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después de criolesion pero reduce el dafo oxidativo y la
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ABSTRACT Troumatic brain injury is one of the lesding couses of incapacity and death among young people. The cascade of
evenis elicited by injury is orchestrated by o number of growth factors and cviskines, Among these, interleukin-6 (1L-6) is one
ol the key plavers. 11-6 has been widely described as having pro-inflam matory reles as well as promoting cell survival, We have
dieseribed previowsly that astrocyte-driven production of [L-6 (GFAP-IL6) in transgenic mice, although causing spontancous
ncursinfiammation and long term damage, is beneficial after an acute lesion (freeze) injury in the cortex, increasing healing and
decreasing axidutive stress and apoplosis. To delermine the transcriptional basis For these responses here we analveed the global
gene expression profile of the corfex, at 0 (unlesivned), 1 or 4 dayvs post lesion (dpl}, in both GEAP-1L6 mice and their contral lit-

termates. In GEAP-TLG mice, there was an increase in genes associated with the inflammatory response both at Ldpl (/i En-
dod!y and 4dpl (5, C4b), decreased expression of pro-apoptotic genes (e, GadadSb, Clicd, p2 0y aswell as reduced expression of
penes invalved in the controd of axidative stress (05). Furthermore, the presence of LL-6 altered the expression of genes invalved
in hemostasis (], cell migration and proliferation (CepZ), and symplic activity (FompZh Al these changes in gene expression
could underlie the phenotype of the GEAP-TLG mice after injury, but many other possible factors were also identified in this
study;, highlighting the utility of this approach for deciphering new pathways orchestrated by cvtokines such as IL-6 after injury.

Traumatic brain injury is one of the leading
causes of injury-related death and disability, especially
i young people (see (Ciza and Prins, 200060 for re-
view), Therefore, it is essential to elucidate all factors
invalved. The general response of the brain to traumat-
i¢ injury is well established, comprising blood-brain
barrier disruption and the infiltration and activation of
inflammatory leukocyvies and microglia, which gener-
ate proinflammatory factors, tissue digesting enzvmes,
adhesion’costimulatory molecules, complement, ara-
chidonic acid metabolites. and reactive oxvgen species
(ROS) (Lucas et al_, 20006: Seifert et al., 2006 ).

Cytokines, which are low molecular weight
proteins, constitule one of the mosl important media-
tors of the inflammalory response. Among them, tumor
necrosis factor (TWFo | interleukin (IL)-1. and IL-6
have been classically considered 1o be major compo-
nents in the response to injury (for review; (Rothwell
and Hopkins, 1995)), acting on various cell types and
producing secondary damaging effects that in turn lead
to Iymphocyvie recruiiment and activation and may
cause neuronal cell death {Kopf et al., 1994; Lee and
Benvemste, 1999 Raivich et al., 1999 Yun et al., 2002
Hansson and Ronnback, 2003), Interleukin-6 15 a ovio-
kine that has important roles in normal brain function,
including contral of thermogenesis (Chai et al.. 1996,
body weight (Wallenius et al., 2002) and emotional
behavior (Armario et al., 1998). However, it 1s after
imjury that IL-6 has been described to be an essential
factor. Depending on the injury model, 116 KO animals
show a compromised milammatory response, ghosis
and specific neuronal survival (kopf et al,, 1994, Pen-
kowa et al., 1999, Murphy et al.. 2000, Swarlz et al.,

2001; Poulzen et al.. 2005). On the other hand. trans-
genic production of 1L-6 under the control of the glial
fibrillary acidic protein (GEAP) zene promoter (GFAP-
L6 mice) induces neuromflammation (Campbell et al.,
1993; Chiang et al., 1994; Brell et al., 1995; Giralt et
al., 2002). and leaming impainnents {Stetfensen ot al.,
1994 Heyser et al., 1997, However, when an acute
injury is superimposed, elevated 11.-6 levels lead to in-
creascd CMS repair with decreased cell death (Swanz
et al, 2001; Penkowa et al., 20033,

Thus, 1L-6 exerts both pronflammatory and
neuroprotective roles in the injured CNS. In recent
vears, our laboratories have extensively studied the
role of IL-6 im a freeze injury model (ervolesion). by
means of 1L-6 KO mice and wsing standard method-
ologies (Penkowa et al.. 2000a) as well as by means
of microarray technology (Poulsen et al, 2005), The
GFAP-ILG mice show a somewhat opposite pattern of
responses to the [L-6 KO mice as evaluated by these
standard methods (Penkowa et al.. 2003, but much re-
mains to be understood. Therefore, the mam amm of the
current study was to further characterize the role of 1L-
& in the normal bramn and after an mjury examining, e
overall gene expression patlems i the corlex of wild
type and GFAP-IL6 mice by taking advantage of DNA
microarray technology.

MATERIAL AND METHODS

Animals. Construction and characterization of the
GFAP-ILG transgemc mice was described previously
{Campbell et al., 1993). Briefly, an expression vector
derived from the murine glial fibrillary acidie protein
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(GFAP) gene was used to target expression of 1.
6 to astrocyvles, Heterozygous GFAP-1LG mice on a
CET7BI6T background were crossed with C57B10]
breeders. The oftspring were genotyped to identify
the GEFAP-ILG6+/- (hercafter GFAP-ILG) and the
GEAP-1LG-/- as previously described { Penkowaet al.,
2000b). As both groups share the same genetic back-
ground we refer to the GEAP-ILG-/- animals as the
wild type (W) mice, Age and gender were matched
for both groups. All mice were kept under constant
temperature and with Iree access 1o Tood and water.
All experimental procedures were approved by the
Ethical Committee of Comissid d"Experimentacid
animal del Departament & Agricultura, Ramaderia 1
Pesca de la Generalitat de Catalumya.

Experimental procedures. Twelve-month-old male
mice were anesthetized under 1.5% solluorane an-
esthesia (1L oxvegen flow). The skull over the
right fronmtoparielal cortex was exposed and a Focal
ervoinjury was carried out as previously described
{Penkowa et al., 1999, Penkowa et al., 2000b) us-
g a 0.4em diameter dirv ice pellet for 30 seconds,
Animals were allowed 1o recover and retumed 1o the
animal room, and were subsequently killed at lor 4
days post lesion {dpl) for microarray studies (n=3
ammals lor each genotvpe and time pont), Unle-
sioned wild type and GFAP-ILG mice were used as
comtrols, The ipsilateral corlex were dissected, fro-
zen in liquid nitrogen and stored at - 80°C.

Gene expression and DNA microarray analysis.
Total RNA was isolated from each hemisphere cor-
tex sample using TRIzol reagent {Invitrogen, Carls-
bad. CA. USA) and fAerther purified with RNeasyl
kit {(hagen, Albertsiund, Denmark). Purified RNA
(3 pg) was used to svithesize double-stranded
eDNA using Superseript Choice Svstem {Invitrogen)
wilh an oligo-dT primer containing a T7 RNA poly-
merase promoter (GenSet, Evry. France). The cDDNA
was used as a template for an i vitro transceriplion
reaction to synthesize biotin-labeled antisense cRNA
{BioArmray™ High Yield RNA Transeript Labeling
kit; Enzo Diagnostics, Farmingdale, NY, UISA). Af-
ter fragmentation at 94°C for 35 mn in fragmenta-
tion buffer (40 mAd Tris, 30 md MgOaAc, 10 mbd
KOAc), the labeled cRN A was hybridized for 16 hiio
Affymetrix MOE430A arrays (AfTvmetrix Ine., San-
ta Clara, CA, USA)Y which contain 22 600 mouse
probe sets. The arrays were washed and stained with
phveoervirin streptavidin using the Fluidics Station
400 (AMBmetnx Ine). The armavs were scanned in
the GeneArray 2500 scanner {Affymetrix Inc.), as

described in the GeneChip { AfTymetrix Inc.) proto-
col, to generate fluorescent images.

The mage files were imporied mto the software
package DNA-Chip Analyrer (dChip) developed
by Li and Wong (Li and Wong. 2001} which is free-
ware available at hitpy www.dchip.org. All the array
files were nommalized to the array with the median
overall brightness using the multiarray invariant-set
normalization method, which is based on probe val-
ues belonging to non-differentially expressed genes
between the array being normalized and the baseline
array {the invariant set). Expression values for each
probe set were caleulated according 1o the perfeet
match/'mismatch difference model.

Gene filtering, A number of analvsis methods for
filtering the genes being up- or down-regulated in
the difterent conditions were exammed but finally
we used a conservative strategy for the initial fil-
tering Followed by a standard statistical assay, wo-
wiay ANOVA with genotvpe and ¢ryolesion as main
Factors (see Hesulis). Hierarchical clustering of
the genes differentially expressed according 1o the
ANOVA was carried oul usmg the dChip soliware.
Funciional classification in gene-onlology calegories
ol the genes belonging to each of the clusters identi-
fied was done with the DAVID program Version 2.1
{Dennis et al., 2003). All gene-ontology calegories
wilh three or more genes and a Fisher exact prob-
ability of less than (.05 were selected.

RESULTS AND DISCUSSION
Gene selection and functional analysis.

As we have previously described (Poulsen
et al.. 2005) we used dChip software (hitp:/www.
dchip.org for more details), to generate a combined
gene lisl, comparing the genes up- and down-regu-
lated at each time poinl for each genotvpe with the
unlesioned WT mice, We set a 1.2 fold change (that
is, a 2" increase or decrease) and an absaolute
change in expression values of D0 expression units,
With this procedure a list of 461 1Ds {corresponding
1o 369 genes) was produced, therefore being compa-
rable to previous experiments with the same model
performed in our lab (Poulsen ¢t al,, 20035, Penkowa
et al.. 2006, Quintana <t al., 2006),

It has been sugpested that the best approach
for analvzing microarray dala is the combination of
a fold-change selection plus a p-value rank order-
ng (Guo et al, 2006). Thus, given the experimental
design of this experiment, with two different mouse
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genotypes and with different time points after mpury
to be compared, a two-way AMNOVA statistical anal-
ysis of the data was required. The expression values
were exported toa standard statisiical software, SPSS
v13.00 (SPS5, Chicago, IL, USA), where a conven-
tronal two-way ANOWVA was performed (p < 0.05),
However, it should be mentioned that the number of
anmimals used in the array (18 mn total, n=3 for each
time point and genotype, although being remarkable
for a microarray experiment, is still reduced to ensure
that a two-way ANOVA 15 able to pick up all affected
genes as some of them may only change in a single
timing. Some of the genes selected were found to be
statistically affected by 1L-6 production and many of
them, although not reaching statistical sigmificance,
presented a clear trend. The fact that some of these
genes (commented below) have been described 1o be
affected by IL-6 led us to further realize the short-
comings of the ANOVA test in detecting all signifi-
cantly affected genes, albeit, as commented, 1t was
the best approach in our opinion,

This statistical analysis reduced the number
of genes from 369 to 329 (89% of the genes select-
ed by fold change) suggesting that the first selec-
tion was highly reliable. From these 322 genes, 300
genes were significantly affected by treatment only,
G by the genotype only and 23 by both. Among these
genes, 31 showed a positive interaction between both
factors, which we normally imterpret as genes that
either change substantially between genotypes (1.e.
it increases in one but decreases in other), or change
only 1n a single timing (Supplementary table 1), By
means of the high-level analysis “Hierarchical ¢lus-
tering” utility of dChip, genes were grouped accord-
ing to the similanty of their patterns of expression
{Figure | 1o see the general overview). In this kind of
figure, each row represents a gene and each column
represents the mean value of the mice used for each
group. The relative gene is expression is color-coded,
being red, white and blue colors expression levels
above mean, mean or lower than mean expression
of a gene across all samples, respectively. Finally,
the intensity of the color (either red or blue) directly
correlates with the fold induction,

As previously deseribed in this maodel
(Poulsen et al., 2005; Penkowa et al, 2006; Quin-
tana et al., 2006), a clear pattern of induction was
observed, with genes up-regulated by the cryole-
sion at 1 day post lesion (dpl) (Fig 2). both at 1-
4dpl (Fig. 3), or at 4dpl (Fig 4), those down-regu-
lated either at 1dpl (Fig. 5) or at 1-4dpl (Fig 6) and
those only affected by central IL-6 production (Fig.
7). Taking advantage of the NIH based DAVID soft-
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Figure 1. Hicrarchical clustering of the 329 gencs identified 1o be sig-
nificantly (pro005) allected by the ervolesion only. Each row repre-
serls o pene ond eoch eolumn epresents the moenn value of the three
mikee Tor cach strain and tming. The clusiering wos split inte several

as shown in order 19 ghow the name of the genes (zee Figures 1.
&) {see aleo Supplementary Table [y
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ware (DAVID v2.1, hitp:/"david.abee.neiferfgov) a
Functional classification using Gene Ontology was
performed as deseribed previously (Denmis el al.,
2003}, enabling us to identify the categories over-
represented among the genes selected in our array.
Cryolesion cansed dramatic changes in gene expres-
ston at 1 day post lesion (Fig 20 at 1 and 4 dpl (g,
3y or only at 4dpl (Fig. 4). Genes up-regulated at
Ldpl constituted the largest cluster in our study, com-
prising 117 genes (35% of the total), 38 genes (17%
of the taly comprised the cluster of genes up-regu-
lated at both time points, and 57 (17% of the totaly
were Found at 4dpl. Hence, the majority {69%5) of the
genes selected belong to genes thal are up-regulated
by imury. As expected, many of theses genes related
1o cell signaling and transcription Faclors, mostly
classified as involved in the defense responselin-
Hammatory response’ response to wounding, On the
other hand, genes down-regulated at 1dpl {42 genes.
13% of the total - Fig. 5-) or both at 1 and 4dpl (46
genes. 14% of the total - Fig, 6-) were classified as
being involved in neuronal differentiation, nervous
svslem development and transport (Supplementary
table 11

Therelore, crvolesion 15 a model that elicils
an inflammatory response at the gene level, in agree-
mentl with previous results (Quintana et al.. 2005,
Penkowa el al. 2006). The effect of ervolesion at
a transcriplome level has been already descnibed by
our group in animals lacking 1L-6 {Poulsen et al..
20033 metallothioneins 1 and 2 (Penkowa ¢t al..
2006 ) and twmor necrosis factor (TNF)-o receptor 1
or receptor 2 {Quintana et al,, 2006). Furthermore, as
the effect of a trumatic bram mjury on gene expres-
sion has been extensively addressed by many groups
(Gebicke-Haerter, 2005; von Gertten et al., 2008),
we decided to focus on the specific changes caused
by central 11.-6 production that lead to neuroprotec-
tion, with increased healing process and a decrease
in oxidative stress and apoptosis afler injury (Pen-
kowa et al., 20003,

Astrocyte-targeted 1L-6 production enhances in-
flammatory response after injury.

IL-6 has been widely described as a pro-in-
flammatory evtokine (Munoz-Femandez and Fres-
no, 1998, Van Wagoner and Benveniste, 1999) and
in this regard GFAP-1L6 mice have been extensively
described to produce spontancous newroinflam-
matien (Campbell et al., 1993; Giralt et al,, 2002).
Activation of microgha'macrophages 1s pari of the
phenotyvpe of the GFAP-ILS mice (Campbell et al.,
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1993}, and it has been shown to be higher than in
control mice up o 6 davs after ervolesion (Penkowa
et al, 2003}, Cn the other hand the inflammatory re-
sponse has been shown to be clearly reduced in 1L-6
knock-out mice during different pathological condi-
tions of the CNS (Eugster et al., 1998, Raivich et al..
1999}

In agreement with these results, several
penes expressed in immune ¢ells were found 1o
be ncreased at ldpl in GEFAP-ILG animals (Fig.
20 Imterferon induced transmembrane protein 3-
like[fitm2) and RIKEN cDNA 1110036C17 gene
- Fragilis2 - (/fitm 1) are genes found in macrophages
and described 10 be up-regulated in inflammation
{Johnson et al, 2006) and involved of the control of
leukocyte prohferation {(Sato et al,, 1997, Also, C-
type (calcium dependent. carbohvdrate recognition
domam) lectm. superfamily member 8 (Clecdd). a
pene expressed in activated monocytes and macro-
phages that is up-regulated by 1L-6, TNF-te, IFN-v
and [L-10 {Arce ¢t al., 2004) tended 1o be increased
in GEAP-1LG mice. Riken 1210067EO% - endonuce-
ase domam comammeg 1 — (Eadodl) a pene wlich
i% u'xp!‘l_'!'i?i::d in prlatelets (OFNeall et al,, 2002), was
lound 1o be up-regulaled in GFAP-ILG mice al 1dpl.
Platelet activation is the most imporiant mechanism
1o cope wilh trawmatic hemorthage, which is one off
the complications of brain injuries. leading 1o shock
and death (Stem and Dutton, 20043,

This first wave of activation, found at 1dpl
paves the way 1o a number of genes that are found
to be up-regulated at both [ and ddpl (Fig. 3) or only
at 4dpl (Fig. 4). Following the pattern observed at 1
dpl. milammatory response-related genes were also
significantly up-regulated in GFAP-IL6 mice at these
time points. In the cluster representing genes affected
both at 1 and 4dpl (Fig. 3) we found Fe receptor g,
low affinity Tlh (Feee2B), which is expressed in leu-
kocytes and has been described to be up-regulated in
inflammatory processes. It has been suggested to be
ivolved in the modulation of Becell activation and
in the regulation of autoimmunity and inflammation
{Hamaguchi et al.. 2006). Furthermore. Fe receptor
IgG, low affinity 11 (Feged) which is involved in
the strengthening of the inflammatory response by
increasing the svnthesis of chemoatiractant proteins
(Radeke et al., 2002) presented a similar trend, al-
though not reaching statistical significance; bt fur-
ther supporting the view that inflammatory response
is increased in GFAP-TLG mice.

Reactive astrogliosis, characterized histolog-
wally by cell hypertrophy, which leads 1o an increase
of glial fibrillary acidic protein (Gfap) mENA and
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protein 15 one of the most prominent features follow-
g injury in the CNS (see (Eng et al., 2000) for re-
view). Although no differences in the level of GFAP
protein have been found in the corlex of GFAP-ILG
mice compared to wild-type animals (Chiang et al.,
1994), increased numbers of reactive astrocytes have
been descnbed m GFAP-IL6 mice after crvolesion
from | to 10dpl, peaking at 3dpl (Penkowa et al ,
2003). Accordingly, our results show increased ex-
pression of (il mRNA was only found to be differ-
entially increased in GFAP-ILG mice at 4dpl, but not
at early time points. Again, the fact that expressions
differ only at a single time point may have caused
that ANOVA was not able to pick this gene up.

As described above, many inflammatory re-
sponse-related genes were up-regulated by cryvole-
sion at 4dpl (Fig 4), and although a high percentage
of them presented an increased expression in GFAP-
IL& compared to wild type mice, only two were found
to have statistical significance. Histocompatibility
2, class 11 Ag E o (H2Fa) belongs to the MHC-II
complex and it is mostly expressed in antigen-pre-
senting cells {APCs). Its expression is increased in
inflammatory processes {Cresswell, 1996), therefore
suggesting an increase either in the cell numbers or
in the activation of APCs in GFAP-IL& mice after
mqury, Complement component 4 {C495) 15 mvolved
in the classical pathway, and acts inducing vasodi-
latation, capillary permeability and expression of
leukocyte adhesion molecules in inflammatory pro-
cesses (Petersen et al, 1988). Furthermore, chronic
complement 3 (("3) expression has been described in
GFAP-ILG mice { Barnum et al., 1996).

Hence, it can be concluded that the increase
in the inflammatory response described histologi-
cally in GFAP-ILG after crvolesion (Penkowa et al.,
2003) 15 confirmed and extended from a transcrip-
tional point of view and that this response 15 orches-
trated by diverse genes and pathways.

IL~6 production decreases the expression of pro-
apoptotic genes after ervolesion

In addition to the pro-inflammatory role de-
scribed before, 1L-6 also belongs to the neuropoietin
family of cytokines (Bauer et al., 2007, and has neu-
rotrophic effects related to the regulation of neuronal
protection (Murphy et al | 2000; Swartz et al | 2001;

Flgure 2. Hierarchical clestering of a subset of genes whose expres-
sion was up=regulated at 1dpd (see also Figure 13 Green dots: WT
v, OFAP-ILG (p-0.05) Black dots: Signilicani mieraction between
ervolesion and strmn (005}
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Westberg et al., 2007). IL-0-null animals subjected
to cryolesion presented higher numbers of TUNEL+
cells (mostly neurons and some astrocytes) than their
control hittermates (Penkowa et al,, 2000a), being
these results confirmed at the transcriptional level in
a microarray study (Poulsen et al., 2005). Converse-
ly, GFAP-IL6 animals presented fewer apoptotic
cells in the same paradigm (Penkowa et al., 2003).
In the present work we have been able to detect sev-
eral genes mvolved in cell growth/apoptosis that
may account for the protective role of 1L-6. At 1dpl
(Fig. 2) several apoptotic-related genes were down-
regulated in GFAP-1L6 mice, Chlonde ntracellular
channel 4 (mitochondrial) {Cfic+) is a direct response
gene for p53 ransactivation involved in TNF-ut and
p53-mediated signaling pathways. 1t 15 induced n
response lo stress and it has been deseribed that its
overexpression induces apopiosis associated with
loss of mitochondrial membrane potennal, cyto-
chrome ¢ release, and caspase activation suggesting
that apoptosis is mediated by mitochondrial dysfunc-
tion (Suh et al, 2004). A decreased oxidative status
i GFAP-1LG mice afier cryolesion has been already
described (Penkowa et al., 2005) and the opposite is
found in IL6KO mice (Penkowa et al., 2000a). Ac-
cordingly, a clear trend was found in the expression
of activating transcription factor 4 (464}, a transcrip-
tion factor that 1s involved in the integrated reticular
stress response and resistance Lo oxidative siress ime-
diated apoptosis (Harding et al.. 2003}, that tended
to be reduced in GFAP-IL6, although not reaching
statistical significance.

Caveolin 2 expression was also reduced
GFAP-ILG mice. Caveolinsg were discovered as the
basic constituent of the caveolae or “small caves”.
which are 50- to 100-nm flask-shaped, non-clath-
rin-coated invaginations of the plasma. However,
its functions have widened from their iitial role in
endocytosis and potocytosis, and new roles in sig-
nal transduction and apoptosis have emerged (Wil-
liams and Lisanti, 2004). In this regard, Caveolin 2
(Cav2) 15 considered o modulate caveolm 1 fune-
tion and to have tumor supressor properties. PPARY,
a gene induced in inflammatory situations induces
caveohns and p21, mducing apoptosis in bladder tu-
mor cells (Kassouf et al., 2006), Interestingly, p27f
expression tended to be reduced in GFAP-IL6 in
our experiment. P21 1s involved m cell cycle and a
very well known tumor suppressor gene involved in

Figure 4. ierarchical clustening of & sulbsed of genes whose oxpres-
sion wis up-regulnbed of dadpl (see aba Figore 1) Green deds: WT
v, GFAP-1LG (pal 05)
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apoplosis in many cancer cell types as several antitu-
moral treatments actions are mediated by this Factor
{Svechnikova et al.. 2007), Furthermore, growih ar-
rest and DN A-damage-inducible 435 beta (Gadddih)
also showed a trend to be decreased in GFAP-IL6
mice. GADD4S family proteins are stress and cyio-
kine-inducible and are specific activators of MTK1
(MEKK4). 8 MAPK kinase kinase upstream in the
pi8 pathway, and induce apopiosis. GADD45 par-
ticipates in TGF-B-induced apoptosis by acting up-
stream of p38 activation (Yoo et al., 2003).

On the other hand, calmodulin binding protcin 1
{also known as abnormal spindle-hike microceplhaly
associated - .4spm-) was found to be up-regulated in
GFAP-IL6 compared 1o wild tvpe animals. Aspm
has been suggesied 1o control the so-called S-M
checkpoint, imponant for the proper timing of mila-
sis (Craig and Morbury, 1998). It has been recemtly
described that Asprr is irvolved in the proliferation
of glioblastoma and thai iis inhibiiion decreases boih
tumoral and neural stem cell proliferation (Horvath
el al.. 200&).

The number of genes related (o apoptosis
detected decreased upon time, suggesting a key
role of pro-apopiotic signals in the first wave-re-
sponse after injury. Only at 4dpl (Fig. 4), RIKEN
cDNA 0610011104 gene (transmembrane profcin
Ia7a -Tmem 6 7a —) was found to be up-regulated in
GFAP-ILG mice, Little is known about this gene, but
given the Fact that it is also known as hepatocellu-
lar carcinpma-associated antigen 112 (hitp:/iwww,
nchinlm.nih.govientrez) it gives rse to the idea
that it might be involved in the regulation of prolif-
eration and cell survival in the same way as Aspm.

Thus, the highlighted genes in this work may
underlie some of the neuroprotective roles descnbed
for IL-6 and nught medmte the reduced cell death
deseribed in GFAP-ILG mice after crvolesion (Pen-
kowa et al., 2003),

Meuronal function is aliered by cryolesion and
mnidulated by TL-6

As described above, only a minor part of the
genes selected were found o be down-regulaied by
crvolesion. These genes can be scen in figures 5 and
v and 1n the supplemeniary tables. The funciional
classification of these genes comprised neuronal
differentiation. nervous system development and
transport. It has been widely descnbed a decrease
in newronal function afler an injury. 1t is caused by
the primary death of neurons but contributed by the
downshifi in the activity of the area surmounding the
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Figure 5 Hwerarchical clusiering of a subset of genes whose expres-
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vi. GFAP-ILG (p=0.05), Black dots: Significant intcraction between
crvolesion and strain (po005)

lesion core (penumbra) that survives the pnmary
damage (Wieloch and Nikolich, 2006).

Only two genes were significantly affecied
by IL-6 production at ldpl (Fig. 5). lhvpothetical
protein MGC38046, also known as transmembrane
protein 119 (Tmem 1% with no information avail-
able, and Mus musculus, clone IMAGE:3039248,
mRNA (phosphofurin acidic clusier soriing proicin
2 — Pace2-), PACS-2 is a protein involved in the ap-
position of mitochondria with the ER, allowing the
communication between both organclles, the ex-
change of caleinm, and also is a key player in the
Imnslocation of Bid to mitochondna (Simmen ¢t al.,
20035). Both sequences were slightly but significantly
up-regulaied in GFAP-IL6 mice ai all time poinis.
When looking at the clusier of genes mosily down-
regulated both at 1 and 4dpl (Fig. 6), several genes
were found o differ in GFAP-ILG animals. Interest-
inglv, many of them are involved in calcium sig-
nahing.  Allered calcium homeostasis 15 one of the
leatures of fraumatic injury, leading to exciloloxiciiy
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and cell death, bath by necratic and apoptatic mecha-
nisms as well as leaming impairment after traumatic
injuries (see (Won et al., 2002) for review). Further-
more, it is not surprising to find that calcium-related
penes are down-regulated alter ervolesion as this
has been described previously both at at the protein
and mRNA level for Calcium-calmodulin dependent
protein kinase [1 {CamKIT) afier an ischemic insult
{(Uemura et al., 2002), epilepsy (Liang and Jones,
1997 and in an excitotoxic madel in vitro (Churn €t
al., 1993). In this regard, the gene codifving lor the
isoform beta from CaMEKII (EST, moderately similar
o A47643 hypothetical protein — mouse, also known
as calcium/calmodulin-dependent protein kinase 11,
beta — Camk2b-), although slighily increased in wild
tvpe mice al Idpl was remarkably down-regulaied in
GFAP-IL6A mice ai all time poinis. Since CaMKII is
one of the most prominent factors involved in syn-
aptic plasticity and memory (Colbran and Brown,
2004 this mav lead 1o decreased svnaptic plastic-
ity i GFAP-ILG muce. Accordingly, CaMK kinase 2
(RIKEN cDMA 6330570N16 gene = Camkk2-), also
involved in calcium signaling and leng term polen-
tiation (LTP) { Peters et al., 2003) was also decreased
in GFAP-ILS mice. In this regard, deficiis in hippo-

campal activity (StefTensen et al., 1994) and impaired
leamning (Hevser et al., 1997) have been described
in GFAP-IL6 as pari of their phenotype. The role
of IL-G in the inhibition of svnaptic plasticity and
memery has been described elsewhere (Balschun et
al., 2004).

Another key plaver in calcium homeostasis,
such as ATPase. Ca2+ iransporiing. plasma mem-
brane 2 (Aip2h2 or Pmea?), involved in the extru-
ston of calcium from neurons, was downregulated in
GFAP-ILG mice. It has been described that PMCA2
immunoreactivity decreases afler glulamate excito-
toxieity in ral hippocampal neurons (Poitorl et al.,
2006) and after an spinal cord injury model (Kur-
nellas et al.. 2005), however, its exact role after an
injury 15 nol clear. Kv channel-interacting protein 2
(Kenip2), belongs to a sublamily of Neuronal Cala-
um sensor (NCS) proteins, that have been described
to play important roles in modulation of the neuronal
function {Xiong et al, 2004) was down-regulated by
IL-6. Furthermaore, S-adenosylhomoeysteine hydro-
lase-like 1 (Ahcyi ), also known as inositol 1,4.5-tri-
sphosphate (IP3) receptor-binding protein (IRBIT)
which has been descnbed to be involved in the IP3
pathway signaling (Ando et al., 2003) and calcium
release (Cooper et al., 2006) was also down-regu-
lated in GFAP-ILG mice. Moreover, chronic admin-
istration of IL-6 to Purkinje cerebellar neurons has
been described io alter calcium signaling involving
calcium release from intracellular stores (Nelson et
al | 2004), further confirming that caleium signaling
pathway is affected by IL-6 over-expression.

Other genes found 1o be down-regulated by
crvolesion and 1o present lower levels of expression
in GFAP-ILS mice were Junclion-mediating and reg-
ulatory protein (M), activating factor 2 (A52) and
Microtubule-associaled proten 2 (Miap2). IMY 15 a
transcription cofactor of p53 signaling (Coutts et al..
2007). ATF2 1s a constituent of the AP-1 transcrip-
tion factor, along with c-jun and c-fos. A decrease in
ATF-2 has been suggested 1o be involved in apoplo-
gis through facilitating the formation of e-jun/c-los
heterodimers (Bhourmk et al., 2002). Another gene
alTected in the same way 15 Miap2, which is involved
in neural plasticity via stabilization of microtubules
in dendrites. being needed for neurite growth and
PKA signaling (Harada et al., 2002). Decreases on
MAPZ immunoreachvily in corlex and hippocampus
have been described after a mild cortical impact (Huh
et al., 2003) and anegative role of IL-61n the expres-
sion of MAP2 has been described in viiro (Marx et
al., 2001).

On the other hand. some genes presenied
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higher transcription levels in GFAP-IL& mice even
though being down-regulated by cryolesion at | or
4dpl (Fig. 6). Receptor (calcitonin) activity modify-
ing protein 2 {famp2), which encodes a receptor of
adrenomodullin, therefore having vasodilating and
angiogenic properties (Abe et al., 2003) which is in
agreement with the angiogenic phenotype descrbed
in GFAP-ILG mice (Brett et al., 1995). Synaptic nu-
clear envelope 1 (Sveed) 15 a gene present in neuro-
muscular junctions that has also been implicated in
some forms of cerebellar ataxia (Gros-Louis et al,,
2007), also a brain-specific splicing vanani, CPG2,
has been suggested to intervene in the posisynap-
tic plasticity of excitatory synapses (Cottrell et al.,
2004). Finally, peroxisome proliferative activated
receptor, gamma, coactivator | (Pgefa) was also in-
creased in GFAP-IL& mice compared to wild type.
PGC-1ot is a gene involved in boosting mitochon-
drial respiration that has been suggested to be need-
ed for the induction of several anti-oxidant enzymes
(St-Pierre et al_, 2006).

Hence, IL-6 production alters in a diverse
Fashion, affecting mostly genes involved in synaptic
plasticity but also in many other systems, therefore
highlighting the important roles of this cytokine.

IL-6 production affects normal cortical gene ex-
pression pattern

As described above, 6 genes were found to
be significantly affected by IL-6 production but not
by cryolesion (Fig. 7). However, a couple of consid-
erations have to be taken into account. First of all,
as stated above, the use of the two-way ANOVA test
may have masked an effect of cryolesion at only one
time point in some cases, but may have also over-
looked genes different only between genotype at one
time point {i.e. unlesioned mice) but that behave in
a similar fashion afllerwards. Secondly, it has been
described that 1L-6 transgenic expression in the ce-
rebral cortex of GFAP-IL6 mice is rather mild com-

pared to other areas such as cerebellum (Chiang et
al., 1994), which may explain why no differences on
IL-6 expression were detected between GFAP-IL6
and wild type mice. However, we have previously
described that an effect of 1L-6 production is visible
in the cortex even though transgenic 1IL-6 mRENA is
very low (Penkowa et al_, 2003).

Von Willebrand factor homolog (Fwf) was
the only gene found to be increased in GFAP-1L6 at
all times analyzed, This is consistent with an earlier
study documenting increased vWF in the cerebel-
lum of the GFAP-IL6 mice (Campbell et al., 1993).
VWF has been extensively described to take part in
hemostasis, playing regulating the adhesion of plate-
lets and their subsequent activation (Andrews et al.,
1997, However, it has been recently described that
itisinvolved in the formation of Weibel-Palade bod-
ies of endothelial cells, where it is usually stored,
recruiting different proteins, such as secretory or-
ganelle membrane protein vesicle-associated mem-
brane protein-2 (Fomp2) (Blagoveshchenskaya et
al., 2002). Interestingly, Famye2 (also known as syn-
aptobrevin2) was found as well among the genes at-
tected by 1L-6 over-expression, being down-regulat-
ed in GFAP-IL6 mice. Famp2 is involved in synaptic
transmission, being described to mediate Ca2+-trig-
gered exoeytosis (Deak et al., 2006). It has also been
described to be present in gliosomes, which contain
glutamate-accumulating vesicles co-expressing the
vesicular glutamate transporter type 1 and can re-
lease the amino acid by a process resembling nevro-
nal exocytosis (Stighani et al., 2006).

Another gene down-regulated in GFAP-1LG
mice was RIKEN cDNA 2B10452G09 gene- CAP,
adenylate cyclase-associated protein, 2 (veast)
(Cap2)is strongly expressed in nearly all cells of de-
veloping and adult mice and in specific areas of the
central nervous system, being involved in the regu-
lation of actin dynamics and playing important roles
in processes such as morphogenesis, polarization,
migration, and endocytosis (Bertling et al., 2004). It
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has been suggested that CAP2 might be related to
cell proliferation and tumor formation in liver (Shi-
bata et al., 2006,

Leptin (Lep) is a cytokine extensively de-
scribed as a kev plaver in the regulation of energy
balance in the body. Although it is mainly expressed
and secreted in adipocyites it s now clear that many
other tissues are able to express leptin. Its expression
in different neuron populations throughout the brain
has been recently described (Lir et al., 2002, In this
regard, many possible actions in the CNS apart from
regulating energy balance are being highlighted, for
instance, it has been described that leptin can alter
the excitability of hippocampal neurons (Harvey,
2007). Furthermore, a role for leptin in immune re-
sponse has been suggested, being leptin plasmatic
levels increased by many cviokines such as [L-6 (see
{(mero et al., 2005 for review), However, we have
observed a decrease in leptin expression in GFAP-
116 muce, which might be explained by different reg-
ulatory pathways of svstemic versus central leptin
pools, therefore warranting fiture studies on this re-
gard,

i was surprising 1o lind that gh: BG29T038,
also  known as RIKEN <DNA  1300007C21
gene - gag prolemn, murine leukemia retrovirus
(130000702 TRGEY, wioch belongs tooan imtegrated
sequence from a retroviral origin (Murine Leukemia
Virus — Mul V=) was expressed. However, alimost all
inbred mice strains have been described to have in-
tegrated MulV sequences and its expression varies
among tissue and stram (Stove and Cotlin, 1987
Interestingly, the expression of this sequence was
decreased i GFAP-ILS, suggesting a role for [L-Gin
the regulation of this viral sequence. In this regard.
IL6-null mice have shown significantly enhanced vi-
rus replication after acute Mul ¥V infection (Strestik
elal., 20001,

The last sequence found to be affected in the
cortex of the GFAP-1L6 mice was Mus musculus,
clone IMAGE: 3283821, mRENA, partial ods, that was
down-regulated by 11.-6 production. No mforma-
tion is available on this sequence but interestingly, it
was found to be up-regulated in [L6 KO mice after
ervolesion (Poulsen ¢t al., 20035), hence, sugpgesting
that its expression may be [L-6 mediated.

Genes presenting o significant imteraction  be-
ween genofype and crvolesion

Several genes showing significant interaction
wire found throughout the dilTerent clusters, which
are indicated with a black dot in the figures and also

pointed out in the supplementary table [ These genes
may represent both sequences that differ fer only at
one time point between strains or (many of them)
that show a different pattern of expression between
GFAP-1LG and control mice, As many of them just
confim the views expressed throughout this work
we decided, Tor the sake of clarity. not to describe
them and to leave them accessible in the supplemen-
tary table T,

In conclusion, the present work demonsirates
a major role of IL-6 in the response of the cortex
to the lesion, but alse m basal conditions, and again
highlighis the usefulness of the microarray technol-
ogy lor identifymg the pathways mvolved
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Las metalotioneinas, inducidas por IL-6, actuan como
factores antiinflamatorios y antioxidantes en la
criolesion, asi como ayudan en procesos de
regeneracion tisular y en la neurogénesis tras lesion.

Novel roles for metallothionein-1 + 11 (MTI+II) in defense responses,
neurogenesis, and tissue restoration after traumatic brain injury: Insights from
global gene expresion profiling in wild-type and MT-1 + Il knockout mice.

Journal of Neuroscience Research 84:1452-1474 (2006)
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Novel Roles for Metallothionein-I + II
(MT-I + II) in Defense Responses,

Neurogenesis, and Tissue Restoration
After Traumatic Brain Injury: Insights

From Global Gene Expression Profiling in
Wild-Type and MT-I + II Knockout Mice
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Traumatic injury to the brain is one of the leading
causes of injury-related death or disability, especially
among young people. Inflammatory processes and oxi-
dative stress likely underlie much of the damage eli-
cited by injury, but the full repertoire of responses
involved is not well known. A genomic approach, such
as the use of microarrays, provides much insight in this
regard, especially if combined with the use of gene-tar-
geted animals. We report here the results of one of
these studies comparing wild-type and metallothionein-
I + 1l knockout mice subjected to a cryolesion of the
somatosensorial cortex and killed at O, 1, 4, 8, and 16
days postlesion {dpl) using Affymetrix genechips/oligo-
nucleotide arrays interrogating ~10,000 different murine
genes (MG_U74Av2). Hierarchical clustering analysis of
these genes readily shows an orderly pattern of gene
responses at specific times consistent with the pro-
cesses involved in the initial tissue injury and later
regeneration of the parenchyma, as well as a prominent
effect of MT-l1 + Il deficiency. The results thoroughly
confirmed the importance of the antioxidant proteins
MT-I + Il in the response of the brain to injury and
aopened new avenues that were confirmed by immuno-
histochemistry. Data in KO, MT-l-overexpressing, and
MT-ll-injected mice strongly suggest a role of these
proteins in postlesional activation of neural stem
cells. © 2006 Wiley-Liss, Inc.

Key words: traumatic brain injury; metallothionein-l + Il
deficiency; murine genome; Affymetrix microarrays
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Traumatic brain injury is one of the leading canses of
injury-rebired desch and disabilivg, sepecially among voung
people (for review see Prins amd Hovda, 20031, s0 contin-
ned effores o chareterize all factors invalved are ewenal,
{wver the lase yrars, the gr.nnnl TEAPONSE of the brain m
trumrang injury has been well descnbed by using conven-
ol methods: mbElranon and aowvaion of !::“ul:llul.ur}-
lenkocytes and microghia, which generate pranflansnatory
factors, such as cytokines, tissue digesting eneymes, adhe-
siendeostumulaory  molecules,  complemens,  arachadome
ack] metabahtes, and reachve CNYEEN Species fROS), and,
abong with this, the blood brain barrier s disrupted [Luca
et al, 2000; Seifere er al,, X006), Althaugh inflammaron &
necesary for brm wtssue restoranon, o abo modiaes colli-
eral and delayed (secondary) damage. In general, RO5-
medhiated oxiditive stress is responsible for secondary brain
damage, mcudmg nevrodegenertion amd ulimately apo-
protie cell death, which can be promanemt afier a primary
nenrotranms (Mhatre s oal, 2004; Lues er al, 2006
Potashkin and Meredich, 2006). In the brain, B.OS are par-
vicularly woxic compared with other tisues, because the cer-
ehral microenvironment is characterized by lowe antioicane
capacirty with kow activity of catalase, superaxide dismuntase,
and glutathione pu:'u?t:iljm; also, the brain is fch in polyue-
saturated Gy acuds (moyelin) that are raadily esadieed and/”
or peraxidized and iron, which generares the highly reac-
tive hydroxyl mdical by the Featon reaction. Accordingly,
mereased oxdative stoss 5 mvelved 1 the pathogenesis of
several meurological diseases, as demonsraced 0 animal
madels as well 35 in s number of hunan brain diseases [Hal-
liweell, 1992; Covle and Purdarcken, 1993; Olanow, 1993).

Howvever, the brain may mount compensatary, anti-
inflammatary FESPOTISES, which consist mainly of the astro=
ghal responses, nclading inereasss n anboxidants and
“_I'IJ'-'-'[‘I.'"LI:'IJ];II'II.L' fwcrors, ANGLOREnesis, amd TEUEOFETEs. It
15 now well-establishied that meallothienans (MTs) arc
important factors in the brain. MTs are small, cysteine-
rich proteins that bind heavy metals such as zine and cop-
per with hagh affway. Four closely linked M genes are

resent in rodents (Palmuter ex al,, 1992 Quafe e al.,
19947, Med and AEZ (AMET+3) are prefarancially supresed
in astrocyres and acrivared microglia‘macrophages and
vascular endothelium, in which they are induced by prac-
tirJ]l}' any 'in'FlJmm:ltnr}' ar Im.tl'ln|nglr:|| meciator :'l"Jg]r:
and Palmiter, 1985, Blaavwgeers et al., 1993, Holloway
cral, 1997 Viele en al, 1997 Acarin et al., 1999 Penkowa
et all, 199%; van Lookeren Campagne oo al., 20000, MTI
+ II are seen in the cytoplism and subcellular organelles
such as mitochandria and lysosomes. Depending an the
cell evele FPAMIRCREI T ard Tewel of differennaton and for
during pathology, MTT + 11 are rapidly translocated to the
nuclews, as seen during early S-phase and during coddatrve
stress [(Cheman and Apostolova, 2008, Takabashe et al,,
2OMKS), Adrd ﬂprq.u-rl ]'lrl-.flnmm_:rlr]!.,r in nenrans and
relatively unresponsive to inflammatoery factors compared
with MT-I + II (Masters e al., 19%4b; Carmasco e al.,
1998 b, 200K, Uchida, 1999; Caralt ot al,, 2001}, Haow-
ever, Mi3 is alio expressed in astrocytes under some con-
ditions and has been suggested to be involved in the ethi-

lewmal of Mearsucience Besinch [0 100020
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ology of Alzheimer's disease (Lehida et al,, 1991 Tsuji
et al,, 1992 Kaobayashi eral, 1993, Masters ot al., 1994h),
Mi4 has sot been shiown i the brain (Quaile et al., 1994).

Previons work has demonserated chae M 42 genes
pratect the OGNS in response o pathalogy, including the
cryoirjury used in this repom, M7 +2-null mice display
impaired brain parenchyma recovery following injury,
with a prolenged inflaimmatary response and a agmbicant
increase of oxidative stress and apoptosis, whereas trans-
gemie Ml overcxpression and cxogenow admamstration
of MT=11 lead o qunte apposite responses, with lesy dami=
age and improved outeome [Penkowa et al., 199%, 2010,
20000 Girale e al, 202b) A newropracective role of
MT-I + II has abso been shown i other maedels of CING
injury, such as experimenal ancoimmune encephalomy-
chitis {Penkowa amd Hidalgo, 20060, 208 Penkowa et al,
20002}, kanie acdanduced serures (Carrasco et al,
2L, wawmane impuery [Chong e al, 2003, Nale coal,
20047, eransgenic mice with 4 familial anveorraphic laseral
sclerosis=linked mutation of the S0OD1 gene (MNagano
et al., 2000, Puwaparthi er al,, 2002}, ischemia and reper-
fusicom fvan Loakeren (,fzm]’!:l_mﬂ et al., 199%: Trendelen-
l'mrf,: et al,, 2812}, and transgenic [L-f-induced nenropa-
tholegy (Girade ev al., 20023 Maolinero et al., 2003, Pen-
kowa et al, 20032}, The sigmhcance of MT-III 5 los
clear, bur M-I regulation, expression, and funcrions
clearly differ from those of MT-1 + 11 {for review see
Hidalgo et al., 2000; Chung and West, 2004; Hoeunm
e al., 264}

Duspite the sound evidence of MT-T + 1T 25 patent
neuroprotective agenes, the mechanisms through which
these proveins mediate these effects are Ty under-
seowl, Mlicroamay trrhnn|ngy i a state=of=the=art meth=
odalagy expected o have a great impact i nenrolnal-
oRy ﬂlnl‘:i croal, 20t Mirnics and Pevener, i'l.'ﬁfld:]_ Cine
of the man ames of the present stwdy 15 W gain msight
into the role of M'I-I + II by comparing wild-type mice
with MiT+2 KO mice in a tranmatic brain injury maodel,
cryclesion, which we have previowsly studied in consid-
erable detal using convenoanal approaches and chac s
generally considered a good animal madel (Chan e al,
19%1; Cook er al, 1998; Knerich er al, 1999, Mura-
kami ec al., 1999}, The dara presented improve and
Enlzr;;l_ﬁ our tmdr:nt:nding of MT=1 1 11 in system nal=
ogy as well as providing essential information en the
brain TERpISE L0 il‘I;jLLf'r'.

MATERIALS AND METHOTIS

Experimental Design for Array Analysis

Bresding paies of Mi1+2 KO mice (Vasers e al, 1994)
as well as of wibd-type muwoe (129/5]) were obtmmed fom The
Jackson Laboratory, and colonies were raised in Barcelona, Both
straing are maintained in the installations of Harlan Thérea, 5.1,
Muce bave been confimmed w be RO by Sowthem Bowsg
(Masters et al.. 19%a), m s hybodizason {Carrasco et al.,
‘I‘.il".ll":h]. aned udinirnrnlmnm:'!.' [f:.m:ll er al, 1593),

Woald-rype andd A+F KO muee were subyected w3
coyolesion of the somaosensonal comex as previously de-
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scribed (Peakeowa and MNoos, 1995 Peakowa et al., 1999k)
and were killed ar four tme points adfter cryolesion {1, 4. &,
and 16 days), Bowily, the mece were lesioped whale under in-
bromethanol anedbesia, and ihe skoll over the nght irontepa-
rictal comex was exprsed and a focal covainjury produced an
the surface of the beain by applying dry dce for 60 gec. The
animals were returmed to the animal reom and were killed by
decapiation an the different umes stated. The ipslateral corex
was immediately disected. frozen in liquid ndtrogen. and
stowed afterward st =807C, Unlesioned control and Adif+32
KO muiee were alio Killed. For ths soady, we wsed a0 = 3 {or
mast groups, except for ualemonsd WT and 8 dpl Mefe2
mice, tow which n = 2. In wotal, therefore. we used 28 mice
and thus 28 armays,

Experimental Dezsign for Immunoehisiochemisiry
Amnalysis

For validation and further intight on resulis ohained in
the macroarrays, we pedformed mnmunchistochemasiry analyses
{seer belowe for fember detads) moseparste snmak et wers
saceificed ar dafferent me pomnts after the cryolesion. In adda
don w Mil+2 KO mice and their corresponding wild oype
strain, we abo studied transgenic Aft/-overexpresing mice
Homesyvgows TgMT* roce wed a0ty sody were amdly
provided by D, Glen K. Andrews (Department of Biochemis
try and Moalecular Biology, University of Kansas Medical
Cemten). These myce carry 56 Copes of o moneenally soaed
Mil gene, and deear background s B&/SIL F1 {Palmuger oo al,,
1993, outhred to CTh=1 females -I:DJ'Il:nn et al,, 1'?%}, For
expenments, and o we the proger contoals, male TeMTI*
miee were eresed wath CD-1 dernales, amd dhe FL ofispring
were cromed with each other to obwan the F2 offsprng, From
thete, we idemtified by Southern blor (Masters er al., 19942)
ithe 25% of homoeygows ransgenic mice and the 25% of non-
iramsgerie ruce, winch were used a3 the control ansmals
the TghdTI#* related experiments.

Same of the wald-pepe and M +2 KO mice were dividad
o two groups ceceving cither saline {placebo) reatment or
exogenous NU-11 protein (Sigma code M9542) admimasered
i {mice each day, starting on the day of the creolesion, at a
dosage of 5 pp MTAG g bedy weipht) a5 deseriled lag.. Criralt
et al. (2002b), All expenments were carned out 1n a2 humane
manaer and were approved by the proper ethical committess.

DMNA Microarray Analyveis

Tawal RMNA was bsolared from each hemisphere corvex
sample with Trizol seagent (Iavitrogen, San Diego, CA) and
further purified with RMNeasyl kc {((agen. Valencia, CA)
Fiue m|rrnn-r1:m e plln e IOBA v geed e l.'!,l'|'|'|'|ﬂ|dl‘d'
doubile-stmnded cOMNA with the Supemsengt Choace Sysem
{lwvmzogen) with an oligo-dT princ: contasumg a 17 RNA
polymerase promoter {GenSed), The cDIMA wear used a3 a tem
plate fiar an in wirrs manscriprion rescrinn o synrhesize hintin-
labscled amusense CRNA (BioArmay High Yick] BNA Transeopt
Labeling Kit: Enzo Dnagnosucs). After fagmentacon ar $4°C
for 15 min in fmgmenianan boffer (40 mbd Tes, 300 mdd
MgOac, 100 mM KOAL) the bbeled cIUMNA was npbridized dor
16 hr o Affymetos BMG-UT4A62 arcays (Allvenerns lac.. Santa

Clazga, CA), which contain ~12400 mouse probe sets core
sponding half to expressed sequences tags (ESTs) and half o
characterized genes, The arrays were washed and stained with
phveoerving sirepiavachn (SAFE) wang the Adfvemetng Fluadics
Swaeon 00, The amays were scanned in the Affymetnx
GaneArmay 2500 wanner, a2 described in the Affpmerroe Genee
E!hp |.al:'ull:.1|.u].. O B OCrils fuosescem Inagcy.

The image files were imponed into the software package
DNA-Chip Analyzer (dChipl develoged by C. T3 and WH.
Weang (2001 ], wehich is frewcare available st woroe dehipoorg, All
the asray [des wese nosmalived w the asray wath the median
overall baghtnes wang the multaray mvanant st nommaliza
ton method. which 15 based on probe values belonging to non
differennally ¢xpressed genes botween e armay beang normal-
wecl and the baschne armay {the anvamant set). Expremion values
for cach prabe set were calculabed according o the perfect
roateh/ migmatch diference model.

Gene Filtering by Two-%Way ANOVA and Functional
Analysis of Gene Expression

Several analysis methods for flteang the genes bong
up- o dewn-regulated under the differant condinone can be
tollowed, bue for this trpe of study we have wed a comnserva-
uve but robust stmtegy, mamedy, 3 standard statsuesl sy,
pova-way ANOVA with sran and avoledon a main factars,
In a previous study, we did this by trandfesming generated hets
off gries with other Lype of analysis o standard stansucal sodi-
ware 1 oa quate wme-comsurmng manner {(Poulsen et al,
,El_'ll'lﬁj, lrant for this !.I'I:h‘l'!,l we have had the :.d.tr.mhgr I'll‘_ll'li!\p'
the built-in ANMOVA analysis of dChipl.d.

Adter the penes changing agraficamly were sdentdied by
the owo-way AMNOVA {generaung three differenc bsts of genes:
these affectad only by the lesion, anly by the arain, or by both
facton), a high-level amlyas was carmied out by meams of the
heerarchaeal dustenmg uulity of $Chap, which dentifies patterns
of gene expression. Functonal dlasihcation in gene-ontology
earagaries of the genes belanging to aach of the clumers identi-
fed was done wih e program BEASE 2.0 (Hosck oo al,
2002, Al GO canegornies with three or more genes amd a Fisher
exact probability of less chan 005 were selected.

Irmimanehistochemical Evaluation and Yalidation

Mice were deeply anesthetized with 10 mg/ 100 g hady
weight of Broetal (Methohextal 10 mgg/mml; Eli Llly) and were
transcardaally perfused with 0.9% salme with 0.3% heparin
(15,000 M) for 3=5 min, dollewed by perfusion with
Zambom's fxatve, pH 7.4, for 8=10 min. Allerward, all the
brains were fxed by immersion in Zambom's fixacve, pll
7.4, far 4 hr o roam TETPArAIITE, Heaine were H}hgdm.ﬂ.
according o standasd procedures, embedded 0 paradfing and
cut pmo seral coronal S-pm-theck scowoms. Sectons wese
rehydrated, and, for heat-induced antigen retmeval, sections
were baoiled in cirmre baffer, pH 91 ar pH 4.0, in 3 micro-
wave oven for 10 mun. Adier cooling 1o room emperire,
the secuons were mcubared in 1.5% ElaO in Tris- butfered 5a
line (THS) Manidet (THES 008 M Teiz, pil 74, 018 M
MaCl wath (0% Momdet P-3iy Sigrna-Aldnich, 56 Leaws,
MO code N-6507) for 15 mun al moom cmpesatune (o
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quench endogenous perodadise. Afterward, sections wese In
cubated with 10% goat serum {In Viro, Denmark: code
Q4000 1B)Y or donkey serum (The Bamding Site, Cambodge,
Umeted  Kmgdems, code BE 005.1) i TBS/MNomdet o
30 man at room temperature to block nonspecific binding,
Sections prepared  for  imcubaon with  monoclonal
minnse-denved annhodies were i additon incubared wath
Blocking Solusons A + B from HsoMouse S Biv {£ymed,
Youth San Francico, OA; code 95-4954) o quench endoge
memps moase lpls, Sections were incobated overnight ab 47
with cne of the following primary anubodies: sabbin asti-ran
squapona 2 1100 (Chenucon. Temecula, CA: catalog Ne.
ABIGG), mouse ano-RAGE 1:60 (Chemicon catalog Mo,
MABS328), sheep anb-human catalase 130 {The Binding Sie
catalog Mo, PO 138), amd obba apo-ineeded-9 1100
{ AL, Chamlericde, Tnited FKingeean; (b catalog M. ald 0.
The privory antibodies were detectec by wing biotylaed goo
anti-meonse IglG 1860 (Sigma-Aldnch code BET7), heoomlated
monse - rabbic Ipls 12400 Sigma- Aldrich sode B3275). a2 bi
atimylated doakey anti-sheep/goat Igls 120 (Amensham, Amer
sham, Uinted Kinpdom; cnde RPN 1025) far 30 min ar meom
wempemature, followed by serepavadin-lnoun-perosadse comples
{SreptAbComplex/TIRP; Dako, Glostup, Denmarks code
K377 prepared st manufscrurer's recomimended  dilutions for
¥ pun at room wmperabue, Allcraad, sectrons were moubated
with beotmydated tymmde and streptavibinsperosadise. complex
{MEM, Life Science Predoces, TBostea, MA; code MELTO0A) pre-
pared following manuwnirer's secommendations. Finally, e
inrmnoseactaos was viswalized usaeyg CLOT5% Ha% i 3 v~
nobenzdine termavpdrochloride (DAE) TES for 10 min ar raom
temperature. In case of rabhit antd-frizded %, the primary antibod
iew wene deteoed using duorescein-linked  goat amti-mbbic IgG
1:50 (Jackson bnmunorcearch, Wet Grove, PA; 111-085-144).
To evaluate the extent of nomspecific binding of the
antisera in the immunohistnchemical experiments, the primary
antibody stop was onuiied, Rouls were consdered only o

these contrals were nogative.

RESULTS AND DISCUSSION

Gene Selecuon and Funciional Analysis

In an experiment like this, in which two different
monse srraing are being compared and in which differenc
Hmes I:n“nwing a cryolesion are analyred, it i obviom
that a statistical analvsis of the data such as Pwo-way
AMNOVA Hnperatve. dfihipl.ﬂ allows such F.HJﬂjbili.lr
and i addioon vses it as a mathod for Altenng genes in
the arrays, a superb utility in this software, preferable to
filtermg gimes by -fold change or by mmli.r M Ans.
I e qiu Jews cavtien 18 warrantsd, i thae the nomber of
mice per gronp i not as high as one would use nnder
normal crcunstances. However, we used 28 arrays 1
total, once of the largest numbers ever used i samular
arrays studhes,

By analyzing all ammals simultaneously, ANCYVA
can wently many genes changing oven relatvely moder-
ately o they doosoom sever] Gmings that otherwiss
wanld nor be detected, Thus, a large number of genes
were readily identfied to change significantdy {Table I).

lewmal of Mearoucience Besesrch D00 1000002781
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TABLE I. Significant Changed of in Gene Frpraion According
to Twa-Way AMNOVA

Sigmidicanee Crvalesion Lrmain Eazh
g 08 L2 ATy ]
1 G 459 73 150
P 0000 1 5al 5 22

Obviously, the higher the sigmlicance level, the more
robasst and rehable 1 the gene selection, To be conserva-
tive but not excesively rcstm::wt, we focused our dis-
cussion on thase penes changing with 2 significance of
Fo=0 000 459 genes were sgmboantly allecied by che
cryolesion nnl}', 73 by the stmain only, and 150 by bach.
The pattern of expression of these genes was analyzed by
using the lugh-level analyss “Hierarchical clustenng™
utthy of dChp fee Figs. 1-3, repecuvelyl Tnothe clus-
rering picture, £ach row répresents a gene, and sach cal-
umn represents the mean valoe of the mice used for
cach group. In Fig:ﬂ‘! 1, the names of the genes are no
own, becawse there are too many to be re
theredore, this figure is split into several to show the
names (Figs. 4=7). The color scale on the bonom repre-
sents the relatve expression level, the med, whike, and
blue colom corresponding o expression level above
mean, at mean, and lower than mean expresion of a
pene across all samples, respectively (see wwwdchup.org
for further detuld. This Ingh=level analyss deveos clos-
rers of genes thar behave similarly, ie, thase genes thar
are down-regulated or up-regolated by the cryolesion ar
specitic umings, ete, and by looking ar Figures 1-3 ir iz
obwvions that a number af clusters are n'..'-ldihr identitied
and that hoth ervalesion and MT-1 4 [T deficiency shaw
clear=cut effecs. Thus, F:igLu:'i.r 1 L'lr_'.lﬂ}' shows that there
are genes that are up-regulated at 1dpl, oihem an 4dpl.
etc. Figure 2 shows genes thac are different in che
Ai1+2 KO mice compared with WT mice, with one
cluster showing those penes whose expresion s de-
creased and a second  chister showang the apposice,
throvghout all time periods, Figure 3 shows penes
affected by both the cryolesion and the strain, which
typically means those genes whose response to eryolesion
is different in the twa strains, for instance, ane premie that
is down- :cguhted in W mice whereas it s ap-regu-
bied i Med+2 BEO mice. It s ]i.l’.-a:l'y that some goncs
stated w be allected by the “eryelosion only™ are in fac
affected by MT-I + II deficiency too, and vice versa,
bt that they are not identificd as such becanse gene ex-
presion I’"'-”l;l,'. affeeted 1 oa n'rlgjl.-. LEPESERLL £5F TIOE PO
inently or becanse the number of mice 5 not high. De-
spite these shortcomings, the use of owo-way ANOVA
v sill the most appropoate method for an LRpenment
such as this, and we "II'IIH'. that the averall rl_llst.lf‘!ll' af the
sets of genes identified is reasonable.
In Supplementary Table I, we provide the Aflvimc-
s absie set mombaers and the rn"m]-::mh'ng full names
of the genes for each figure, armanged alphabeccally.
Considering the number of genes significantly affected in
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this experimental paradigm, it becomes obwious that they
cannot be discumed one b-p fme m detail Thus, we -uur

ned out a funcdonal analyss :IJE ontol
discribed previously (Hosack et :l] 1 to idend I'.'I:lr
categories ovemeprésentad mﬁmﬁ the genes belonging
to cach of the ANOVA sew of genes shown in Fgures
1=3 (Supplementary Tables [1=1V). Por chis swudy, we
will rather be &cusin nm these genu affeceed by BAT-I
<+ Il deficiency, an oaly boefly on those
€5 up- or :'Iuwn-q?ubr.:d h}r the cryolenon ek
PutP.l:uhal source of concemn i the ﬂ'j"m variabili-
ty in the knockout saumples compared W::h the control
samples, this was meanured by the sandard deviation and
mt.ﬂ'lc!.m of wriaton for all walies acros each sample,
n:ﬁ!:uw The walues are shown in Supplementuy
V: tl:l:rc::nungm:ﬁcm difference in the varia-

ton of the microamrays for the teo stadns,

Genes Significant for Struin Only

Pigure 2 shews the hieswchical clustering analyss
of those genes identfied by the two-way AMNOVA
being sarishcally diffevent bevween WT and Mi7+2 KO
muce but that were oot affected by the lemon (“stain
only'™). As mendoned abowve, it is likely that some of
theye genés are indeed affected by the lesion, but the
effect i too ymall (or ocows fust in a siogle Hming) o
provide satdstical significance in the ANOVA. Rather,
what ir being detected here are genes whose expression
# normally sgnificanty different between strains, and,
becawse thire are many anmmals btmg :.naJ}':::l thus
method iy mperor o wing just the unleroned amimals.
A brief imgpection of the hisrarchical chusterng already
shows that theze we two groups of genecs, one whose
expresion 18 lower in Aftf+2 KO mice than in WT
mmice and other with the spposite pattern (Pig 2

Genes lower i TRO, Obvie 1

oup we found the Mt gene, which was absent in

142 KO mice; somewhat isingly, M2 was not
here but was gc]m:i up by the EI-JCWA as one of the
genes being afiected by the lesion at | dpl (sze Pig 4)
but not by the stain This :ppan!m dm:npn.m:y high-
lights how important i the design of the oligoprobes (as
well a3 the perdfect match method). The mutaoons dm
for M2 and Mt? result in peptides of 15 and 9 amiso
acids for MT-Il and MT-I crively (hamers er al,
19840);, whereay the amay dmimzxmmu trug [makive)
Aid rtated Mi7 (it dees net i the perfect march
method is not wed), it could now do so with A2

Fig. 1, Moerochical chusteing of the 452 genes nduding redundan:
probe sen wnd genes of unknown fmcdor) dentiied o be sgnif
candly (P « (001} afsceed by the ayoleion ealy. Bach row repre
srzs 8 gene and ewh coliznn tepresersa the mesn value of the peo
fusbegoned) or theee (legoned) méce for rach asin and Gming, The
chaering ws split Inte several pao (3 fow genes aze shown only I
Supplementary Table [) in order to duowr the name of the gems (e
Fag. 4=7). Figars can be viewnd in color onlins i s intasince
wrl ey coam

Jousmal af Meamisienes Forsasrh DO 10 KO ne
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Fig. 6 Hienrchical clustering of » asbaet of geries whese expremion changes basically wr 4 dpd (e
abio Fig. 1). Figure n be viewed o color online via worw intensdencs wiley.com.

becase too much of the mRINA is mill present in the
mutated M2 A closer i.mF::hiun of the zesults clearly
shewes that Mid expresdon 15 in Gt inereawed at | dpl in
WT mice, very much in Hne with many previous studies
(for review see l-udﬂnn e al, ‘zﬂﬂl} but, because no

change i3 nen at other an ‘effect is not
ﬁN%‘M highlighting

by the two-way
Jenrml of Meuresisirnee Roasareh DO 1001000508

the limitstians inherent to this methad when few ani-
mals pir group aré being ured. The mest logical resalt
be M1 being detected as belonging to the strain

+ eryolesion set of genes, which indeed was the case for
other MH probe st Fag. 3, Supplementary Table ),
Cine major rm.\i?:f this study, readily detected also

by the GO analyas, © the fin

MONONTINE X
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duse A (ManA: Riken 1110061B18) was decreased in
the Mi14+2 KO mce. MaocA i3 a well-known enzyme
that degradis serotonin and norépinephrne and there-
fort has & major im ce in a wide range of CNS
funcuoms, incuding behavior (Cases et al, 1995), Pu-
thermore, the S-hydroxyuyplamine (serotonin) receplos
4 was also significandy affected by MT-1 + 11 deficienc
gg. 3. Thus, it is interestin £ & recent study wi
same mowse model has identified a learning deficit
in the eight-arm radial maze (Lewin et al. 2006) In a
different genetic background, MT-1 + Il deficiency alwo
has been shown to produce behavioral changes (Yoshida
et al | 2008) Whﬂhﬁﬂmd&ﬁmfﬂcymhﬁnﬁmﬂ!ﬂiﬂ
dhese neurchiological effécis remains to be oablshed
Indeed, -uﬂ:mﬁ%unu known o affect CINS functons
weze alio ’%O ty affected in e Med+2 KO mice,
amalysis [Supplmhrs' Table 1) aléo
m&d expresmion changes in several extracellulir ma-
tix genes, including decreased expresion of fibulin 1
and newin 1, Fibulin 1 s an extracelluby mawix caleium
binding glycoprotein controlled by Spl and 5p3, ex-
presed in newrons enly, and appears to be imponane in
the control in 3 sumber of ce w&m{l{mmnﬂﬂ
2001). MNetnn-1 is
alser in the t&uir. h;r mu]df: types nfnmm and hy
myehinating aBc Imporance in axon
p.u:hn::,, [ m:gnnnn, cell ru:rwn],, and hkely axon
r:geuml:un following injury (Manit and Kennedy,
. Several of these fatures are consistent with the
pht of the Mif+2 KO mice during injury.
M‘:E oot detected a5 overepresented catego-
ries by the analysis, other genes were found w be
a&ﬂtd by MT-l + Il deficiency by dChip that could
be expected wo be important in the CNS, Some are tran-
scription  factors, a5 nescient helix-leop-heliz 1
{Henl Micl, Tal2; Cogliad e al, 2003); maternal inhi-
bition of differentiation (Maid, SEEC-S]I a cyclin D-type
binding-pratein 1 that conning a conserved HLH madf
without a base DINA binding domain and that has been
roggested to funcden ar 3 negatve regulater of BHLH
(Tera et al, 2000) interferon-actvated gene 204 (IF116),
a member of the hematopoietic interferon-inducible m-
clear antgens with 200 amins acid cepeats (HIN-200)
family of umodption factors known to suppress cell
wrowth and that has secently beéen shown to be mhtd
in pSI-mediated transmission of DNA damage i
apepresis (Aghipay et al, 2003): chemekine (C- mﬂ
ligand 27 }Cclz'-']l which by altexnate splicing can produce
a secretable form that interaces with it cognate recepor,
CC chimeoking receptor 10 (CCRID), and a3 nonsecrered
form that is targeted o the nucleus, PESKY, which is able
te modulate transcdpdon  and alter cell murph:-]lg
(Mibbs and Graham, 2003); and ankynn
domaun conaming | (MASK; Fak 4933432B13), which

Fg 7. Higarchicd dux ﬂ'lw‘w;:nd' s wlhoe expresnon
ﬁ.mhﬂ:aﬂyu‘-ﬂ# sbo Fig. 1) En;‘rt:mhtmuﬂm
color online wih wheue interscience uriley. com

Jinamal ol Meursteidnee Bestach DO W 100 0
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helongs to the group of penes established by Kazusa clJNA
sequencing project (KIAA), bur of woknown function
(Kikuaie ¢t al., 2004}, It s notewenthy that MT-1 + [I deh-
cleney alue cansed significane decreases in genes known oo
affect gene tramseription by ather means: polymernase (DNA
directed) kappa ([DNA damage-induable protan b; Dinb 1)
i member of die Y fumly of DNA polymerases invalved
in tolerance to DNA damasge by translesion DINA symthess
(Guo et al, 2003), which &s consistent with the known sus-
cepbality of these muce wo DNA damage; and A kinasc
anchor protein § [AKAPH, ARAPYS), which binds cAMP-
dependent protein kinae o well as DNA in the nuclear
marrix bur ako other proteing such a pid RINA helicas
aned D-type cychns and that has been suggesied wo be a scal-
fold for coordinating the asembly of ranscriptonally acoive
protein complexes (Akilovwaran o al, 2001} Interostingly,
AKAIE ha alse been shown wo be a partner of the num-
chromosomne maeninee [MEM} 2 Prolicun, a corp-encnl
of the prereplication complex, thus suggssing 4 rale an
DNA replication (Eide er al., 2003).

Orhier genes of known funcion affected were: rod
]'li'lntnn-.r:]'ltnr | I:'|1-|'|l|'|nesv;||H-irl::lr a rod=abundant protein
known to interact with the beta gamma subunits of G
proteins (transducing, which is ako present in other s-
sues, ncludhing the brun, where 1 mkubus receplor-
stimulated adenylyl cyclase activiey in cell membranes by
about 5056 (Danner anad Lahse, 1996); ATPase, H trans-
ponting, lysosomal accessory prowin 1, which is mvalved in
the PenCrion ol a Proton g.rm.ln-.m across  mcrrliranc
(Schoonderwoen and Martans, 20007 Na/K-ATPase beta
2 subunit, abko known o adhesion molecole on glia
IAMOG), which i part of an MNaK-ATPase complex

Frfm lrn-'nluﬂ}r by astrocytes an mouse  bran
(Paghusa et al., 19900 serpina-12 (Riken 4632419012),
which belongs o the serine {or cysteine} prowinase inhibi-
tor superanuly (serpins) lunctionmg within a dehcate sys-
tem invalved in many CMS foncdons both during develop-
mwent (eell migration, acon outgeowth, and synapse elimina-
tor} and m the adelt sate (peoropeptide  procesang,
regulanon of newronal survival and structural plasnoiny;
Malinard et al., 20003}, OTL damain, ubiquitin aldehyde
binding 1 I'_Drul:-am 1; sxpresed sequence AIS50305),
which belongs to a new family of specific ubiquitin sopep-
ticlases warh no woquenee hmnhg} e known drtlhﬂl.'lll“‘}-
lating enzymes irev ot al., 2003}, and genes relaved to
the Iy Gunily (Tg V-kappalO-fAn-A kappa chain gene, Ig L-
chain gene vanable region). The other genes shown in Fig-
ure 2 to be decreased in the Afid 42 KO mice have not
been nomally shown to be expressed in the brain and/or
are ol wnknown function (see akao ﬁnm!l-l'ma-nln.rljr Table T}
Aguaporin-2 (AP, for insmnce, has nommally been cone-
sidersd not to be expressed in the brain, yet it wis detected
in the ArTay ulu'.], l-ul‘l]:u.‘n:lu.'ll'l:_ abo b].' srrarrsuneolistocemis-
try (see below; Fig, 8); aguaponns are a fammly of mem-
brane-channel proteins essental for movement of warer
through cell membranes (King et al,, 20043, abo m the
brain, wherne sorme of them (g, AQPA) might have = sig-
nificant rale in the conerol of brain edema following ranma
{Gunnarson et al., 20H04),

Jewmnal of Mearoocience Besexrch [N 1001002 A
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Gienes higher in MTRO. The hierarchical chis-
tering alee derected 3 larpe pronp of penes showing a
higher expression i the Mil+2 KO compared with the
W mice. The difference conld svenmally be more
marked at a specific tme in some genes, but for most
cases Uhs tendency was general for all the umings, so
they were clasified o bong m ths ANOVA category
by dChap.

Femarkably, many of the genes up-regulared in
the Mif+2 KO mace can be haked o pretain synthes
by acting at several levels, and the manslation imitiation
Bictor activity was overrepresented in the GO amlysis
(Supplementary Table ITT), Firr, some of thewe gene are
invalved i general tamscnplionsphicing proceses cxo-
some component 5 {Exosch) s a member of the exo-
same, a complex camsisting almost exclusively of exorn-
bonucleclyue provems that s mvelved m mainamng
correct IWNA levels (Tlagpmakers ev al, 2004y DEAD
I{mp—EIu-MA-Asp}l box palypeptide 51 (Ddx51; Riken
23 1m+:.1::m-1} is one of several ATP-using enzymes con-
taining the characteristic DExD sequence motif that i
I'I'\'I'JIIIIFI.‘I far the assembly, rrrnncirhn&l and disassembly
of the spliceasome, a complex molecular machine re-
spomsible for pre-mRNA splicing (Stley and Guihrie,
1998); sphcing facvor prolne/glutamane-nch {polypyn-
midine tract binding protein asociated; Sfpg; PSE), ako
essential for pre-mBNA splicing: and excision  repair
cross-comnplementing rodent repair deliciency, comple-
TRCILLIGn. group 3 {F.-J'I::I..:';}. which i one of the nine
subuinits of the general transcription factar ITH [TFITH)
family and thus is essential for controlling RNA Palll
and gene transcriprion (Fukuda er al,, 2002). Lreed ako
h-r]ﬂng; ta the meleatide exeidion n-.p:'i'r p:l!hw.'l},r_ which
remaves mjurp-ndonced DDNA adducts and appears to be
invalved |.153-:iudu|.'|:,|l APopLosls fW::IL[.; et al, ']":i‘gﬁ:l.
which B compatible with the known phenotype of the
Afed 42 KO mice. Second, some of cthese genes were in
fact tramscription factars, such as four and a hall LIM
domans 1 (FHL1; Lee et al, 1998 and annadillo
repeat-contamng 1 (Armcl;  Riken  2310HMGN05),
which may alse mediate protein pratein interactions in
diverse cellular processes, including cell junction assem-
bly and nuclear mranspore (Andrade et al., 2001}, Third,
other EETIES aTe involved in ribosome 11:|m'|!1n|1 in 'u,-trml
ways: pescadille homeleg 1 (Pesl, mouse homolog of
zcbrafish pescadillo) s cscnuial for nbmome biogenois
andd nucleclogenesis and disuption of is {unction raulls
in cell cycle arrest (Lerch-Gaggl et al, 2002); tu':ll]"ﬂtlc
transhition initiation factor 4AT [Eit4al} is onc ol the
prrostein synthess mbatien Goetom invobead in the band-
ing of mkMNA o the nbosome (Nieken and Trachsel,
1988); and eukarvotc transhtion imtation factor 2, sub=
wigl 2 {IJL":J, Edﬂ‘ti]_ that forms pu.tl of the trimernic com-
plex elF2 (o, B, 4 subumis) and whose phospharylation
has been recognized a5 a mechanism for suppressing
gholal protein synthesis, and, together with some down-
streamn wargets (elFAE binding protem-1, S6K1, «IFAG)
of a s.ig,n:h:ng pathway thar includes the procein kinase
target of rapamycin {TOR), construre the essential inte-
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Fig. % Aguaposin 2 expressen in brains of unledoned mice (AD) and laioned mice ar 10 dpl
(D), Bxh wild oype mice (A.C) and M +2 KO mice (B.D) mice ae dhown, MT | + 1] deit
clency reduced aquapadin 2, which b seen mainly in sxrocytes Scals bas — 80 wn. Figure can
e viewed in color onfine via wars infencienc e wiley.com,

grating mechanisms cocrdinading mudent svalsbiliey with
cell growth and prolifimation (Jefizson and Kimball, 2003).
Laverestingly, Bﬂgﬁiﬂal and Bifs2 were alwo significant in
the GO analyds Fourth, genes affecting mitochondrdal
functions are ale allered: the trandational imitiation factor 2
(Meif2: Riken 24101 13006), alse showen as significant by
the GO analyss, s nuclear-encoded but functions in the
mitochandra to initiate the mandaton of int encoded
by the mitochondmal genome, which, leaving smde the
gents encoding e (RMA and transder BMNA, eacodes S
13 protein subunits of the omdation phosphoryladon sys.
tem (Overmman et al, 2003); and the tanslocase of outer
mitschandral membrane 20 homalog [veat, Tom20,
Puken 1810080K07) belonging to the TOM compli: and
funetoming to réoognice J-:ﬁl-:ﬁj' mitochondal préprotein
with M-terminal presequence (whereas Tom 70 recognizes
préprotsins with iotemal tupeting signals, such as inper

& carvier proweing, Yano et al, 2004), Other genes
affecting mitochondria were diffevendally expresed in the

Ky mize s2e belowe & the set of gener baing affeceed by
“eryoliaon and strun'’).

Other genes picked up by dChip in this set could
be relaed w the comrol of cell cycle and w cell signal-
ing cypclin-dependent kinase inkibitor 1B (P27, p27kipl,
Cdknlhb, expressed sequence AIBIITE4), which 1 a cen-
wal regalator of the cell cycle (Fero exal, 1996); hepato-
cyee growth fictor acovator 5 3 wmine inage that
acovates the precumor form of hepatocyte growth factor
(HGE, Yamada et al,, 19%); and epiregulin is a membes
of the epidermal groweh factor (BGF) superfamily (Shira-
aiwa et al., 2004), v-ral simian ukemia viral encogene
homolosg A (rae relaeed; RalA, Ral, Ragd 1) kelongs o
the small G proten supedamily of GTPases, which are
involved in intracelube taficking, secrétion, and weyic-
ular transport (Folrin et al., 2002); Gem-intrmactng pro-
tein (Riken SO31415010) s o Rho GTPue-activating
protein (GAF) that dnteraces with Gem (Aresta et al,
2002); and tho/rac guanine nucleotide exchange facwor

Jomal af Meurmisienes Roesrierh DO W 1O me
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(GEF) 2 (hwmphod blase ensis-like 1) actvates some
Foho-family GTFases (Fomman e al,, 2005), Many Rha
GEFs and Rbo GAI's are wsed i the CNS o acuvaie
specific Hho (FTPase family members, regolating neura-
nal shape, grrrwrh, aned plasocry (Kabiner et al., 2Hi5),
Also, myosin Vb and Rablla small GTP-binding pro-
teins} are i tis ser and are proteis that funcuon in
plasna membrane recyveling svstenw and have been shawn
to be critical regulators of the M, muscarinic acetylcho-
hne [(ACh) G-protam-coupled recopler rotum we the
plasma membrane in the brain (Valpicelh et al,, 2002)
Other important genes were Dinal (Hap40) homo-
log, subfamily C, member 9 (Dinaje9; expressed sequence
ALTO200ETY, which belongs to an ancient superlanuly of
proceins, the so-called heat-shock  proteins,  which
invalved in the contral of protein fokling, oligomenic as-
sembly, tramsport 0 a particular subcellular compart-
mem, or contrelled swirching berween acuve/inacuve
canfarmations (Ohtiuka and Sezuki, 20000; cell dividan
cycle 26 (cdc26, Biken 2MO012C0%), that forms part of
the anaphase-promoung complex (AIMC), a cell evele-
Tt'i,l-llﬂl'd LL'I'm"lllh'n-FrnrnTl ||El|:u-' that argets cyvelin B,
securin, and other destruction box-containing proteim
fur ]JJ:uI'.lr.'u]:.'nia. (Gul.a.w.‘lll et al., 200 Ii.pl.l-L':J.Ii.tl.-iullr.'::J.l.L-
g membrane receptor (Paken 11100 3ELS, DNA scg-
ment, Chr 15, BRATO Doi 735, expresed), which
likely mediates the internalization of lipocaling, ubigui-
tows extracellular camers of hpophilic compounds -
valved i oa varery of physiological proceses including
inflamimarion, medulition of growrh and metabalism,
apoprosis, and even behavior processes (Wojnar ec al,,
2003 porasium channel, wmbfamily K, member 3
(Kenkd: TASK), which ]'if.lnngq. tn the Pwo=pore do=
mam-tpe K™ channek that are balieved to he ssennal
in selling the resting b !.'lulr_"u[:i'.ll f.f_u..l.gl_" amd
Lasdunski, 2000} syntrophin, acidic 1 {alse signilicant i
the (30 analysis), which mediates the association of the
inwardly rectifying potassium chanmel Kied 1 to the dys-
trophin-glycoprotein complex i ghal cells, which =
essential for conerolling an apomal potassum concenima-
tien in the exteacellular environment (Connors er al,
2004); gap junction membrane channel protein alpha 7
{connexin 45}, important in some electrical synapse
between murine newrons l:-"hn|'|| et al., HHIS); sailiute car=
rier FBamily 22 [organic cation I:.m:.po:tu:-r,‘l, member 4
(51c2224; OCTHN1}, which s an cfficienr  polyiopic
transienbrane sodivm-dependent carmatine and sodivm-
independent organic cation transporter {Peltekova et al.,
20041, MN-acetvlglucosamine kinase, which enters N-ace-
l':,llg]lln;!l:!\.'lr!llrtl‘. {mesrrrsally |5r41-e:|||e'.,-.e] by the :':11:|ug_::|mm
degradacion of glycoconjugates and by che degradanion of
dierary glycoconugares by glycosidases) into the pathways
ol amunosugar mctabolism (Hindedich ot al., 2000, glyq.‘-:::—
nncphmphnrl-. t'.l-.:r}'lrmmﬁ-.rqu. which funetions in ]1pu‘]
biosynthesis;  huntinghn-interacting  protein 1 related
{Hiplr; expresed sequence AAA1THI23), winch parucipatos
i the dathan trllicking network (Hyun et al, 2000 car-
boxypeptidase M, polypepnde 1 (CPNT), f'nrmmg; part of a
tetramer comprising two heterodimers, each consisting of a

lewmal of Mearsucience Besinch [0 100020
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CPMNT and a CPMN2 subumt, with & number of impartant
substrares (kinines such as bradykinin and kallidin, comple-
mient anaphylatoxins—C3a, Cda, and Cha—or creatine ki-
nase}, thus affecting the coneral af wasenlar permieabilioy
(Matthews et al,, 200} and SynCAM {immunaglobulin
superfamaly, member 4A), a synapue adhesion moelecule
that deives AVILLpss mc::l.l].v]y ['anll:l‘c; ctal., 2['”.12}. Interest-
ingly, cadhenn 15 (M-cadhenin), i fict, was alio increased
in the Mi? 42 KO mice.

Finally, 1t 15 nowworthy that some genes noshis s
affected m the M2 KO mce readily denote the well-
knewn phenobype of these animals; increased axidative stress
aned inflammation. Thuos, catalase 1, which has a major rale
e defending cell and usues agamst ceadative stress i the
injured brain (Hao ec al., 2004}, was increased, as was the re-
ceplor of advanced glycation endpraducts (RAGE, renal tu-
eror anbigen; MOE; MAPE/MMARKMIE overapping ki-
reesey, 2 protein thar belongs wodhe immunoglobulin super-
family and is 2 membrane-baund recepror of several ligands,
including amphotenn, 5100, and sugar-denved ooddadon
prosducts known as advanced ghyeation endproducs [AGE]
Hpn activanon, BHAGE activates 1111rrn!'_!|]|: and I'xrnch:lrr;:
number of cytokineg, aich as [L-1, IL=6, TN, and M-CSF,
and cleas SYITIPLITIS of inflanmation and oxidative ares,
hkdy at least in part theough the actvation of the danscap-
fion factor NE-kB (Smchbury and Monch, 2005). This i
totally comistent with the phenotype of Mi?+2 KO mice.
Interstingly, the resulis for catalase and RAGE wene con-
firmed by immunolisiodwemisey (e Figs, 9 amd 10,
respectively),

Genes Significant for Strain and Cryoalesion

Figure 3 shows genes significantly affected by both
the sirain and the tf}lu]m.iml I'.p = 00 see Sup]:l]ﬂu:u_":u-
tary Tabkle | for full descnponen and Supplemencary Table
IV for GOy analysis). As stated above, the ANOVA s
wenuiving those genes that respond o the bram injury
but dor which MT-I # II deiciency = makimg o differ-
ence. The hierarchical clustenng s complex, msofar as
such an effece may cccur ar 2 spacific riming, and, maors-
over, MT-1 + II deficiency increases the response in
some cases bur decreases it in others. There are many
EENES in this set, so we will disciss only some of them,
The reader is referred to Figure 3 to appreciate the
when and how of effeor of bath the leston and MT-I +
Il deficiency.

In the set of genes being affected by “strain only,”™
we noticed a number of genss affecting mitochondrial
functaens [we FIH. 2} the translatsenal otation feer X
and the tranclocase of outer mitechondral membrane 30
homolog. Interestingly. in the present set many orher
genes related to matochomdeia were abo imvolved, which
wers 'K.'|g‘|'l1'|"li.'.1!'ll‘ m the GOY analyss, This s nntru.nrrl'n,r
in that a number of studies suggest that MT-1 + 11 could
have a sigmbcant role o mmochondnal funcoons (Ye
etoal, 200 El-Assal et oal,, 2004; Feng et oal, 2005),
WIu-:II might be occurring in part throuwgh some 0E these
gemes. Moreover, there 15 a tendency o obesity in
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mm A.C) wnd Mri+2 KO (B0 mice ae shown, and the
5 d fewer cxtslase posicve celb pelutve to wild oype conrols, Saale
ute can be viewed in colos acline s warwintencknce wiley.com

lesioned M+2 KO
bacs — Fig

Mit4+2 KO muce (Beatte et al,, 1998). Thus, the present
remulis open a new dimension in this regard. In this set
of penes, among others, some are involeed in transport
candocase of the inner motochondrial membrane 14
Paken 1810055005, Doaj (Hapd® homeleg, subfamily
C, member 19, Ohtpuka and Sueaki, 2000), wansdocase
of inner mitochonddal membrane 8§ homalog a
El'lmmia, T:me‘tumg et al, 3‘3'2'1}, steroidogenic acute
-:-:ﬂ‘y prowein (St thit mediates the intamito-
ondrial ranspert of cholesteral (Kim et al, 2004), and
solute carvier family 35 member 1 (8le?52l, Riken
I300019P0S: alte called sierate manspert predein, or
CTE). able for the movement of cuate acTos
mtech ial inper membrane (Kaplam et al, 1993);
energy procuction: cytochrome ¢ oxidase subunit Vila
¢ 2-hke (Cox7a2l), a mate- Enzyme in
neddadve phospheorylatdon (Sakata et al | ‘E.GI%-} succinate
dehydoogrnase complex, subumst &, involved in the ow-
dation of mecinate (Pawh et al, 2005), and isocitrate

dehydrogenase 3 (NADY) betn (1dh3b), which catalyzes
the oxidadve dec labnn of 1socimate to 2- i]"Itl-
mate (Mooths et o, 2003), and DMNA sepain wadl-DNA
gvcosylase (Ung), which is involved in base excision
sepair of abemrant wracd] rédduts in nucléar and mito-
chendral DMA, and ity deficiency has been shown to
hawe a dramatic effect in the brain fwllewing ischemia
(Endses et al, 2004, see alio Supplementary Tables [ and
IV for a complete list)

Inme.snng'ty MT-1 + I defidency clewly affeces
the conwol Hmn synthesis au several levels, includ-
ing the mR sphnng process, ingofir as, in addition
o those abeady swted above, other genes imporant in
this regaed wiTe identfied in this set of genes
falss by GO amalyss): small muclear mhomucleoprotan
polypeptide A (Ul snR.NF) and U2 =mall nuclear nbo-
mcleoprotein B (Snrpb2), both involved in the mRNA
splicing process (Meiser et al, 2001} DEAD box poly-
pepdde 25 (Ddx2S), imporant in the contol of splices-

Jonamal ol Meurstcince Feteach DO 1 100
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"E 10, RAGE FAIprenIan W wird et d
i in ledioned braing ar L0 dpl of wild type controds () and Ml
deficdiency reubed n inoeated RAGE expremfon, s seen mainly in macrophages and activated
1ot -.:'5“1 Sreale bam — 182 pm I:1G|.-l- ean In \
wiley.com.

somes [Staley and Guthrie, 1998); and splicing factor, ar-
gimine/serine-rich 3 [SRp2(), which promotes the
macleacytoplasmic export of intronless mRINA (Huang
and Steiez, 2001). As could be expected, some genes
involved in the control of gene transeription were pres-
ent in this set of genes: general wranscription factor 1B,
required by RINA polymerase I to form a preinitiation
complex (Elshy and Roberts, 2004); chromatin accessi-
bility complex 1 (Chracl), a histone-fold protein that
interacts with other histone—fold proteins to bind DNA
in a segquence-independent manner, which combine
within larger enzymatic complexes for DINA transcrip-
don, replication, and packaging (Bolognese et al., 2000);
chromobox homolog 2 [Chx2), which might play a role
in defiming access to retinoic add response elements
localized in the regulatory regions of several Hox genes
(Core et al., 1997); proline-rich nuclear receptor coacti-
vator 2, which interaces with muclear receptors using a
proline-rich sequence (with orphan receptors SF1 and
estrogen receptor-related receptor al in a ligand-inde-
pendent manner and with the ligand-binding domaing of
ER, GR, PR, TR, RAR and RXR in a ligand-de-
pendent manner; Zhou and Chen, 2001); E74-like factor
1 (Elfl, myeloid ELF1-like factor), a member of the
ETS family of wanscription factors that is expressed in
hematopoietic cells (Hedwvat et al. | 2004); and interferon-

Journal of Meuroseienee Researeh DO 10,1002 4nr

bt of wald e fhsce (A and MIT42 KO mice (H)

2RO miee D). MT I + 11

e owiewrsd i eder esle v wesew Imessienee

activated gene 205 (Ifi205; Aglipay et al., 2003), among
others. Genes important for the translaon process could
also be observed in this set: enkaryotic tanslation initia-
ton factor 3, subunit §, one of the multisubunit protein
complex that plays a central role in the pathiway of imi-
taton by promoting the binding of both methionyl-
tRINAI and mRNA to the 405 rbosomal subunit
(Bommer et al, 1991); enkaryotic translation termination
factor 1 (Edl; hypothetical protein MGCI18745); eu-
karyode translation inidation factor 4E member 2
(Eifde2; Riken Z700065E0%); and, in line with other
genes identified in Figure 2, the rbosomal protein 56
kinase, polypeptide 1 (Rpsékbl; Riken 2610318115),
which iy downstream of mTOR,, a protein kinase acti-
vated by maitdents and insulin-like growth factors (Jef-
ferson and Kimball, 2003).

As could be expected from what is known of the
phenotype of the Mi1+2 KO mice, several genes
involved in the inflammatory response were selected in
this list of genes: several members of the histocompatibil-
ity system [histocompatibility 2, cass I, locus Mb1 (H2-
DMb1), H2-Q1, and H2-Ob]; CD34 antigen, expressed
in immature cells that could participate in neovasculari-
zation of ischemic brain (Taguchi et al, 2004); heat
shock 70-kD protein 5 (glucose-regulated  protein;
Hspa5), a stress protein found in endoplagmic retculum
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and on the cell surface that 15 essential for a2-macra-
globulin-induced  signal ransduction  in macrophages
{Mhsra et al., 2002 Cd3C antigen (Tmumunoglobulin
superfamily, member 7, dendritic cell-derived immuno-
globulin receptor 1), which plays an imporant mile in
the immune respomse (Cluk oo al, 2000 lymphooye
antigen 64 ¥ M E1 (Ly6d), a Bocell surface molecule cha
transmits a growth=promoting signal and s implicated n
the life/death decision of B cells (Miura et al, 15%0);
and small chemokine (C-C monl) hgand 11 (Cell,
eataxing, which acts by attracting i,-.r.|'|.1'r|n]'||'|||:_, h:“.n]'ll'llls.
and Th2 ymphocytes (Ogilvie eb al,, 2004}, Less ex-
peceed was the finding chat many lipogenic enrymes,
sigialhng facvors, and ubigquitn system factons  were
clearly identified by dChip and the (30 analysis (see
Supplementary Table [V),

Genes Significant for Cryolesion Only

Figure 4 shows genes dramatically up-reguliced ac
uﬂ As expected, many of these genes are related o
||i'.- mictabalism, cell 5|E'r|1|1'r|$, rnrl.srnpll.nn factors, and
inflammatary  and  nevroprotective  factors,  Figure 5§
shows those genes r.'xpl'lzul:,ll mostly o 1-3 d.].'ll. Prosum-
ably, these genes are more ralated o sustaned brain
funcrions following injury than an immediare and man-
sient response; thus, although same signaling fctors are
i these clusters, genes wvolved mocell adhesion/BECM
and cyvoskeleton were alimdane. Figure & shows owa
clusters, one répresenting 4 second wave of incressed
gene expression at 4 dpl and anocher shnwmg gemnes
down-regulared ac | and 8 rl l. Fimll}, ire 7 shows
the EEEs 1:]1-Wg1||:|.h.-.d mrusr} at 4=H d the ].'-lrgrsl!
gronp of genes being affecred by the um:ulmvu. Accard-
ing Lo the functional GO classilication .""Supphjus.'m.ll'r
Takle 1), many of these genes are related co the cellular
response to damage, tssue reconstruction, and immune
response, as cxpected.

As stated above, the number of muce used o this
study constrains the chances of finding staosncal signifi-
cances in some cases. Althouwgh the owvernll response to
the lesion is robuse, and the hierarchical clustenng read-
ily idenrifies specific patterns of responses, we observed
for same aof the pEmes A clear ‘rznv;lrrlr.}' e be affected by
MT-I + 11 debiciency, comsistent with other genes andd
or previouws studies, but which nevertheles are clasified
inte these clusters. For mstance, Ml 12 KO mice nor-
mually show signs of more nearcinflammation, with in-
crcascd proinflammatory cytokine cxprossion, T-cell re-
CTIILTTTIE, gll.usll_-:_ and inerensed oeerdative strese ancd apo-
poosis. A oypical gene marker of asorogliosis s ghal
fibollary acidic protein (GFAP) expression, and, several
days following the lesion, the Mi+2 KO mice show -
creased GFAP IMmMuUnareac vy i.'-HI'I'!pJTi.'-'.‘I with W
mice: this 15 exactly the pattern observed in this study
{Fig. 7). conlhmmng the rehabahty of the prosent results,
CI14 a5 o protatypieal marker of monocyptes/macro-
phages and is up-regulited by injury in the CNS ssoci-
ated with an increase in WNE-xB acovity and proinflam-

matory factors (Aekki ef al,, 2002), and, as expected, its
expression tended o be higher in the Mol+2 KO mice
Fig. 4} Also, the ovictoxic T-lymphocyic-asocited
pracein 2o and the chemakine (- motf} ligaind 2
falkn  known as monocyte  chemoattractant  proteing
MCP-1), which B recopnized (o mediate extravasation
of mononuclear ]tu.’d.l.‘lL}'[L‘h o the brain [SU:I:I.H. anid
Pachter, 2004}, were higher i the A2 KO mice
(Tig. 4). Genes related to increased oxidative stress in-
creased robusdy e the mured anpmals and waded alse
ter ke hlgh:r i MrT 42 KD miace: r:'\'qmp]r.s are heme
ooygenase [decyelingd 1 (HO-1, Owmerbein and Chai,
2000, Fig. o) and peroxiredoxin 5 (Wang er al, 2003,
Fig. 7} Fmally, that these mace are more prone w
engage in apoptosis following injury is also denored by
changes in genes such a5 CCAAT fenhancer binding
protem (C/EBI, a trmnscnption fotoer that potenbates
neuronal apoprosts induced by Nemethyl-D-aspamace
(MNMDA) receprop-mediated caleinm  influx  (Marshall
et al., 2003; Fig. 4), and Gadd450 (growth arrest and
DM A il:l.‘l'l'ﬂEL-llln:llLL ible} that l::gﬂ:hi.r with Gadd45p
aned Gaaddd5y comsimites a l:mll} of r1.r\n'|1:||!1n111r||1l,r con=
sarved, small, acidic, nuclear proteins thar respond o
brain injury and have been implicated in terminal diffes-
cobiation, growih suppreston, and apeptosis  (Chen
er al,, 1998; Fig. 4). (dther major genes likely underlying
in part the increased apaptasis olserved in the Mif+2
KO muce are cychn-dependemt kinase inbubitor p21 1A
(CiplWAFL noe shown) and p21 1C (Fig. T3, which
are under pS3 contral (Tanaks er al, 2002}, although
much remains o be undeswood (for review see Lin
et al., 2001},

Validation of the Resulis

Alchough mcrearrays are considerad a reliable
rcv:hniq‘ue [Stears et al., 2W5; Dumuar et al, 2EM;
Abrurzo ot al, 20051, w15 always imponant o validae
the resulis, Many of the genes discussed above have been
shown o be affected i accordance wich previously pub-
lished reparts; alke, and regaeding the main aim of this
study, many of those changes were consistent with the
phenarype of the Al 12 KO mice as deseribed fram
convenbianal t:-:r.hniqnﬂ.. Ta validate the microarray data
farther and to determine whether the expresed mRMA
was ranslared into the 1.'|_'l.::'»::'.».l.w_'l:l:l'_lil:lb;I PrOLeins, W cxam=
ined procein expression changes o brans by wsing imi-
munohistochemistry. As shown in I'igures 8-140, the cry-
olesion incrcassd the immunostaining of AQP-2, catalass
aned RAGE, and the deficiency of MT-1 + 11 decreased
this response for aquaponn while increasing that of cata-
lise and BAGE. These results are in line with those ab-
taned in the nucroarrays; abo, the resulls for catalase
and K ACGE are ﬁ:]]':,' consestent with rhe phl-.nn'r}'rn af
the Mif+2 KO mice, 1.e., increased oxdative stress and
udlammanon dunng mgury. The results for AQP2 arc
nowel, but, should this protam play roles slar o those
of AQPA, then its deficiency could also conmribuce 1o
the phenotype of the Mi? 42 KO mice following cryoin-

Jowrmual of Meanscience Receanch [0 1001000 s
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lmrmnefiusracen e ::'.Eiﬂ.;m ot frivwled U 3 mowke of
MSCs ssen 1 the ssbventdeular sone of the laveas] ventncles of unls

fioned brema (A-IN) and lefioned brsira (BE-M: laioned brairs sre
sown u 10 dpl). Bruins of wild rype comtrels (AE), MET+2 KO
mice (B,F), TeMT mice (C.G), and MT 1l tested mice D). As
dovm, MT T & 11 had 3 stmulsing dfscz on fhzded T positive
celly Wi+ KO mice showed reduced and TgMT mice sherwed
increwsed imrrled ¥ posiove celly relyove 1o wld oype mice, » seen
the aubveneicular sone of the lateral venbdcles of bath unlsdoned

!u:g,- ."LQP—i KO mice show beain ',i'.-'\.'e]i'_uf.; and clinical
outcome worse than those in W mdce [Verkman et al |
2106)

Ax shown abowe, MT-l + [l deficiency recuced
the expression of netrin-1 (Pig 2}, which is important
for NS development, newronal groorth oones, and re-
generadon  following injury  (Manitt and Kennedy,
2000, Henece, we decided o evahate the postlesonal
actovaton of neural stem/precursor cells (INSCs for a ne-
cent review ree Margno and Pluchino, 20068), a judged

L'\r URNE monunodlad ning box ‘_-". .:]l."lj-'.f. w]l.;r'.]l ¥ a
markier that duenguihes NSCs fom other precuzsor
cells an well a5 differentiated CMS cells (Cad e ol | 2003
We show heére that hirrled-S-exprésng MNSCs, which
were up-regulated {ollowing bra infury as expected,
wepe récduced in the mbwénticule zone [BVL) of the
lateral ventricles of unlesioped and lesioned AT +2 KO

Jonwmial ol Mesrstmence Raeanch DO 10100200
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MT-treatment

Mo Lesioi

Lesion

= |exioned bruira, The pumben of rrrled % posave celly in unle
gorsd MT Il trested mice (0¥ were comparable to thoes of wild
TV corgrds (A), wheress, afer the legion, the MT [l mesmmem
desrly ineued the ML sebvrion, As shown, the mirsled 9 pan
tive celli semivased by mcogencus MT Il (H) are more rouwnd and
ghaw fewer dgns of Sferensstion, such a rumiflestion, compared
with thase of TghT mice. and even moress compared with those af
wild eype comreis Soule bam — 55 pm, Fpaee o be wiewsd m

color cnling v W inbareciance wildy. com

mice compared with those of wild-type contols (Fig,
Moreover, wansgenic mice oversxpressing MT-1 and
mice injected (ip.) with MT-Il showed significant in
creates in the immunoreactvity Hr Sizzled-9 in the
sVE Alo, frimled-U-expresting cells were seen inmde
the brain parenchyma, likely indicating migratan in the
direction of the lesion cavity. Interestnghy, thes 15 in ac-
cordance with previous reselts chtined in the EAE
model that showed an overall tmpamment of neuroghal
semn cells, including NG2-positve stem/progenitor cells
in Mif+2 KO moce (Penkowa et al,, 2003k}, Accord-
ingly, MT-l + Il are kkely acuvaung stem/progenitos
cell populadons déexnved fom the stem cell niches in the
brain, opéning excabng pérspectves régarding the pula
uve therapeutical wse of cthese proteins

In conchuion, rawnatic brun injury 15 oné of lead
ing causes of transient and permanent disabiliges, This
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study demonstrates a large number of genes being in-
valved in the responses of the brain o damage. Many of
them have abo been shown in sther masdel of bran
injury by microarrays (Read er al, 2000; Tang ec al,
20412 Ronch e al, X003 Long e al., 20k Nal::{' et al.,
20dp3, 2004 Tao e al, 2003, Dhodda et al, 2004; Kury
et al, 2004; Lu cv al, 20804, Faden e al, 2005 fu
review see alse Dlash et al, 20k CGebicke-1lasrter,
2001531, Many of the genes identified here are consistent
with those found i our previeus study Poulsen e al.,
20005), bue e is alse clear that wild-type mice [(C5THIG
ws, 1295} show differences worthy of further soudy,
Mevertheles, it is beyand the scope of this study o
search for the number of matchs among different stwd-
ies regarding the effect of brain injury. Previous soudies,
including our studies, have shown thae Med +2-deficient
mice have a clear phenotype following mjury (see the
introductory paragraphs), and the presene study has wden-
tified for the fiest rime many potential genes thae conld
be undedying such a phenotype.
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Trabajo 6

La administracion exogena de metalotioneina [+lI
nativas o recombinantes de diferentes especies muestra
un papel neuroprotector tras criolesion, descartando a
SuU vez que sus acciones se deban a interacciones
proteina-proteina.

Specificity and divergente in the neurobiologic effect of different
metallothioneins alter brain injury.

Journal of Neuroscience Research 83:974-984 (2006)
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Specificity and Divergence in the
Neurobiologic Effects of Different
Metallothioneins After Brain Injury
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Brain injury and neurcinflammation are pathophysio-
legic contributors to acute and chronic neurclogic dis-
arders, which are progressive diseases not fully under-
stood. Mammalian metallothiongins | and I (MT-1&I}
have significant neuraprotective functions, but the pre-
cise mechanisms undedying these effects are  stil
unknown, To gain insight in this regard, we have eval-
uated whether a distant, most likely single-domain MT
(Drosophila MTN) functions similarly to mammalian MT-
18Il {recombinant mouse MT-1 and human MT-lla and
native rabbit MT-Il} after cryogenic injury to the cortex
in MHTE2 KO mice. Al the recombinant proteins
showed similar neurogrotective propertias to native MT-
Il, significantly reducing brain inflammation {macro-
phages, T cells, and pro-inflammatory cytokines), oxi-
dative stress, neurodegenaration, and apoptosis, These
results in principle do not support specific profein-pro-
tein interactions as the mechanism wunderlying the neuw-
roprotective effects of these proteins because a non-
homologous and structurally unralated MT such as Dra-
sophila MTHN functions similary to mammalian MTs. We
have also evaluated for the first time the neurcbiclogic
effects of exogenous MT-II, a major CNS MT isoform,
Human fMT-lll, in contrast to human nMT-lla, did not
affect inflammation, oxidative stress, and apoptosis,
and showed opposite effects on several growth factors,
neurotrophins, and markers of synaptic growth and
plasticity. Our data thus highlight specific and divergent
roles of exoganous MT-NIl v, the MT-I&I isoforms that
are consistent with those attnbuied to the endogenous
proteins, and confirm the suitability of recombinant syn-
thasis for future therapeutic use that may become rele-
vant to clinical neurclogy.  © 2006 Wiley-Liss, Inc.

Key words: oxidative stress; neuroprotection; apoptoss,
neurcdeganeration; plasticity

Brain inflammation is rapidly induced by any neura-

patholegic agent and comprises reactive astrogliosis, inflam=
matory responses of macrophages and lymphoomes includ-

© 2 Wiley=Lins, Inc.

ing induction of promflammatory oytokines like 1L-1, IL-6,
IL-12, and TNF-rx (Allan and Rochwell, 2003;. Although
inflammation i a host deferse response, it abo mediares
cerebral cytotooacity at least in pant because of the forma-
tion of excess reactive oxvgen species [ILOS) thar rapidly
cawse oxidative stress, a derrimental process leading to neu-
rodegeneration and apoptotic cell death in the central nerv-
ous systermn (CNS) (Barnbam et al., 2004), This cerebral ts-
sue damage may be ameliorated, however, by protecuve
agents like antioxddants, nenromrophins, and growth fictors
{Tabakman et al., 2004},

Among neuroprotectve factons, mammalian metallo-
thionein-1 and -II (MT-I&I[} are significant therapeutic
candidates (Hidalgo et al., 2001; Chung and West, 2004,
MT=I+IT are low molecular-weight, cysteme-nich proteins
with significant antiinflammatory, antioxidant, and neuro-
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protecave  robes  dunng  newropathologic  conditions,
According to this, vanous CMNS disorders like tranmatic
brain injury, ischemia, epilepsy, experimenral auroimmune
encephalomyelins (EAE}, experimental amyotrophic lieral
scleross (ALS), and cvtokme-induced encephalopathy are
all more severe e MT=I+11 dehicens mece (MiIE2 KO
mice} and less severe in MT-1 overexpresing mice (FPen-
kowea et al, 1999 van Lookeren Campagne et al., 199%;
Carmrasco et al., 2000, Penkowa er al.,, 2000, Nagano et al.,
200 : Asanuma et al., 2002 Giralt ex al,, 2002 b; Puttapar-
thi et al., 2062; Trendelenburg et al., 2002; Molinero eral.,
2003). Interesungly, it is now clear thar exogenoushy
administered rabbit and human MT=I1 can also induce nen-=
roprotection in a number of injury model (Penkowa and
Hidalgo, 200k, Giralt et al., 2002b; Chung et al., 2003; Xie
et al, 20043, The MTs injected in these experiments were
Zo=-MT complexes, but equimalar amounts of #ine alone
did not show CNS therapeunc effects per se either in the
cryo injury (Giralt et al., 2002b) or the EAE (Penkowa and
H1:14-]g4.r, 3{"!{'{] madek,

MT-111 expression has been shown va be altered
up- or downregulated) in Alrheimer disease (Uchida
et al., 1991; Enckson et al., 1994; Carrasco et al., 199%;
Yu er al, 2001}, Down syndrome [Arai er al, 1997,
Creutzfeldt-Jakob  disease  (Kawashima er al., 2000,
pontosubicular necrosis (Isumd et al., 2000), Parkinson
disease, meningitis, and amyorrophic laeral sclerosis
(Uchida, 1994} A similar trend {up- or downregula-
tion depending on the model, ume, etc.) has been
abserved in animal models of bram inury  (Hidalgo
et al., 2EH; Hozumi er al., 2004}, Resuls in transgenic
mice suggest strongly that MT-111 has a neuroprotec-
tive role in some experimental paradigms [Enickson
et al., 1997; Purtaparthi et al., 2002; Lee er al., 2003,
bur it seems equally clear char the opposite is rue for
ather models of imjury (Carrasco et al., 2003; Ceballos
et al., 2003) or depending on the brain area {Lee et al.,
20033, This complexity 5 also evident in in vitro work,
with both newroprotective (Montolm et al., 2Kk Ren
et al., 20001; Chen ev al., 20602; Uchada er al.,, 20682}
and detrimental (Uchida er al., 1991; Ernckson et al.,
1994; Sewell er al, 1995; Chung er al., 2002 roles of
MT-1II being shown.

Consequently, in the mouse brain non-munne ex-
agenous MT=IT (rabbit, human} seem o induce neuro-
protecion after injury thar is similar to that of monne
MTs, and suggests thae extracellular MT has the capalnl-
ity of reaching the same rargets (whether within the
CMS only or peripherally or both remains to be estab-
lished) than  the endogenously expressed  protein,
Whether this 5 mediated by specific protein-protein
interactionfs) including MT receptors or mamsponers
unknown, To gain insight in this regard, we have com-
pared the non-simecrurally relared MT proatein Drosophla
MTM with mammalian MTs i the cryolesion model.
Interfening effects of endogenous MT-1+11 were ruled
out by wing MiI&E2 KO mice, This  therapeutic
approach has never been amempred for MT-10I, and this
study also aimed o ascertain whether or nor exoge-

Joumal of Mewrosience Fesearch DOE 10,1002 ar
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nously admimstered MT-III is capable of inducing any
neurebicloge effects.

MATERIALS AND METHODS

Animnals

Male mice (=5 months eld) of wild-type {129/5v]) and
homozygous MT-1410 deficient genotypes (Mrl&2 knock-
aut, MEIE2 KO mace) -['\-Intrn et al., 1994} were used in this
sudy, The mice weze intally obtaned from Jackson Labora
tories {Bar Harbor, MA), and colonies have been esmablished
at the Awonomows Usuverity of Barcelona, We used five

arumads per growp in all cases.

Preparation of the MT proteins

In the firet pam of this work we tested the themapeunc
effectivencss of different native and recombinant MT exoge-
nous proteins in MiJE2 KO mice, 1o determine if there dis-
tict effects were produced when uang: 1) MTs froan dsffer-
ent species, ether very close {mamomalian) or dstant {insect);
and 2 maove wi. pecombinant MT proteins. The MTs used
included sabbit nagve MT-I1 {aMT-11, mouse recombinamt
MT-1 (MMTT, human recombinant MT-1la (MTI), and Do
sophils recombimant MTN {IMTM). The Drosaphela MTN & 2
non-vertebrate MT that s non-homelogous o the mam:ma-
ban MT-14-11 forms, It contuns only #0 amano acids inchading
10 evstemes {Lastowski-Perry et al, 1985), whereas mamma
liann MT-1400 contain 61 amine ackds incleding 20 cysteine
residues {Hidalgo et al., 2001) (Table 1. All the MTs were
wed as fully-loaded Za-complexes.

The three recombinant MT proteins were synthesized
i E coli after a GST-fusion stzategy that, after thrombin
cleavage, renders homogencous MT preparations. In this case,
because the bacterial cultres were supplemented with 300 ph
ZnCly, the corresponding mowse Zn-MTI1 {Cols et al,
1997}, ZnAn-MIN (Valls et al., 20007, and human Zne-
MTH (thas study) were secovered, The human MTHa cDNA
{kindly provided by De. Rochards, Auvstralian Mavomal Ui
versity, as a pUICTS clone) (Karin and Riachards, 19520 was
subcloned in the pGEX-AT-1 expresmion vector by meamns of
a PCR amplificabon that intzoduced 5 BamHJ and 3 Salf
restziction sibes al the ends of the coding region, suitable for
cloming purposes. The oligonucleotides 3CCCGGATCCA
TGGACCCCAACTGY and S'CGGCGCGTCGACTCAG
GOGCAGCAY were used a0 upstream and dowasirean PCR
pamers, respectively. Finally, the correct DMA sequence was
confirmed by automatic DNA sequenang (ABI 370 Peckin
Elmerh. All fusther experimental steps were carmied out as for
moase MTI {Cols et al,, 1997), It & worth poung that
recombanant synthess of hMTIa requazed. under the same
experimental conditions, four times cubure volume, because
the mean vield was 25% that of other MTs (Table 1}, MT coa-
centration and metal-to-protem ranos, which abo confirmed
muajor profein non-oxidaton, were asessed by atormie absosp-
ton ICP-AES meawrements of 5, Za, Cd, and Cu sample
content, a5 desenbed 1 Cols et al, {19971, The rabbat natve
MT-N protem was commercially available (Sagma-Aldnch, Su
Lous, MO code M9542),
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TAELE 1. Recombinant Metallothioneing Used in this Smdy

Meullothonein Oy’ [Prot” ZnSprot’ Vol! Protein sequence
mhdT1 20 2,55 X L] & MDPRCRCSTOGACTCTSMCACKNCR TS
KEESCCSCCPVGOSKCAQGUVCRGAADKCTOCA
BATII 20 *53 EAT [ MDPRCECAAGDECTCAGSCROCKECKCTSCEK
i 52 25 L SCCRSOCPYCCARCAGGUICK GASDRCSCCA
ik, il 6327 (1]
AT 20 e - rrer MDPETCPCPEGGECTCADSCRCEGCRC TR CKRSCCSC
CPAECEKCARNDCYOCKGOEAAEAEAERCSCOO)
MTH 1m0 217 23 [ MPCPCGEGCKCASQATEGSCHCGSDCKCGGDEKSACGCSK

“Mumber of cysteine pesidues in the MT protein.

"Concentration of the MT preparations cakulaed from the ICP-AES madls M % 18 %

fZr-n-MT rio, obained from the IOP-AES daga,

Wolume of the bacterial cultures fin liben) grown 1o punify the comesponding MT.

Peepared a5 i Faller et &, 1959,

In the second pazt of thys study the therapeunc effect of
human eMT-H was mwestigated 1 froat of that of human
abdT-la. WT mice and MilE2 KO mice were weed. Human
MT-NUI was prepared according to Faller et al. (1999 and
human nMT-la was punfied from hwman bver  (Wadik,
19810, The «MT-1I obtained wa found o be bioactive in an
assay of neuronal survival (Hasler er al., 20065).

Mice Brain Injury and Post-Lesion MT Treatment

Mice were subjected to a focal traumate bran anjury
under tmibromethanol anesthena, The skull over the nghe
fronto-pasietal cortex wa exposed, and a crvo-induced focal
lesion was produced by applicaton of a piece of dry ice (of a
consstent size for all anmmals) on the sunface of the shall as
desenbed previowsly (Penkowa et al., 1999 This simple and
reproducible method results in 3 crvogenic (freeze) lesion in
the cercbral comex with immediate necrosis and blood-bran
barrier (BBB) dismuption that are followed by inflammatory
responties i the surrounding brain nsue aseas. The anammals
were then followed for 3 days post-lesion {dpl), dunng which
they recewed the comresponding treatment with exogenous
MTs We have deterrmaned previowly the optmmum MT trea
ment schedule during bram dwsorders and demonstrared thar
rabbit MT-11 injected intzapentoneally (Lp.) reaches the CTNS
extracellular space in 1545 mun by passang theough disrup
nons i the BBB in an EAE model {(Penkowa and Hidalgo,
2 amd 13 the covolesion model (Giralt et ol 2002k),
Unlesioned (healthy) and freeze-lenoned Mel&2 KO mice
received oo injections daily with saline {control [placebo)
rreatnest) or with an MT solution in a dese of 1.0 mg MT/
kg/day bp. for human $MT-11a, mouse eMT-1, human eMT-
lla, and Dresopleila eMTML In the second experiment. human
abT-1la and baman $MT-UT and were mpected in 3 dose of
0.5 mg MT/kg/day. A dore of 0.5 mg /kg'day has been
shown sufficient for mammalian MT to indusce the neuropro-
tective assayed effects (Girale et al,, 20020). By 3 dgl. the mice
were deeply anesthetized with 10 mp/ 100 g body weight of
Brictal Methahesital 10 ma/ml, El Lillyh and were tramcar-
dially perfused with 0.9% saline with heparin {15,000 I liter)
for 2=3 man followed by perfusion with Zambom fixative for
% min. The brain was then removed surgically for histopatho-

logae amalyses,

Tissue Processing
All the fixed brams were processed for parafin embed-

ding in the fully auroamane Shandon Exceliwor Tisue Proce:
sor Histokinette and senal, coronal 3-pm sections were ot
and processed for hstochemustry, immumohistochemistey, and
TUNEL 35 descnbed previowsly {Penkowa et al., 1999, 2001,

Secnont were rehvdrated and underacent heat-induced
antgen retneval in citrate buffer ar pH 9.1 or pH 6.0 i a
microwave oven for 10 min. Sectons werse incubated in (.5%
H>Or i TES Maonider P-40 1o quench endogenous peroxi
dase followed by 10% goat serum (In Vitre, Fredensburg,
Denmark, cods 040S-1A) or donkey serum (The Bmding
Site, Bammungham, UK. code BP 005,10 to block nosspecihc
binding. Sectoms o be immunostained with  menoclonal
moause-desived pramary amtibodies were also incubated with
Blocking Solutons A+B  from the HistoMouse-5P Kt
{Zymed Laboratones, San Franasco, CA, code 95-9544) w
quench endogenows mouse 1gls.

Histochemisiry

Hematoxylin and cosin (H&E) stainings of brain sections
were carnied out according to standaed procedures. Biotnyl-
ated tomato lectin from the Lypopersioon exulenfion (Sagma
Aldrich, code L9389 1:500, was used as 2 marker for cells off
the myelo-monocytic cell lineages. such x5 macrophages/
mecrogha. as well 3 a3 marker for vessels. The lectin was
developed  wing  srepravichn-biotm-peroxidase complex
{StreprABComplex/HRP, Dazopatts, Glostrup, Demmazk;
code K377) prepared according o the manufacmrer's recom-
mendations. The reactron product was visualized using DAD
{0.015% HaOu an DABSTES) for 10 mun at room tempera
ture.

Inmiunohistochemistry

Sections were meoubated overmight at 4°C with anobod-
ied or detecibon syitems.

Detection of CNS Resident and Recruited Cells, Fal-
bit ant-cow GFAF 1:230 (Dakopatts, code £334) {marks astro-
cvtesy; mabbit ant-human NSE 1000 (Calbiochem, La Jolla,
CA, code PC2YT) {marks viable mature newrood); goat ani
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mouse CTDN4 13 (Santa Crue Beotechnology, Santa Crue,
CA, code sc-69% or et ant-mouse F4/80 125 [Serotec,
Oxford, UK, code MOCAS97) (marking monocyies macro-
phagesh: mat ant-mouse MOMA 1:50 (Seroter, code MCA
T} fmarking only metallophibc macrophages from penpherl
lymphoid tssuesh; mouse antd-rat CD3 1550 (Serotec, code
MCOA-T72) {35 3 marker for all T lymphocytesh; mowe anti-rat
CDd 150 Seratec, code MUA-55R) {marker for T-helper
[Th] cellsi; goat anti-mouse CD20 1:200 (Santa Cruz Biotech-
nology. code sc-7736) {marker for B cells); mouse anti-human
IL-1f 150 (Biogenesns, Kingston, NH, code 5375-4529; nb
Ban antr-monse TNF-a 12100 {Bisouree, Camanlle, CA, code
AR 301Z).

Orxidative Stress, Neurodegeneration, and Apopto-
sig. Rabbot ann-NITT 1100 (Alpha Duagnostics, San Aate
ap, TX, code MNITT 12-A) {a marker for peroxynitrite
induced mitration of tyrosine residues); rabbit ant-MDA 11060
{Alpha Dhagnostcs, San Amtomo, TX, code MDA 11-3) (2
macker for malondialdehyde [MDA] produced a2 byproduct
of Gy ackd peroxidation), mouse anti-S-oxeguanine 1100
{Chemicon, Temecula, CA. code MAB-33600 {marks oxada-
tive DMNA damage; rabbit ant-neurofibnllary tangles 1: 2060
{Chemicon, code AB-1518) {marks several of the insoluble
proteine that form extza- and intracellidar neurofibrllary an-
gles; abbreviated a5 neurctang in figuees); goal anti-himan
amylod precumsor protesn Frameshofi Mutasnt {APP-FM) 1:50
{Chemicon, code AB-5342); mabbit anb-human {activated/
cleaved) caspase-3 1:50 {Cell Signaling Technology, Danvess,
MA, code W661); mouse ano-human p53 1250 {Dakopats,
DK, code MTOI); goat anti-hore cvtochrome-c 110 (Santa
Cruz Biotechnology, code s0-7159).

Growith/ Trophic Factors, Syvnaptic Plasticity, and
Repair. Rabbit anti-haman BFGF 12100 (Santa Cruz Brotech-
nology, code =c-79%; it ant-mowse BFGF Receptor (FGF-R)
1:50 (Neomarken, Fremont, CA, code IWT-794-P0); goat ant
heman NT-3 1:20 (R&D Systemns, Abingdon, UK, code AF-
267-MA); mbbit anti-human NT-4 1:50 {Santa Cruz Biotech-
nology, code w0-545) mouse anp-BDNF 1:50 (Oncogene
Reeseazch Product, Darmetadt, Germany, code GF3SLY, cabba
anti-hman TrkB (the tyrosin kinase receptor-B for NT-4 and
BDNEF 1:200 {Calbaochem, code PCBAR) mouse anu-PSA
MCAM fpolyaalic acid neusal cell adbesion maolecule) 1:20
(AbCys, Pans, France, code ABCOHI YY) rabbit ant-human
S100-A4 12300 (Dakocvtomation, Glostrup, Denmark, code
AS114); cabbar ano-human synaptophyan 11000 Dakocytoma
ton, code AGRIO) {3 presvnaptac marker), mouss anti-syntaxin
136 (Sigma-Aldnch, code 50664); rabbat ana-rat spinophibn
1:206 (Chemicon, code ADBSGGY) (marking dendntic spmes);
rablbar ano-human SUECAd 1200 (Dakocyvomanon, code
AS114); mouse anti-PSA-NUAM 12200 (ALCys, France, code
A0,

Secondary Antibodies and Detection Systems, Sec-
tons were moubated for 30 man at room tempesature wath
the following secondary anpbodies: biotin-conjugared ami-
rablbin Igls 1400 (Sigma-Aldrich, code B3275) or bhiotn-con-
Jugated ant-mowse IgG 1:2000 Bigma-Aldnch, code BR774)
or biotin-comugated anti-goar IgG 120 (Amersham Bioscen-
cez, Buckinghamshire, UK, code RPN 1025} oz boun-conju
gated ant-rat 1gG o 11500 (Ameshanm  Bioschences, code
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LHI5) or botn-comugated ang-mouse 1ghl 1:20 {Jackson
ImmmunoPesearch, West Grove, PA, code 115-065-020). All
the secondary antibodies were detected by StreptABComplex/
HRP followed by biotuaylated tyrmamude and streptavichin-per
oxidase complex {tyramede signal ampliicanon, TSA mdicect)
{MEM, Life Science Products, Boston, MA, code NELTO0A)
prepared following manufacturer’s recommendatdons. The im-
munereaction was vinmbzed by using DAB a2 chromogen,

Controls. To evaluate the extent of aon-specific
binding of the anosera in the mmunohistochemical experi-
ments, L100=1:1000 of nocmal goat or donkey serum was
substituted for the primary antbedy step desenbed above.
Other control sections were Incubated with Bsotvpic 1gi
imstead of the pomary antbody. A further comrol was w
pre-absodb the pomary antibodies with their corresponding
antigemae proteins. We wsed CD-14 {Santa Cruz Biotechnol
ogy, code sc-69%9-P); MDA -ovalbumin (Alpha Diagnostics,
code MDA-T1-CO), p533 (Santa Cruz Biotechnology, code
sc-42460; and cyvtochrome-c (Santa Cruz Biotechnology,
code 54270} Results were considered only of these con-
trols were negative.

In Situ Detection of DNA Fragmeniation

Terminal deoxynucleotidyl ransferase {TdT)-mediared
deoxyvurihine tnphosphate (dUTF)-otn nick end labehiag
{TUMNEL) was carried out using the Fragment End Labeling
{FragEL} Detecuon Kit {Calbiochem. code QIA33). The
FragEL kit contains all the materials used below and cach
step was carnied out according to the manufacturer’s recom
mendations. The tsue wa processed and rehvdeated as
mentioned above, and sectiomns were incubated with 20 pg/
ml proteinase K for 200 min to stnp off nuclear proteins, After
mmeron i equbibranon buffer for 200 mun, sectoms were
imcubated with TdT and biotn-labeled deoxynuclectde
{dNTP-biotin) in & humidified chamber at 37°C for 1.5 b
This was followed by wash buffer and the stop soluton for
5 mun at room temperature to stop the reaction. Adter wash
g in TBS and incubanon in blecking buifer for 10 min, the
sections were incubated with peroxsdase-streptavidin for
Momin amd afterward, DAB was wed as chromogen. The
sections were counterstained with methyl-green. Megative
control sections were treated simalarly but incubated in the
absence of TAT enzyrme or ANTP-biown or peraxidase -drepla
vichin, We also compared our secnons wath posiove control shdes
provided in the FragEL Detecton Kit TUNEL was comgared
o smanies for apoptote markers (sDMNAL p33, oytochrome -,
and activated cagpase-20. Ia addinon, the morphologic citena for
apoprosis {cell shrnkage, fomnation of apoptose bodies, mem
brane blebbing, no loss of cellular integrity, compactaton of
chromatin o wiformly demse masses) were evalusted,

Cell Counts and Statistical Analysis

In addivien to morphologie evaluanon, quanttatoen {cel-
lular counts) of some of the variables analyred were cazried
out fFom 0.5 mm” marched areas of 3 pm brain sections for
statistacal analysis of the results. For each parameter analvzed.
brain sectons (zom the fve mice of each group were wsed
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1. Il ta eryolesion af MITG? KO mice
mraatad with saline {-:amlzl rabbE ndT I, mouss oMT 1, hueman
ofAT 1, and Doesopfudia o TTTH. A Pumerows CD 144 maaophages
s wronind and ingde the leson of control muce. At the border zone
betvreen lesioned and unledoned thaye a population of large stout mac
rophages are seen frarked by Pand also shown in 7). Ingide the leion
wnother papulszion of smaller round menocyde macmophages & devecred
{frmarized by ) and slso showen i (). B=Er In the mice receiving MT
medicd weannene, the numben of T4 mamophapes recraited 1o
the lesicn: ace eeduced eelative 1o contal mice. F: The lefion duce
GEAP-+ resctive axroglicnls #n all the mice. The differers MTh
incressd wirecyloss relative to contoli. K=0: CD34 T lymphocytia
wean recnated 1o the lsion St ol mice, although the T call nunbes
wee decresed in the MT weated mice relstive to the coneras. P

rrace. The calle shown me from the sses marked by Fin (A), O Higher
ﬂpﬁ:&aﬁdhmﬂ:mﬁmﬂ:ﬂ:dﬁmﬁkdh Qin fA)
R Highe magrificaion of the Gumed aes bn (T Ch 4
cells of lesionied mice trested with human fMT 11, wiach marly daglay
somre rumified miborogha and a very few round marophages. 5: Higher
magnificston of the faned wea in (F) showing the GFAP+ wmtu
of cormrel mice. T: Higher mugnificstion of the perilesioral fiel

mdh{l}im;mhmdnmwmm”mﬂ

branan eMT 1L weared wrice. U:Highfunf:&fuuhﬂ#mimﬁ
ey of (i) showing cecnsited T eells off control mice. W Higher moagnd

ficarion af the T celly of the fremed swres of (1), which shaws reduced T
call reaniiment of lumen b T la wested mice sfter the lfon. Seale

bz — 200 jan (A=), 22 pm (PR 44 pan (3-V). [Color Dguin can
be viewed in the online =us, which & ab weerer interacience.

Higher magnificaion of the CD144 sout mocophsges of comral  wiley.com ]
Conml by nliT 8 [ Fiurman FuT B Drosspnls IMTH
s b ."‘\.fh
a : "
Ll * "l e ] 4 —
i. . .‘r
L : Y] "a L] i E —
'i*r-:'ﬁir“ _-' L 'F_LI'-‘ I-: i Ty i ;
!1-::‘:':::*..;.*:' . '-r *‘-;',-I, ..-I. & o e
h{l‘:': -""-Fl * .. o & A ;
Wi e = AN T | s mr e T ra
Fig. 2. Dxdutive sves, dngerieration, snd of 3 i the e mmee Gf: The MT oestmens prevented sigrificantly the neurods

me murounding the necotc wes cmsed by tqhﬂmnn af MiiG2
KO mice toeated with slice (congrol], ratbit nbT 1, mouss o8T 1
hurnas oMT I, sad Dvoceplals eMTH. A: Braby injury mduced o=i
dative stress was evident in the peileional Giaue of control mice =
judged by 5 coxopeanine levels B=E: The § oxoguunine levels were
derested by all MT fresrmeres F: Immimoreacthvity for neaurafibedl
lury tagles was increasad in the perdlesonal brain tisues of conmol

e changm induced by the aryolesion. K=0¢ TUNEL 4 apa
provic cell deach in the bradn toue sdjecet to the ledon cavity of sa
be ajected mace (K} and mice receivang the diffement MTe L0,
Az ahown the contral treated mice showsd more apoptod: than the
mice weated with MT [&]] and MTM. Scale bam — 50 pm (A-T0:
M pm K=0) [Color fgare cn be viewed o the odline hae,
which & availibls at woerarintaradance wiep.com]
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- GFAP - cD4
= ) *
= )
L ]

chi4 ol THF

L

Number of positive cells / 0.5 mm?

] Saline

B Rabbit nMT-IT
B Mouase rAMT-1

[T Human MI-Oa
Bl Oresophila MTN

F"s 3 Ifr]]l.l]l.: et al aame of the wastables un.ll'p'rll l:'rr;_:rrrltl.
ove resuln of some of them e showm in Figa, 1.2) were carzied our
from 0.5 o matched aem 2 the border of the conicd lsion in
five muce per group for statescal analyss (mea £ 5E). Reasls wee
snalyzed with one way APMOWVA followed by SME post hoe com
parisons, " P2 QUOL va saline injected mice

md 3 mean vilue was caloulsted. Postively staned cells wers
defined s cells wich suining of the sems. [n che cae of the
mpoptotic markess (hke TUNEL) poacively stained cells were
defined a cells with nuclear ssining, The cell counts wene
carmed cut by the same mmvesogator, who was blmded o am
rmal identty and che differenc medizal cresoment:. Cells were
counted it the border of che cortcal lesion {the sim berween
lesioned and unlesioned brain Goue), when mflammation i
provonent. Hesules were amalyred with ome-way ANOVA
follewred by SMME posc-hoe comparitons.

RESULTS

Muommalian MT-1&1 and Drosophila MT™N
Modualate Inflamvmation After Brain Injury

In saline-treated mice the cryolesion induced a
prominent récruitment and activation of microglia/mac-
rophages (ectin/CTx14 ﬁn,l,.:iliw} ard of CDAACIM s
bve T lymphocytes, which in hgh sumbern infiloated
the lesion dte and increased the expresdon of proinflam-

Jewnd of Mgwroscatnc e Fseadch DO 10 100090
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matory cytokines Hke THP-oo and IL-1. All chese
mesponses were dramadcally decreased by mabbie abAT-11
[Frgs. 1 ’!n] that mg:uiu;mll!_l,r reducéd the inflammatory
reacton in the legoned area 10 accordance with the data
reported previoutly {(_":nrt et al, 2002b). Remlee with
human naave MT-lla were o Jccmdlﬂiﬂ' with these
resulty,. The administration of recombinant mammalian
MTs (mouse :MT-1 and buman tMT-1la) also decreased
the inflimmutory responte, demonstrating total identey
between recombinant and magve mammaban MIs oot
anly structurally but abo functionally. Most important,
the admimpration of the non-verwbrate Drosophila
MTH also recuced the inflammatory vespons to 3 Hmi-
lar degree than mammaban MTs, although s effect
tended to be somewhat smaller for macrophage recrat
ment (Fige. 1,3). The reonued macrophages weze
derived minly from blood monocyres as determined by
using MOMA immunoreactivity (aot shown).

Brain lesioped mice abo showed the expected reac-
dve asoogliosis around the imjury by 3 dpl, and the
enhancement of this xesponss by xabbit aMT-1l weat-
ment unng GEAP mumunorescavity. ln hne with the
previows results, the recombinant mammalian proteing
showed somilar effects (Figs. 1,3). Dogophils MTN
showed an intermediate effect, and, because of that, the
one-way ANOVA war not sgmbcant (P < 0,055 wath
the MTM included in the analyss; <0.05 if exchuded)

Manamalian MT=1&11 and Drosophila MTN
Maodulate Oxidative Stress, Newrodegeneration,
and Apoptosis After Brain Injury

I.P’,‘,‘ifl::ﬁd mice IEf.E’iﬂJIE s—.u]:i::e s]m".".-t'.l.i ]:l:mlfrl.l.llr.E:l.']
levels of brain damage such as fommabon of KOS and
cidative stress as well as newodegenesation and apopto
gt by 3 dpl. Immunestainings for NITT, MDA, and 8-
coguaning (oxidative stress markers) were inceued sg
miicantly in neursnal and ghal cell sumounding the
legion, lncreased immunoreactwvity for neurcdegensra
tve makers APP-FM and int:m:c-u:l neurcfibrllay
tangles and stainings for apoptosis markers caspase-3,
cytechrome-¢, p23, and TU wire increased signi-
cantly in saline-imjecwed mice (Figs. 2.3). All mammalian
MT=l acd MT-Il, both npadve and recombinant
decreased these effects, o did Drosgplala MTH

It 1= worth notng that in unlenoned healthy con-
weds we did not observe effecw of the injected MTs
megarding the vwarables analyzed, which lkely iz due
intact BT properties

MT-11 Does Mot Maodalate Inflanamation,
Ouidative Stress, Neorodegeneration,
ar Apoptosis ARter Brain Injary

I the :it-.’.l:md p::l. o l]:u'.$ i:lud,",_ husman MT-111
was compared to human aMMT-10a, a8 positive control
and writh ?.'l]!lue as Jl?Eali‘."E: contral, In E]r:haL the kuman
aiT-Ila torm behaved az the other mammahan naave
or recombinamt MTs described above, and particularly a
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the comerponding human M T-1la form. Thor highbghe
the expected suiking simibirities of thess proteing In
comtrast, the 1.p. mjection of DMT-IIl showed remarka-
ble differences.

Although nMT-lla admenisoadon decreased mucro-
ghis/macrophages and T cells recruitment and acowmton
and IL-1P and THNFa expresson, and inaeased GFAP
reactve wtrocytes, tMT-II had no dgnificant éffecs
(Figs. 4.7). By 3 dpl, all groups showed cortical daumage
consisting of oxidative swes, neurodegenerative changes,
and touc cell death, which weze observed mainly in
the periledonal dssue sumounding the necrotic cavity.
Agun, human nMT-10a, but not human 2MT-111 @eat-
ment, could reduce thess vesponses significandy,
judged by detecting cxadadve protan and DA damage,
inanewronal accumulation of pewofibrillary wogles and
apoprote cell death (Fge. 5,7).

Growth/ Trophic/Repair Factors and Synaptic
Plasticity: Opposing Roles of Haman
nMT-1Ta and Human shIT-111
A:I'i# the lesion, all groups showed increated expres-
air-promeotng agents such a3 growth facton,
neu:mr-;-p ing, and their zeceprors (PGP, PGI-R, NT-3,

MNT-4, BDME, and TikB), and the o crants
involved in synaptic plasticity PSA-NCAM 5100-Ad4
aMT-Ila-geated mice showed inereased :::p:ﬁmnu of

these factors when ¢m1ti=u-:1 tor the expresion observed
in saline weated mice, whezeas the oppotite was observed
i thAT Il -taeated ml::tjﬁgs 6.7).

Teo cvaluate the degree of post-lesonal symapec
growth :.nd plasticity, we immunostained for synapto-
phydn and syatedn naptic mackers) and for spino-
philin {a muker of denddtic spines). In all lesioned
mmce, thes symipdc m were de increased
around the lesion cavity alier the brain lsion. ln com-

ison to mline-weated mice, niMT-Ila meatment cleasly
mereased  synaptic  plsticity judging by thées three

T8, W as the opposite was sheerved m eMT-I-
weated mdce ([Pigs. 6,7).

Fi. 4 InAwremstory responted of FAMA0%- microghia/macrophages
and GFAP+ wmocytas in brain tojured Melfb2 KO mice meated
with aaline {ronmwol], human sMT s, or baman eMT 1L A-C:
a5 w:ﬁmmvphﬂp: mem x the comical besion site &
mine (A), fls (B, wnd edAT 1 {C) oremed rice. D-Pr
Higher magrificatian af (A-C) showing F4/E04 microglis/mae

raph lacazed ar the ledon barder line [frumed wem in A=)
G=1: GFAP+ veacive asvoplicess @ seen st the lesion border Ine
of saline (), aMT lla (H), and oMT U1 (1) meated embee, Sesls

bars — 200 pm (A-Ck 28 pm D-F) 33 pm (G- [Celor fgurs
cari be viewed in the onbne fmus, which &2 seallable ar wrerw.
mrazdence wiley.cam.]

Canatral Hlﬂ-nll'l'-h lhn-lnril'l'-l

"l iR,

LT

Fig. 5 OCudative stres, neurodegeneration and

the parendhyma povounding the lesion caviry
trested with sifine [coreral), human aMT o o eMT 11 A-C-

MITT &mmuncveactiviry & aline (A), MT lla (B, wd =MT ]
{C) memed mice showing chat mainly pcl:il:dmml nuroms ae st

ing oxidative swem. D=-F: hmmunorectivity for neurcfibriley tan

gl indicwing neuradegenerston in aline (D), aMT [l lI.'E], und
oMT 11l {F) mwested mice, G-I TUMEL in sline [}, sMT (s (H),
and oM 1l {T) wested mice showing spoptotic <ell death mads the
lmsion (o) and perilesionsl (kottom) in the unimjursl parenchyma
Brain mpery induced oxidative gres, n-wn-ﬂz::n#un and spapto

sa were reduced by nMT lla velative to & treabment, wheress
MT 11 had oo sipficant effecs. Scale ban — 52 jan (A=C); 60
M (D=F) 70 pm {O=l). [Color gure can be vivwed in the online
inpie, wibdch & avallable 3t warorintencience wiley.com.)

MSCUSSION

It has been esmblished clearly that MT-11 adminis-
vered exog induces o tection in a number
of injury medels as long ar the BBE ir altered (Pen-
kewwa and Hidalge, 2000, 2001; Girale ec al, 2002b:
Chung et al, 2003; Xie et al., 2004). Tt ir genen
ag:eeg that mammalian MT-1 and M‘I;I-ll will fk:]yﬁ
funcoonally equivalent, and in fact resole chmined 1n
Mi152 KO mice ave consisent with those sbtained in

Joaima] of Mewstcience Fewemch DO H 1000 0
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Fig 6. Mewrorophing, syaptic plisidey, and repar factors T 3,
BDMF, synrwers, spinophilin, wnd PSA MCAM) in che vhue mr
:wnd'n‘_ the lemion of AMJED O mice rresred wih sdime [carzral),
Gisse (A, abdT 11 (B), and 2T 10 00) mested mice, D1-E: Exprenian
of BOMTF in mline (10, el 11 (B), snd eMT 11 {F) eresred mice Aa
dherars, 0T [la Scemed MT § asd BDMNF i seavonal and swogil
cells, whees MT Il reduced neuromophss reative o mline, G=I:
Cymasdn 1 wromd the lesdon (maked by wtedds) in
ailire (G, oM Ha (H), and o 11 {T) meazed mice. J-L: Spinophi
b expresing dendrithe gpivs arsund the ledon (marked by amedde)
i aadine (I T Ua ), and eMT UL (L) ereared mice. M-O: PSA
MCAM egpresion in sdine (M), oMT 1n ), and eMT U D)
weated mice, Meummophing, smapeic plasicny maden and PSA
BICAM were evhanced by nMT s reludiwe 1o ndime rresemen:,
wheresa eNTT 111 rended o reduce these, Sese bas — &0 pen [..'l. E
bt I.I.m {G=L); I:l' s =00, [Coler fgure can be viewed in the

lmuu. 3] Y HEYR] ab mmln:hﬂil‘.ﬂ un]mp |‘.|;||‘.n]

"

F el A

mice overexpresing MT'-l regarding brain neurchial-
ogy (Hidalge ev al, 2001; Hidalgo, 2004). Neverthe-
less, direct comparatgve studies wlidating this have not
been camvied out, We compared the neursprotective
Eﬂ'&cl l;rF u:lli.‘l'.r?. or rl,?{_ﬂrl::ll:!inlnl‘. MT- '!&.'H Fl:l;tu:l :ﬂ.‘ifﬁ'.r!:l:lt
mammalian species, inchiding bumans, o validate thex
functional equivalence in brain neurobiclogy. We alse
included in thiy srudy the Drasaphila MTH, a MT non-
hﬁlmt,‘:]ﬂlﬂﬂ-u; [ Ea3 l]!le rrarrrnalian i'r;nrm :ruﬂ E.]l:ﬂ,‘ﬂ Lrs
yeast Cupl (Peterson ec al, 1998, Valls ec al., 2000),
because 1f P-unl:im: Prme-in—];-rn-nein interacHons i

Jewndd of Mgwroscatnc . Rseadch DO0 10 10000
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underlying the thenapeudcal effects of MTs, the com-
parisen between disantly related MTs muight prowde
some insight

As expected, natve and recombinant mammahan
MT-1&11 behaved smiluly, decressing the inflammatery
TEspOnsE, omdative stress, newodegenerabon, and apo-
protic death induced by the cryolesion. This confirms
the nntbility of recombinant synthens for physiological
gudier, and srongly mggests that the two MT isoforms
are funcoomally equivalent, at least in thas imjury medel
This study shovwes, for the fisst time, that teatment with
Dwogaphile MTIM, although being somewhat less efficent,
resuls in companable and dgnificant immunomodulaton
and newoprotecdon zelagve to mammuaban MT-1&IL
Congdering the low sequence similaricy berween the
mammalian and Drosophila proteiny (Table 1), these
resulis do not support protein—prowein interactons (in-
cluding a putive recepior) as the mechamsm underlying
the thempeutical effec of Za-MTs, bun rather supgen
that eather the mnc counterpart or other chemucal prop-
ertier of these proteine such u G y reactive thiol
groups could be the ones anvolved general souc-
tural propemies that chammeerize all MTs are the forma-
don of two metl-thiolate chosters, Jocabized in two
mutually interacting B- and a-domuins (Romero-lsnt
and Vagilk, 2002, x‘ﬁ&l“ﬂh the three-dimenvonal souc-
wre of Dmiophila MTN 5 currenty unknown, the avail-
able specoowopic dum mggess that als o toy MT e
binding of three of fomer gine jons to 10 cpsteing thiclates
of the prowin genemates a metal-thiolate choter (Walls
et al,, 2000), Even though the thiol Broups in BATs aze
masked through their interacdon with metal ions, they
retain a substantal degree of the nucleophilicity sen
with the metal-free prowin. This is reflected by ther
high reacdwity with oxidizing agents and ability o effi-
dently scavenge fee radicals such a= hydromyl (OH),
superoxide (On ) or nitrc oxide (MO). In all cases, the
free radicals attack ocours at the mewml-bound tmolates,
leading v the prowein oxidatgon or modificavon
(Promero-lsat and Vaiik, 2002). A consequence of this
i that MT will releas it mine content, which locally
might reach sigmificant conceneations and exert potent
effects (Sensi and Jeng, 2004), These structural properdes
of mammalian MT-1&01 (presumably alse of Dyvosophila
MTHI:I are i iﬂmﬁrmﬁrll with &JE}!I: :rLadliI‘!d antiinflarm-
matory, antosadagve, and mhapngmu: actions in the
brain (Hidalge et al Hf.ll]i this st

When human tMT-II was :dn-:i.n:i.tr.:::d EXOFE-
nously, a very different pattgrn of peurobiologic effects
emetged, a3 it was towlly inefficient in controlling
inflarmatory responge, cytokine p::;-duﬂ.it:u, oxdative
sess, neuradegeneration, and :f-:-pms. This funstienal
r:]:';rezgen.:e weas further highlighted when post-ledonal
synaptic  pludcy waz  evahsated, beswese M-I
showed an opposite pattern of effects compazed 0
human aMT-lla [dewimental v, lpnm'.tiw., respecavely).
The detrimental effects of tMT -1 could be sgnificantly
mediated by the concomitant decrease of a number of
growth factors, peusotrophin, and pewoprotéctive fac-
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Lors, methmm[.t} that could alse be underlying the
neuroprotective effects of nMT-1la. To our knowledge,
this 1z the first study repordng that exogenowsly admime-
terecd MT-11 causes sach promninent  neurchicloegic
effieces in vive, although confomadon seems abeady
]!r.:l:rjd bﬂl’.illﬂ’: Chung ardl WE.';{ I:?J’HH]- and E:-,"Jmllg et al
(2003) mendoned a mmlar detnmental role after corueal
brain injury. It is esental w realize that the effects with
exogenous s T-111 ted in chis smudy are consstent
with those obsrved in A3 KO mice [Camasco et al,
2003), fully supporting their physicloge elevance.

The presemt resuls clearly demonstae specific and
divezgent roles of MT-II w. the nommal counterpars
MT-1%I] in wive despite the evident structural sirmilar
s between these M 1soforms regarcing metl-thiolate
clusters (Table I). It has long been suspacted this weuld
be the case (Uchida ex al, 1591), but clear evidences
were scarce. Both MT-1&11 and MT-I effects in the
brain scem to cmerge after injury because there s bam-
cally no brain alteratons in the comesponding KO mice
in normal conditions. Beyend this coincidence, diverg-
ing roles of MT-1&11 v MT-III in emérgency stuaticns
are demonstrated in the present sudy. Becuse aMT-1la
and tMT-IIl shevwed opposte effects on neuronal plas-

[ Human nMT-Ia B Houman cMT-IO

1285y MTHIKO  SpdK pom hoo comparitons. *P < 0,05
va mline injecred mnice; groups hbeled
with differen: |ertess are significarsly dif
fment bvoun ek other (F < 0U05).

daty, whereas only the former affected cmdatve stres,
it 3% unlikely that the différent effects they cause ae

related amply v modulston of omdative soess in the
injured brain. This points w specific mechanisms that
might be the consequence of the swuctural differences
known to exist berween MT-II and MT-I&11, and
shows the mvolwement of the MT-IIIl CyPCF and
'I','-:,:,CPL:F SEQUENCE medils in in inhibivory peuronal sur-
vival propertes (Sewell er al, 1995; Romero-Isast et al,
2002, On the COntrary, BAT =111 may proanote neurite
growth (Uchida et al, 1991; Enckson et al, 1994;
Chung et al, 2002; Kohler ev al, 2003, Serucural
divergence may also be the basis of the specific protein-
protein  interactions that recent sudies have shown
Hence, molecular interacton between the G proten-
RablA vesicular transporter and metal-loaded MT-111
hat been idensfied by the veast ewo-hybrnd methed
|I1{=.||E_ et al i EGDI:I and eonfirmed |_1:,r :I.ITin.!il!,r p:Eci]:ilﬂ
aon and surface plasmon resonance (Kmpp et al, 2008).
Several addidomal MT-1I interacting partners, mich as
heat-shock proteins 84, hepT0, dibpdropyrimidinase-like
protein 2, creating kimuse, and [-actin, have heen
devected by immunoaffimty  chmomatogaphy  (Laba
er al, 3005). This opens new perspectives in the field.
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Based on the present results, we can not rule out
effects of the injected MTs outside the CNS a5 part of
their nenrobiologic effecs. Although the ourcome of the
present expenments do show a clear consistency wath
that obtained in expenments with transgemic mice, fur-
ther studies are needed for establishing more precisely
the specific contribution of peripheral vs. cenmral effects.
We have shown thar a cryolesion to the comex does
affect the number of lectin positive macrophages and
CD3-positive T cells in the spleen in addition 1o the
CNS ZnMT-II injection reduces the former effect but
not the latter, and the same thing occurs in MT-1 over-
expresing mice [Girale et al., 2002b). It can be specu-
lated rthat the penipheral effecs of the injecred {or endo-
genously expressed) MT-1&11 could contribute to some
extent to the reduction of macrophages abserved in the
brain, whereas it does not eegarding T eells (akhough
once again this might be indirectly influenced by the
concomitant reduction in the number of macrophages).
Foegarding MT=III, there is no evidence o our knowl-
edge of peripheral effects on the immune system or
ather physiologic compartments relevant to the bran.
Obviously we can not rule out this completely and fur-
ther work is clearly needed. Nevertheless, the effecs we
abserve in the mjured brain are more consstent with
neuronal functions than with immune-affected physio-
logical variables, Whereas we have observed previously a
clear prosence of injected rabbic MT-11 in brains with
compromised BEB quite rapidly (Fenkowa and Hidalgo,
200KE, Garale et al., 20020}, this has mot been tested here.
The resules suggest strongly thar the different MTs used
in this study behave similarly to the rabbie ndMT-11. We
have never analyzed how fast the MT-II protein reaches
the brain and how similar this process s compared 1o
the MT-I&IT counterparms. This is a logical aim for
future studies.

In conclusion, our results demonstrate specific and
divergent roles for MT-II vs. MT-I&I in vivo in the
cryolesioned mouse bran, which are consistent wath
thow of the endogenously expresed protein, These
results, together with the confirmation of the effective=
ness of recombinant proceins, indicates cthar both types of
protemns can be conssdered for use as potennal therapen-
e factors for the bram,
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IV. DISCUSION

1. Dinamica de la expresion génica en la criolesion

La respuesta inflamatoria desencadenada por la criolesion ya habia sido, tal y como se
comenta en la introduccidn, caracterizada por nuestro grupo desde un punto de vista
primordialmente histopatologico (Giralt et al., 2002b, Penkowa et al., 1999a). Nos interasaba
a continuacioén determinar la dindmica de activacion de los diferentes factores implicados en
la respuesta a este tipo de lesion. En este sentido, la tecnologia de los chips de ADN
(microarrays), se ha mostrado como una herramienta de elevado potencial para analizar la
implicacion de miles de genes al mismo tiempo en una situacion concreta. Esta técnica, usada
en otros tipos de lesion traumatica (Knoblach et al., 1999, Kury et al., 2004, Natale et al.,
2004), permite analizar, dependiendo del experimento y del chip usado, la respuesta de entre
10.000 y 20.000 genes expresados en la corteza cerebral ipsilateral a diferentes tiempos
después de la lesion, concretamente y tras la realizacion de tres experimentos, con dos cepas

de ratones diferentes, hemos podido cubrir desde 1 dia post lesion (dpl) hasta 16dpl.
1.1. Seleccion de los genes

El analisis de los resultados de los microarrays lleva asociado el empleo de
herramientas informaticas, en este caso el programa dChip (Li y Wong, 2001), que facilitan el
filtrado de los genes afectados segin sus cambios en la expresion (fold change). Estos genes
posteriormente son analizados mediante un test estadistico convencional (ANOVA de dos
factores) para obtener asi una lista manejable y estadisticamente significativa. Esta
aproximacion ha sido propuesta como la mas apropiada para el analisis de los datos generados
por microarrays (Guo et al., 2006) y fue usada en dos de los tres experimentos. En el Gltimo,
sin embargo, y debido a que una nueva version del programa dChip permitia realizar
directamente un test ANOVA de dos factores, se optd por usar este sistema. El nimero de
genes cuya expresion se vio afectada por la criolesion se situd alrededor de 320 en los dos
primeros experimentos y de 459 en el ultimo. Las diferencias en los valores entre
experimentos, aunque minimas si pensamos en el niimero total de genes analizados, pueden

explicarse por diferentes motivos como el propiamente metodoldgico asi como por el hecho



174 Discusion

de que en el ultimo experimento se han tenido en cuenta sondas redundantes, lo que conlleva
que el nimero de genes afectados real sea algo menor. Otro factor a tener en cuenta es que,
pese a que en este apartado nos centramos en el papel per se de la criolesion, no debemos
olvidar que los experimentos fueron disefiados desde la perspectiva de evaluar el efecto de la
deficiencia bien de TNFR1/ TNFR2, IL-6 o MT1+2 para elucidar su implicacién, por lo que,
dependiendo de los genotipos estudiados pueden existir diferencias puntuales en el test
ANOVA de dos factores. Finalmente, el Gltimo experimento fue realizado en ratones de la
cepa 129Sv/J, mientras que los dos anteriores se realizaron en animales C57B16/J, por lo que,
dadas sus marcadas diferencias anatomicas y funcionales (Kalueff y Tuohimaa, 2004, van

Bogaert et al., 2006), pueden existir diferencias en la respuesta entre las dos cepas.

1.2. Caracterizacion del patron temporal de expresion en la criolesion

Si bien es importante identificar los genes alterados en nuestro modelo de lesion, no lo
es menos el poder clasificarlos segun su patron de expresion, agrupando todos aquéllos que
respondan de manera similar a la criolesion y, de esta forma, poder definir qué funciones y/o
mecanismos celulares estan implicados en cada momento.

El programa dChip permite la agrupacion jerarquica de los genes obtenidos, creando
diferentes clusters donde se muestra el nivel de expresion de un gen en comparacion con los
niveles basales en cada tiempo estudiado. Gracias a este tipo de analisis hemos podido
identificar grupos de genes que muestran cambios en la expresion, ya sea incrementandola
(aproximadamente un 70% de los genes) o disminuyéndola (30% de los genes), en algunos de
los tiempos estudiados. Después de un andlisis funcional mediante el programa EASE
(Hosack et al., 2003) pudimos identificar las categorias sobre-representadas en cada uno de
los clusters seleccionados.

Nuestros resultados permiten afirmar que, si bien la criolesion induce en gran medida
la expresion de genes encaminados a favorecer la respuesta inflamatoria, la entrada
leucocitaria y la resolucion del dafio, iniciando procesos de supervivencia o apoptéticos en las
diferentes células afectadas, también provoca la disminucion de la funcidon neuronal y la
plasticidad sinaptica, aunque probablemente exista una interrelacion entre estas dos acciones,
siendo aqui donde cobra vital importancia el estudio del papel de las citoquinas, que como ya

se ha descrito anteriormente, participan en las primeras fases de la respuesta.
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En las primeras 24 horas después de la lesion encontramos un marcado incremento en
la expresion de genes implicados en procesos de senalizacion tales como factores de
transcripcion, en muchas ocasiones relacionados con la sefalizacién de citoquinas y factores
de crecimiento, destacando a nfkb, c-fos, c-jun y stat3. La expresion de estos factores ha sido
ampliamente descrita en respuesta a lesiones traumaticas (Hang et al., 2006, Michael et al.,
2005, Suzuki et al., 2005). Estos factores son a su vez los responsables de la activacion de
multitud de genes, sugiriendo una activacion de multiples mecanismos de supervivencia y/o
apoptosis después de la lesion. Algunos ejemplos serian gadd45b y gadd45g, implicados tanto
en mecanismos neuroprotectores como neurotoxicos (Yoo et al., 2003) o genes implicados en
la respuesta inflamatoria como las quimioquinas (ccl2, ccl3, ccll2) (Rebenko-Moll et al.,
2006) o las proteinas de fase aguda metalotioneina 1 y 2, que son inducidas tras lesion en
parte por IL-6 (Lee et al., 1999), marcando asi una posible primera respuesta rapida al dafio.

En el periodo comprendido entre 1 dia y 4 dias post lesion los resultados sugieren que
estan siendo activados mecanismos de respuesta intracelular al dafio, aumenta la expresion de
moléculas implicadas en el control del ciclo celular y apoptosis, como p2/ o CLIC4
relacionados con procesos apoptoticos inducidos por p53 (Kassouf et al., 2006, Siever y
Erickson, 1997). Otros mecanismos claramente activados sugieren la remodelacion del tejido,
observandose un incremento en la expresion de genes que codifican proteinas del
citoesqueleto, como es el caso de genes de astrocitos como GFAP o vimentina, dando lugar a
una mayor reactividad glial, hecho que se ha demostrado tanto en la criolesion (Penkowa et
al., 2000b) como en otros tipos de lesiones (Dutcher et al., 1999). Otros genes que codifican
factores del citoesqueleto de diferentes tipos celulares como la calponina 3 o la transgelina
también se ven incrementados, asi como genes asociados a la matriz extracelular, tales como
las anexinas, implicadas en procesos de adhesion celular y fibrinolisis (Siever y Erickson,
1997), que facilitardn la entrada de leucocitos asi como la exacerbacion del proceso
inflamatorio.

Entre los dias 4 y 8 post lesion se confirma una mayor entrada de leucocitos,
observandose un marcado incremento en el nimero de genes implicados en los procesos de
respuesta inmune, con especial énfasis en genes pertenecientes al complejo mayor de
histocompatibilidad tipo II, presente en cé€lulas presentadoras de antigeno profesionales
(Abbas et al., 2000) y factores del complemento. También hemos descrito un incremento en
la expresion de genes relacionados con la reconstruccion celular y con la respuesta a dafio. Se
ha podido observar el incremento de la expresion de diversas catepsinas, implicadas tanto en

procesos de proteolisis intracelular como de la matriz extracelular (Felbor et al., 2002). A los
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8dpl, la unica categoria de genes con respuesta significativa implica la remodelacion de la
matriz extracelular. A los 16 dias post-lesion la expresion génica, en general, vuelve a los
niveles basales.

No debemos olvidar, sin embargo, que un 30% de los genes seleccionados mostraron
una disminucién en su expresion después de la criolesion. La gran mayoria de estos genes
estan relacionados con la diferenciaciéon neuronal, el desarrollo del sistema nervioso y
mecanismos de transporte intracelular. Nuestros resultados confirman el descenso de la
funcién neuronal tras la lesion, pudiendo ser sus causas primarias (debidas a la lesion) y/o
secundarias (por un descenso de factores troficos en la denominada zona de penumbra)
(Wieloch y Nikolich, 2006). Asi, podemos destacar el gen que codifica la subunidad beta de
la proteina quinasa II dependiente de calcio/calmodulina — Camk2b-, implicada en procesos
de memoria y plasticidad (Colbran y Brown, 2004) y el gen para la proteina asociada a
microtubulo 2 (mtap?2), implicado en la estabilidad de los microtubulos y en procesos de

plasticidad sinaptica (Harada et al., 2002).

2. El TNF-a en el sistema nervioso central

Nos hemos centrado en la participacion de cada uno de los receptores del TNF-a por
separado gracias al empleo de animales knock-out para el receptor 1 (TNFR1KO) o para el
receptor 2 (TNFR2KO) en un modelo de lesion traumatica, en concreto la criolesion, aunque

cabe destacar que no hemos olvidado posibles acciones de este factor en el organismo sano.

2.1. Implicacion del TNF-a en la actividad motora/exploratoria

De los resultados que hemos obtenido con animales deficientes bien para el receptor 1
o para el receptor tipo 2 del TNF-a se desprende que este factor estd implicado en el
desarrollo y/o en la modulacién de algunos de los patrones conductuales del raton.

En este sentido tanto los animales deficientes para el receptor 1 como para el receptor
2 del TNF-a muestran una mayor actividad locomotora, cuantificada por un incremento en el
numero de ambulaciones exteriores en el test hole board (tabla de agujeros), confirmando asi
resultados de otros grupos que muestran como una sobre-expresion de TNF-a afecta de

manera global la conducta de los ratones (Fiore et al., 1996), observandose una menor
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actividad locomotora (Fiore et al., 1998). El test hole board es también un indicador de la
actividad exploratoria de los animales, habiéndose descrito como el incremento de TNF-
o hipocampal tras lesion en raton reduce la capacidad exploratoria medida por el numero de
rearings (Pan et al., 2003). Nuestro estudio confirma estos resultados, caracterizando ademas
el papel especifico de TNFR2 en este patron de conducta, al observar un incremento tanto en
el numero de rearings como de head dippings —también indicador de conducta exploratoria-
unicamente en los animales TNFR2KO. Una posible explicacion de las diferencias
conductuales de los animales deficientes en TNFR2 puede encontrarse en la alteracion en la
expresion de diversos genes, identificados gracias a los microarrays, implicados tanto en la
formacién como en la actividad de las sinapsis. El TNF-o, mediante su union al receptor 2,
podria estar modulando el patron de expresion génica dando como resultado final las
diferencias conductuales que describimos en adultos. En este sentido se ha descrito una accioén
del TNF-a en procesos de refuerzo sinaptico (Stellwagen y Malenka, 2006). El estudio de la
contribucion especifica de cada uno de los genes en el fenotipo observado se presenta como
un interesante proyecto para elucidar las acciones centrales del TNF-a en condiciones
fisiologicas.

El test hole board, permite ademds evaluar la ansiedad/emotividad de los animales, ya
que las ambulaciones por cuadrantes internos, desprotegidos, serdn mads frecuentes en
animales menos ansiosos. Nuestros resultados no muestran ningun efecto del TNF-a en este
parametro, ni tampoco se observan diferencias entre cepas en un test especifico para evaluar
la ansiedad de los animales, como es el elevated plus maze (laberinto en cruz elevado). En
este ultimo el tiempo que los animales pasan en los brazos abiertos (no protegidos) del
laberinto correlaciona inversamente con la ansiedad del animal. Los resultados sugieren que el
TNF-a, a nivel fisiologico no estaria implicado en la ansiedad o emotividad de los animales,
aunque otros laboratorios, usando animales TNFKO, han sugerido un papel de esta citoquina
en el establecimiento de conductas ansiogénicas (Yamada et al., 2000) o tras infeccion virica
(Silverman et al., 2007). Las diferencias podrian explicarse por un lado por los efectos que
puede causar una deficiencia total de TNF-o durante el desarrollo, y por otro por que las
acciones del TNF-a a las concentraciones en las que se encuentra en respuesta a infecciones
pueden diferir de las observadas a nivel fisioldgico, mostrando nuevamente la complejidad de
la sefializacion de este factor. Otras citoquinas pro-inflamatorias como la IL-1 o la IL-6, sin
embargo, si que han mostrado efectos sobre la ansiedad, (Armario et al., 1998, Swiergiel y

Dunn, 2007), debe tenerse en cuenta, sin embargo, que niveles elevados de estos factores
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pueden inducir la respuesta de enfermedad (sickness behaviour), la cual a su vez puede alterar

los resultados de los tests conductuales usados normalmente.

2.2. Papel de los receptores del TNF-a en un modelo de lesion

traumatica

Multiples mecanismos se activan en respuesta a dafio en el sistema nervioso central,
por lo que no es de extrafiar que, tal y como se ha descrito en otros modelos experimentales
(Li et al., 2004, von Gertten et al., 2005), en nuestro modelo de lesion se observe un claro
patrén de activacion de grupos de genes. De entre los grupos obtenidos se puede identificar la
induccion de genes implicados en procesos inflamatorios, sobre todo en tiempos cortos
después de la lesion, asi como genes relacionados con la respuesta a dafio. Por el contrario,
entre los genes cuya expresion disminuye después de la lesion se pueden encontrar factores
implicados en la diferenciacion neuronal y, posteriormente, en la estabilidad de los
microtubulos, y, por extension, de la célula.

Una vez visto el mecanismo general iniciado frente a una lesion nuestro objetivo ha
sido caracterizar el papel individual de cada uno de los receptores del TNF-o en esta
respuesta, habiéndose analizado a diferentes niveles. En primer lugar, s¢ usé un test para
evaluar la funcién motora tras lesion, el horizontal ladder beam (escalera horizontal elevada —
HLB- ). En este test, se ensefia a los ratones a pasar sobre una escalera horizontal para llegar a
una caja oscura en un extremo. Una vez los ratones han aprendido a ejecutar la prueba sin
errores, son lesionados y se anota el nimero de fallos que cometen al pasar sobre la escalera
horizontal. Nuestros resultados muestran como tanto los animales TNFR1KO como los
animales TNFR2KO presentan una mejor respuesta, comparados con animales de la cepa
control, lo que sugiere una implicaciéon neuropatologica para ambos receptores. En este
sentido, la ausencia de TNF-a se ha mostrado positiva tanto en procesos isquémicos como
tras administracion de acido cainico (Bruce et al., 1996, Gary et al., 1998). En otros casos, sin
embargo, se ha descrito un papel diferencial de los dos receptores, por ejemplo en la EAE el
TNFR1 desempefia un papel negativo mientras que TNFR2 participa en funciones
neuroprotectoras (Suvannavejh et al., 2000), aunque lo contrario se ha descrito en procesos
isquémicos (Akassoglou et al., 2003) y por ultimo, después de axotomia se ha descrito un
papel perjudicial mediado por los dos receptores al mismo tiempo (Raivich et al., 2002),

estando mas en linea con nuestros resultados en la criolesion.
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Por este motivo, nuestro esfuerzo se ha encaminado en encontrar los mecanismos de la
sefalizacion de cada uno de los receptores en nuestro modelo, para en un futuro poder

estudiar los mecanismos concretos que puedan explicar la diversidad de acciones.

2.2.1. TNFR1 media la respuesta inflamatoria desencadenada por la

criolesion

Una de las acciones mejor descrita para TNF-a es su capacidad pro-inflamatoria por lo
que en este trabajo hemos caracterizado la respuesta inflamatoria subsiguiente a la criolesion
en animales TNFR1KO y TNFR2KO.

Nuestros resultados sugieren un papel de TNFRI pero no de TNFR2 en el
establecimiento de la respuesta inflamatoria, habiéndose observado que solo los animales
TNFR1KO presentan un menor numero de astrocitos reactivos, menor microglia
activada/macrofagos (células positivas para F4/80 asi como células positivas para IL-1p),
linfocitos T (CD3 positivos) infiltrados y células apoptdticas (positivas para caspasa-3 y
TUNEL) tanto 3 como 7 dias después de la lesion, pero sin estar asociada a una reduccion en
el estrés oxidativo (células positivas para proteinas nitrosiladas y para 8-oxoguanina, un
marcador de dafo en el ADN).

Un estudio mas exhaustivo a nivel de expresion génica mediante diferentes técnicas
nos ha permitido describir que esta menor respuesta inflamatoria y apoptosis observada en los
animales TNFR1KO podria ser consecuencia de la menor activacion génica en las primeras
24 horas de la respuesta a la lesion. Una primera aproximacion mediante RPA (ribonuclease
protection assay) nos permitié confirmar esta hipotesis, presentando los animales TNFR1KO
una menor activacion de genes implicados en la via de sefalizacion de TNFR1 (rip), una
disminucién en la expresion de citoquinas pro-inflamatorias, acompafiada de una menor
expresion de gfap y de macl, lo que sugeria una menor activacion astroglial e infiltracion de
macrofagos respectivamente, y de genes implicados en la respuesta inflamatoria tales como la
proteina de fase aguda eb22/5, el factor de adhesion celular icam, las metaloproteinasas de
matriz (mmps) y su inhibidor (timpl) y finalmente en genes implicados en vias apoptdticas
(fas). Estos resultados permitirian explicar los resultados obtenidos por otros grupos, en tanto
en cuanto el TNF-a estaria implicada en la respuesta inflamatoria, regulando el reclutamiento

de leucocitos y la gliosis (Munoz-Fernandez y Fresno, 1998, Raivich et al., 1999).
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La reduccion observada en la expresion de estos genes sugeria la implicacion del
factor de transcripcion mas importante en la sefializacion de TNF-a,, el factor nuclear (NF)kB,
habiéndose descrito una expresion reducida de este factor previamente en animales con
diferentes déficits en la via del TNF-a (Kim et al., 2001, Sullivan et al., 1999). Mediante el
uso de una técnica de screening de amplio espectro (microarrays) con sondas para
aproximadamente 20.000 genes pudimos identificar efectivamente una menor expresion de
nfkB asi como de otros factores de transcripcion c/ebp, c-jun, c-fos en los animales
TNFRIKO a las 24 horas post lesion. NFkB puede activar mecanismos tanto
antiinflamatorios como pro-inflamatorios entre los que se encuentran tanto c-fos como c-jun,
que una vez dimerizados constituyen el factor de transcripcion AP-1, que puede iniciar

procesos apoptdticos (Hallenbeck, 2002).

La disminucion en la expresion de factores de transcripcion estd acompanada de una
disminucién en la expresion de genes implicados en la respuesta inflamatoria en los animales
TNFR1KO. Aunque los microarrays no detectaron la expresion de citoquinas pro-
inflamatorias, probablemente por problemas de sensibilidad, a 1 dia post-lesion encontramos
menor expresion de genes relacionados con la sefializacion de citoquinas tales como el
receptor 1 de la IL-1 o stat3, factor de senalizacion de IL-6 o socs3, implicado en la
regulacion de las acciones de citoquinas (Emery et al., 2006), lo que se corresponde con las
disminuciones en la expresion de IL-1a, IL-1f3, IL-6 y TNF-a. observadas con el RPA. Las
citoquinas inducen a su vez la expresion de multiples factores, entre ellos quimioquinas
(Borish y Steinke, 2003), que a su vez, dada la implicacién de estos factores en la migracion
leucocitaria (Rebenko-Moll et al., 2006), explicarian la menor presencia de macrofagos y

leucocitos observados tanto a 3 como a 7dpl.

Los genes de las metalotioneinas 1 y 2 son inducidos por la criolesiéon y muestran una
disminucion a 1dpl asociada a la deficiencia de TNFR1. Las metalotioneinas poseen una clara
accion anti-inflamatoria y anti-oxidante (Carrasco, 2000, Hidalgo et al., 2001) y son inducidas
por IL-6 a través de STAT3 (Lee et al., 1999). Pese a que a nivel histoquimico no observamos
diferencias en cuanto a células positivas para marcadores de estrés oxidativo la disminucioén
en los niveles de metalotioneina puede condicionar en estadios posteriores la capacidad
antioxidante en los animales TNFR1KO. En este sentido, el estrés oxidativo desempeiia un
papel muy importante en el mantenimiento de las vias apoptdticas inducidas por el TNF-a
(Kamata et al., 2005). Hemos descrito que la criolesion induce la expresion de las

metaloproteinasas MMP3, MMP9 y MMPI2 y de su inhibidor TIMP1. Este dato es
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consistente con los resultados descritos en un modelo de impacto cortical (Wang et al., 2000),
en el que se observa una menor induccidn en la expresion de estos factores en los animales
TNFR1KO a un dia post lesion. Los resultados sugeririan una menor degradacion de la matriz
extracelular, que podria ser causa y consecuencia al mismo tiempo de una menor infiltracién
de células circulantes (Justicia et al., 2003). Finalmente también hemos podido observar que
la criolesion induce la expresion de genes implicados en procesos apoptéticos tales como c-
fos, c-jun, fas y a20, siendo este ultimo un gen con acciones antiapoptoticas inducido por
NF«xB (Bubici et al., 2006), los animales TNFR1KO presentan nuevamente una induccion
menor de todos estos factores, siendo posiblemente éste el motivo de la menor muerte celular

apoptdtica detectada en el borde de la lesion tanto a 3 como a 7dpl.

En vista de nuestros resultados pareceria claro que TNFR1 esta mediando la activacion
de los mecanismos pro-inflamatorios en respuesta a criolesion a tiempos cortos, tal y como se
ha descrito en otros modelos experimentales (Suvannavejh et al., 2000). En fases posteriores
(4dpl) no encontramos diferencias en cuanto a la expresion de Gfap o del gen de fase aguda
eb22/5 (Campbell et al., 1994) o de Timpl, observandose incluso un incremento de los
valores de este ultimo a los 3dpl, sugiriendo probablemente un retraso en su dindmica de
activacion. Los resultados no hacen mas que demostrar que, si bien los cambios iniciales a los
7dpl causados por la deficiencia de TNFR1 se muestran beneficiosos tanto histopatoldgica
como funcionalmente (medido por el test HLB), no podemos descartar que los mecanismos de
signo contrario se inicien en estadios posteriores, tal y como ha sido postulado por otros

autores (Munoz-Fernandez y Fresno, 1998, Shohami ef al., 1999).

2.2.2.TNFR2 es el principal mediador de las acciones del TNF-a

independientes de la inflamacion

El hecho de que una menor presencia de mediadores inflamatorios, como pasa en los
animales TNFR1KO, motivase una disminucién en el dano celular y una mejora en la
respuesta funcional después de dafio encajaba totalmente con la descripcion de las acciones
descritas para este receptor. Los animales TNFR2KO, como ya hemos comentado, presentan

también una mejor respuesta en el test HLB, sugiriendo que el TNF-a puede tener acciones
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independientes de la inflamacion mediadas por TNFR2 que desembocan en una peor
respuesta funcional tras criolesion.

El uso de los microarrays nos ha permitido detectar una gran variedad de genes
afectados constitutivamente por la deficiencia de TNFR2, por lo que es probable que
combinaciones de €stos sean los causantes de los efectos observados. Una vez agrupados los
genes segun sus funciones descritas, pudimos observar como la mayoria de ellos estan
implicados en desarrollo, memoria, plasticidad sinaptica y estabilizacion de los microtubulos,
por lo que nuestros resultados abren multiples posibilidades futuras para la clarificacion de las

acciones del TNF-o tanto en situaciones fisiologicas como frente a dafio.

En este sentido, y a modo de ejemplo de las posibilidades que ofrecera en el futuro el
estudio exhaustivo de cada uno de los genes seleccionados, se puede resaltar un posible
mecanismo implicado en la muerte celular por vias alternativas a las descritas actualmente
para TNFR1. Se ha descrito una via de muerte celular inducida por TNF-a. causada por la
disfunciéon de los microtubulos inducida por la fosforilacion de la proteina stathmin
(Vancompernolle et al., 2000). En nuestro estudio hemos observado como stathmin se
encuentra disminuido en los animales TNFR2KO de manera constitutiva, de la misma manera
que lo estdn los genes de factores asociados a los microtiubulos maplb y map2. El mismo
grupo (Van Herreweghe et al., 2002) ha descrito que este proceso viene mediado por la
fosforilacion de la glioxilasa-1 por accion de la PKA, induciendo muerte celular por una via
dependiente de productos finales de glicosilacion avanzada (advanced glycation end-product
—AGE-). En este sentido hemos identificado que el gen de la subunidad catalitica de la PKA
(Prkacb) también muestra una expresion reducida en los animales TNFR2KO. En conclusion,
la deficiencia de TNFR2 nos muestra una implicacion de este receptor en mecanismos de
mantenimiento celular diferentes a las descritas para el TNFR1, tanto a nivel fisiolégico como

después de lesion.

En nuestro modelo la ausencia y, por lo tanto el bloqueo de las vias de sefnalizacion de
cualquiera de los dos receptores se ha mostrado beneficioso en las primeras fases de la
respuesta, aunque, dado el papel dual descrito para el TNF-o. no podemos afirmar que sea asi

durante la progresion de la respuesta al dafio (Shohami ef al., 1999).
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3. Implicacion de la IL-6 en el sistema nervioso central

El objetivo principal del estudio ha sido la determinacion de los genes implicados en
la diferente respuesta a la criolesion que observamos en los animales con deficiencia en IL-6
(IL6KO) (Penkowa et al., 1999b, Penkowa et al., 2000b) o que sobre-expresan IL6 en el
sistema nervioso central (GFAP-IL6) (Penkowa et al., 2003c). Estos resultados,
principalmente obtenidos mediante técnicas histopatoldgicas, sugieren un papel dual de la IL-
6, estando primeramente implicada en el establecimiento de la respuesta inflamatoria, pero al
mismo tiempo participando en la disminucion del estrés oxidativo y de los procesos
apoptoticos, pudiendo estar estos efectos a su vez implicados en la facilitacion de la
recuperacion después de lesiones traumaticas (Swartz et al., 2001), asi como en modelos de
lesion axonal in vitro (Hakkoum et al., 2007). En vista de estos resultados, es de vital

importancia, por tanto, elucidar los mecanismos desencadenantes.

Nuestros resultados, mediante el empleo de microarrays, nos han permitido
determinar la implicacion de la IL-6 tanto en situaciones fisidlogicas como después de la
lesion, habiendo observado cambios en la expresion de diferentes genes, algunos no descritos
previamente, que pueden mediar los importantes efectos establecidos para la IL-6 bien en la

supervivencia celular bien en la respuesta inflamatoria tras criolesion.

3.1. La seiializacion de la IL-6 en condiciones fisiologicas

La expresion de diversos genes se ha visto alterada de manera constitutiva por la
deficiencia o sobre-expresion de IL-6 en el SNC, sirviendo de base para explicar las multiples
observaciones sobre la implicacion de la IL-6 en diferentes funciones en el SNC. Los genes
han podido ser agrupados en diferentes categorias. Entre ellas, encontramos genes implicados
en procesos de plasticidad sindptica, en este sentido factores como la alfa-sinucleina o la
sinapsina II, que modulan la funcion de las vesiculas sinapticas (Austin et al., 2006,
Samigullin et al., 2004), muestran una expresion incrementada en los animales IL6KO,
mientras que por el contrario vamp?2 (sinaptobrevina 2), gen involucrado en la transmision
sinaptica (Blagoveshchenskaya et al., 2002), estd disminuido en los animales que

sobreexpresan IL-6, por lo que podrian estar implicados en las alteraciones en los niveles de
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diferentes proteinas sinapticas inducidas por IL-6 y descritas recientemente (Vereyken et al.,
2007) que pueden explicar, a su vez, las diferencias en la conducta emocional observadas en
los animales IL6KO (Armario et al., 1998)

También hemos podido observar como la IL-6 modula la expresion de genes
implicados en el desarrollo del SNC. Se ha sugerido una accion de la IL-6 en la diferenciacion
preferencial de las células precursoras neurales en astrocitos (Taga y Fukuda, 2005),
habiéndose observado una disminucién de la neurogénesis en adultos (Vallieres et al., 2002).
Nuestros resultados confirmarian la implicacion de IL-6 en estos procesos; asi la deficiencia
de IL-6 esta asociada a un incremento en la expresion de los factores de transcripcion Sox2,
expresados en células precursoras embrionarias (Miyagi et al., 2004), o el factor de
transcripcion 12, que participa en el desarrollo de los oligodendrocitos (Riemenschneider et
al., 2004).

Por ultimo, otras funciones en las que hemos descrito genes alterados por la
deficiencia o sobre-expresion de IL-6 son la sintesis y metabolismo protéico y de acidos
nucléicos asi como genes implicados en la citoarquitectura celular, que probablemente estén
involucrados en todos los procesos descritos anteriormente, y que, sin lugar a dudas,
condicionan la posterior respuesta a situaciones lesivas descrita para los animales IL6KO
(Penkowa et al., 2000b) o GFAP-IL6 (Penkowa et al., 2003¢) tanto en la criolesion como en
otros modelos (Penkowa et al., 2003b, Swartz et al., 2001).

Nuestros resultados, en conjunto, confirman la naturaleza pleyotrdpica de la IL-6 asi
como sirven de base para un estudio pormenorizado gen a gen que puede resultar clave en la

identificacion de nuevos mecanismos de accion de la IL-6 en la fisiologia del SNC.

3.2. Implicacion de la IL-6 en el sistema nervioso central en un

modelo de lesiOn traumatica

3.2.1. La IL-6 modula la funcion neuronal

Nuestros resultados muestran una disminucion de la expresion tras lesion de diversos
genes implicados en la funcidon neuronal, en la transduccion de sefiales y en el control de la
transcripcion génica, encontrandose una implicacion de la IL-6 en todas estas categorias, lo

que sugiere importantes y variadas acciones de esta citoquina. De entre todas las categorias,
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quizas la mas destacada y en la que mas genes se han visto afectados por la deficiencia o
sobre-expresion de IL-6 es la de la sefializacion del calcio. Este dato no es soprendente si se
tiene en consideracion que la alteracion de la homeostasis del calcio es una de las
caracteristicas de las lesiones traumadticas, al activar mecanismos de muerte celular por
excitotoxicidad y alterar los mecanismos de aprendizaje y memoria (Yun ef al., 2002).

Se ha descrito una disminucion en los niveles de CAMKII en respuesta a lesiones
isquémicas (Uemura et al., 2002), epilepsia (Liang y Jones, 1997) y dafio excitotoxico in vitro
(Churn et al., 1993). Nosotros observamos que la deficiencia de IL-6 mantiene la expresion de
la proteina quinasa dependiente de calcio/calmodulina II (Camk?2), mientras que la sobre-
expresion de IL-6 provoca una reduccion mucho mas marcada. De la misma manera, el gen de
la quinasa 2 de la CaMKII (Camkk2) se encuentra disminuido en los animales GFAP-IL6.
Dado que la via de la CaMKII es uno de los mecanismos mas importantes en el control de la
plasticidad sinaptica y la memoria (Colbran y Brown, 2004) podemos sugerir que la IL-6
presenta un papel inhibidor de estas funciones y en este sentido, se podrian explicar los
deficits en actividad hipocampal (Steffensen et al., 1994) y aprendizaje (Heyser et al., 1997)
descritos en los animals GFAP-IL6 y la inhibicion de los procesos de memoria y plasticidad
sinaptica descritos para la IL-6 (Balschun et al., 2004).

Después de la lesion, la IL-6 puede estar actuando de una manera mas compleja en la
homeostasis del calcio. En este sentido hemos podido identificar una menor expresion de
genes como Atp2b2 (Pmca2) o Achyll, implicados en la salida de calcio de las neuronas tras
lesion (Cooper et al., 2006, Pottorf et al., 2006) en los animales GFAP-IL6. De la misma
manera, la administracion cronica de IL-6 en neuronas cerebelares también se ha descrito que
induce la liberacion de calcio desde compartimentos intracelulares (Nelson et al., 2004).

El objetivo principal de la respuesta a una lesion es la limitacion del dafio y uno de los
mecanismos, como ya se ha comentado, es la disminucion de la funcién sindptica. En este
sentido, ha sido ampliamente descrita la capacidad de la microglia activada para eliminar las
sinapsis excitadoras en neuronas dafiadas, en un proceso conocido como synaptic stripping
(Cullheim y Thams, 2007), impidiendo asi una activacion neuronal y favoreciendo la

iniciacion de mecanismos de supervivencia.
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3.2.2. La IL-6 es pro-inflamatoria en la criolesion

La IL-6 ha sido extensamente descrita como factor pro-inflamatorio (Munoz-
Fernandez y Fresno, 1998, Van Wagoner y Benveniste, 1999) y, en este sentido, nuestros
resultados claramente muestran la contribucion de la IL-6 en la expresion de genes implicados
en la respuesta inflamatoria. En primer lugar, el trabajo con animales deficientes en IL-6 nos
ha permitido observar una menor activacion en dos de las principales vias de sefializacion
mediadas por citoquinas pro-inflamatorias, como son la via JAK/STAT observando una
menor activacion de Socs3, gen diana de STAT3, mediador de la respuesta inflamatoria de IL-
6 e indicativo del sfatus inflamatorio de la célula (Emery et al., 2006). Asimismo, la
sefalizacion por NFkB, descrito anteriormente, también se encuentra alterada en los animales
sin IL-6, donde observamos una menor inducion de /kba, que codifica para el inhibidor de
NFkB, IkBa, lo que sugiere bien una respuesta defectuosa en estos animales al dafio o bien
una alteracion en el control de los genes diana de NFkB, que a su vez es el mediador principal
de TNF-a, lo dard lugar a una menor presencia de citoquinas pro-inflamatorias, como habia
sido previamente observado en un modelo de isquemia (Clark et al., 2000).

Una de las acciones mejor establecidas para la IL-6 es su participacion en la
induccién de la activacion glial y en la infiltracién de células circulantes (Kopf et al., 1994,
Penkowa et al., 1999b). En este sentido, no es de extrafiar que observemos una menor
expresion de diferentes genes implicados en estos procesos, como es el caso de CdI4, que
codifica para el co-receptor de LPS y que se expresa en monocitos y macréfagos (Beschorner
et al., 2002) en los animales IL6KO. De la misma manera, se observa una disminucion en
diferentes genes del complejo de histocompatibilidad tipo II, también expresados por
monocitos y otras células presentadoras de antigenos en situaciones de inflamacion
(Cresswell, 1996). Se ha sefialado una menor respuesta inflamatoria en los animales IL6KO
frente a diferentes situaciones patoldgicas (Eugster et al., 1998, Raivich et al., 1999).

La sobre-expresion de IL-6, produce, como era de esperar, efectos totalmente
opuestos, observandose incrementos en la expresion de los genes del complejo mayor de
histocompatibilidad II, o de genes como Iftml e Ifitm2 que se expresan en macrdéfagos y son
inducidos en procesos inflamatorios (Johnson et al., 2006), genes para diferentes subunidades
del receptor para la fraccion constante de las IgG, implicados en la atraccion leucocitaria
(Hamaguchi et al.,, 2006), o genes del complemento como C4b, sugiriendo una mayor

respuesta inflamatoria y un incremento en la infiltracién de leucocitos, que ha sido descrita
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en animales GFAP-IL6 tras criolesion (Penkowa et al., 2003c). De la misma manera, la
sobreexpresion de IL-6 induce la expresion de Gfap, principal filamento astrocitario. La
expresion de GFAP es uno de los mejores marcadores de inflamacién y es una clara
indicacion de una mayor reactividad astroglial (Zeng et al., 2000). En este sentido aunque los
animales GFAP-IL6 presentan claros signos de neuroinflamacion y astrogliosis en algunas
areas cerebrales (Campbell et al., 1993), en condiciones basales no muestran diferencias en
cuanto a los niveles de GFAP en el cortex cerebral (Chiang et al., 1994), pero si que los
presentan cuando son sometidos a algun modelo de lesion tal como la criolesion, (Penkowa et
al., 2003c¢), por lo que nuestros resultados apoyarian y extenderian los de estos trabajos, al
identificar algunos de los genes y mecanismos que pueden estar orquestando las respuestas

observadas.

3.2.3. La expresion de IL-6 promueve la supervivencia neuronal

La IL-6, ademas de tener un marcado papel pro-inflamatorio, pertenece a la familia de
las neuropoyetinas (Bauer et al., 2007), por lo que puede presentar acciones neurotroficas,
habiéndose establecido que favorece la supervivencia neuronal en diferentes situaciones
patologicas (Murphy et al., 2000, Swartz et al., 2001, Westberg et al., 2007).

En el modelo de la criolesion, nuestro grupo ha determinado un incremento en el
numero de células apoptoticas (positivas para marcaje por la técnica de TUNEL) en los
animales IL6KO asi como un incremento en los niveles de estrés oxidativo celular (Penkowa
et al., 2000b) , mientras que lo contrario se ha descrito en los animales GFAP-IL6 (Penkowa
et al.,2003c).

Nuestros resultados nos han permitido demostrar la implicaciéon, a nivel
transcripcional, de la IL-6 en los procesos de supervivencia y de muerte celular contribuyendo
a la identificacion de vias apoptoticas implicadas en la respuesta. Hemos identificado como la
IL-6 promueve la expresion de genes de factores antioxidantes que pueden ser los
involucrados en la reduccion del estrés oxidativo observado en los animales GFAP-IL6 a la
vez que, su expresion defectuosa en los animales IL6KO puede explicar el incremento de los
niveles del mismo.

Respecto al papel neuroprotector de la IL-6, se ha descrito su accion en la produccion

de factores neurotroficos como GM-CSF (Penkowa et al., 1999b) o BDNF (Murphy et al.,
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2000) asi como en la limitacion del estrés oxidativo y de la funcion mitocondrial en diferentes
situaciones patolédgicas (Jin et al., 2007, Penkowa et al., 2000b, Penkowa y Hidalgo, 2000a).

Tanto la deficiencia de IL-6 como su sobre-expresion comportan una alteracion en la
expresion de los factores de transcripcion c-fos y c-jun, que, como ya se ha comentado,
conforman AP-1. En este aspecto, c-fos ha sido sefialado como un factor esencial en la
supervivencia neuronal regulando la expresion de diferentes factores neurotroficos, entre ellos
BDNF (Cui et al., 1999, Zhang et al., 2002). Hemos podido determinar como la expresion del
gen de respuesta inmediata c-fos se encuentra reducida, acompanandose de una disminucién
en los niveles de BDNF, en los animales IL6KO, mientras que su expresion estd aumentada
en los animales GFAP-IL6, por lo que este podria ser uno de los primeros participes de la
mayor supervivencia mediada por IL-6.

De entre los diferentes genes implicados en procesos apoptoticos identificados en
nuestros resultados es de especial importancia, al haber sido descrita por primera vez su
modulacion por IL-6, el canal de cloro intracelular 4 (chloride intracellular channel 4,Clic4).
Este gen codifica para un canal de cloro presente tanto en el citoplasma como en la
mitocondria y puede ser regulado por p53 y TNF-a, estando implicado en la pérdida de
potencial de membrana mitocondrial (Fernandez-Salas et al., 2002). Por otro lado, se ha
descrito recientemente que puede translocar al nticleo y acelerar la apoptosis inducida por p53
en respuesta al estrés (Suh et al., 2004). La expresion de Clic4 se encuentra incrementada y se
mantiene durante mas tiempo en los animales IL6KO mientras que en los animales GFAP-IL6
se encuentra disminuida, por lo que es un claro candidato a mediar las acciones anti-
apoptoticas de IL-6 y por tanto confirmando el papel de la IL-6 en el control de procesos
apoptoéticos.

Por otra parte, de acuerdo con la bibliografia existente, la IL-6 afecta la expresion de
genes relacionados con la generacion o con el control del estrés oxidativo. El incremento de la
expresion observado para factores como peroxiredoxin 5 o Sh3bgrl, ambos inducidos en
respuesta a dafio oxidativo (Mazzocco et al., 2002, Wang et al., 2003), en los animales
IL6KO sugiere también un mayor dafio, mientras que la reducida presencia de A#f4, factor
implicado en la respuesta a estrés reticular (Harding et al., 2003) y el incremento del
coactivador 1 de PPARy (Pgcla), implicado en la induccién de diferentes enzimas anti-
oxidantes (St-Pierre et al., 2006) en los animales GFAP-IL6, refuerza la vision del papel
regulador del estrés oxidativo por parte de la IL-6.

En cuanto a genes antioxidantes relacionados con la IL-6 debemos destacar los de las

Metalotioneinas 1 y 2, que muestran reduccion de su expresion en los animales IL6KO e
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inducion en los animales GFAP-IL6. Estas observaciones concuerdan con estudios anteriores
en animales deficientes para IL-6 en los que la induccion de MTs estd notablemente
disminuida, mostrando el importante papel de esta citoquina en la induccioén de las MTs tras
lesion traumatica (Penkowa et al., 1999b, Penkowa et al., 2000b), administraciéon de LPS
(Carrasco et al., 1998) o administracion de la gliotoxina 6-AN (Penkowa y Hidalgo, 2000a).
Por el contrario, la sobreexpresion de MTs en los animales GFAP-IL6 se ha propuesto como
un mecanismo neuroprotector en la criolesion (Penkowa et al., 2003c) asi como frente a la
administracion de 6-AN (Penkowa et al., 2003b), donde se ha observado que la
sobreexpresion MT produce un menor dafio y muerte neuronal (Penkowa et al., 2004). Los
resultados sugieren a las metalotioneinas como uno de los importantes mecanismos de

proteccion frente al estrés oxidativo promovidos por IL-6.

4. Implicacion de las MTs en el la respuesta a lesion traumatica

en el sistema nervioso central

Multiples laboratorios han caracterizado extensamente diversas acciones beneficiosas
de las metalotioneinas en diferentes modelos de lesion (Chung y West, 2004, Hidalgo ef al.,
2001, Hozumi et al., 2004). Existen, sin embargo, multiples incognitas tanto en sus acciones
como en los mecanismos mediante los cuales las llevan a cabo. En este sentido nuestros
resultados con animales knock-out para las metalotioneinas 1 y 2 (MTKO) nos han permitido
caracterizar de una manera global sus implicaciones, a nivel transcripcional, identificando
nuevos mecanismos de accion en condiciones fisioldgicas, asi como describiendo los genes
implicados en sus funciones en el control del estrés oxidativo y en la reduccion de la
apoptosis tras criolesion, con lo que se refuerzan asi las evidencias previas que sugerian a las

MTs como potenciales factores terapéuticos frente a diferentes patologias.
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4.1. Los animales MTKQO presentan una mayor

predisposicion a estrés oxidativo y muerte neuronal

Los ratones MTKO, generados hace algo mas de 15 afios por el laboratorio del Dr.
Richard Palmiter (Masters et al., 1994a), han permitido caracterizar extensamente las
implicaciones de las metalotioneinas en el contexto de un organismo vivo. Una de las
primeras observaciones realizadas con estos animales fue su aparente normalidad fenotipica,
que descartaba una implicacion esencial de estos factores durante el desarrollo o en la
fisiologia de los animales. Estas primeras conclusiones se han ido matizando a medida que se
han ido caracterizando mas exhaustivamente, habiéndose descrito alteraciones conductuales
(Yoshida et al., 2006), entre ellas déficits de aprendizaje (Levin et al., 2006) en los ratones
MTKO. En nuestros resultados hemos identificado, entre otros factores, una menor expresion
de genes tales como la mono-oxidasa A o el receptor 4 de la serotonina, implicados ambos en
un amplio rango de funciones en el SNC, incluyendo la modulacion de los patrones
conductuales (Cases et al., 1995), por lo que podrian ser las primeras bases para explicar las
diferencias conductuales observadas en los animales MTKO. Hemos identificado también
genes implicados en procesos de desarrollo y plasticidad sindptica que se ven afectados por la
deficiencia de MT-1 y MT-II, tales como la serpina-12 (4632419J12Rik) (Molinari et al.,
2003). Cabe destacar, ademas, que hemos podido identificar numerosos genes implicados en
la sintesis y metabolismo proteico cuya expresion se ve alterada por la deficiencia de MTs, si
bien son demasiado numerosos y heterogéneos para discutirlos individualmente, si que
sugieren un papel complejo y amplio de las metalotioneinas en el control de la funcion celular

normal.

Pese a que, como se ha comentado anteriormente, los animales MTKO se desarrollan
en una aparente normalidad, muestran un claro fenotipo diferenciado al ser sometidos a
situaciones de lesion o dafio. Las caracteristicas mas destacables observadas en estos ratones
ademads de una mayor sensibilidad al envenenamiento por cadmio (Masters ef al., 1994a), son:
una respuesta inflamatoria alterada, un incremento del estrés oxidativo y un descenso de la
supervivencia neuronal, habiendo sido descritas por nuestro grupo tanto tras la administracion
del epileptdgeno acido cainico (Carrasco et al., 2000), como tras criolesion (Penkowa et al.,
1999a) o en la EAE (Penkowa et al., 2001). Por otra parte, la deficiencia de MT 1 y II

exacerba la neuroinflamacién observada en los animales GFAP-IL6 (Giralt et al., 2002a).
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Otros laboratorios han llegado a las mismas conclusiones respecto al papel de las
metalotioneinas en la respuesta frente a diversos tipos de dafio (Chung et al., 2004, Fitzgerald

et al., 2007, Potter et al., 2007).

La sobre-expresion de MT-I en los ratones TgMT, generados también por el Dr.
Richard Palmiter (1993), ha confirmado estas hipotesis, mostrandose protectora en la
criolesion, tras administracion de la gliotoxina 6-AN o de dacido cainico, asi como
disminuyendo la neuroinflamacion y muerte neuronal presente en los animales GFAP-IL6

(Giralt et al., 2002b, Penkowa et al., 2003a, Penkowa et al., 2004, Penkowa et al., 2005).

En vista de la bibliografia existente, era de esperar que la deficiencia de MT-I y II
alterara el patron de expresion de genes relacionados con la respuesta inflamatoria. Uno de los
cambios a nivel génico que mas nos sorprendi6 fue la expresion de aquaporin 2 (Agp2), que
se encuentra reducida en los animales MTKO. En primer lugar, este es uno de los primeros
trabajos donde se describe su expresion en SNC, habiendo confirmado ademas la presencia de
la proteina mediante inmunohistoquimica. Las acuaporinas son una familia de canales de
membrana que permiten el paso de agua (King et al., 2004), con importantes funciones por lo
tanto en el control del edema post-lesion (Gunnarson et al., 2004). Habida cuenta de la
comprometida respuesta que presentan los animales MTKO al dafio, el incremento en el
volumen de lesiéon y el retraso en la recuperacion del tejido, podria ser que la menor
expresion de acuaporina sea uno de los mecanismos implicados. Por otra parte, hemos
descrito una menor expresion de netrina-1 tras criolesion en los animales MTKO. La netrina-1
es importante para el desarrollo del SNC, la formaciéon de conos de crecimiento y de la
regeneracion tras lesion (Manitt y Kennedy, 2002), por lo que su menor expresion explicaria
la menor presencia de células madres neurales en los animales MTKO, sugieriendo a su vez
una implicacion notable de las MTs en el proceso de neurogénesis y regeneracion.

La deficiencia de MTs observamos que altera la induccion de genes en respuesta a la
criolesion, entre otros diferentes miembros del complejo mayor de histocompatibilidad 11, el
antigeno CD34, expresado en células implicadas en la neurovascularizacion de tejido
isquémico (Taguchi et al., 2004), eotaxina (Ccll1), implicada en la atraccion de eosinoéfilos,
basofilos y linfocitos (Ogilvie et al., 2004), lo que sugiere cudles pueden ser los mecanismos
implicados en la alteracion en la respuesta inflamatoria, asi como en la atraccién anomala de
leucocitos a la zona de la lesion en los animales MTKO.

Se ha descrito que se produce un incremento en los niveles de estrés oxidativo en los

animales MTKO, en este sentido hemos detectado incrementos en los niveles de expresion del



192 Discusion

gen de la proteina regulada por glucosa 78 (glucose-regulated protein 78, Grp78), factor
sensible a estrés reticular (Misra et al., 2002), asi como una mayor expresion y produccion de
la catalasa 1, uno de los principales factores implicados en el control del estrés oxidativo (Ho
et al., 2004), asi como del receptor de los productos finales de glicosilacion avanzada
(receptor of advanced glycation endproducts — RAGE-), implicado en la activacion de
microglia y macrofagos en respuesta a estrés oxidativo (Stuchbury y Munch, 2005), lo cual
concuerda perfectamente con el fenotipo establecido para los animales MTKO tras lesion.

Por ultimo, hemos observado que en los animales MTKO hay incrementos en la
expresion de genes implicados en el control del ciclo celular y en la activacion de vias
apoptoticas. Entre estos genes podemos destacar Ercc3, que participa en la reparacion del
dafio del DNA y que parece que esta inducido por la via apoptdtica iniciada por p53 (Wang et
al., 1996). De esta manera los animales MTKO presentarian una predisposicion hacia la
activacion de mecanismos apoptdticos, lo cual confirmaria y explicaria el papel de las MTs en

la reduccion de la muerte neuronal.

4.2. La administracion exogena de MT-I y II tiene una

funcion neuroprotectora no dependiente de receptor

El papel neuroprotector de las metalotioneinas I y II en diversas patologias ha sido
ampliamente estudiado (cabe aclarar que generalmente se han observado las mismas acciones
para MT-I y MT-II, por lo que se usan indistintamente en diferentes experimentos con los
mismos resultados). La gran mayoria de los trabajos se han servido de animales modificados
genéticamente, de tal forma que carezcan o sobre-expresen MTs, obteniendo una gran
cantidad de resultados sobre las acciones de las MTs endogenas en respuesta a dafio. Sin
embargo, alin quedan muchas preguntas por responder, y una de las mas controvertidas es la
referente a la distribucion celular de las metalotioneinas y si su accion es intra o extracelular,
y en este sentido se han descrito mecanismos por los cuales podrian ser liberadas pese a no
disponer de secuencias de secrecion (Chung y West, 2004).

La administracion de MTs exogenas ha permitido confirmar que poseen acciones
extracelulares, al haberse observado, siempre que la barrera hematoencefalica se encuentre

alterada, una mejora de la respuesta general frente a diferentes situaciones patoldgicas,
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aunque el mecanismo de accidén no ha sido completamente elucidado. Estos resultados abren
la puerta a su posible utilizacion terapéutica como farmacos anti-inflamatorios y
neuroprotectores, siendo de vital importancia establecer su mecanismo de accion.

En trabajos previos no se habia caracterizado ningin posible receptor para las MTs,
por lo que nos planteamos usar metalotioneinas de diferentes especies en el modelo de lesion
traumatica para poder evaluar posibles diferencias en su accion, dependiendo del grado de
homologia con la especie de estudio, raton. Las diferencias nos hubieran permitido afirmar la
existencia de una interaccion proteina-proteina en el mecanismo de accidon de las MTs. Por
otra parte, optamos por usar proteinas recombinantes y compararlas con nuestro “patréon oro”,
la MT-II nativa de conejo, con la que se han publicado las acciones neuroprectoras de la MT-
IT (Penkowa y Hidalgo, 2000b).

El uso de MTs recombinantes nos ha permitido confirmar y extender los resultados
obtenidos mediante el uso de animales modificados genéticamente, habiendo observado una
disminucién en la respuesta inflamatoria, el estrés oxidativo, la neurodegeneracion y la
muerte celular apoptotica inducida por la criolesion. Por otro lado, hemos comprobado que la
MT de Drosophila, muy alejada estructural y filogenéticamente a la del raton, ejerce una
proteccion similar aunque algo menor a las propias de ratdn, lo que permite descartar, a priori,
una implicacidn proteina-proteina en la accion de las MTs.

Si se descarta la interaccion proteina-proteina en la accion de las MT-1 y II, la
explicacion mads plausible es que bien el zinc coordinado a la proteina, o alguna otra
propiedad quimica de las MTs estarian implicadas en sus acciones. La estructura de las MTs
esta caracterizada por dos clusters de grupos tiol coordinados con metales localizados en dos
dominios proteicos. Estos grupos tiol son altamente reactivos y podrian ser los involucrados
en la respuesta, ya que presentan una elevada reactividad frente a agentes oxidantes,
contrarrestando radicales libres tales como hidroxilos, superoxido o 6xido nitrico, lo cual
conduce a su vez a una oxidacion o modificacion de las MTs (Romero-Isart y Vasak, 2002),
que provoca la liberacion de los 4tomos de zinc unidos, y éstos, a altas concentraciones
locales pueden ejercer efectos neuroprotectores (Sensi y Jeng, 2004). Cabe destacar, sin
embargo, que en un modelo de esclerosis multiple en rata fue la administracion de MT-II,
pero no de Zinc, la que redujo los sintomas y la inflamacion (Penkowa y Hidalgo, 2000b),
aunque no se puede descartar que la funcidn neuroprotectora del Zinc requiera de

concentraciones locales mas elevadas a las obtenidas mediante la administracion sistémica.
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4.3. La administracion de MT-III resulta perjudicial tras

lesion al inhibir la sintesis de factores neurotroficos

Si bien hemos caracterizado que el papel de las Metalotioneinas I y II en la
disminucién de la inflamacion, del estrés oxidativo y de la muerte apoptdtica las convierte en
moléculas con un potencial terapéutico, nuestros resultados confirman que las MT-III
desempefian un papel totalmente distinto.

La administracion de MT-III recombinante no tuvo ningin efecto en la respuesta
inflamatoria pero indujo un descenso en los niveles de diferentes factores de crecimiento,
neurotrofinas y factores neuroprotectores. El papel inhibidor de la MT-III sobre el crecimiento
neuronal ya habia sido sugerido desde su identificacion, hecho por el cual se la denomind
inicialmente factor inhibidor del crecimiento (growth inhibitory factor — GIF-) (Uchida et al.,
1991). De la misma manera, se ha descrito un mayor crecimiento neuronal en animales
deficientes en MT-III (Carrasco et al., 2003, Ceballos et al., 2003) y el efecto inverso tras
administracion de este factor tras lesion (Chung y West, 2004).

La accion inhibidora de la MT-III debe ser consecuencia de los motivos CPCP y
Tis)CPCP  existentes exclusivamente en su secuencia (Romero-Isart ef al., 2002), siendo esta
diferencia probablemente la mediadora de la interaccion de elevada afinidad observada entre
la MT-III y la proteina G de transporte vesicular Rab3A (Kang et al., 2001, Knipp et al.,
2005), aunque se han descrito otras posibles interacciones (Lahti ef al., 2005).

Por tanto, pese a que nuestro trabajo ha permitido demostrar las diferentes funciones
de la MT-III respecto a MT-I y II en un modelo de lesion traumatica, se esta todavia lejos de

descifrar totalmente los mecanismos implicados.
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5. Conclusiones generales

En el presente trabajo nos hemos centrado en la caracterizacion del TNF-q, la IL-6 y
las MTs en la respuesta inflamatoria en un modelo de lesion traumatica, como es la criolesion.
Para poder analizar la accion de cada uno de estos factores en primer lugar era esencial
caracterizar el modelo de lesion en si. Si bien la criolesion es un modelo utilizado y descrito
en numerosas publicaciones, en este trabajo hemos caracterizado extensamente los cambios
que induce en la dindmica de expresion génica.

En este sentido, hemos podido observar:

o El numero considerable de genes que son alterados por la lesion, mayoritoriamente
incrementando la expresion de genes implicados en el establecimiento de la respuesta
inflamatoria y minoritariamente inhibiendo la expresion de genes implicados con la

funcién neuronal.
En cuanto a la implicacion del TNF-a en esta respuesta:

o Hemos descrito un papel negativo para este factor, aunque mediante diferentes
mecanismos. La via del receptor 1 (TNFR1) participa, primordialmente, en el

establecimiento de la respuesta inflamatoria e incrementa la muerte celular.

. La union al receptor 2 (TNFR2) modula la expresion de diferentes genes implicados
en diversos mecanismos de funcion neuronal que resulta en un empeoramiento de la

respuesta funcional de los animales sin afectar la respuesta inflamatoria.
Respecto al papel de la IL-6: .

. Hemos descrito que la IL-6 presenta un papel dual tras criolesion, habiendo
identificado por un lado los genes que participan en la iniciacion de la respuesta
inflamatoria, la gliosis y la infiltracion leucocitaria y por otra parte los implicados en

la reduccion del estrés oxidativo y la muerte celular, mostrandose por tanto como un
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factor neuroprotector, probablemente por su accion como inductor de la expresion de

diferentes factores neurotroficos y anti-oxidantes.

En este aspecto:

Hemos descrito diferentes argumentos que relacionarian el papel protector descrito
para la IL-6 con las metalotioneinas. En primer lugar, los ratones IL6KO y los ratones
MTKO presentan un fenotipo parecido en respuesta a dafio, con un incremento del
estrés oxidativo y de la muerte neuronal, en segundo lugar, la IL-6 es uno de los
principales inductores de MT-I y II y, por ultimo, las acciones neuroprotectoras de la
IL-6 se ven incrementadas con la sobre-expresion de MT-I mientras que su deficiencia

exacerba el dafio.

Es por tanto 16gico pensar que:

Las metalotioneinas I y II podrian ser importantes mediadores de los aspectos
neuroprotectores de la IL-6 y en este sentido los resultados recogidos en este trabajo
han identificado, en muchos casos por primera vez, numerosos genes que pueden
participar en esta respuesta. Ademas, hemos podido demostrar las diferencias en la
accion de MT-I y II respecto a MT-III, estando las primeras implicadas en la
disminucién de la respuesta inflamatoria mientras que la tltima tendria un papel

inhibidor del crecimiento neuronal.

Por altimo:

Hemos demostrado la utilidad de la administracion de MTs recombinantes en la

criolesion, abriendo las puertas a un posible uso terapéutico de estos factores como

factores neuroprotectores en el futuro.
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Anexo 1.
Familias de las quimioquinas y receptores.
Extraido de Charo y Ransohoff, 2006.

Table 1. ©C Family of Chemckines and Chemokine Recepbon.®
Receplor Chemekine Ligands Cell Types Disease Connection
CChl CCLY (MIP-1a). COLY (RANTES) COLT (MCPR3], T oells, moncoytes. ecsnophils, Feheumato id arthritia, multiple scle-
CCLI4 (HECT) basoph rosty
CCR2 CCLE (MCR-1), COLE (MCPR2) COLT (MCPF), Monccytes. dendrizic cells i Atheronclercis, rh toid anthritis,
CCLED [MCP), CEL 16 [HOCA) turs, memory T cells multiphe sclerosin. resistance o
intracellidsr pathogens, type 2
dabetes mellinu
CCRY CCL11 {eobain). CCL1Y jectmtined), COLT [MCP-Y),  Ecsinophils, blmplﬂlkmlﬂtﬂl!. Allergic asthima and chinitis
CCLS (RANTES), COLS (MCP-2), CCLLI (MCP) Tha, platelets
CCRd CCLLY (TRRC), CCLIZ (MDC) T ooty (Th), dendrtic colls fmature],  Parsetic inflecton, graft ieection,
busophils, macraphages, plabelsts Tecall haming to skin
CCRs CCLY {MIP-la) CCL4 (MIF-18), CCLS (RANTES). T cells. moncoyies HIN-1 coaeceptor (T-tropic stratna),
CCLLL (eetaning, CCLL4 (HOCT), CELLE (HOCH transplant rejection
CCRE CCLI0(MIP3E. LARD) T eelis [T reguliton snd ¥l i | hurrsaral inmsrmainizy, allengic
B cells, dendrit celly ’ astharsa, irtesting] Toeell homing
CCRYP CCL1% (ELC). ©CL21 [SLC) Teells. dendritic cells [mature) Transport of T oells and dendritic
cell o lymph node. antigen poe-
sentation, and cellular immurity
CCRE CCLL {E3:09) Teelhs (Th), monocyies, dendritic  Dendeitic-cell migration to lmph
cells e, Eypee 2 collular anmunity,
graniloma feemation
CCRY CCL25 [TECK]) T celis, Ighs plasma cells Homing of T cells and Ighs plasma
cells 1o the intesting, inflammatoey
bovarel dispans
CCRlD CCLET (CTACK), COLIS (MEC) Teells Togall heming to intestine and shin
= IP denated machophags inflammats ir, WICP monccyte jproten, HOC hemofiitrate chemokine, Thi type 2 helper
Teells, TARC s and activali chernokine, MDC chemakine, LARC [wer and activation.reguiabed

chemokine, ELC Epstein—Barr [14igand chemakine. SLC secondary brphoid-tissus chemokine, TECK tymus-erpressed chemokne. CTACK

cutarwous T-<ell-attracting chemoking, and MEC mammary-enriched

i

Table 2 CXC, CX,C, and XC Families of Chemokines and Chemokine Recepiors.®

Recepior
CHCRY

CKCRT
CHCRT-A

CNOR-B

CHCRS

OLCRL
XCRI

Chemeline Ligands
CHELE (intedenikin), CXCLE (GCPY)

NCLE, CUCLL (GROaj, DICLD {GRO), CXCLY
(GRCk), OOCLS (EnA.TE), OOICLE

CXCLE (MIG), CXCLI0 [IR-10), CXCL11 (1-TAC)

CXCLA (PFa), CXCLY (MIG), CXCLIO (1P-163,
CHCLLL {1TAC)

OICL1Z [SDF.1)

ENELL (A1)
CXCL1G (SRPHON)

xicL 1 {fractalkine)
L1 fymphetacting, XCL2

Cell Trpes
Neutraphils, monocytes
Newtrophils, monocytes.

l"l'l-l'.-illll endothelial :ﬁm
Type 1 helper cells, mast celis,
mesangial celly
Microvascular endoched al cells,
neoplrtic cells
Widely expressed

B cells, follcular helper T cells

CO8+ T eells. natural killer celly,
and memory C4s T cells

Macrophages, sndathel sl cells,
smoathmisicle cells

T eells, natural Liker ceils

Diseaze Connection
Inflammatony lung disease. COPD
Inflammatery lung disease, COPD,

angiogenic for amor growth
e
Angiostatic for hamear growsh

HI¥.1 coreceptar [T-celltropic),

tumor
Farmation of B-cell follicles

Inflammateay liver desease, atheroacle-
resis (CXCLLE)

Athernaclarass

Riveurnatoid asthrics, 1gA nephrepathy,
Tumar response

* GCP denctes granulocyte chamotactic pratein, COPD chranie abstructve pulmonary disease, GRO growth.regulated ancogens, ENA spithe.

lalkcell-derived newirophilacivating pepiide, MIG monokine induced by interfieran-y, 1P 10 interferon-nducible probein 10, |-TAL interfes-

an-nducible T-cell alpha chemoattractant. PF platelet factor, S0F vtromal-cell-derived factar, HIV human imm)

i wirs, BOA-1

B-all chembattractant 1, and SEPSOX cavinger nbcaplon for phodghatidylsrine-containing oidized ipids.
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