 2001b). KO mice with genetic deficiency and their wildtype
controls could tolerate such lesioning for 50 seconds, while trans-
genic overexpressors endured 60 seconds and rats 90 seconds. Le-
sioned animals and unlesioned controls were simultaneously proc-
essed and fixed by transcardial perfusion by different time points
such as 1-90 days post-lesioning (dpl), after which organs were
removed for histopathological analyses (I-VI). 

Brain stem toxicity induced by 6-AN
Mice were injected i.p. with niacin antagonist 6-AN (VII-VIII),
which inhibits the hexose monophosphate pathway used prefer-
entially by protoplasmic astrocytes as well as rapidly dividing cells
like bone marrow cells (Krum, 1995, 1996; Penkowa and Hidalgo,
2000a). Hence, 6-AN induces acute astroglial toxicity, edema and
cell death; which are seen mainly in the brain stem grey matter
areas, whether or not these have projections outside the CNS (e.g.
cranial nerve nuclei, pontine nuclei, oliva inferior nucleus, red nu-
cleus). This 6-AN-induced primary damage is followed by inflam-
mation, delayed neurodegeneration and clinical symptoms like mo-
tor impairments and paralyses (Penkowa et al., 1997, 2002). Mice
were injected with 6-AN (10 mg/kg) (Sigma-Aldrich) and 1-3 days
post-injection (dpi), these mice and their healthy controls were
fixed by transcardial perfusion and organs were removed for histo-
pathological analyses. 

TISSUE PROCESSING
The CNS and immunologically relevant organs such as bone mar-
row and spleen were collected from the animals and processed for
either paraffin embedding with microtome sectioning or cryo-sec-
tioning (I-VIII). Sections were prepared for histochemistry, im-
munohistochemistry (IHC), in situ detection of DNA fragmenta-
tion, immunofluorescence and fluorescence histochemistry; which
included antigen retrieval techniques, blocking of endogenous per-
oxidase and nonspecific background as well as specific blocking of
endogenous mouse IgG (I-VIII; Carrasco et al., 1999; Giralt et al.,
2002a, b; Penkowa et al., 2001a-c, 2003a-c).

MT-I+II EXPRESSION 
Expression of MT-I+II was detected by using IHC and immuno-
fluorescence. Hence, sections were incubated with rabbit anti-rat
MT-I+II or mouse anti-horse MT-I+II (I-VIII), followed by bioti-
nylated secondary antibodies and streptavidin-biotin-peroxidase
complex and visualization by 3,3-diaminobenzidine-tetrahydro-
chloride (DAB) with H2O2 (Penkowa et al., 1997, 1999a,b, 2001a-c).
Also, anti-MT-I+II antibodies were detected by immunofluores-
cence. Control sections were incubated in absence of primary or sec-
ondary antibody; and IHC for MT-I+II was also evaluated in MT-
KO mice (IV, VII, VIII).

IL-6 IN MT-I+II REGULATION
The roles for IL-6 in MT-I+II regulation were studied by using IL-
6KO (II; Penkowa et al., 1999a) and GFAP-IL6 (III, VI) genotypes
along wildtype controls following the cryogenic lesion. The cerebral
MT-I+II expression was detected by using IHC (as above) by 1-20
dpl. Also, in a blindly manner MT-I+II expressing cells were quanti-
fied from matched brain areas for statistical evaluation (see below).
IHC for IL-6 was also performed and was absent in IL-6KO mice (II,
III; Penkowa et al., 1999a).

MT-I+II ROLES DURING CNS PATHOLOGY
Genetic approach
In order to study the roles for MT-I+II during CNS disorders, the

MT-KO (IV, V, VII) and TgMT (VI, VIII) genotypes were studied
along their wildtype controls. Clinical symptoms and histopatho-
logical responses were examined and compared following brain
injury and 6-AN-induced toxicity. The CNS histopathology was
estimated by using various stainings for inflammatory responses,
cytokines, growth factors and their receptors, neurotrophins, oxida-
tive stress, antioxidants, neurodegeneration, cell death and repair
mechanisms including glial scarring, angiogenesis and growth cones
(IV-VIII). For this purpose, a range of different markers, antibodies
and detection systems were applied (see list below). 

To identify the roles of IL-6 versus MT-I+II, various genotypes
were applied: MT-I+II deficient GFAP-IL6 (GFAP-IL6/MT-KO)
mice; MT-I+II heterozygous GFAP-IL6 mice (GFAP-IL6-MT+/-
mice); double-transgenic IL-6 and MT-I overexpressors (GFAP-
IL6/TgMT mice) (V, VI; Giralt et al., 2002a; Molinero et al., 2003;
Penkowa et al., 2004). Comparing GFAP-IL6 mice with either defi-
cient, heterozygous, normal or increased MT-I+II expression can be
used to separate the roles of IL-6 versus MT-I+II. Brain lesioned
GFAP-IL6/TgMT mice along with TgMT and GFAP-IL6 genotypes
were also included (VI). Since MT-I+II inhibit IL-6 mRNA and pro-
tein in the brain, TgMT mice display low IL-6 levels and thus pro-
vide a model for studying MT-I+II actions without IL-6 interfer-
ence.

Medical approach
The potential therapeutic use of MT-I and MT-II was tested after
having determined the optimum doses and treatment schedule. In a
first set of experiments, freeze lesioned and 6-AN injected mice re-
ceived MT-II treatment (rabbit native Zn-MT-II, Sigma-Aldrich) in
a dose of 0.5 mg/kg/day i.p. The i.p. injected MT-II reaches the CNS
extracellular space in 15-45 minutes by passing through disruptions
in the BBB (Penkowa and Hidalgo, 2000b). The control treatments
consisted of saline and ZnCl. The latter control is indispensable, as
MT-II carry Zn, which could have biological effects per se. Rather
surprisingly, the exogenous rabbit-derived MT-II induced the same
effects during neuropathology in mice as those of endogenous
(murine) MT-I overexpression (VI, VIII; Giralt et al., 2002b). Thus,
to investigate if MT-I and MT-II from different mammalian and
non-mammalian species could have effects in brain injured mice,
series of lesioned wildtype and MT-KO mice along unlesioned mice
were injected with MT-I or MT-II derived from different species.
The mice received daily treatment (0.5 mg/kg/day i.p.) with human
native MT-II (MT-IIa); human recombinant MT-II (MT-IIa); horse
native MT-I; rabbit native MT-II; mouse recombinant MT-I; and
drosophila recombinant MT from the day of lesioning and until sac-
rifice at 3 dpl. Unlesioned controls also received 3 days of treatment.
Except from the drosophila MT, the proteins used were homologous
mammalian MTs. The drosophila MT (MTN) contains 40 amino
acids including 10 cysteine residues (Valls et al., 2000). MTN is not
comparable to the mammalian MTs, and it has been suggested to
represent a primeval form in MT-I+II evolution. All the MTs used
were Zn-MTs with a half-life around 19-25 hours (Klaassen et al.,
1999); however, the horse MT-I also contained small amounts of
Cd, but it did not cause toxic effects in this short-term experiment.
The human native MT-II was kindly provided by Professor Milan
Vasak, Institute of Biochemistry at the University of Zurich. The re-
combinant MTs were kindly provided by Dr. Silvia Atrian, Depart-
ment of Genetics at the Autonomous University of Barcelona. The
rabbit MT-II and horse MT-I proteins were commercially available
(Sigma-Aldrich). As an extra control to MT-I+II, the isoform MT-
III/GIF was used (human recombinant MT-III/ GIF, 0.5 mg/kg/day
i.p). MT-III/GIF was kindly provided by Professor Milan Vasak. 

Staining methods and techniques
After brain injury and 6-AN-damage, a range of different staining
methods and techniques were used to determine the actions of MT-
I+II. These included histochemistry, IHC, immunofluorescence,
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fluorescence histochemistry and in situ detection of DNA fragmen-
tation (IV-VIII). 

Histochemistry
Sections from MT-KO and TgMT genotypes (IV-VIII) were in-
cubated with tomato lectin from the Lycopersicon Esculentum (a
marker for resting and activated microglia, macrophages and blood
vessels). Also, CNS sections were stained for Hematoxylin-Eosin
(HE). Bone marrow and spleen histology was examined by toluidine
blue and Schiff ’s stainings according to standard procedures.

IHC
The histopathology in MT-KO mice and MT-I overexpressors was
studied by IHC (IV-VIII), which is performed routinely in our lab
and the details have already been extensively described (Carrasco et
al., 1999, 2000a,b, 2003; Ceballos et al., 2003; Espejo et al., 2001a,b,
2002; Giralt et al., 2001, 2002a,b; Molinero et al., 2003; Penkowa and
Hidalgo, 2000a,b, 2001, 2003; Penkowa et al., 1997, 1999a,b, 2001a-
c, 2002, 2003a-c, 2004). Thus, the IHC procedures are only outlined
here in very short and refer to the Abbreviation List as well as the
publications.

TNF-α expression in lesioned
cerebral cortex

NITT staining in lesioned cortex

8-oxoguanine in the border zone
of the lesion

TUNEL in the lesione area*
and in the surrounding tissue*
(The border between lesioned
and unlesioned tissue is shown
by the lines)

Neurofibrillary tangles in neurons
located in unlesioned tissue distant
from the freeze lesion
(anterior amygdaloid area)

Wildtype controls by 30 dpl                                            MT-KO mice by 90 dplTT

Figur α ,
where in cortex basically had ended. After cryogenic injury,yy normal w only found in unlesioned

tissue area. were n t M KO by
90 a manifest lesion wound i of TNF-α stress and and ould be TUNEL+

 seen inside the lesion but a in the of n  (  brain w is far
away  t region and thereby  as ongoing -

.

Scales bars: TNF-α: 140 µm; NITT: 100 µm; 8-oxoguanine and TUNEL: 60 µm; Neurofibrillary tangles: 52 µm.
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The primary antibodies were detecting:

CNS resident and recruited cells: NF and NSE (neuron-specific mark-
ers); GFAP (marks astroglia); F4/80 (marks all microglia/ma-
crophages); CD14 (marks blood monocytes/macrophages); MOMA-
1 (marks spleen, lymph node and blood monocytes/macrophages);
MOMA-2 (marks all peripheral macrophages); CD34 (marks mye-
loid and lymphoid hematopoietic progenitor cells); CD3 (marker of
T cells); CD4 (marks T-helper cells); CD8 (marks cytotoxic T cells);
CD19 and CD20 (B cell markers); CD35 (marks bone marrow mye-
lomonocytes). 

Proinflammatory cytokines: IL-1β, IL-6, IL-12, TNF-α.

Haematopoietic factors:  M-CSF, GM-CSF, GM-CSF-Receptor (GM-
CSF-R), IL-3.

Oxidative stress: iNOS (inducible NO synthase), MDA (malon-
dialdehyde), NITT (Nitrotyrosine), 8-oxoguanine. 

Antioxidants: Cu/Zn-SOD, Mn-SOD, Catalase.

Neurodegeneration: Neurofibrillary Tangles, Amyloid Precursor
Protein Frameshift Mutant (APP). 

Apoptosis: Activated/cleaved caspase-3, caspase-1, cytoplasmic cyto-
chrome-c, single stranded DNA (ssDNA).

Growth factors/neurotrophins, angiogenesis and repair: TGFβ, TGFβ-
R, bFGF, bFGF-R, NT-3, NT-4/5, NGF, VEGF, GAP-43 (marks
neuronal growth cones), P-40 (marks growth cones), angiopoietin-
1/4 and CD34 (marks proliferating vascular endothelial cells besides
the hematopoietic progenitors).

BBB properties: Albumin, EBA (EBA: Endothelial Barrier Antigen
that marks intact BBB-endothelium).

The primary antibodies were detected by biotinylated secondary
antibodies and streptavidin-biotin-peroxidase complex, followed by
amplification by using tyramide and streptavidin-peroxidase com-
plex (NEN, Life Science Products) and visualized by DAB as chro-
mogen. Control sections were incubated in absence of primary or
secondary antibody or after preabsorption of the primary antibody

Figure 2. Lesioned wildtype mice by
3 dpl and responses to MTT -II
treatment. Cell counts (mean ± SE)
were carried out for GFAP+ astroglia,
CD14+ macrophages, degenerating
neurons (intraneuronal neurofibrillary
tangles), TUNEL+ apoptotic cells, cells
suffering oxidative stress (NITT and
8-oxoguanine) and cells containing
MT-I+II. The number of macrophagesTT
and the levels of brain tissue damage
(oxidative stress, neurodegeneration
and cell death) increased after the
brain injury, and such increases weryy e
reduced significantly by MT-I andTT
MTT o
(p<0.001). The GF e

,
e

(p=0.055). MT-I and MTTT -II treatmenTT t

of cells with intracellular MT-I+II.TT

GFAP+ astrogliosis

0
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CD-14+ macrophages
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Neurofibrillary tangles

0
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150

TUNEL+  apoptosis

0
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NITT (oxidative stress)

0
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8-oxoguanine (oxidative stress)

0
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200

MT-I+II 

0
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Control (saline)

Rabbit native MT-II

Mo -I

Huma

Drosophila MTN
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with its corresponding antigen (I-VIII; Carrasco et al., 2003; Pen-
kowa and Hidalgo, 2000a; Penkowa et al., 2001a-c, 2003a, 2004).
Results were considered only if these controls were negative (as il-
lustrated in V and VIII).

In situ detection of DNA fragmentation
Terminal deoxynucleotidyl transferase (TdT)-mediated deoxyurid-
ine triphosphate (dUTP)-digoxigenin nick end labeling (TUNEL)
was performed as previously described, including negative and po-
sitive control sections (II-IV; Penkowa et al., 2001b,c). The results
obtained by TUNEL were also judged by stainings for ssDNA and
apoptotic signaling (caspases and mitochondrial leakage of cy-
tochrome-c to the cytoplasm). The morphological criteria for apop-
tosis were also included (VI; Penkowa and Hidalgo, 2001; Penkowa
et al., 2001a).

MT-I+II colocalization
By using single, double and triple fluorescence stainings (immun-
ofluorescence and fluorescence histochemistry including fluoro-
phore-linked TUNEL and fluorophore-linked lectin staining) as
well as IHC in thin, consecutive sections, MT-I+II expression was
colocalized to different cell types; as well as MT-I+II were spatio-
temporally correlated to cytokine production; neurotoxicity; oxi-
dative stress; neurodegeneration; apoptotic cell death; expression of
growth factors/neurotrophins and their receptors, other anti-
oxidants; angiogenesis; and astroglial scar tissue formation (I-VIII;
Carrasco et al., 1999, 2000a,b; Espejo et al., 2001a,b, 2002; Giralt et
al., 2001, 2002a,b; Molinero et al., 2003; Penkowa and Hidalgo,
2000a,b, 2001, 2003; Penkowa et al., 1999a,b, 2001a-c, 2002, 2003a-c).

Cell counts
Positively stained cells were counted in a blinded manner from
matched CNS areas for statistical evaluation of the results. Positively
stained cells were defined as those cells with cytoplasmic staining.
TUNEL+ and ssDNA+ cells were those with nuclear staining. Re-
presentative identifications of positively versus negatively stained
cells are shown in the publications (III: Figure 2; V: Figure 5). In case
of traumatic brain injury (II-VI), cells were counted from both un-
lesioned hemispheres (contralateral cortex) and lesioned hemi-
spheres (ipsilateral cortex). When counting from lesioned hemi-
spheres, matched areas were chosen at the border zone of the deeper
parts of the lesion in all the mice (shown in publication IV: Figures
1, 2 and 4). In the 6-AN experiments (VIII), cells were counted from
unilateral brain stem at the border of the damaged grey matter areas
(border of facial nucleus). Cell counts were performed in at least 2-3
sections per brain, and brains were taken from at least 3 different
mice per group. A mean value for each animal is calculated and used
for overall quantifications. Counts were always done blinded to ani-
mal identity.

Statistical analysis
The results obtained by cellular countings were evaluated by two-
way analysis of variance ANOVA.

In the cryo-lesion studies (II-VI) the main factors were the geno-
type and freeze lesion. Separate sets of two-way ANOVA were car-
ried out for the ipsilateral and contralateral hemispheres. When
cryo-lesioned mice received medical treatment with MTs versus pla-
cebo, the main factors were freeze lesion and treatment. In the 6-AN
studies (VIII), main factors were genotype and 6-AN-toxicity as well
as MT-II treatment and 6-AN-toxicity. When only two groups were
compared, the Student “t” test was used.

ETHICS
All the animals were kept under standardized conditions under
constant temperature with free access to food and water ad libitum.
Animal welfare was observed in compliance with the European
Community regulations on this subject, and all animal experiments

have adhered to the standards of the National Research Council’s
Guide for the care and use of laboratory animals. All efforts were
made to minimize animal suffering, keep animals pathogen-free and
to reduce the number of animals used (Implementation of Refine-
ment, Reduction, Replacement).

RESULTS
MT-I+II EXPRESSION IN CNS PATHOLOGY
MT-I+II expression in genetically normal animals
During physiological, healthy conditions of embryonic, neonatal
and adult rats and wildtype mice, MT-I+II are expressed in low
amounts in meninges, choroid plexus, ependymal cells, blood vessel
endothelium and in a few scattered astrocytes (I-VIII; Penkowa et
al., 1999b).

During CNS pathology such as traumatic brain injury and 6-AN-
toxicity in brain stem, expression of MT-I+II increases significantly
(I-VIII), and as shown elsewhere both MT-I+II mRNA and proteins
increase (Giralt et al., 2002b; Penkowa et al., 1999a, 2004). After
cryogenic brain injury in neonatal and adult rats (I; Penkowa et al.,
2001b) and in wildtype mice (II-VI) increased MT-I+II expression
is seen in reactive astroglia and activated microglia/macrophages.
MT-I+II expression peaks by 3-10 dpl, by which inflammatory reac-
tions are most pronounced. By 20-30 dpl, MT-I+II expression has
returned to basic levels. However, the lesioned neonatals show a
slightly different MT-I+II response relative to adults, because in ne-
onatals, only reactive astrocytes increase MT-I+II; which transiently
peak by 3 dpl, cease from 6 dpl and is absent by 14 dpl. 

After 6-AN-toxicity in the brain stem, MT-I+II proteins are signi-
ficantly increased by 1-3 days around the damaged grey matter areas
(VII, VIII). The main cell source of increased MT-I+II after 6-AN is
reactive astroglia, but a few activated microglia/macrophages also
contain MT-I+II.

In general, endogenous MT-I+II expression is seen intracellularly
in non-neuronal cells and is located in the cytoplasm and often also
in the nucleus during neuropathology (I-VIII; Penkowa et al.,
2001b,c, 2002). Thereby, significant amounts of extracellular MT-
I+II in CNS are only detected following exogenous administration
of MT-I+II (Penkowa and Hidalgo, 2000b).

MT-I+II expression in genetically modified mice
IL-6KO mice
Brain injured IL-6KO mice show reduced MT-I+II expression re-
lative to wildtypes by 1-20 dpl (II). As previously shown, IL-6 defi-
ciency decreases both MT-I+II mRNA and proteins in the contra-
and ipsilateral hemisphere following the lesion (Penkowa et al.,
1999a). Even if MT-I+II were radically reduced in IL-6KO mice ver-
sus wildtypes, the cell sources of MT-I+II were comparable as were
the degree of primary injury (II). In all lesioned mice, the MT-I+II
expression is seen in surviving cells whereas apoptotic markers and
MT-I+II are not colocalizing. MT-I+II levels are also reduced in un-
lesioned IL-6KO mice relative to wildtype controls.

GFAP-IL6 mice
In both lesioned and unlesioned GFAP-IL6 genotypes, MT-I+II are
significantly increased (III, VI). Hence, even in the normal, undam-
aged CNS, IL-6 overexpression increases MT-I+II. After the lesion,
MT-I+II expression is significantly increased by 1-20 dpl in astro-
cytes and microglia/macrophages of GFAP-IL6 mice relative to
wildtypes (III, VI). Moreover, the MT-I+II levels by 1-20 dpl are
inversely related to the degree of secondary brain damage such as
oxidative stress and apoptosis.

MT-KO and TgMT mice
Both healthy and brain damaged TgMT mice (VI, VIII) show in-
creased MT-I+II throughout the CNS relative to wildtype controls,
while the cellular sources of MT-I+II are similar in these genotypes.
TgMT mice significantly increase their MT-I+II levels after pathol-
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ogy relative to healthy control conditions. Thus, even by 20 dpl the
lesioned TgMT mice show significantly increased MT-I+II, which in
wildtypes have returned to normal levels by then. Along increased
MT-I+II proteins, TgMT genotypes also show higher mRNA levels
than wildtypes (Giralt et al., 2002b; Molinero et al., 2003). As ex-
pected, the MT-KO mice do not show positive MT-I+II immuno-
stainings (IV, V, VII). 

MT-I+II ROLES DURING CNS PATHOLOGY
MT-I+II roles during brain injury
The freeze lesion model in normal adults
The lesion produces a primary injury with immediate necrosis and
BBB breakdown. By 1-6 dpl, genetically normal, adults (both rats
and mice) show pronounced inflammatory responses at the lesion
site, which is surrounded and invaded by reactive astrocytes, acti-
vated microglia/macrophages/monocytes and lymphocytes express-
ing proinflammatory cytokines; and alongside, oxidative stress and
apoptotic cell death occur (II-VI; Penkowa et al., 1999a, 2001b). By
10 dpl, these responses have generally decreased; and after 20-30
dpl, normal adult animals usually have replaced the necrotic lesion
cavity with a glial scar tissue, vessels and extracellular components.
Thus, the freeze lesion is initially a necrotic cavity depleted of viable
cells, which only appear in the surrounding, unlesioned (intact) tis-
sue. After the lesion wound has been reorganized and substituted by
glial scar tissue, it can still be easily identified, as it contains no nor-
mal neurons or neuronal cell bodies.

MT-I+II roles
The MT-I+II roles during brain injury were initially examined by
using lesioned MT-KO and TgMT mice along wildtype controls (IV-
VI). These experiments show consistently that MT-I+II protect the
brain following injury. Hence, MT-I+II modulate inflammatory re-
sponses; decrease delayed (secondary) tissue damage (such as oxida-
tive stress, neurodegeneration and apoptosis); and stimulate tissue
repair mechanisms including glial scar formation and angiogenesis.

Accordingly, MT-I+II reduce activation and recruitment of
microglia/macrophages/monocytes and lymphocytes including
their expression of proinflammatory cytokines IL-1β, IL-6, TNF-α.
MT-I+II reduce macrophages systemically, while lymphocyte re-
cruitment is inhibited locally in the CNS (IV-VI; Giralt et al., 2002b;
Penkowa and Hidalgo, 2000b). Also, MT-I+II decrease the number
of hematopoietic progenitor cells recruited from bone marrow to
the CNS. In addition, MT-I+II are antioxidant and antiapoptotic
factors reducing oxidative stress and cell death after injury (IV-VI).
Thus, MT-I+II counter cerebral levels of iNOS, protein nitration
(NITT), lipid peroxidation (MDA), oxidative DNA alterations (8-
oxoguanine), DNA fragmentation, caspase-1 levels, caspase-3 cleav-
age and mitochondrial leakage of cytochrome-c. Thereby oxidative
stress and apoptosis after the lesion are significantly reduced in MT-
I overexpressing mice and increased in MT-KO mice relative to the
wildtype controls. 

In lesioned wildtype controls, inflammation, oxidative stress and
apoptosis are transient and have remitted by 20-30 dpl, by which
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repair mechanisms have replaced the lesion cavity with a glial scar
tissue flanked by increased levels of growth/trophic factors (bFGF,
TGFβ?, NT-3-5, VEGF), and their receptors (TGFβ-R and bFGF-R),
as well as increased angiogenesis and expression of angiopoietin-1/4
are seen. By 90 dpl, a more premorbid cytoarchitecture is seen in the
scar tissue of wildtypes, although neuronal cell bodies remain ab-
sent. All 3 types of glia, neo-vascularization and extracellular matrix
are seen in the scar. 

In contrast, the MT-KO mice display pronounced inflammation
and histopathology by 20-30 dpl and still after 60-90 dpl, the MT-
I+II deficient brains show a manifest cortical lesion filled with ac-
tivated immune cells (V); although, the lesion size is diminished by
60-90 dpl relative to 20-30 dpl. In this context, MT-KO mice display
decreased astrogliosis, glial scar formation, angiogenesis and repair-
associated molecules like bFGF, TGFβ, TGFβ-R, bFGF-R, VEGF, an-
giopoietin-1/4 and NT-3-5 relative to wildtypes. As shown here for
the first time, the levels of proinflammatory cytokines, oxidative
stress and cell death are still significantly increased by 90 dpl in MT-
KO mice (Figure 1). Hence, by 60-90 dpl several inflammatory cells
are expressing IL-1β, IL-12 and TNF-α at the lesion site of MT-KO
mice, which also showed increased NITT, MDA and 8-oxoguanine
levels along with numerous TUNEL+, caspase-3+ apoptotic cells
inside and around the lesioned area. These responses of MT-KO
mice were not only seen at the lesion site, but also in uninjured tis-

sue like in striatum, thalamus and amygdaloid areas that are located
far away from the lesion wound. Such uninjured brain tissue is quite
easily distinguished from the once lesioned parenchyma, since the
latter contains no normal neuronal cell bodies; as judged by neuron-
specific stainings including neurodegeneration markers. The latter
revealed that MT-I+II deficiency causes significant and prolonged
neurodegeneration in uninjured brain tissue like thalamus, striatum
and amygdaloid areas located far away from the lesion. This neuro-
degeneration was judged by intraneuronal occurrence of neurofi-
brillary tangles and APP, which are pronounced in MT-KO mice by
60-90 dpl, while the wildtype controls are devoid of neurodegener-
ation in uninjured areas (Figure 1).

All the data from lesioned MT-KO mice suggest that MT-I+II are
protective during a brain injury, as MT-I+II deficient mice develop
more severe and chronic brain damage with persistent neuron loss,
as seen in both the directly injured (lesioned) cortex and in the dis-
tant, unlesioned tissue that was supposed to be intact.  

Quite the opposite responses are seen in lesioned TgMT mice,
which showed shorter and less intense histopathology and enhanced
tissue restoration and wound healing (VI). The brain injured TgMT
mice show reduced CNS inflammation with macrophages/micro-
glia, lymphocytes and proinflammatory cytokines, and decreased
oxidative stress levels (NITT, MDA and 8-oxoguanine) and apo-
ptotic cell death (TUNEL and cleaved caspase-3) relative to wildtype
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controls. Double and triple stainings revealed that neurons and glia
suffer from oxidative stress and apoptotic death, and these cells are
devoid of MT-I+II, which are confined to surviving cells (III-VI;
Penkowa et al., 2003c).

In addition, MT-I overexpression after brain injury stimulates
reactive astrogliosis, expression of growth/trophic factors (bFGF,
TGFβ?, NT-3-5, VEGF) and their receptors (TGFβ-R and bFGF-R),
as well as TgMT mice show increased angiogenesis and levels of pro-
angiogenic factors relative to controls. Accordingly, the TgMT mice
show enhanced cortical wound healing and repair including astro-
gliotic scar formation and vascular remodeling relative to wildtype
controls (VI). As judged by GAP-43 and P-40 stainings, MT-I over-
expression also enhances growth cone formation and process out-
growths from surviving neurons situated outside the lesioned area.
Initially, these growth cones and outgrowths are only seen sur-
rounding the lesion; but after 10-20 dpl they have extended and are
then seen at the borderzone of the injured tissue. 

In this experiment (VI), lesioned wildtype mice show a slight
delay in their wound healing relative to that seen in previous experi-
ments (II, IV, V), which is due to variations in the lesioning proced-
ures being of either 50 or 60 seconds. Consequently, wildtype con-
trols lesioned for 50 seconds generally show a completed glial scar
tissue by 20 dpl, while lesioning for 60 seconds would delay this till
30 dpl.

As shown (III-VI), both MT-I+II and IL-6 induce angiogenesis
after brain injury. The angiogenic actions of MT-I+II are further
supported by comparing various genotypes such as GFAP-IL6 mice;
MT-I+II deficient GFAP-IL6 (GFAP-IL6/MT-KO) mice; MT-I+II
heterozygous GFAP-IL6 mice (GFAP-IL6-MT+/- mice); double-
transgenic IL-6 and MT-I overexpressors (GFAP-IL6/TgMT mice);
and TgMT mice (V,VI). The IL-6 overexpressors are suitable for
studying angiogenesis as they spontaneously develop proliferative
angiopathy. This IL-6-induced angiogenesis is severely obstructed
by simultaneous MT-I+II deficiency and enhanced by MT-I over-
production. Thus, the mice showing most brain injury-induced an-
giogenesis were the MT-I overexpressors, whether their IL-6 levels

were low or high. As MT-I+II inhibit IL-6 mRNA and protein in
CNS, the TgMT mice display low IL-6 expression and provide a
model for studying MT-I+II actions without IL-6 interference. In
fact, the TgMT mice show practically as much angiogenesis after
brain injury as the double-transgenic GFAP-IL6/TgMT mice, which
display maximum responses (VI). In agreement with this, the
GFAP-IL6/MT-KO mice show drastically reduced angiogenesis
relative to GFAP-IL6 mice (V). 

Moreover, as demonstrated in genetically modified mice (II-V;
Giralt et al., 2002b), both IL-6 and MT-I+II may have some neuro-
protective functions. In order to separate the roles of IL-6 versus
MT-I+II, double-transgenic GFAP-IL6/TgMT mice were freeze le-
sioned along with TgMT and GFAP-IL6 genotypes (VI). The results
demonstrate that IL-6 exerts neuroprotection, but this is very likely
due to IL-6-induced MT-I+II increases. Hence, the delayed damage
occurring by 1-20 dpl was neither related to the neuroinflammation
nor to IL-6 but instead to MT-I+II: The higher the MT-I+II levels,
the less brain damage and cell death (VI). In this set-up, it is again
relevant that TgMT mice have low IL-6 expression, as it allows ex-
amination of the MT-I+II cerebral roles without IL-6 interference.

Furthermore, our studies show that both endogenous (murine)
MT-I overexpression and exogenous (rabbit-derived) MT-II treat-
ment can induce rather identical CNS effects in mice (VI, VIII;
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Giralt et al., 2002b). Hence, TgMT and MT-II treated mice show
comparable reductions in CNS inflammation, oxidative stress and
cell death alongside similar increases in repair processes relative to
controls. To study the functional similarity between different MT-I
and MT-II proteins, we examined whether native or recombinant
MT-I or MT-II derived from different species could induce neuro-
protection in lesioned wildtype and MT-KO mice. The latter are
suitable, as the effects of exogenous MT-I and MT-II can be identi-
fied without interference from endogenous MT-I+II expression. It is
hereby revealed for the first time, that treatments with native or re-
combinant MT-I or MT-II proteins derived from various non-
mammalian and mammalian species result in comparable and
significant protective effects in lesioned mice relative to control (pla-
cebo) therapy (Figures 2-4). 

First, lesioned mice were treated with recombinant human MT-II
or mouse MT-I or drosophila MT or with native rabbit MT-II,
which consistently induce neuroprotective effects by 3 dpl relative to
control treatments.

Thus, MT-I and MT-II injections inhibit CNS recruitment of
monocytes/macrophages and T cells; and reduce neurodegenera-
tion, oxidative stress and apoptotic cell death after injury (Figure 2).
As shown, these MT-I and MT-II proteins decrease significantly
intraneuronal neurofibrillary tangles and the number of CNS cells
containing NITT, 8-oxoguanine and TUNEL. Besides, the TUNEL+
apoptosis was confirmed by stainings for ssDNA, caspase-1 and -3
and cytoplasmic cytochrome-c; while degenerating neurons were
also positive for APP (not shown). Also, MT-I and MT-II increase
astrogliosis relative to placebo treatment. In subsequent experi-
ments, freeze lesioned mice received treatment with native horse
MT-I (Figure 3) or native human MT-II (Figure 4); which both in-
duce similar therapeutic effects as those of recombinant human
MT-II, mouse MT-I, drosophila MT and native rabbit MT-II.

Thus, both exogenous/extracellular and endogenous/intracellular
MT-I+II induce significant protective effects after brain injury in
wildtype and MT-KO mice. These neuroprotective actions are simi-
larly induced by MT-I and MT-II proteins derived from different
mammalian and non-mammalian species. In fact, even drosophila
MT induces the characteristic (mammalian) MT-I+II-actions after
brain injury. This indicates independence of species of origin as far
as the biological functions of MT-I+II are concerned, at least this is
the case in mice, and it suggests that MT-I+II could have rather uni-
versal actions during tissue damage. 

The observed treatment effects of MT-I and MT-II are similar in
lesioned wildtypes versus MT-KO mice, although the latter in gen-
eral develop more severe histopathology and neuronal damage,
which is a response pattern of MT-KO mice that is already described
(IV, V; Giralt et al., 2002b). Interestingly, the MT-I+II treatment ef-
fects could not be induced by another member of the MT family, the
isoform MT-III/GIF (Figure 4), which resembles MT-I+II structur-
ally and was used as a further control against MT-I+II. Hence, when
freeze lesioned mice received MT-III/GIF treatment, no significant ef-
fects were detected upon gliosis, macrophages, lymphocytes, oxida-
tive stress, degeneration or apoptotic cell death. Thus, MT-III/GIF is
likely to have different functions than MT-I+II during brain injury,
which is in agreement with other studies (Carrasco et al., 2003). 

No significant treatment effects of the exogenous MTs are
detected in controls without cerebral pathology. After the freeze
lesion, the i.p. injected MT-I and MT-II proteins enter the CNS only
because the BBB is disrupted; which is in agreement with other MT-
II treatment experiments (VIII; Penkowa and Hidalgo, 2000b).
Hence, MT-I+II are increased in the extracellular space of the
lesioned brain within 15-45 minutes after the i.p. injection and after
6-8 hours, MT-I+II are seen intracellularly in CNS cells. 

This thesis shows for the first time that medical treatment with
native or recombinant MT-I or MT-II after a brain injury induces
comparable and significant neuroprotective effects that are func-
tionally independent of species of origin.

MT-I+II roles in brain stem toxicity
The 6-AN model
6-AN induces acute (within 24h) astroglial toxicity and cell death in
grey matter areas of the brain stem whether or not these have pro-
jections outside the CNS (VII, VIII; Penkowa and Hidalgo, 2000a;
Penkowa et al., 1997, 2002). For instance, 6-AN depletes astroglia in
the facial nucleus, pontine reticular nucleus, cuneate nucleus, hypo-
glossal nucleus, sensory and motor trigeminal nucleus, red nucleus,
substantia nigra, and vestibular nuclei, oliva inferior nucleus, para-
and periolivary nuclei. After 3 dpi, reactive astrocytes surround the
damaged areas that are infiltrated by macrophages and lymphocytes
expressing proinflammatory cytokines and alongside the BBB is dis-
rupted. Also, secondary (delayed) damage is seen after 3 days in-
cluding oxidative stress, neurodegeneration and apoptosis (VIII;
Penkowa et al., 2003a, 2004).

MT-I+II roles
The roles for MT-I+II during 6-AN-induced toxicity were at first
studied by using MT-KO mice (VII) and afterwards, TgMT and
MT-II treated mice were applied (VIII).

The acute (primary) brain stem toxicity induced directly by 6-AN
is comparable in MT-KO and wildtype mice as seen by 1 dpi, where
the mice also show similar neurological symptoms. After 3 days, 6-
AN injected MT-KO mice display reduced reactive astrogliosis
around the damaged areas relative to wildtypes. Also, activation and
recruitment of microglia/macrophages and lymphocytes are clearly
decreased in MT-KO mice; but this is very likely an epiphenomenon
resulting from enhanced 6-AN-induced bone marrow depression in
these mice. Thus, in MT-KO mice 6-AN causes more severe sup-
pression of haematopoietic cells such as myeloid and lymphoid pro-
genitor cells, myelomonocytes and macrophages, whereby the CNS
infiltration by these cells is hampered (VII). The bone marrow
depression is determined by using lectin, toluidine blue and Schiff ’s
stainings, and IHC for CD34, CD35, F4/80, CD14, IL-6, MOMA-1
and -2. The haematopoietic factors IL-3, M-CSF, GM-CSF and the
GM-CSF-R are also reduced in both brain stem and bone marrow of
MT-KO mice relative to wildtypes after 6-AN.

This thesis shows for the first time that despite a reduced brain
stem inflammation, 6-AN injected MT-KO mice suffer from en-
hanced secondary CNS damage (Figures 5 and 6). Hence, by 3 dpi
MT-KO mice display increased oxidative stress (NITT, MDA and 8-
oxoguanine), neurodegeneration (intraneuronal neurofibrillary
tangles) and apoptosis in the brain stem, when compared to those of
wildtypes (Figure 5). In general, the degenerating neurons as well as
some astrocytes by 3 dpi are suffering from simultaneous oxidative
stress and apoptotic cell death (Figure 6); responses that are in-
creased in MT-KO mice relative to wildtypes.

Furthermore, both exogenous and endogenous MT-I+II induce
immunomodulatory and neuroprotective actions after 6-AN, as
seen in TgMT and MT-II treated mice (VIII).

The 6-AN-induced brain stem toxicity raises mortality in mice re-
ceiving placebo treatment but not in mice treated with exogenous
MT-II. However, in the experiment with TgMT and wildtype mice,
no changes in mortality are detected after 6-AN. The 6-AN-induced
motor impairments are comparable in all mice. 

In control groups (wildtype mice +/- placebo treatment) the pri-
mary 6-AN-toxicity is pronounced in brain stem grey matter areas,
which show reduced numbers of viable cells as judged by HE stain-
ings. In TgMT genotypes and MT-II treated mice, brain stem grey
matter areas show diminutive 6-AN-toxicity relative to controls.
Thus, the grey matter astrocytes of TgMT and MT-II treated mice
are rather unaffected by 6-AN, and alongside, the reactive astro-
gliosis is increased in these mice by 3 dpi. Subsequent to 6-AN,
TgMT and MT-II treated mice also display increased expression of
growth/trophic factors (TGFβ, bFGF, VEGF, NGF, NT-3-5) and for-
mation of neuroglial growth cones (GAP-43 and P-40 stainings).
Along this, MT-I overexpression and MT-II treatment reduce the in-
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flammatory responses of microglia/macrophages/monocytes, T and
B lymphocytes and expression of IL-1β, IL-6, IL-12 and TNF-α rela-
tive to controls (VIII; Penkowa et al., 2004). This MT-I+II-in-
hibition of CNS macrophages during 6-AN-damage may be due to
diminished recruitment of peripheral haematogenous cells, which
in the controls are the main source of brain macrophages after 6-
AN.

By 3 dpi, oxidative stress (iNOS, MDA, NITT and 8-oxoguanine
stainings), neurodegeneration (intraneuronal neurofibrillary tan-
gles and APP) and apoptotic cell death (TUNEL, caspases, cyto-
chrome-c and ssDNA) are significantly reduced by MT-I over-
expression and MT-II treatment relative to controls (VIII; Penkowa
et al., 2004). Oxidative stress and apoptosis are observed in most cell
types, but primarily in astroglia and neurons located inside and
closely around the grey matter areas.

If mice are not injected with 6-AN, no clinical or histological dif-
ferences can be detected between the different genotypes or treat-
ment groups, except from the MT-I+II expression levels (VII, VIII).

IMPLICATIONS AND PERSPECTIVE
MT-I+II expression increases significantly in response to brain
damage, during which IL-6 is a major inducer of MT-I+II mRNA
and proteins (I-VIII; Penkowa and Hidalgo, 2000a; Penkowa et al.,
1999a, 2001c, 2003a). The IL-6 mechanisms involve signal transduc-
ers and activators of transcription (STAT-1 and -3) that induce tran-
scription by binding to the MT-I promoter (Haq et al., 2003; Lee et
al., 1999); however, IL-6 also affects post-transcriptional processes
(Miles et al., 2000).

This thesis demonstrates that in CNS, MT-I+II have immu-
nomodulatory effects reducing inflammatory cells (microglia/mac-
rophages/monocytes, T and B lymphocytes and haematopoietic pre-
cursers) and expression of proinflammatory cytokines IL-1β, IL-6,
IL-12 and TNF-α. This is consistently observed during CNS pathol-
ogy in different genotypes and treatment groups. However, as 6-
AN-injected MT-KO mice show severe bone marrow toxicity and
haematopoietic depression, the pool of leucocytes in these mice is
depleted leading to impaired recruitment of inflammatory cells to
the CNS. The thesis also shows that MT-I+II inhibit delayed (sec-
ondary) tissue damage such as oxidative stress, degeneration and
apoptotic cell death after brain injury and 6-AN-toxicity (IV-VIII).
Exogenous MT-II treatment also reduces the primary (acute) CNS
damage induced directly by 6-AN and improve the mortality. Dur-
ing the brain injury and 6-AN-toxicity, MT-I+II also increase astro-
gliosis, expression of growth/trophic molecules (TGFβ, TGFβ-R,
bFGF, bFGF-R, VEGF, NT-3-5 and NGF) and cerebral repair includ-
ing glial scar formation, angiogenesis and neuronal growth cones.

The MT-I+II angiogenic roles in cerebral repair are validated by
using various genetically modified mice such as GFAP-IL6 mice
with either deficient, heterozygous, normal or increased MT-I+II
expression, by which the roles of IL-6 versus MT-I+II can be sepa-
rated. The IL-6 overexpression results in spontaneous cerebral an-
giogenesis, which is severely inhibited by MT-I+II deficiency and
moderately inhibited by MT-I+II heterozygosity, while MT-I over-
expression enhances the angiogenesis. In fact, MT-I+II exert signifi-
cant pro-angiogenic functions in CNS, since TgMT mice that have
low IL-6 levels show practically as much angiogenesis as the GFAP-
IL6/TgMT mice, which show the maximum responses. The an-
giogenic actions of MT-I+II can contribute to the improved brain
tissue recovery seen in mice with increased MT-I+II (IV-VI; Giralt
et al., 2002b; Penkowa, 2002). Recently, independent researchers
have confirmed and reproduced some of these data (Chung and
West, 2004; Chung et al., 2003; Swartz et al., 2001). For instance,
Chung et al. (2003) confirmed that MT-II treatment induces wound
healing and brain repair after a traumatic injury.

As shown here, the freeze lesioned wildtype mice have replaced
the necrotic lesion cavity with an astrogliotic scar tissue by either 20
or 30 dpl, depending on the lesioning procedures being of either 50

or 60 seconds. Thus, wildtypes lesioned for 50 seconds generally
show a completed glial scar tissue by 20 dpl, while lesioning for 60
seconds would delay this till 30 dpl.

Furthermore, the cerebral actions of MT-I+II can be equally in-
duced by endogenous MT-I overexpression and exogenous treat-
ment with various MT-I and MT-II proteins, which induced compa-
rable effects independent of the species of origin. Accordingly, na-
tive or recombinant MT-I and MT-II proteins derived from different
mammalian and non-mammalian species induce analogous immu-
nomodulatory, antioxidant, antidegenerative and antiapoptotic ef-
fects in brain injured mice. This MT-I+II independence of species of
origin is described for the first time in this doctoral thesis, and it in-
dicates that the evolutionary highly conserved MT-I+II proteins
have rather universal roles during tissue injury. In line with this,
both human MT-I and yeast MT can be inserted in bacterial cells
(Escherichia coli), which then express these eukaryotic MTs as full-
length proteins without instability or degradation (Sousa et al.,
1998). The same cell culture study shows that human and yeast MT
proteins maintain their ability to bind metals after they are inserted
in Escherichia coli. Likewise, the in vitro ROS scavenging properties
of mollusc (oyster) MT are comparable to those of mammal MT-
I+II obtained from rabbits (Anderson et al., 1999). Thus, MT-I+II
proteins appear to function uniformly without phylogenetic con-
straints or dependency on species of origin.

The immunoregulatory, antioxidant and neuroprotective func-
tions of MT-I+II shown here could provide new therapeutic strate-
gies to ameliorate CNS disorders. Even though immunological ac-
tivation is a normal host defense reaction, inflammatory responses
in the immune-privileged brain may ultimately have detrimental
actions. CNS inflammation is a main feature of most acute and
chronic neurological diseases; during which sustained inflammation
may contribute directly to neuronal dysfunction and death. Thus,
high levels of IL-1β, IL-6, IL-12 and TNF-α induce spontaneous in-
flammation, demyelination and neuron loss; and these cytokines are
involved in various autoimmune, demyelinating and neurodegener-
ative brain diseases (Allan and Rothwell, 2003; Villoslada and
Genain, 2004; Wang et al., 2002). In addition, inflammation results
in formation of ROS that oxidize essential cellular components such
as DNA, proteins and lipids (Floyd et al., 1999; Mhatre et al., 2004);
and such oxidative stress is a major inducer of neuronal degener-
ation, dysfunction and cell loss (Barnham et al., 2004; Rego and Oli-
veira, 2003). Consequently, the MT-I+II-inhibition of proinflam-
matory responses and ROS can counteract neuronal degeneration
and cell death. In agreement with this, endogenous and exogenous
MT-I+II inhibit CNS histopathology and clinical symptoms during
brain autoimmune disorders as shown in animals with EAE and hu-
man tissue from MS patients (Penkowa and Hidalgo, 2000b, 2001,
2003; Penkowa et al., 2001a, 2003b,c). Hence, MT-I+II significantly
impede EAE-mediated macrophages, lymphocytes, proinflamma-
tory cytokines, demyelination and axonal transection as well as MT-
I+II improve the EAE tissue recovery, clinical symptoms and mor-
tality. 

Besides the antiinflammatory actions in CNS, MT-I+II are shown
to affect the peripheral immune cells like blood and bone marrow
monocytes/macrophages, lymphocytes, their bone marrow progeni-
tors and haematopoietic factors (IL-3, M-CSF, GM-CSF and GM-
CSF-R). This is supported by other data showing that MT-KO mice
are 10 times more vulnerable to anemia (reduced erythrocytes,
hemoglobin and hematocrit) relative to wildtypes (Liu et al., 1999).
The same study shows that MT-KO mice are less resistant than
wildtypes to changes in peripheral leucocytes, cytokine levels,
splenic and thymic pathology.

Accordingly, MT-I+II may have immunomodulatory functions
during peripheral diseases. Consistent with this, MT-I+II exert im-
munosuppression during experimential rheumatoid arthritis (Youn
et al., 2002). Thus, MT-I+II treatment reduces the disease incidence
and severity as well as lymphocyte activation and expression of
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proinflammatory TNF-α and cyclooxygenase-2; whereas anti-
inflammatory TGFβ is increased by MT-I+II. Moreover, human
patients with autoimmune diseases including rheumatoid arthritis
show depletion of MT-I+II in serum as their disease aggravates;
after which MT-I+II levels can be fully replenished by cortisone ad-
ministration, which is followed by significant clinical improvement
(Miesel and Zuber, 1993). Supporting this, human patients with
autoimmunity and Group III allergy show (auto)antibodies to MT-
I+II (Jin et al., 2003), indicating that human immunological dys-
regulation may be related to MT-I+II malfunctioning or depletion.
In that case, administration of effective MT-I+II inducers may result
in clinical improvement. In fact, steroid-induced immunosuppres-
sion could be mediated by steroid-induced MT-I+II, given that glu-
cocorticoid-treated humans show significant MT-II increases in pe-
ripheral lymphocytes concomitant with treatment effects (Knutsson
et al., 1995). In vitro, dexamethasone-induced MT-II expression can
be used as an indicator of glucocorticoid sensitivity (Bronnegard et
al., 1991), which may also be relevant during CNS damage, as cere-
bral MT-I+II are also induced by glucocorticoids (Hidalgo et al.,
1997a,b). If a direct relation exists between steroid-induced thera-
peutic effects and MT-I+II levels, the latter might be used as a prog-
nostic marker and/or an indicator of the patient responsiveness to
treatment.

Although the molecular mechanisms of action are elusive, many
studies have demonstrated that MT-I+II are directly involved in
activation of monocytes/macrophages, T and B lymphocytes. In
monocytes, reduced MT-I+II levels lead to increased ROS produc-
tion, cell adherence and invasiveness, while increased MT-I+II levels
inhibit this activation (Koropatnick and Zalups, 1997; Leibbrandt
and Koropatnick, 1994; Leibbrandt et al., 1994). MT-I+II also re-
duce antigen-specific humoral responses, immunoglobulin levels in
the circulation and lymphoproliferative responses (Crowthers et al.,
2000). Exogenous MT-I+II bind specifically to the cell membranes
of macrophages, T and B cells leading to reduced activity of these
cells (Canpolat and Lynes, 2001; Lynes et al., 1993; Youn and Lynes,
1999; Youn et al., 1995), which indicates that MT-I+II can inhibit
inflammation by interfering with cell-cell interactions.

MT-I+II could also be important for proper functioning of
phagocytes. Hence, removal of the lesion necrosis and debris and
subsequent wound healing are impaired in MT-KO mice, although
they display increased macrophage numbers at the lesion site. In
support of this, MT-I+II deficient macrophages show several func-
tional defects including impaired phagocytosis and antigen-presen-
tation (Sugiura et al., 2004). Thus, it is likely that on one side, MT-
I+II inhibit the macrophage numbers, but on the other hand MT-
I+II may stimulate phagocytosis and macrophage-induced resolu-
tion of inflammation.

In addition, MT-I+II significantly alter the cerebral expression of
several pro- and antiinflammatory factors that also may contribute
to the observed immunoregulation by MT-I+II (for further discus-
sion see: V-VIII; Penkowa et al., 2003b, 2004).

Accordingly, MT-I+II support the CNS immune privilege, even if
the precise MT-I+II mechanisms are still not fully elucidated. To ad-
dress this, we are currently investigating MT-I+II signaling and
transduction in neuronal and glial cell cultures. Also, the DNA-
binding abilities of MT-I+II will be investigated in order to deter-
mine if MT-I+II might be involved in gene activation or interact
with transcription factors.

Furthermore, this thesis shows that MT-I+II protect the brain tis-
sue by exerting in vivo antioxidant and antiapoptotic functions.
MT-I+II are directly involved in ROS scavenging and besides, MT-
I+II exert antioxidant activity due to redox capabilities, sulfhydryl
nucleophilicity, sequestration of redox sensitive transition metals
(Sato and Kondoh, 2002; Viarengo et al., 2000). MT-I+II scavenge
ROS more effectively than proteins 10-50 times its molecular weight
(Thornalley and Vasak, 1985) and have higher antioxidative capacity
inhibiting ROS-induced DNA degradation than other common

antioxidants, for instance glutathione (Abel and De Ruiter, 1989;
Cai and Cherian, 2003). This thesis presents some of the first in vivo
studies showing MT-I+II-inhibition of CNS oxidative stress and
apoptosis after brain injury and 6-AN-toxicity. Apoptotic cells are
generally devoid of MT-I+II that are confined to surviving cells, in-
dicating that MT-I+II may alter the pro-apoptotic signaling inside
cells. As shown here, MT-I+II inhibited pro-apoptotic signals (cas-
pases and mitochondrial leakage of cytochrome-c) along with DNA
fragmentation. Also, MT-I+II affects NFκB levels and cellular local-
ization after brain injury (Penkowa et al., 2001b) and excitotoxicity
(Carrasco et al., 2000b). By specific interaction with the p50 subunit
of NFκB, MT-I+II transactivate NFkB and are involved in its DNA-
binding; and this has been suggested as possible mechanisms of
MT-I+II actions (Abdel-Mageed and Agrawal, 1998; Butcher et al.,
2004). Also, MT-I+II interact with proto-oncogenes and tumor sup-
pressor protein p53 that are critical in the steps regulating apoptosis
(Abdel-Mageed and Agrawal, 1997; Kondo et al., 1997). MT-I+II
could accomplish such roles in the cell nucleus, as karyophilic MT-
I+II can sequester and release Zn leading to either de- or increased
Zn-dependent gene expression and activity of zinc finger-containing
molecules (Coyle et al., 2002; Ghoshal and Jacob, 2001; Ogra and
Suzuki, 2000). Due to these roles in cell survival and death, it is not
surprising that MT-I+II have been associated with malignancies. By
potent cytoprotective actions, MT-I+II might endow certain tumors
with resistance to radio- and chemotherapy. However, in some tis-
sues, MT-I+II are correlated with less malignancy and better out-
come (Simpkins, 2000; Theocharis et al., 2004) and thus, it remains
to be elucidated if MT-I+II may truly influence carcinogenesis.

The significance of MT-I+II in CNS cell death is evident in the
MT-KO mice, which continue to show increased neurodegeneration
and apoptosis by 60-90 days after brain injury. In contrast, wildtype
mice have replaced the necrotic lesion cavity with a glial scar by 20-
30 dpl; and TgMT mice resolve the necrotic wound some days ear-
lier (IV-VI; Giralt et al., 2002b). Other researchers have independ-
ently confirmed these protective actions of MT-I+II after brain in-
jury (Chung et al., 2003).

MT-I+II also inhibit neuronal damage during many other patho-
logical conditions like epileptic seizures, EAE, nerve crush and
inflammatory encephalopathies (Ceballos et al., 2003; Hidalgo et al.,
2002; Penkowa, 2002), and other groups have added that MT-I+II
protect against ischemia and motor neuron disease. After focal cere-
bral ischemia MT-KO mice develop larger infarcts, more brain
edema, higher mortality and worse neurological outcome relative to
controls (Trendelenburg et al., 2002); whereas the TgMT mice show
entirely opposite responses (Van Lookeren Campagne et al., 1999).
In addition, MT-I+II deficiency deteriorates familial ALS in mice by
advancing clinical disease and brain cell death (Nagano et al., 2001);
and dopaminergic neurotoxicity in substantia nigra is enhanced in
MT-KO mice relative to wildtypes (Asanuma et al., 2002). Moreover,
endogenous and exogenous MT-I+II directly inhibit dopaminergic
and hippocampal neuron death (Køhler et al., 2003; Sharma and
Ebadi, 2003); as well as MT-I+II counter neurotoxicity after intake
of recreational drugs like ecstasy and ethanol (Aschner, 1998; Xie et
al., 2004).

The actual mechanisms through which MT-I+II inhibit cell death
and increase CNS recovery remain elusive, but many possibilities are
likely. First, the MT-I+II antioxidant and antiinflammatory effects
could reduce CNS apoptosis. Besides MT-I+II stimulate astrocytes,
which are important for maintaining a normal CNS micro-
environment. Astrocytes endow the brain with antioxidants, energy
substrates and trophic/growth factors as well as they promote neu-
rogenesis, neuron survival and regeneration (Liberto et al., 2004; Ta-
kuma et al., 2004). Hence, ablation of astroglia during CNS injury
results in extensive degeneration, demyelination, cell death, clinical
dysfunction and inflammatory activation of leucocytes (Faulkner et
al., 2004). Moreover, the MT-I+II-induced increases in growth
factors, their receptors and neurotrophins (TGFβ, TGFβ-R, bFGF,
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bFGF-R, VEGF, NT-3-5 and NGF) as well as the pro-angiogenic ac-
tions of MT-I+II can contribute to improved CNS cell survival and
tissue recovery (Hidalgo et al., 2001; Penkowa, 2002). Furthermore,
MT-I+II could inhibit CNS cell loss by being essential for the tissue
regulation of metal ions, which in exceeding amounts are neuro-
toxic (Frederickson et al., 2004). An abnormal Zn or Cu homeo-
stasis in the CNS or disrupted metal-binding proteins may cause ox-
idative stress and neuronal death (Barnham et al., 2004). Hence, the
MT-I+II regulation of metals in the normal and injured CNS is
likely to protect the cerebral tissue.

According to this, MT-I+II may protect the brain through a vari-
ety of different pathways and actions.

The MT-I+II neuroprotective functions can be induced by two
separate mechanisms. One possibility is that MT-I+II influence
neurons indirectly through effects upon astroglia, inflammatory
reactions including cytokines, growth factors/neurotrophins and
oxidative stress. On the other hand, MT-I+II have direct effects on
CNS neurons (Køhler et al., 2003). In primary, dopaminergic and
hippocampal neuron cultures devoid of immune and glial cells, MT-
II treatment induces neuronal differentiation, growth and survival.
Likewise, in vitro studies show that MT-II treatment promotes CNS
neurite elongation, sprouting and postinjury axonal growth (Chung
et al., 2003) as well as MT-I+II increase nerve growth and regener-
ation (Ceballos et al., 2003). This is intriguing, since MT-I+II are al-
most never detected inside neurons but primarily in non-neuronal
glia. This indicates that neuronal injury is followed by MT-I+II in-
creases in neighbouring glial cells, which could then release MT-I+II
that may induce neuroprotection and improved outcome through
immunomodulation and antioxidation as well as by direct neuronal
actions. Indeed, MT-I+II may have extracellular roles since the pro-
tective effects seen after brain pathology could be induced by both
endogenous/intracellular MT-I+II and exogenous/extracellular MT-
I or MT-II treatment. This needs further attention, as the dogma
otherwise states that MT-I+II are intracellular proteins. However, it
is currently unknown whether MT-I+II function through binding
to a specific cell surface receptor or via intracellular molecules. Even
though, this thesis is first to show that in the injured brain, exoge-
nous MT-I and MT-II exert comparable in vivo functions that are
independent of species of origin.

As shown here, IL-6 also induces neuroprotection and brain tis-
sue repair after the freeze injury, and these actions are quite similar
to those induced by MT-I+II. Studying various genotypes with al-
tered IL-6 and MT-I+II genes (as described above), it has become
clear that MT-I+II are major neuroprotective factors in the injured
CNS (II-VIII; Giralt et al., 2002a; Molinero et al., 2003; Penkowa et
al., 2003a, 2004). Although GFAP-IL6 mice show decreased neu-
ropathology relative to wildtypes, such effects could be mediated by
IL-6-induced MT-I+II increases. Thus, inflammation, neuronal
degeneration and cell death are inversely associated with MT-I+II
levels and not with IL-6. In support of this, mice with transgenic
MT-I overproduction (TgMT and GFAP-IL6/TgMT mice) show
diminutive CNS histopathology (VI; Molinero et al., 2003) and are
protected against the primary damage induced directly by 6-AN
(VIII; Penkowa et al., 2004), even though the TgMT mice show low
IL-6 mRNA and protein expression.

By the time of writing this thesis, we are raising mice with over-
expression of MT-I and simultaneous IL-6 deficiency in order to
study pathology without IL-6 effects. However, these mice might
not necessarily provide us with new knowledge, in that the TgMT
mice already contain very low levels of IL-6. Besides, even if IL-6
induces specific neuroprotection, it is a multifunctional cytokine
that can induce various unfavorable actions involving the immune,
hematopoietic and nervous system. Accordingly, GFAP-IL6 mice
show spontaneous inflammation, demyelination, chronic neurode-
generation, cognitive decline and physiological impairments (Giralt
et al., 2002a; Molinero et al., 2003; Samland et al., 2003). Thereby,
IL-6 is not an optimal candidate for a new therapeutic approach. 

Instead, the MT-I+II proteins could represent new drug targets
for the treatment of CNS diseases. However, further studies are ne-
cessary to thoroughly address the mechanism of MT-I+II actions;
but regardless of the exact mechanisms, the data presented here sug-
gest that MT-I+II can protect the brain. As emerging data support
MT-I+II protective functions in the human brain and in neuro-
logical patients, MT-I+II seem to demonstrate potentials as new
therapeutic strategies for treatment of brain disorders.

CONCLUSIONS 
The fact that evolutionary forces conserved MT-I+II genes so well
and favor their ubiquitous expression throughout species, may
underline their biological significance. Though MT-I+II may not be
essential for a normal healthy life, these proteins seem to be essential
during diseases not only in CNS but also in other organs.

Within the CNS, MT-I+II have a potential as pharmaceutical tar-
gets, provided that they can be delivered to their site of action. MT-
I+II are proteins with an unusual cysteine abundance and high
metal content, which are unlikely to enter the CNS through an
intact BBB. Accordingly, only during neuropathology with BBB
breakdown, peripherally administered MT-I+II proteins enter the
CNS. However, some CNS diseases are relapsing-remitting and the
BBB will likely be intact during remissions. Thereby, the MT-I+II
proteins have to be modified if they shall be used as pharmaceu-
ticals, and one option could be to encapsulate MT-I or MT-II in
lipophilic nanocapsules that will likely cross the BBB; or cerebral
MT delivery can be facilitated by coupling to a vector-mediated pep-
tide-drug delivery system and/or a molecule that undergoes recep-
tor-mediated transcytosis through the BBB. Based on the results
presented here, it may also be feasible to use only a fragment or a
single domain of MT-I or MT-II that might be small enough to cross
the intact BBB, as the drosophila MT (MTN consisting of 40 amino
acids ) has the same treatment effects as mammal MT-I+II (consist-
ing of 61 amino acids). To this end, we have developed some new
MT-I and MT-II compounds that exert the usual MT-I+II functions
and are able to cross the intact BBB. This quality gives these new
molecules a pharmaceutical advantage over native MT-I+II pro-
teins. These compounds are being tested at the moment.

Moreover, the specific MT-I+II mechanisms of action are being
investigated by using different in vitro systems such as primary cell
cultures of neurons or different glial cell types in order to determine
the MT-I+II molecular pathways and signal transduction. Besides,
we are studying the functional significance of MT-I+II in human
cells obtained from neurological patients. The ambition is to de-
velop novel neuroprotective paradigms and therapeutic drugs, of
which neurological patients may benefit.

Obviously, we do not hold all the pieces of the puzzle, and many
aspects need to be addressed before we will understand the precise
MT-I+II functions during human brain diseases. However, MT-I+II
seem to demonstrate potentials as new therapeutic targets for treat-
ment of brain disorders.

Despite the fact that drugs for neurological diseases constitute the
fastest-growing pharmaceutical market, no truly effective curative
or prophylactic drugs exist. Thus, it is of major interest to discover
novel neuroprotective paradigms for the future treatment of various
brain diseases.

SUMMARY
This doctoral thesis describes the expression and roles of Metal-
lothioneins I and II (MT-I+II) during CNS pathology. MT-I+II ex-
pression increases significantly in reactive astrocytes and micro-
glia/macrophages after traumatic brain injury (cryogenic lesion in
cerebral cortex) and brain stem toxicity induced by the gliotoxin 

6-aminonicotinamide (6-AN). Interleukin-6 (IL-6) is a key in-
ducer of brain MT-I+II, as judged by using genetic IL-6 deficient
mice (IL-6 knock-out (IL-6KO) mice) and IL-6 overexpressing
(GFAP-IL6) mice subjected to brain injury. These studies also indi-
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cate that IL-6 and/or IL-6-induced MT-I+II exert neuroprotective
functions. 

To study MT-I+II roles in CNS, genetically modified mice with
MT-I+II deficiency (MT-I+II knock-out (MT-KO) mice) or trans-
genic MT-I overexpression (TgMT mice) were applied along wild-
type controls; as well as wildtype, and MT-KO mice receiving exo-
genous MT-I or MT-II treatment were examined. Both MT-KO and
TgMT genotypes and mice receiving exogenous MT were studied af-
ter cryogenic brain injury and 6-AN-induced toxicity in brain stem.
These experiments overall show that MT-I+II have significant im-
munomodulating, antioxidant and neuroprotective roles. Accord-
ingly, MT-I+II reduce CNS activation of macrophages and lym-
phocytes including expression of proinflammatory cytokines IL-1β,
IL-6, IL-12 and TNF-α. Moreover, MT-I+II are antioxidant and an-
tiapoptotic factors counteracting reactive oxygen species (ROS)/oxi-
dative stress, neurodegeneration and apoptotic cell death, whereby
the delayed (secondary) tissue damage was inhibited after brain in-
jury and 6-AN-toxicity. MT-I+II also diminish the primary CNS
toxicity caused directly by 6-AN and the clinical outcome (mortal-
ity). Additionally, MT-I+II stimulate astrogliosis; expression of
growth factors, their receptors and neurotrophins (TGFβ, TGFβ-
Receptor, bFGF, bFGF-Receptor, VEGF, NT-3, NT-4/5, NGF); an-
giogenesis; and growth cone formation. Hence, MT-I+II enhance
CNS tissue repair as seen clearly after the cryogenic injury, after
which MT-I+II promote substitution of the necrotic lesion cavity
with a glial scar tissue including revascularization. In the surround-
ing tissue, MT-I+II stimulate growth cone formation and out-
growths of surviving neurons situated outside the lesioned area;
while inside the lesion, normal neurons or neuronal cell bodies were
never seen.

The angiogenic actions of MT-I+II were supported by comparing
various genotypes like GFAP-IL6 mice; MT-I+II deficient GFAP-IL6
(GFAP-IL6/MT-KO) mice; MT-I+II heterozygous GFAP-IL6 mice
(GFAP-IL6-MT+/- mice); double-transgenic IL-6 and MT-I overex-
pressors (GFAP-IL6/TgMT mice); MT-KO mice; and TgMT mice.
The IL-6 overexpressors are suitable for this as they spontaneously
develop proliferative angiopathy/angiogenesis, which is inhibited by
MT-I+II deficiency and enhanced by MT-I overexpression. In fact,
angiogenesis was highest in the MT-I overexpressing TgMT and
GFAP-IL6/TgMT mice, even though the TgMT mice show quite low
IL-6 levels as MT-I+II inhibit brain IL-6 mRNA and protein.

Moreover, GFAP-IL6/TgMT and TgMT and GFAP-IL6 genotypes
were lesioned along wildtype controls in order to identify the roles
of IL-6 versus MT-I+II. Although IL-6 induces CNS protection, this
could be due to IL-6-induced MT-I+II, as neuroprotection and
recovery are associated with MT-I+II levels only and not with IL-6
or inflammation: The more MT-I+II, the less neuropathology.

The MT-I+II actions seen after brain injury and 6-AN-toxicity are
induced by both endogenous MT-I overexpression and exogenous
MT-II treatment. As presented here for the first time, analogous
therapeutic effects are obtained after brain injury by using native or
recombinant MT-I or MT-II derived from diverse non-mammalian
and mammalian species like drosophila, mouse, rabbit, horse and
human. Treatment with these MT-I and MT-II proteins significantly
reduce inflammation, oxidative stress, neurodegeneration and ap-
optotic cell death after brain injury, while astroglia is stimulated.
This indicates that MT-I+II function independently of species of or-
igin.

Previously, we showed that MT-I+II also ameliorate autoimmune,
excitotoxic and inflammatory CNS disorders, and independent
groups have confirmed this and have in fact added that MT-I+II are
also major neuroprotective factors during ischemia and motor neu-
ron disease. As emerging data validate these functions in human tis-
sue and neurological patients, MT-I+II seem to demonstrate poten-
tials as therapeutic targets for the treatment of CNS disorders. 

ABBREVIATIONS
AD: Alzheimer Disease.
ALS: Amyotrophic Lateral Sclerosis.
6-AN: 6-Aminonicotinamide.
ANOVA: Analysis Of Variance.
BBB: Blood-Brain Barrier.
bFGF: Basic Fibroblast Growth Factor.
bFGF-R: bFGF-Receptor.
Cd: Cadmium.
CD: Cluster of Differentiation.
CNS: Central Nervous System.
CSF: Colony-stimulating factor.
GM-CSF: Granulocyte-Macrophage CSF.
M-CSF: Macrophage CSF.
Cu: Copper.
DAB: 3,3-Diaminobenzidine-Tetrahydrochloride.
DNA: DeoxyRiboNucleic Acids.
Dpi: Days Post-Injection.
Dpl: Days Post-Lesioning.
EAE: Experimental Autoimmune Encephalomyelitis.
GFAP: Glial Fibrillary Acidic Protein.
GFAP-IL6 mice: Transgenic, astrocyte-targeted IL-6 

overexpressing mice.
GFAP-IL6-MT+/- mice:-GFAP-IL6 mice heterozygous for MT-I+II.
GFAP-IL6/MT-KO mice: GFAP-IL6 mice with MT-I+II deficiency.
GFAP-IL6/TgMT mice: GFAP-IL6 mice with simultaneous 

overexpression of MT-I (double-transgenic overexpressors).
HE: Hematoxylin-Eosin.  Hg: Mercury.
Hg: Mercury.
HRP: Horse Radish Peroxidase.
Ig: Immunglobulin.
IL: Interleukin.
IL-6KO mice: IL-6 knock-out mice (genetic IL-6 deficient mice).
IHC: ImmunoHistoChemistry.
iNOS: Inducible Nitric-Oxide Synthase.
IFN: Interferon.
i.p.: IntraPeritoneally.
kDa: KiloDalton.
KO: Knock-Out.
MDA: MalonDiAldehyde.
Mn: Manganese.
MOMA: MOnocyte-MAcrophage (marker).
mRNA: Messenger RiboNucleic Acids.
MS: Multiple Sclerosis.
MT: Metallothionein.
MT-KO mice: MT-I+II knock-out mice 

(genetic MT-I+II deficiency).
MTN: Drosophila MT protein.
MT-III/GIF: Metallothionein III/Growth inhibitory factor.
NF: NeuroFilament.
NFκB: Nuclear Factor-kappa-B.
NGF: Nerve Growth Factor.
NITT: Nitrotyrosine.
NSE: Neuron Specific Enolase.
NT: NeuroTrophin.
PD: Parkinsons Disease.
ROS: Reactive Oxygen Species.
SOD: Superoxide Dismutase.
ssDNA: Single Stranded DNA.
STAT: Signal Transducer and Activator of Transcription.
TGFβ: Transforming Growth Factor-β.
TGFβ-R: TGFβ-Receptor.
TgMT mice: Mice with transgenic MT-I overexpression in CNS.
TNF-α: Tumor Necrosis Factor-α.
TUNEL: Terminal deoxynucleotidyl transferase (TdT)-mediated 

deoxyuridine triphosphate (dUTP)-digoxigenin Nick End 
Labeling.

VEGF: Vascular Endothelial Growth Factor.
Zn: Zinc.



D A N I S H  M E D I C A L  B U L L E T I N  V O L . 5 3 N O . 2 / M A Y 2 0 0 6 119

THE PRESENT THESIS IS BASED ON 
THE FOLLOWING ARTICLES
I. Penkowa M and Moos T (1995) Disruption of the blood-

brain interface in neonatal rat neocortex induces a transient
expression of metallothionein in reactive astrocytes. GLIA.
13:217-227.

II. Penkowa M, Giralt M, Carrasco J, Hadberg H, and Hidalgo J
(2000) Impaired inflammatory response and increased oxida-
tive stress and neurodegeneration after brain injury in inter-
leukin-6-deficient mice. GLIA. 32:271-285.

III. Penkowa M, Giralt M, Lago N, Camats J, Carrasco J, Hernan-
dez J, Molinero A, Campbell IL, and Hidalgo J (2003) Astro-
cyte-targeted expression of IL-6 protects the CNS against a fo-
cal brain injury. Exp Neurol. 181:130-148.

IV. Penkowa  M, Carrasco J, Giralt M, Moos T, and Hidalgo J
(1999) CNS wound healing is severely depressed in metal-
lothionein I- and II-deficient mice. J Neurosci 19:2535-2545. 

V. Penkowa M, Carrasco J, Giralt M, Molinero A, Hernández J,
Campbell IL, and Hidalgo J (2000) Altered central nervous
system cytokine-growth factor expression profiles and angio-
genesis in metallothionein-I+II deficient mice. J Cereb Blood
Flow Metab 20:1174-1189. 

VI. Penkowa M, Camats J, Giralt M, Molinero A, Hernandez J,
Carrasco J, Campbell IL, and Hidalgo J (2003) Metal-
lothionein-I overexpression alters brain inflammation and
stimulates brain repair in transgenic mice with astrocyte-tar-
geted interleukin-6 expression. GLIA. 42:287-306.

VII. Penkowa M, Giralt M, Moos T, Thomsen PS, Hernandez J,
and Hidalgo J (1999) Impaired inflammatory response to glial
cell death in genetically metallothionein-I- and -II-deficient
mice. Exp Neurol 156:149-164. 

VIII. Penkowa M, Giralt M, Camats J, and Hidalgo J (2002) Metal-
lothionein 1+2 protect the CNS during neuroglial degenera-
tion induced by 6-aminonicotinamide. J Comp Neurol. 444:
174-189.

REFERENCES
Abdel-Mageed A, Agrawal KC (1997). Antisense down-regulation of metal-

lothionein induces growth arrest and apoptosis in human breast car-
cinoma cells. Cancer Gene Ther; 4:199-207.

Abdel-Mageed AB, Agrawal KC (1998). Activation of nuclear factor kappaB:
potential role in metallothionein-mediated mitogenic response. Cancer
Res; 58:2335-2338.

Abel J, de Ruiter N (1989). Inhibition of hydroxyl-radical-generated DNA
degradation by metallothionein. Toxicol Lett; 47:191-196.

Adlard PA, West AK, Vickers JC (1998). Increased density of metallothionein
I/II-immunopositive cortical glial cells in the early stages of Alzheimer’s
disease. Neurobiol Dis; 5:349-356.

Allan SM, Rothwell NJ (2003). Inflammation in central nervous system in-
jury. Philos Trans R Soc Lond B Biol Sci; 358:1669-1677. 

Anderson RS, Patel KM, Roesijadi G (1999). Oyster metallothionein as an
oxyradical scavenger: implications for hemocyte defense responses. Dev
Comp Immunol; 23:443-449.

Andrews GK (2000). Regulation of metallothionein gene expression by oxi-
dative stress and metal ions. Biochem Pharmacol; 59:95-104.

Asanuma M, Miyazaki I, Higashi Y, Tanaka K, Haque ME, Fujita N, Ogawa N
(2002). Aggravation of 6-hydroxydopamine-induced dopaminergic le-
sions in metallothionein-I and -II knock-out mouse brain. Neurosci Lett;
327:61-65.

Aschner M (1997). Astrocyte metallothioneins (MTs) and their neuroprotec-
tive role. Ann N Y Acad Sci; 825:334-347.

Aschner M (1998). Metallothionein (MT) isoforms in the central nervous
system (CNS): regional and cell-specific distribution and potential func-
tions as an antioxidant. Neurotoxicol; 19:653-660.

Aschner M, Walker SJ (2002). The neuropathogenesis of mercury toxicity.
Mol Psychiatry; 7(Suppl.2):S40-41.

Barnham KJ, Masters CL, Bush AI (2004). Neurodegenerative diseases and
oxidative stress. Nat Rev Drug Discov; 3:205-214.

Beattie JH, Wood AM, Trayhurn P, Jasani B, Vincent A, McCormack G, West
AK (2000). Metallothionein is expressed in adipocytes of brown fat and is
induced by catecholamines and zinc. Am J Physiol Regul Integr Comp
Physiol; 278:R1082-1089.

Beltramini M, Di Pisa C, Zambenedetti P, Wittkowski W, Mocchegiani E,
Musicco M, Zatta P (2004). Zn and Cu alteration in connection with

astrocyte metallothionein I/II overexpression in the mouse brain upon
physical stress. GLIA; 47:30-34.

Benveniste EN, Nguyen VT, Wesemann DR (2004). Molecular regulation of
CD40 gene expression in macrophages and microglia. Brain Behav Im-
mun; 18:7-12.

Bronnegard M, Werner S, Gustafsson JA. (1991). Regulation of glucocorti-
coid receptor expression in cultured fibroblasts from a patient with famil-
ial glucocorticoid resistance. J Steroid Biochem Mol Biol; 39:693-701.

Butcher HL, Kennette WA, Collins O, Zalups RK, Koropatnick J (2004). Met-
allothionein mediates the level and activity of nuclear factor-kappa-B
(NF-kB) in murine fibroblasts. J Pharmacol Exp Ther; 310:589-598.

Cai L, Cherian MG (2003). Zinc-metallothionein protects from DNA dam-
age induced by radiation better than glutathione and copper- or cad-
mium-metallothioneins. Toxicol Lett; 136:193-198.

Cai L, Iskander S, Cherian MG, Hammond RR (2004). Zinc- or cadmium-
pre-induced metallothionein protects human central nervous system cells
and astrocytes from radiation-induced apoptosis. Toxicol Lett; 146:217-
226.

Campbell IL (2001). Cytokine-mediated inflammation and signaling in the
intact central nervous system. Prog Brain Res; 132:481-498.

Campbell IL, Abraham CR, Masliah E, Kemper P, Inglis JD, Oldstone MB,
Mucke L (1993). Neurologic disease induced in transgenic mice by cere-
bral overexpression of interleukin 6. Proc Natl Acad Sci USA; 90:10061-
10065.

Canpolat E, Lynes MA (2001). In vivo manipulation of endogenous metal-
lothionein with a monoclonal antibody enhances a t-dependent humoral
immune response. Toxicol Sci; 62:61-70.

Carrasco J, Giralt M, Molinero A, Penkowa M, Hidalgo J (1999). Metal-
lothionein (MT)-III: generation of polyclonal antibodies, comparison
with MT-I+II in the freeze lesioned rat brain and in a bioassay with astro-
cytes, and analysis of Alzheimer’s disease brains. J Neurotrauma; 16:1115-
29.

Carrasco J, Giralt M, Penkowa M, Stalder AK, Campbell IL, Hidalgo J
(2000a). Metallothioneins are upregulated in symptomatic mice with
astrocyte-targeted expression of tumor necrosis factor-α. Exp Neurol;
163:46-54.

Carrasco J, Hernandez J, Bluethmann H, Hidalgo J (1998a). Interleukin-6
and tumor necrosis factor-alpha type 1 receptor deficient mice reveal a
role of IL-6 and TNF-alpha on brain metallothionein-I and -III regula-
tion. Mol Brain Res; 57:221-234.

Carrasco J, Hernandez J, Gonzalez B, Campbell IL, Hidalgo J (1998b). Local-
ization of metallothionein-I and -III expression in the CNS of transgenic
mice with astrocyte-targeted expression of interleukin 6. Exp Neurol;
153:184-194.

Carrasco J, Penkowa M, Giralt M, Camats J, Lago N, Molinero A, Campbell
IL, Palmiter RD, Hidalgo J (2003). Role of Metallothionein-3 following
Central Nervous System damage. Neurobiol Dis; 13:22-36.

Carrasco J, Penkowa M, Hadberg H, Molinero A, Hidalgo J (2000b). En-
hanced seizures and hippocampal neurodegeneration following kainic
acid induced seizures in metallothionein-I+II deficient mice. Eur J Neuro-
sci; 12:2311-2322.

Ceballos D, Lago N, Verdú E, Penkowa M, Carrasco J, Navarro X, Palmiter
RD, Hidalgo J (2003). Role of metallothioneins in peripheral nerve func-
tion and regeneration. Cell Mol Life Sci; 60:1209-1216.

Chung RS, Vickers JC, Chuah MI, West AK (2003). Metallothionein-IIA pro-
motes initial neurite elongation and postinjury reactive neurite growth
and facilitates healing after focal cortical brain injury. J Neurosci; 23:3336-
3342.

Chung RS, West AK (2004). A role for extracellular metallothioneins in CNS
injury and repair. Neuroscience; 123:595-599.

Coyle P, Philcox JC, Carey LC, Rofe AM (2002). Metallothionein: the multi-
purpose protein. Cell Mol Life Sci; 59:627-647.

Crowthers KC, Kline V, Giardina C, Lynes MA (2000). Augmented humoral
immune function in metallothionein-null mice. Toxicol Appl Pharmacol;
166:161-172.

Espejo C, Carrasco J, Hidalgo J, Penkowa M, Garcia A, Sáez-Torres I, Mar-
tínez-Cáceres EM (2001a). Differential expression of metallothioneins in
the CNS of mice with experimental autoimmune encephalomyelitis. Neu-
roscience; 105:1055-1065.

Espejo C, Penkowa M, Saez-Torres I, Hidalgo J, Garcia A, Montalban X,
Martinez-Caceres EM (2002). Interferon-gamma regulates oxidative stress
during experimental autoimmune encephalomyelitis. Exp Neurol; 177:21-
31.

Espejo C, Penkowa M, Saez-Torres I, Xaus J, Celada A, Montalban X, Mar-
tinez-Caceres EM (2001b). Treatment with anti-interferon-gamma
monoclonal antibodies modifies experimental autoimmune encephalo-
myelitis in interferon-gamma receptor knockout mice. Exp Neurol; 172:
460-468.

Faulkner JR, Herrmann JE, Woo MJ, Tansey KE, Doan NB, Sofroniew MV
(2004). Reactive Astrocytes Protect Tissue and Preserve Function after
Spinal Cord Injury J Neurosci; 24:2143-2155.



120 D A N I S H  M E D I C A L  B U L L E T I N  V O L . 5 3 N O . 2 / M A Y 2 0 0 6

Fischer EH, Davie EW (1998). Recent excitement regarding metallothionein.
Proc Natl Acad Sci USA; 95:3333-3334.

Floyd RA, Hensley K, Jaffery F, Maidt L, Robinson K, Pye Q, Stewart C
(1999). Increased oxidative stress brought on by pro-inflammatory cyto-
kines in neurodegenerative processes and the protective role of nitrone-
based free radical traps. Life Sci; 65:1893-1999.

Frederickson CJ, Maret W, Cuajungco MP (2004). Zinc and excitotoxic brain
injury: a new model. Neuroscientist; 10:18-25.

Ghoshal K, Jacob ST (2001). Regulation of metallothionein gene expression.
Prog Nucleic Acid Res Mol Biol; 66:357-384.

Giralt M, Carrasco J, Penkowa M, Morcillo MA, Santamaría J, Campbell IL,
Hidalgo J (2001). Astrocyte-targeted expression of interleukin-3 and
interferon-a causes region specific changes in metallothionein expression
in the brain. Exp Neurol; 168:334-346.

Giralt M, Penkowa M, Hernández J, Molinero A, Carrasco J, Lago N, Camats
J, Campbell IL, Hidalgo J (2002a). Metallothionein-1+2 deficiency in-
creases brain pathology in transgenic mice with astrocyte-targeted expres-
sion of interleukin 6. Neurobiol Dis; 9:319-338.

Giralt M, Penkowa M, Lago N, Molinero A, Hidalgo J (2002b). Metal-
lothionein-1+2 protect the CNS after a focal brain injury. Exp Neurol;
173:114-128.

Gong YH, Elliott JL (2000). Metallothionein expression is altered in a trans-
genic murine model of familial amyotrophic lateral sclerosis. Exp Neurol;
162:27-36.

Haq F, Mahoney M, Koropatnick J (2003). Signaling events for metallo-
thionein induction. Mutat Res; 533:211-226.

Hartlage-Rubsamen M, Zeitschel U, Apelt J, Gartner U, Franke H, Stahl T,
Gunther A, Schliebs R, Penkowa M, Bigl V, Rossner S (2003). Astrocytic
expression of the Alzheimer’s disease beta-secretase (BACE1) is stimulus-
dependent. GLIA; 41:169-179.

Hernandez J, Molinero A, Campbell IL, Hidalgo J (1997). Transgenic expres-
sion of interleukin 6 in the central nervous system regulates brain metal-
lothionein-I and -III expression in mice. Mol Brain Res; 48:125-131.

Hidalgo J, Aschner M, Zatta P, Vasak M (2001). Roles of the metallothionein
family of proteins in the central nervous system. Brain Res Bull; 55:133-
145.

Hidalgo J, Belloso E, Hernandez J, Gasull T, Molinero A (1997a). Role of
Glucocorticoids on Rat Brain Metallothionein-I and -III Response to
Stress. Stress; 1:231-240.

Hidalgo J, Castellano B, Campbell IL (1997b). Regulations of brain metal-
lothioneins. Curr Topics Neurochem; 1:1-26.

Hidalgo J, Penkowa M, Giralt M, Carrasco J, Molinero A (2002). Metallo-
thionein expression and oxidative stress in the brain. Methods Enzymol;
348:238-249.

Jin GB, Nakayama H, Shmyhlo M, Inoue S, Kondo M, Ikezawa Z, Ouchi Y,
Cyong JC (2003). High positive frequency of antibodies to metallo-
thionein and heat shock protein 70 in sera of patients with metal allergy.
Clin Exp Immunol; 131:275-279.

Kägi JH, Kojima Y (1987). Chemistry and biochemistry of metallothionein.
Experientia Suppl; 52:25-61.

Kägi JHR, Vallee BL (1960). Metallothionein, a cadmium- and zinc-contain-
ing protein from equine renal cortex. J Biol Chem; 235:3460-3465.

Kelly EJ, Palmiter RD (1996). A murine model of Menkes disease reveals a
physiological function of metallothionein. Nat Genet; 13:219-222.

Kelly EJ, Quaife CJ, Froelick GJ, Palmiter RD (1996). Metallothionein I and
II protect against zinc deficiency and zinc toxicity in mice. J Nutr;
126:1782-1790.

Klaassen CD (Ed.) (1999). Metallothionein IV pp 3-55, Birkhäuser Verlag,
Basel.

Klaassen CD, Liu J, Choudhuri S (1999). Metallothionein: an intracellular
protein to protect against cadmium toxicity. Annu Rev Pharmacol Toxi-
col; 39:267-294.

Knutsson U, Stierna P, Marcus C, Carlstedt-Duke J, Carlstrom K, Bronne-
gard M (1995). Effects of intranasal glucocorticoids on endogenous gluco-
corticoid peripheral and central function. J Endocrinol; 144:301-310.

Kondo Y, Rusnak JM, Hoyt DG, Settineri CE, Pitt BR, Lazo JS (1997). En-
hanced apoptosis in metallothionein null cells. Mol Pharmacol; 52:195-
201.

Kopf M, Baumann H, Freer G, Freudenberg M, Lamers M, Kishimoto T,
Zinkernagel R, Bluethmann H, Kohler G (1994). Impaired immune and
acute-phase responses in interleukin-6-deficient mice. Nature; 368:339-
342.

Koropatnick J, Zalups RK (1997). Effect of non-toxic mercury, zinc or cad-
mium pretreatment on the capacity of human monocytes to undergo
lipopolysaccharide-induced activation. Br J Pharmacol; 120:797-806.

Krum JM (1995). Age-dependent susceptibility of CNS glial populations in
situ to the antimetabolite 6-aminonicotinamide. Mol Chem Neuropathol;
26:79-94.

Krum JM (1996). Effect of astroglial degeneration on neonatal blood-brain
barrier marker expression. Exp Neurol; 142:29-35.

Køhler LB, Berezin V, Bock E, Penkowa M (2003). The role of Metal-

lothionein II in neuronal differentiation and Survival. Brain Res; 992:128-
136.

Lee DK, Carrasco J, Hidalgo J, Andrews GK (1999). Identification of a signal
transducer and activator of transcription (STAT) binding site in the
mouse metallothionein-I promoter involved in interleukin-6-induced
gene expression. Biochem J; 337:59-65.

Leibbrandt ME, Khokha R, Koropatnick J (1994). Antisense down-regula-
tion of metallothionein in a human monocytic cell line alters adherence,
invasion, and the respiratory burst. Cell Growth Differ; 5:17-25.

Leibbrandt ME, Koropatnick J (1994). Activation of human monocytes with
lipopolysaccharide induces metallothionein expression and is diminished
by zinc. Toxicol Appl Pharmacol; 124:72-81.

Liberto CM, Albrecht PJ, Herx LM, Yong VW, Levison SW (2004). Pro-re-
generative properties of cytokine-activated astrocytes. J Neurochem; 89:
1092-1100.

Liu J, Liu Y, Habeebu SS, Klaassen CD (1999). Metallothionein-null mice are
highly susceptible to the hematotoxic and immunotoxic effects of chronic
CdCl2 exposure. Toxicol Appl Pharmacol; 159:98-108.

Lynes MA, Borghesi LA, Youn J, Olson EA (1993). Immunomodulatory
activities of extracellular metallothionein. I. Metallothionein effects on
antibody production. Toxicol; 85:161-177.

Maret W (1995). Metallothionein/disulfide interactions, oxidative stress, and
the mobilization of cellular zinc. Neurochem Int; 27:111-117.

Margoshes M, Vallee BL (1957). A cadmium protein from equine kidney
cortex. J Amer Chem Soc; 79:1813-1814.

Masters BA, Kelly EJ, Quaife CJ, Brinster RL, Palmiter RD (1994). Targeted
disruption of metallothionein I and II genes increases sensitivity to cad-
mium. Proc Natl Acad Sci USA; 91:584-588.

Mhatre M, Floyd RA, Hensley K (2004). Oxidative stress and neuroinflam-
mation in Alzheimer's disease and amyotrophic lateral sclerosis: common
links and potential therapeutic targets. J Alzheimers Dis; 6:147-157.

Michalska AE, Choo KH (1993). Targeting and germ-line transmission of a
null mutation at the metallothionein I and II loci in mouse. Proc Natl
Acad Sci USA; 90:8088-8092.

Miesel R, Zuber M (1993). Copper-dependent antioxidase defenses in in-
flammatory and autoimmune rheumatic diseases. Inflammation; 17:283-
294.

Miles AT, Hawksworth GM, Beattie JH, Rodilla V (2000). Induction, regula-
tion, degradation, and biological significance of mammalian metallo-
thioneins. Crit Rev Biochem Mol Biol; 35:35-70.

Miura T, Muraoka S, Ogiso T (1997). Antioxidant activity of metallo-
thionein compared with reduced glutathione. Life Sci; 60:PL 301-309.

Molinero A, Penkowa M, Hernández J, Camats J, Giralt M, Lago N, Carrasco
J, Campbell IL, Hidalgo J (2003). Metallothionein-I overexpression de-
creases brain pathology in transgenic mice with astrocyte-targeted expres-
sion of interleukin 6. J Neuropathol Exp Neurol; 62:315-328.

Nagano S, Satoh M, Sumi H, Fujimura H, Tohyama C, Yanagihara T, Sakoda
S (2001). Reduction of metallothioneins promotes the disease expression
of familial amyotrophic lateral sclerosis mice in a dose-dependent man-
ner. Eur J Neurosci; 13:1363-1370.

Nakajima K, Suzuki K (1995). Immunochemical detection of metallo-
thionein in brain. Neurochem Int; 27:73-87.

Neal JW, Singhrao SK, Jasani B, Newman GR (1996). Immunocytochem-
ically detectable metallothionein is expressed by astrocytes in the is-
chaemic human brain. Neuropathol Appl Neurobiol; 22:243-247.

Nishimura N, Nishimura H, Ghaffar A, Tohyama C (1992). Localization of
metallothionein in the brain of rat and mouse. J Histochem Cytochem;
40:309-315.

Ogra Y, Suzuki KT (2000). Nuclear trafficking of metallothionein: possible
mechanisms and current knowledge. Cell Mol Biol (Noisy-le-grand);
46:357-365.

Palmiter RD, Sandgren EP, Koeller DM, Brinster RL (1993). Distal regulatory
elements from the mouse metallothionein locusstimulate gene expression
in transgenic mice. Mol Cell Biol; 13:5266-5275.

Penkowa M (2002). Metallothionein expression and roles in the central
nervous system. Biomed Rev; 13:1-15.

Penkowa M, Camats J, Hadberg H, Quintana A, Rojas S, Giralt M, Molinero
A, Campbell IL, Hidalgo J (2003a). Astrocyte-targeted expression of inter-
leukin-6 protects the central nervous system during neuroglial degenera-
tion induced by 6-aminonicotinamide. J Neurosci Res; 73:481-496.

Penkowa M, Espejo C, Martínez Cáceres EM, Montalban X, Hidalgo J
(2003b). Increased demyelination and axonal damage in metallothionein
I+II deficient mice during experimental autoimmune encephalomyelitis.
Cell Mol Life Sci; 60:1-13. 

Penkowa M, Espejo C, Martínez-Cáceres EM, Poulsen CB, Montalban X,
Hidalgo J (2001a). Altered inflammatory response and increased neurode-
generation in metallothionein I+II deficient mice during experimental
autoimmune encephalomyelitis. J Neuroimmunol; 119:248-260. 

Penkowa M, Espejo C, Ortega-Aznar A, Hidalgo J, Montalban X, Martinez
Caceres EM (2003c). Metallothionein expression in the central nervous
system of multiple sclerosis patients. Cell Mol Life Sci; 60:1258-1266. 

Penkowa M, Giralt M, Thomsen PS, Carrasco J, Hidalgo J (2001b). The zinc



D A N I S H  M E D I C A L  B U L L E T I N  V O L . 5 3 N O . 2 / M A Y 2 0 0 6 121

or copper deficiency-induced impaired inflammatory response to brain
trauma may be caused by the concomitant metallothionein changes. J
Neurotrauma; 18:447-463.

Penkowa M, Hidalgo J (2000a). IL-6 deficiency leads to reduced metallo-
thionein I+II expression and increased oxidative stress in the brain stem
after 6-aminonicotinamide treatment. Exp Neurol; 163:72-84.

Penkowa M, Hidalgo J (2000b). Metallothionein I+II expression and their
role in experimental autoimmune encephalomyelitis. GLIA; 32:247-263.

Penkowa M, Hidalgo J (2001). Metallothionein treatment reduces proin-
flammatory cytokines IL-6 and TNF-α and apoptotic cell death during
experimental autoimmune encephalomyelitis (EAE). Exp Neurol; 170:1-
14.

Penkowa M, Hidalgo J (2003). Treatment with metallothionein prevents de-
myelination and axonal damage and increases oligodendrocyte precursors
and tissue repair during experimental autoimmune encephalomyelitis.
J Neurosci Res; 72:574-586.

Penkowa M, Hidalgo J, Moos T (1997). Increased astrocytic expression of
metallothioneins I+II in brain stem of adult rats treated with 6-amino-
nicotinamide. Brain Res; 774:256-259.

Penkowa M, Molinero A, Carrasco J, Hidalgo J (2001c). IL-6 deficiency
reduces the inflammatory response and increases oxidative stress and neu-
rodegeneration after kainic acid-induced seizures. Neuroscience; 102:
805-818.

Penkowa M, Moos T, Carrasco J, Hadberg H, Molinero A, Bluethmann H,
Hidalgo J (1999a). Strongly compromised inflammatory response to brain
injury in interleukin-6 deficient mice. GLIA; 25:343-357. 

Penkowa M, Nielsen H, Hidalgo J, Bernth N, Moos T (1999b). Distribution
of metallothionein I + II and vesicular zinc in the developing central
nervous system: Correlative study in the rat. J Comp Neurol; 412:303-318.

Penkowa M, Poulsen CB, Carrasco J, Hidalgo J (2002). M-CSF deficiency
leads to reduced metallothioneins I and II expression and increased tissue
damage in the brain stem after 6-aminonicotinamide treatment. Exp Neu-
rol; 176:308-321.

Penkowa M, Quintana A, Carrasco J, Giralt M, Molinero A, Hidalgo J
(2004). Metallothionein prevents neurodegeneration and central nervous
system cell death after treatment with gliotoxin 6-aminonicotinamide.
J Neurosci Res; 77:35-53.

Pong K (2003). Oxidative stress in neurodegenerative diseases: therapeutic
implications for superoxide dismutase mimetics. Expert Opin Biol Ther;
3:127-139. 

Ransohoff RM, Kivisakk P, Kidd G (2003). Three or more routes for leuko-
cyte migration into the central nervous system. Nat Rev Immunol; 3:569-
581.

Rego AC, Oliveira CR (2003). Mitochondrial dysfunction and reactive oxy-
gen species in excitotoxicity and apoptosis: implications for the pathogen-
esis of neurodegenerative diseases. Neurochem Res; 28:1563-1574.

Samland H, Huitron-Resendiz S, Masliah E, Criado J, Henriksen SJ, Camp-
bell IL (2003). Profound increase in sensitivity to glutamatergic- but not
cholinergic agonist-induced seizures in transgenic mice with astrocyte
production of IL-6. J Neurosci Res; 73:176-187.

Sato M, Bremner I (1993). Oxygen free radicals and metallothionein. Free
Radic Biol Med; 14:325-337.

Sato M, Kondoh M (2002). Recent studies on metallothionein: protection
against toxicity of heavy metals and oxygen free radicals. Tohoku J Exp
Med; 196:9-22.

Searle PF, Davison BL, Stuart GW, Wilkie TM, Norstedt G, Palmiter RD
(1984). Regulation, linkage, and sequence of mouse metallothionein I and
II genes. Mol Cell Biol; 4:1221-1230.

Sharma SK, Ebadi M (2003). Metallothionein attenuates 3-morpholinosyd-
nonimine (SIN-1)-induced oxidative stress in dopaminergic neurons.
Antioxid Redox Signal; 5:251-264. 

Sillevis Smitt PA, Blaauwgeers HG, Troost D, de Jong JM (1992). Metal-
lothionein immunoreactivity is increased in the spinal cord of patients
with amyotrophic lateral sclerosis. Neurosci Lett; 144:107-110.

Simpkins CO (2000). Metallothionein in human disease. Cell Mol Biol;
46:465-488.

Sousa C, Kotrba P, Ruml T, Cebolla A, De Lorenzo V (1998). Metalloadsorp-
tion by Escherichia coli cells displaying yeast and mammalian metal-
lothioneins anchored to the outer membrane protein LamB. J Bacteriol;
180:2280-2284.

Sugiura T, Kuroda E, Yamashita U (2004). Dysfunction of macrophages in
metallothionein-knock out mice. J UOEH; 26:193-205.

Suzuki Y, Apostolova MD, Cherian MG (2000). Astrocyte cultures from
transgenic mice to study the role of metallothionein in cytotoxicity of tert-
butyl hydroperoxide. Toxicol; 145:51-62.

Swartz KR, Liu F, Sewell D, Schochet T, Campbell I, Sandor M, Fabry Z
(2001). Interleukin-6 promotes post-traumatic healing in the central
nervous system. Brain Res; 896:86-95.

Takuma K, Baba A, Matsuda T (2004). Astrocyte apoptosis: implications for
neuroprotection. Prog Neurobiol; 72:111-127.

Tamai KT, Gralla EB, Ellerby LM, Valentine JS, Thiele DJ (1993). Yeast and

mammalian metallothioneins functionally substitute for yeast copper-
zinc superoxide dismutase. Proc Natl Acad Sci USA; 90:8013-8017.

Theocharis SE, Margeli AP, Klijanienko JT, Kouraklis GP (2004). Metallo-
thionein expression in human neoplasia. Histopathology; 45:103-118.

Thornalley PJ, Vasak M (1985). Possible role for metallothionein in protec-
tion against radiation-induced oxidative stress. Kinetics and mechanism
of its reaction with superoxide and hydroxyl radicals. Biochim Biophys
Acta; 827:36-44.

Trebst C, Staugaitis SM, Tucky B, Wei T, Suzuki K, Aldape KD, Pardo CA,
Troncoso J, Lassmann H, Ransohoff RM (2003). Chemokine receptors on
infiltrating leucocytes in inflammatory pathologies of the central nervous
system (CNS). Neuropathol Appl Neurobiol; 29:584-595.

Trendelenburg G, Prass K, Priller J, Kapinya K, Polley A, Muselmann C,
Ruscher K, Kannbley U, Schmitt AO, Castell S, Wiegand F, Meisel A,
Rosenthal A, Dirnagl U (2002). Serial analysis of gene expression identi-
fies metallothionein-II as major neuroprotective gene in mouse focal cere-
bral ischemia. J Neurosci; 22:5879-5888.

Valls M, Bofill R, Romero-Isart N, Gonzalez-Duarte R, Abian J, Carrascal M,
Gonzalez-Duarte P, Capdevila M, Atrian S (2000). Drosophila MTN: a
metazoan copper-thionein related to fungal forms. FEBS Lett; 467:189-
194.

Van Lookeren Campagne M, Thibodeaux H, van Bruggen N, Cairns B, Ger-
lai R, Palmer JT, Williams SP, Lowe DG (1999). Evidence for a protective
role of metallothionein-1 in focal cerebral ischemia. Proc Natl Acad Sci
USA; 96:12870-12875.

Vasak M, Hasler DW (2000). Metallothioneins: new functional and struc-
tural insights. Curr Opin Chem Biol; 4:177-183.

Viarengo A, Burlando B, Ceratto N, Panfoli I (2000). Antioxidant role of
metallothioneins: a comparative overview. Cell Mol Biol; 46:407-417.

Villoslada P, Genain CP (2004). Role of nerve growth factor and other
trophic factors in brain inflammation. Prog Brain Res; 146:403-414.

Wang J, Asensio VC, Campbell IL (2002). Cytokines and chemokines as me-
diators of protection and injury in the central nervous system assessed in
transgenic mice. Curr Top Microbiol Immunol; 265:23-48.

Wanpen S, Govitrapong P, Shavali S, Sangchot P, Ebadi M (2004). Salsolinol,
a dopamine-derived tetrahydroisoquinoline, induces cell death by causing
oxidative stress in dopaminergic SH-SY5Y cells, and the said effect is at-
tenuated by metallothionein. Brain Res; 1005:67-76.

Xie T, Tong L, McCann UD, Yuan J, Becker KG, Mechan AO, Cheadle C, Do-
novan DM, Ricaurte GA (2004). Identification and characterization of
metallothionein-1 and -2 gene expression in the context of (+/-)3,4-
methylenedioxymethamphetamine-induced toxicity to brain dopaminer-
gic neurons. J Neurosci; 24:7043-7050.

Youn J, Borghesi LA, Olson EA, Lynes MA (1995). Immunomodulatory ac-
tivities of extracellular metallothionein. II. Effects on macrophage func-
tions. J Toxicol Environ Health; 45:397-413.

Youn J, Hwang SH, Ryoo ZY, Lynes MA, Paik DJ, Chung HS, Kim HY
(2002). Metallothionein suppresses collagen-induced arthritis via induc-
tion of TGF-beta and down-regulation of proinflammatory mediators.
Clin Exp Immunol; 129:232-239.

Youn J, Lynes MA (1999). Metallothionein-induced suppression of cytotoxic
T lymphocyte function: an important immunoregulatory control. Toxicol
Sci; 52:199-208.

Young JK, Garvey JS, Huang PC (1991). Glial immunoreactivity for metallo-
thionein in the rat brain. GLIA; 4:602-610.

Zambenedetti P, Schmitt HP, Zatta P (2002). Metallothionein I-II immuno-
cytochemical reactivity in Binswanger's encephalopathy. J Alzheimers Dis;
4:459-466.


