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Inflammation and neuroprotective strategies in the immature brain after HI brain injury
 

ABSTRACT 
Inflammation and neuroprotective strategies in the immature 

brain after hypoxic-ischemic brain injury 
Pernilla Svedin, 2008, Perinatal Center, Department of Physiology, Institute of 

Neuroscience and Physiology, University of Gothenburg, Box 432, 405 30 Göteborg 
Sweden 

Perinatal brain injury, as a result of hypoxia-ischemia (HI) or 
infection/HI, is a major cause of acute mortality and neurological 
morbidity in infants and children. The mechanisms of perinatal HI 
are not fully understood, which makes it difficult to find effective 
treatment. The aim of the thesis was to investigate the mechanisms 
of perinatal HI brain injury, and to evaluate different neuroprotective 
strategies; 1) effects of N-acetylcysteine and melatonin after LPS-
sensitized HI, 2) effects of a GPE analogue (G-2mPE) after HI, 3) the 
involvement of matrix metalloproteinase (MMP) -9 and -12 after HI. 
An animal model of perinatal brain injury was used in the neonatal 
rat/mouse, i.e. permanent ligation of the left carotid artery, followed 
by exposure to a gas mixture with low oxygen content, either alone 
(HI) or in a combination with infection (LPS/HI). Neuroprotective 
effects of N-acetylcysteine and melatonin were investigated in 
neonatal pups after LPS/HI. The drugs were given in multiple doses 
and brain injury was evaluated 7 days after the HI insult. The 
neuroprotective effect of post HI administered G-2mPE was 
investigated in neonatal rats. MMP-9 gene deficient mice were used 
to evaluate the importance of MMP-9 after perinatal HI. MMP-12 
expression after HI was investigated in wild type animals after 
perinatal brain injury. Marked neuroprotection was found with NAC 
treatment, which was associated with reduced isoprostane activation 
and nitrotyrosine formation, increased levels of the antioxidants 
glutathione and thioredoxin-2 and inhibition of caspase-3, calpain, 
and caspase-1 activation. A moderate reduction of brain damage was 
obtained after pre/post treatment with melatonin. Post-HI treatment 
with G-2mPE attenuated neuronal injury and promoted astrogliosis, 
as well as blood vessel growth. MMP-9 was shown to play an 
important role in the development of HI injury in the immature brain, 
particularly with regard to blood-brain barrier leakage and 
inflammation. MMP-12 may also be important for the development of 
brain injury, as the MMP-12 mRNA expression is up-regulated 24 
hours after HI and an increased number of cells express MMP-12 in 
the damaged ipsilateral hemisphere. 
 
Key words: Hypoxia-ischemia, LPS, immature, brain, inflammation, NAC, melatonin, G-
2mPE, MMP-9, MMP-12 
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Populärvetenskaplig sammanfattning 
 
I Sverige drabbas ca 200 barn årligen av en hjärnskada som 
uppstår under perioden innan eller kring barnets födelse. 
Perinatala komplikationer som hypoxisk ischemi (HI), nedsatt 
syre och blodtillförsel) och/eller intrauterina infektioner tros 
ligga bakom många av dessa skador, vilka i sin tur kan leda till 
neurologiska sjukdomar som t.ex. cerebral pares, 
inlärningssvårigheter och epilepsi. Barn som föds före 
graviditetsvecka 32 (prematura barn) har en markant ökad risk 
för att drabbas av dessa handikapp. På grund av att allt fler 
prematura barn överlever idag är detta ett växande problem. 
Kan man identifiera mekanismerna bakom skadans uppkomst 
och lyckas behandla den skulle detta innebära ett rikare liv för 
många barn.  
 
Avhandlingens syfte var att undersöka mekanismerna bakom 
HI skada i den omogna hjärnan, samt att undersöka olika 
behandlingsstrategier. 
 
I försöken har en modell i neonatal mus/råtta använts för att 
framkalla hjärnskada, liknande den man ser hos nyfödda barn, 
antingen genom att exponera djuren för HI eller HI kombinerat 
med infektion. I avhandlingen användes både möss och råttor, 
men principen är den samma. När ungarna var drygt 1 vecka 
gamla genomfördes en permanent ligering av vänster carotis 
artär följt av hypoxi med 7,7 % respektive 10 % syrgas under 
40-60 minuter. I de försök där HI kombinerades med infektion 
injicerades ungarna med bakteriellt endotoxin 
(lipopolysaccharide, LPS) 3 dagar innan HI. Stimulering med 
LPS gör hjärnan känsligare för HI och en skada uppkommer 
efter en kort HI som i normala fall inte påverkar hjärnan. I alla 
försöken utvärderades skadan efter 5-7 dagar med histologiska 
och immunhistokemiska metoder. 
 
Tre potentiellt neuroprotektiva preparat undersöktes i 
avhandlingen; N-acetylcysteine (NAC), melatonin, och glycine 
2-methyl proline glutamat (G-2mPE). NAC och melatonin är två 
kända substanser som motverkar fria radikaler vilka bildas 
efter både inflammation och HI. Den neuroprotektiva effekten 
av NAC och melatonin testades som behandling av hjärnskada 
efter infektion/HI. NAC-behandling gav upp till 78 % reduktion 
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av hjärnskadan jämfört med en obehandlad grupp. I gruppen 
som behandlades med melatonin kunde man också se en 
signifikant reduktion av skadan, men inte lika uttalad som med 
NAC. NAC protektion kunde kopplas till (1) reducerade nivåer 
av isoprostan och minskad aktivering av nitrotyrosin (2) ökade 
nivåer av antioxidanter (glutatione, thioredoxin-2) och (3) 
inhibering av caspase-3, calpain, och caspase-1 aktivering. IGF-
1 och tripeptiden glycine-proline-glutamate (GPE), som klyvs 
från IGF-1, förekommer naturligt i kroppen och har visat sig 
vara neuroprotektiva. G-2mPE är en GPE analog, designad för 
att vara enzymatiskt stabilare än GPE. Studien i avhandlingen 
visar att fördröjd administration av G-2mPE, 2 timmar efter 
hypoxi ger en signifikant reduktion av hjärnskadan. 
 
Matrix metalloproteinaser (MMP) finns normalt i kroppen och 
medverkar i flera fysiologiska processer som t ex foster-, organ- 
och nervutveckling. Under patologiska förhållanden uppreglas 
däremot flertalet av proteinaserna och medverkar istället i 
skadeutvecklingen. Avhandlingen visar att MMP-9 spelar stor 
roll för skadeutvecklingen i den omogna hjärnan efter HI. 
MMP-9 uppregleras efter HI och möss som saknar genen för 
MMP-9 visar en signifikant reducering av skadan. MMP-12 är 
ett metalloproteinas som visat sig vara viktig för hjärnans 
myelinutveckling och avhandlingen visar nu att även MMP-12 
är uppreglerad efter HI.  
 
Utvecklingen av perinatal hjärnskada är komplex och flera 
patologiska processer samverkar. Avhandlingen lägger fokus på 
de inflammatoriska processerna som uppkommer efter HI och 
hur olika behandlingsstrategier påverkar skadeutvecklingen. 
Resultaten visar att behandlingar som modulerar vissa 
inflammatoriska mediatorer kan minska hjärnskadans 
utveckling och på sikt förhoppningsvis leda till kliniska 
behandlingsstrategier. 
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INTRODUCTION 
 
Perinatal brain injury: a clinical background 
Approximately 2 per 1000 live born infants are at risk of 
developing perinatal brain injury (Levene et al., 1985, 
Thornberg et al., 1995, Himmelmann et al., 2005). Cerebral 
palsy (CP), mental retardation, and learning disabilities are 
among the consequences that can develop after perinatal brain 
injury, which give these children lifelong disabilities (Johnston 
et al., 2001). Cerebral HI and intrauterine infections are two 
major risk factors of developing perinatal brain injury. Cerebral 
HI can result from asphyxia, due to a decrease of placental 
blood flow and gas exchange, which can occur prior to or during 
delivery. One Swedish study shows that 5.4 and 1.8 per 1000 
live born infants suffer from birth asphyxia and/or hypoxic-
ischemic encephalopathy (HIE), respectively (Thornberg et al., 
1995). Maternal infection has been associated with the 
development of perinatal brain injury directly or indirectly by 
increasing the vulnerability of the brain to secondary perinatal 
insults, such as hypoxia, hyperoxia, mechanical ventilation, or 
other infections leading to cerebral injury in both term and 
preterm infants (Badawi et al., 1998, Romero et al., 2002, Wu et 
al., 2003, Neufeld et al., 2005). Intrauterine infection has also 
been identified as a major risk factor of periventricular 
leukomalacia, leading to CP in both term and preterm infants 
(Nelson and Ellenberg, 1984, Grether and Nelson, 1997, Wu, 
2002). Furthermore, a complication in term infants is that birth 
asphyxia may be preceded by antenatal infections and the 
combined exposure of infection and birth asphyxia dramatically 
increases the risk of spastic CP (Nelson et al., 1998), suggesting 
that there may be an interaction between systemic infection and 
perinatal asphyxia. 

 
Even though many potential mechanistic pathways leading to 
perinatal brain injury have been identified, it has proven 
difficult to find effective potential neuroprotective treatments, 
particularly which can be administered after the actual insult 
has occurred. Two randomized control trials have shown that 
hypothermic treatment, either by cooling the head or the whole 
body, decreased mortality and neurological deficits in newborns 
that had been exposed to severe birth asphyxia (Gluckman et 
al., 2005, Shankaran et al., 2005). These studies are 
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encouraging and suggest that there is an opportunity to apply 
neuroprotective treatment after the primary insult. 
 
 
Mechanisms of perinatal brain injury 
The development of brain injury following HI is a process that 
proceeds over time, and has been divided in to a primary insult 
that starts during and/or immediately after the insult and a 
secondary insult that starts hours after the primary insult and 
which can then continue for several days. HI induces a 
reduction in the supply of oxygen and substrates in the brain, 
which results in a shift from oxidative to anaerobic metabolism 
with production of lactic acid leading to intra- and extracellular 
acidosis (Vannucci and Hagberg, 2004). 
 
Primary insult 
The primary insult is characterized by an acute high energy 
phosphate breakdown, which leads to disruption of ATP-
dependent processes, such as failure of the Na+/K+-pump (Wyatt 
et al., 1989, Berger et al., 1991). This leads to depolarization of 
the cell membrane, which in turn induces the release of 
excitatory amino acids (EAAs) glutamate and aspartate which 
binds to EAA receptors. The over-stimulation of the NMDA and 
AMPA/KA receptors increases intracellular levels of Ca2+, which 
in turn promotes activation of lipases, proteases and 
endonucleases (Dirnagl et al., 1999). 
 
Secondary insult 
If the primary insult is transient, it is followed by a reperfusion 
phase, which normalizes the intracellular pH and oxygen 
concentration and a temporary restoration of energy 
metabolism (Berger et al., 1996). However, in many cases a 
secondary phase of energy failure will occur within hours after 
the primary insult. This secondary insult is characterized by 
another wave of EAA (glutamate) release, reactive oxygen 
species (ROS), nitric oxide (NO), inflammatory reactions, and 
apoptosis (Hagberg, 1992, McRae et al., 1995, Palmer, 1995, 
Puka-Sundvall et al., 1996, Bona et al., 1999, Northington et al., 
2001, Blomgren and Hagberg, 2006). 
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White matter damage 
Perinatal complications, such as intrauterine infection and/or 
hypoxia, frequently results in cerebral white matter damage 
(WMD) with subsequent neurological deficits in children such 
as CP (Dammann and Leviton, 1997, Grether and Nelson, 
1997). White matter damage is the predominant injury observed 
in infants born preterm (Volpe, 2001), but recently it has been 
shown that these infants also suffer from grey matter injury 
(Inder et al., 1999, Thompson et al., 2007). The risk of preterm 
birth is strongly associated with intrauterine infection, which in 
turn is a major risk factor of CP (Yoon et al., 1997, Hagberg and 
Mallard, 2000, Wu, 2002). However, subcortical WMD does also 
occur in term infants (Deguchi et al., 1999), where CP is a 
consequence (Nelson and Willoughby, 2002). Periventricular 
WMD in preterms can be divided into  focal and diffuse injury 
(Leviton and Gilles, 1996). Focal injury is characterized by 
necrosis of all tissue constituents, such as axons, 
oligodendrocytes, and astrocytes, which may lead to cavitary 
cystic lesions. The diffuse WMD is a less severe injury, which 
affects oligodendroglial precursors, leading to disruption in the 
myelination process (Kinney and Back, 1998). The 
periventricular white matter in preterm infants represents a 
watershed area in the borderzone between superficial and deep 
vascular penetrators and is therefore at risk of hypoperfusion in 
situations of hypotension (Volpe, 2001). The intrinsic 
vulnerability of oligodendrocyte precursors, which is the 
predominant oligodendrocyte type between 24-32 weeks of 
gestation, is considered as central to the pathogenesis of WMD 
in preterms. Oligodendroglial precursor injury during this 
gestational period results in failure in the myelination process 
(Kinney and Back, 1998, Back et al., 2002, du Plessis and Volpe, 
2002). Among the mechanisms implicated as contributing to the 
vulnerability of immature oligodendroglia are increased 
susceptibility to excitotoxicity, oxidative stress, propensity for 
induction of apoptosis, and inflammation, as well as secondary 
associated events involving microglial and astrocytic activation 
and the release of pro-inflammatory cytokines TNF-α and IL-6 
(Back et al., 1998, Skoff et al., 2001, Volpe, 2001). It has 
recently been suggested that the loss of the immature 
oligodendroglial cells after injury, will be compensated for by 
proliferation and migration of oligodendroglia progenitors from 
the subventricular zones, that will increase the oligodendroglial 
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cell density. This replacement will not always be sufficient, 
which in turn will lead to neurological deficits (Billiards et al., 
2008). 
 
 
Free radicals 
Free radicals are produced in the immature CNS in response to 
HI insults (Bagenholm et al., 1997), and have been implicated 
as major mediators of perinatal brain injury (Ferriero, 2001). 
ROS and reactive nitrogen species (RNS) can lead to DNA and 
protein damage, lipid peroxidation, and protein nitrosylation. It 
has been shown that the immature brain is particularly 
sensitive to oxidative stress (Oka et al., 1993, Back et al., 1998), 
and the increased susceptibility has been correlated to low 
glutathione and high iron content in oligodendroglial precursors 
(Thorburne and Juurlink, 1996). 
 
Reactive oxygen species (O2-, ˙OH) 
The mitochondria are considered to be the main source of 
superoxide (O2-) production in the cells through electron leakage 
from the electron transport chain (Piantadosi and Zhang, 1996, 
Turrens, 2003), but another ROS source are activated 
inflammatory cells, such as neutrophils (Matsuo et al., 1995, 
Babior, 2000) and microglial cells (Colton and Chernyshev, 
1996). There are a number of anti-oxidant systems such as 
superoxide dismutase (SOD) and glutathione peroxidase. SOD 
regulates superoxide concentration by dismutation of 
superoxide to hydrogen peroxide, which is then converted to 
water by glutathione peroxidase (Fridovich, 1995). Hydroxyl 
radical (˙OH) is another ROS and is produced from hydrogen 
peroxide in the presence of reduced transition metals (iron) in 
the Haber-Weiss reaction including the Fenton reaction 
(Kontos, 2001, Turrens, 2003) 
 
Reactive nitrogen species (ONOO-) 
NO is another free radical that is produced after HI (Hasegawa 
et al., 1991, Tan et al., 2001). NO is produced by the conversion 
of arginine to citrulline by three isoforms of nitric oxide 
synthase (NOS); neuronal NOS (nNOS), endothelial NOS 
(eNOS), and inducible NOS (iNOS) (Forstermann et al., 1991). 
Experimental studies have shown that iNOS is activated in the 
immature brain and iNOS or combined iNOS/nNOS inhibitors 
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are protective in the setting of immature brain injury (Tsuji et 
al., 2000, Peeters-Scholte et al., 2002). The combined 
overproduction of NO and superoxide leads to formation of 
peroxynitrite (ONOO-), which is highly toxic (Radi et al., 2002). 
Peroxynitrite can spontaneously generate hydroxyl radicals and 
impair protein functions through nitrosylation (Beckman et al., 
1990).  
 
 
 Hypoxia-ischemia 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Free radical formation after hypoxic-ischemic brain injury. 
 
 
Inflammation 
Inflammatory mediators are produced after HI in the immature 
brain and they are believed to play a critical role in the 
pathogenesis of brain injury (McRae et al., 1995, Bona et al., 
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al., 2006). The inflammatory response after injury is 
characterized by activation of microglial cells, neutrophil 
granulocytes, and mast cells (McRae et al., 1995, Bona et al., 
1999, Silverman et al., 2000, Kostulas et al., 2002). Activation of 
inflammatory cells is accompanied by increased expression of 
inflammatory mediators, such as cytokines and chemokines. 
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Failure of electron- 
transport chain 

ATP 
Free fatty acids 
Others 

˙O2- 
H+ 

H2O2 Catalase H2O + ½ O2 

GSSG 2 H2O 
GSH 

˙NO NOS L-arginine 
 

ONOO- 
H+ 

˙NO2 + ˙OH

Fe2+ 

  

Protein 
nitrosylation 

Protein 
dama

DNA 
dama ge ge 

Brain damage 

Lipid 
peroxidation 

 13



Pernilla Svedin

 

1995, Hagberg et al., 1996, Hedtjarn et al., 2002, Aly et al., 
2006) and TNF-α (chemokine) (Szaflarski et al., 1995, Aly et al., 
2006), are all up-regulated in the immature brain after HI. The 
microglial reaction is the predominant cellular response after 
HI starting within hours and reaching a peak at 2-3 days after 
the insult (McRae et al., 1995). However, the inflammatory 
response can be long-lasting and activated microglia can be 
detected up to 14 days after the insult (McRae et al., 1995, 
Ivacko et al., 1996). Cytokines may also play a direct role in 
injury in the immature brain, e.g. experimental studies show 
that IL-18 deficient mice are protected from HI (Hedtjarn et al., 
2002) and IL-18 binding protein protects against hyperoxia 
(Felderhoff-Mueser et al., 2005). Intrauterine infection alone or 
combined with HI also mediate an inflammatory response. This 
is acquired by the innate immune response, which is the first 
defence against infections, which leads to production of 
cytokines, chemokines and prostaglandins (Perry et al., 2003). 
 
 
Cell death 
Cell death after HI is often classified as either necrosis or 
apoptosis based on morphological criteria (Martin et al., 1998, 
Northington et al., 2001). It is generally believed that necrosis 
is more likely to be associated with the rapid and severe brain 
damage, whereas apoptosis predominates in the delayed phase 
after injury especially after moderate- milder insults (Beilharz 
et al., 1995). It has also been suggested that the apoptotic 
process that occurs after HI is different from developmental 
apoptosis and the morphological appearance is often a necrotic-
apoptotic phenotype (Martin et al., 1998, Leist and Jaattela, 
2001). Biochemical studies have shown that caspase-dependent 
and caspase non-dependent apoptotic mechanisms are much 
more important in the immature compared to the adult brain 
(Blomgren and Hagberg, 2006). 
 
 
Necrosis 
Necrosis is a pathological process associated with swelling of 
the cytoplasm and organelles, until the cell membrane is finally 
ruptured. This will lead to inflammatory reactions when the cell 
content leaks out into the extra cellular space (Vannucci and 
Hagberg, 2004). 
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Apoptosis 
Apoptosis, or cellular suicide, is a process whereby superfluous 
cells are removed as part of normal brain development. The 
apoptotic process requires energy, and is characterized by 
chromatin condensation and DNA fragmentation. Apoptosis in 
the CNS is ongoing during the perinatal period and the 
biochemical machinery for programmed cell death is up-
regulated during this developmental period, which may explain 
why the immature brain is more prone to apoptosis and caspase 
activation than the adult brain in response to various insults 
(Blomgren et al., 2003). The apoptotic process can be divided in 
two pathways; the caspase-dependent and caspase-independent 
cell death. As a response to an increased permeability of the 
outer mitochondrial membrane, Cytocrome C (Cyt C) is released 
from the mitochondrial intermembrane space (Ravagnan et al., 
2002, Kroemer and Martin, 2005), leading to activation of 
caspases (Li et al., 1997, Puka-Sundvall et al., 2000). The 
caspase-independent pathway is characterized by translocation 
of apoptosis-inducing factor (AIF) from the mitochondria to the 
nucleus (Susin et al., 1999), and induces chromatin 
condensation and DNA fragmentation (Daugas et al., 2000). The 
distribution of AIF from the mitochondria to the nucleus occurs 
as an early response to HI in the immature brain, which may 
contribute to the neuronal cell death (Zhu et al., 2003, Zhu et 
al., 2007). 
 
 
Matrix metalloproteinases 
Matrix metalloproteinase (MMP) is a family of zink-dependent 
peptidases, which are known to be able to modify a variety of 
different substrates, including collagens, gelatin, laminin, 
fibronectin, elastin, myelin basic protein, growth factors, 
cytokines and chemokines (Yong et al., 2001, Overall, 2002). 
The MMPs are characterized by three common domains; the 
pro-peptide which contain a cysteine residue that binds to the 
zink ion in the catalytic domain for maintaining the inactivity of 
the enzyme, the catalytic domain which contains a zink binding 
motif and a hemopexin-like C-terminal domain (Nagase and 
Woessner, 1999, Yong et al., 2001) (figure 2). Most MMPs are 
secreted as pro-proteinases, and activated through a mechanism 
called the “cysteine-switch mechanism”, a dissociation of the 
cysteine-zink interaction, which leads to removal of the pro- 
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Figure 2. The structure of MMP-2, MMP-9, and MMP-12. S – Signal peptide, 
C – Cysteine group, Pro – Prodomain, FN – Fibronectin-like domain, H – Hinge, Hemo – 
Hemopexin-like domain, Col – Type V collagen-like domain 
 
 
peptide and the Zn2+ is then allowed to interact with H2O that is 
needed for catalysis (Springman et al., 1990) (figure 3). The 
“cysteine-switch mechanism” can be initiated by other activated 
MMPs (Nagase et al., 1990), mercurial compounds, SH 
reagents, and ROS (Peppin and Weiss, 1986, Gu et al., 2002). 
The activation of MMPs is strictly regulated since over 
activation has detrimental consequences. The first regulatory 
step is at the level of gene transcription where the expression of 
the MMPs can be changed in response to injury and disease 
(Yong et al., 2001), which can have broad consequences, 
including effects on inflammatory cytokines, growth factors, 
chemokines, oncogenes, nuclear factors, and the MAPK 
pathways (Sternlicht and Werb, 2001, Parks et al., 2004). 
Compartmentalization is another factor that regulates the 
MMP activity, e.g. the duration that the enzyme remains at or 
near the surface of the cell (Ayoub et al., 2005, Ethell and 
Ethell, 2007). The third regulatory step is the pro-enzyme 
activation, the initiation of the “cysteine-switch”. The last 
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regulatory step is the presence of tissue inhibitors of 
metalloproteinases (TIMP). Four TIMPs have been identified in 
the body and they act by either binding to the pro enzyme, 
which prevents the “cysteine-switch” or by interacting with the 
catalytic site of the enzyme, which in turn causes inactivation 
(Brew et al., 2000, Yong et al., 2001). 
 
 
 
 
 
 
 
 

 
Figure 3. Activation of MMP by the “cysteine-switch” mechanism. 
 
 
Matrix metalloproteinase-9 
MMP-9, or gelatinase B, belongs together with MMP-2 to the 
gelatinases, a subgroup of the MMP family. MMP-9 has been 
shown to participate under normal physiological processes, such 
as reproduction, organ- and neurodevelopment and 
inflammation/wound healing (Schonbeck et al., 1998, Uhm et 
al., 1998, Van den Steen et al., 2002). It has also been reported 
that MMP-9 has a detrimental role under pathological 
conditions, such as; cancer (Luukkaa et al., 2008), neurological 
diseases (Lorenzl et al., 2003, Fainardi et al., 2006), 
cardiovascular diseases (Kameda et al., 2006), breakdown of the 
blood-brain barrier (BBB) (Rosenberg et al., 1994). MMP-9 has 
been shown to play a part in the disruption of the BBB, by 
degradation of collagen type IV in the basement membranes of 
endothelial walls, after both cerebral ischemia and 
inflammation (Rosenberg et al., 1994, Mun-Bryce and 
Rosenberg, 1998, Sellebjerg and Sorensen, 2003). White matter, 
including MBP is another component that has been shown to be 
a substrate of MMP-9 after cerebral ischemia in the adult mice 
(Asahi et al., 2001). MMP-9 may also regulate inflammatory 
processes, such as process IL-1β to its biologically active and 
mature form (Schonbeck et al., 1998), but it has also been 
suggested that MMP-9 play a part in the apoptotic process 
(Mannello et al., 2005). 

Inactive MMP 

Zn 

Cys 
S N 

Chemical or 
proteolytic 
reorganization 
of the 
prodomain 

Active intermediate 

Zn 

Cys S N Cys S 
N

H2O 

     Active enzyme 

Zn 

H2O Displacement of 
the prodomain 

 17



Pernilla Svedin

 

Matrix metalloproteinase-12 
MMP-12, or macrophage elastase, is another member of the 
MMP-family, which is known to be part of many pathological 
events, such as cancer (Yang et al., 2007), lung disease (Matute-
Bello et al., 2007), inflammatory skin diseases (Saarialho-Kere 
et al., 1999) and atherosclerosis (Matsumoto et al., 1998). MMP-
12 has also been detected in the brain and together with MMP-9 
plays an important role during the myelination process (Uhm et 
al., 1998, Larsen and Yong, 2004, Larsen et al., 2006). Increased 
number of MMP-12 positive cells was observed in patients with 
multiple sclerosis, suggesting that MMP-12 may play a role 
during demyelination (Vos et al., 2003). Several experimental 
studies have reported increased expression of MMP-12 after 
different CNS injuries in the adult brain (Power et al., 2003, 
Wells et al., 2003, Ulrich et al., 2006). 
 
 
Neuroprotective strategies 
N-Acetylcysteine 
N-acetylcysteine (NAC) is an acetylated sulphur-containing 
amino acid, which acts as a precursor of the tripeptide 
glutathione (Meister, 1992). Glutathione is known as one of the 
most important intracellular defences against oxygen free 
radicals, and an important part of the defence is that the 
glutathione peroxidases remove hydrogen peroxide in 
mitochondria and cytosol by oxidizing glutathione and this 
constitutes an important part in the defence against oxygen free 
radicals (Halliwell, 1994). Glutathione is then re-metabolized to 
its reduced form by oxidized glutathione reductase (Meister, 
1992). NAC is able to cross the placenta (Horowitz et al., 1997) 
and the BBB (Farr et al., 2003) and it acts as a scavenger of 
oxygen free radicals (Aruoma et al., 1989), inhibitor of 
inflammation (Louwerse et al., 1995) and prevents apoptosis 
(Ferrari et al., 1995). Several studies have shown that NAC 
(pre- or post-treatment) has neuroprotective properties, in adult 
animals after injury to the brain (Knuckey et al., 1995, Carroll 
et al., 1998). NAC attenuated the activation of NFkB in 
response to transient focal ischemia in the rat suggesting that 
NAC decreases inflammation after CNS insults (Knuckey et al., 
1995, Carroll et al., 1998). Other studies indicate that NAC may 
protect the white matter (Mayer and Noble, 1994, Husson et al., 
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2002), and reduces nitrotyrosine generation (Cuzzocrea et al., 
2000). 
 
Melatonin 
Melatonin is a hormone, which is produced from the pineal 
gland and mediates circadian rhythmicity and seasonality 
(Claustrat et al., 2005). Melatonin is used clinically to treat 
children with sleep disorders (Jan, 2000). Studies have shown 
that melatonin exerts anti-apoptotic effects in several tissues, 
including the brain (Deigner et al., 2000, Persengiev, 2001) and 
melatonin has neuroprotective properties (Reiter et al., 2003), 
but the mechanisms are not fully understood. However, it is 
clear that melatonin can act as an antioxidant and free radical 
scavenger at doses higher than 5 mg/kg (Reiter et al., 1997). 
Gressens and co-workers (Husson et al., 2002) also suggested 
that at lower doses (0.05 – 5 mg/kg, i.p), melatonin may act via 
its specific receptors (MT1 and MT2) and that activation of 
these receptors is involved in reduction of white matter injury 
after excitotoxin (ibotenate) injection, probably through 
triggering of a trophic response. Melatonin is a substance that 
potentially could be used in human infants with brain injury, as 
it easily crosses the BBB and the placenta (Okatani et al., 
1998), and has safely been used in septic newborns.  
 
G-2mPE 
Insulin-like growth factor-1 (IGF-1) is a naturally occurring 
hormone with anti-apoptotic properties (Baskin et al., 1988, 
Mason et al., 2000). IGF-1 plays an important role in the CNS 
development, and is endogenously produced in injured brain 
regions (Gluckman et al., 1992). The anti-apoptotic properties 
are working through mechanisms involving activation of 
multiple protein kinase pathways (Parrizas et al., 1997). In 
plasma and brain tissue, endogenous IGF-1 is believed to be 
degraded into des-N-(1-3)-IGF-1 and the tripeptide glycine-
proline-glutamate (GPE) (Sara et al., 1989, Yamamoto and 
Murphy, 1995). GPE is a small molecule, which easily crosses 
the blood-brain barrier and it has been shown to have 
neuroprotective properties after HI in the adult and juvenile 
brain (Sizonenko et al., 2001, Guan et al., 2004), and is thought 
to act through the NMDA receptor which in turn reduces 
excitotoxicity (Sara et al., 1989, Sara et al., 1993). GPE has a 
short half life when administered systemically (Batchelor et al., 
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2003, Baker et al., 2005), which makes it difficult for clinical 
use. Recently, a proline-modified analogue, G 2-methyl PE (G-
2mPE) (Harris and Brimble, 2006) was designed to overcome 
the problem with the short half life. G-2mPE was designed to 
increase the enzymatic resistance to proteases in plasma, 
resulting in increased half life (Guan et al., 2004, Baker et al., 
2005), and thereby a potential neuroprotective drug. 
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AIMS OF THE THESIS 
 
 
The purpose of this thesis was to investigate the mechanisms of 
perinatal HI brain injury and to evaluate the: 
 
 

o neuroprotective effects of NAC and melatonin after 
LPS-sensitized HI in the immature brain 

 
o neuroprotective effect of delayed treatment with G-

2mPE (GPE analogue) after neonatal HI 
 

o involvement and mechanisms of MMP-9 after HI 
 

o involvement of MMP-12 after neonatal HI 
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MATERIALS AND METHODS 
 
Animals 
All animals were housed at Experimental biomedicine (EBM), 
Sahlgrenska Academy, University of Gothenburg, Sweden. 
Pregnant Wistar rats or pups were purchased from Charles 
River, Sulzfeld, Germany, and arrived at least one week before 
estimated delivery (II) or on PND 7 (I). MMP-9 (-/+)(Vu et al., 
1998) (III) were bred at EBM to obtain MMP-9(-/-), (+/+) , and wt 
animals. C57/Bl6 mice (IV) were bred at EBM to study the 
importance of MMP-12 after HI. 
 
Comment: The animals were kept in 12 hours light-dark cycle 
with free access of food and water. The MMP-9 KO mice had 
part of exon 2 and all of intron 2 replaced with a cassette 
containing the neomycin phosphotransferase cDNA driven by 
the phosphoglycerate kinase (PGK) promoter (Vu et al., 1998). 
 
 
Model of hypoxia-ischemia in rat (I, II) and mouse (III, 
IV) 
Seven (II) and 11 (I) day old rat or 9 day old (III, IV) mice of 
either sex were subjected to the HI procedure according to Rice 
et al (Rice et al., 1981, Sheldon et al., 1998, Hedtjarn et al., 
2002) with some modifications. The pups were anesthetized 
with isoflurane (Forene®, 3.5 % for induction, 1.5 % for 
maintenance) in a mixture of nitrous oxide and oxygen (1:1) and 
the duration of anesthesia was <5 minutes. The left common 
carotid artery was dissected and permanently ligated with 
single (III, IV) or double (I, II) ligations (prolene 6.0). After the 
surgical procedure, the incision was closed (prolene 5.0) and 
infiltrated with local anesthetic. The pups were returned to 
their dams for recovery (1 h), which was followed by exposure to 
humidified gas mixture (7.7 % (I, II), or 10 % (III, IV) oxygen in 
nitrogen) for 40-60 minutes. The temperature in the incubator, 
and the temperature of the water used to humidify the gas 
mixture, was kept at 36ºC. The animals were kept in humidified 
air at 36ºC 10 minutes before and 10 minutes after the hypoxic 
exposure. The pups were then allowed to return to their 
mothers.  
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Comment: The “Rice-Vannucci model” is a well-established 
experimental model to study the mechanisms of perinatal brain 
in the neonatal rodent (Rice et al., 1981, Andine et al., 1990, 
Sheldon et al., 1998, Hedtjarn et al., 2002). The brains of 
neonatal rats (PND 7) or mice (PND 9), which are used in this 
model, can histologically be compared with a human fetus of 32-
34 week of gestation (Hagberg et al., 1997). The developmental 
stage can be distinguished by that the cerebral cortical neuronal 
layering is complete, the germinal matrix is involuting and the 
myelination of the white matter has started. The method to 
produce the hypoxic-ischemic brain damage in the immature 
rodent consists of a permanent unilateral common carotid 
artery ligation followed by a period in a hypoxic environment. 
Following the procedure of HI, damage, largely restricted to the 
cerebral hemisphere ipsilateral to the common carotid artery 
occlusion, is observed in the cerebral cortex, subcortical and 
periventricular white matter, striatum, thalamus and 
hippocampus. Tissue injury takes the form of selective neuronal 
death, infarction, or a combination of these. 
 
 
Drug administration 
Lipopolysaccharide (I) 
Lipopolysaccharide (LPS) derived from Escherichia coli (0.1 
mg/kg, Sigma O55:B5) was administered intraperitoneally (i.p.) 
to Wistar rat of either sex on PND 8. 
 
Comment: LPS is a constituent of the cell wall of gram 
negative bacteria, and induces an inflammatory response 
following administration (Wright et al., 1990, Lehnardt et al., 
2002). A low dose (0.3 mg/kg) of LPS in combination with a 
short HI insult, results in extensive brain damage (Eklind et al., 
2001). 
 
N-Acetylcysteine treatment (I) 
NAC (25 or 200 mg/kg, Sigma) was given i.p. to Wistar rats on 
PND 11. The drug was administered in multiple injections to 
different study groups both before and after HI. Pre-post 
treatment: 25 or 200 mg/ml NAC, 1 hour after LPS, 2 hours 
before HI, 0 and 24 hours after HI. Post-treatment I: 200 mg/kg 
NAC, 0 and 24 hours after HI. Post-treatment II: 200 mg/kg 
NAC 2 and 24 hours after HI. 
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Melatonin treatment (I) 
Melatonin (5 or 20 mg/kg, Sigma) was administered s.c 1 hour 
after LPS, 2 hours before HI, and 0 and 24 hours after the HI 
exposure. 
 
G-2mPE treatment (II)  
Wistar rats were administered 1.2 mg/kg G-2mPE 
subcutaneously on PND 7. The drug was given either as a single 
dose 2 hours after the HI insult or as multiple doses, were the 
first injection was 2 hours after HI, followed by administration 
of 1.2 mg/kg once a day for 7 days.  
 
Comment: NAC and melatonin are both used clinically. NAC 
has two treatment implications. 1) Treatment of respiratory 
dysfunction, with a dosage of 80 mg/kg /day, and 2) paracetamol 
poisoning, 300 mg/kg/day. Melatonin is used for treatment of 
sleep disorders in children, and the recommended dose is 0.1 
mg/kg.  
 
 
Genotyping of transgenic mice (III) 
DNA preparation 
Approximately 2 mm of tissue from the tail was used for DNA 
extraction. The tissue was incubated in a digestionbuffer (50 
mM Tris-HCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, 1% SDS) 
containing 1 mg/ml proteinase K (Roche Diagnostics) over night 
at 60ºC. The DNA was extracted by adding one-half the original 
volume of 5M potassium acetate. The mixture was centrifuged 
at 13,000 rpm for 20 minutes. The DNA containing supernatant 
was saved and mixed with double the original volume of 100% 
ethanol. The mixture were incubated at -20ºC for at least 30 
minutes, which was followed by 25 minutes of centrifugation at 
13,000 rpm at 4ºC to precipitate the DNA. The pellet was 
washed with 75 % ethanol and left to dry before dissolving in 
RNase free water. 
 
Reverse-transcriptase polymerase chain reaction (RT-PCR) 
RT-PCR was used as a final step in the genotyping procedure. 
The extracted DNA was added to the reaction buffer (1 x PCR 
buffer (Sigma-Aldrich), 200 μM dNTP, 0.5 μM primer 
(Cybergene) (MMP-9(+/+) (5’ ATG ATT GAA CAA GAT GGA TTG 
CAC G 3’, 5’ TTC GTC CAG ATC ATC CTG ATC GAC 3’); 
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MMP-9(-/-) (5’ GCA TAC TTG TAC CGC TAT GG 3’, 5’ TAA CCG 
GAG GTG CAA ACT GG 3’)), and 0.04 U/μl Taq polymerase 
(Sigma-Aldrich), which had a total volume of 25 μl. The PCR 
products were analysed by using Tris-Borate-EDTA buffer 
agarose electrophoresis (1.5%) labelled with ethidium bromide. 
The bands were visualized by using a LAS-100 cooled camera 
(Fujifilm). 
 
Comment: MMP-9(+/-) were bred to obtain mixed litters of both 
MMP-9(-/-) and MMP-9(+/+) genotype, and the animals were 
genotyped to establish group belonging. The MMP-9(-/-) mice 
showed a single band of 480 bp, and the MMP-9(+/+) exhibited a 
band of 300 bp. 
 
 
Tissue preparation and histochemical procedures (I-IV) 
Tissue preparation 
Animals were deeply anaesthetized by i.p. administration of 100 
μl tiopenthal (Pentothal®Sodium), and intracardially perfusion-
fixed with 0.9 % NaCl followed by 5 % buffered formaldehyde 
(Histofix, Histolab). The brains were rapidly removed and 
immersion-fixed, dehydrated in graded alcohol and xylene and 
embedded in paraffin. Coronal sections (5-6 µm) were cut 
throughout the brains, and before the histochemical procedures 
the sections were deparaffinised in xylen and rehydrated in 
graded alcohol, followed by antigen recovery by boiling in citric 
acid buffer (0.01 M, pH 6.0) for 10 minutes. 
 
Immunohistochemistry 
All sections were pretreated with 0.6 % H2O2 in methanol or 3 % 
H2O2 in PBS for blocking of endogenous peroxidase. After 
blocking of nonspecific binding with appropriate serum, the 
sections were incubated with primary antibodies (tab. 1), 
followed by incubation of appropriate secondary antibodies (tab. 
1). To visualize immunoreactivity the sections were incubated 
with avidin-biotinylated enzyme complex (20 µl/ml, Vectastain 
ABC Elite kit; Vector Laboratories), this was followed by 0.5 
mg/ml 3, 3-diaminobenzidine (DAB), enhanced with 15 mg/ml 
NiSO4. 
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Histochemistry 
Routine staining of thionin (nuclei)/acid fuchsin (cytoplasm) was 
used for evaluation of brain damage (II). Thionin binds to the 
nuclei and turns it blue; meanwhile the acid fuchsin is an 
indicator for cytoplasm, which appears red. The combination of 
thionin and acid fuchsin has been used to detect injured cells 
(Auer et al., 1984). 
 
Histochemistry was used to detect activated microglia (I, II, III) 
and cerebral capillaries (II). After the antigen recovery 
treatment, the tissue was incubated with 10 µl/ml Griffonia 
simplicifolia isolectin-B4-horseradish peroxidise labelled 
(Sigma-Aldrich) and visualized using DAB as described above. 
 
 
Table 1. Antibodies, with appropriate concentrations and additional 
treatments, used in the papers. 

 

Antibody Dilution Additional 
treatment 

Delivering 
company 

Goat anti-AIF (III) 
 

1:100 0.2 % Triton X-100,  
1% BSA 

Santa Cruz 
Biotechnology 

Rabbit anti-active 
caspase-3 (III) 

1:50 0.2 % Triton X-100 BD Bioscience 
Pharmingen  

Mouse anti-cytochrome 
C (III) 

1:400 0.2 % Triton X-100 BD Bioscience 
Pharmingen 

Mouse anti-GFAP (II) 1:500 - Sigma-Aldrich 
Rabbit anti-laminin 
(III) 

1:250 10 µg/ml Proteinase K 
0.2 % Triton X-100 
3 % BSA 

Abcam 

Mouse anti-MAP-2 (I-
IV) 

1:2000 3 % BSA Sigma-Aldrich 

Mouse anti-MBP (I, III) 1:10 000 0.2 % Triton X-100 
3 % BSA 

Sternberger 
 

Rabbit anti-MMP-9 (III) 1:10 000 0.2 % Triton X-100 
3 % BSA 

Abcam 
 

Mouse anti-phos-
Neurofilaments (III) 

1:2000 1 % BSA Sternberger Monoclonal 
Inc. 

 
Cellular immunoreactivity of MMP-9 and MMP-12 (III, IV) 
Immunofluorescence double labelling was done to investigate 
the cellular immunoreactivity of MMP-9 and MMP-12 after HI. 
The localization of cells expressing the MMP-9 and MMP-12 
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was determined by immunohistochemical double labelling to 
microglial cells (III, IV), astrocytes (III, IV), neurons (III, IV), 
and oligodendrocytes (IV). Texas Green-conjugated avidin or 
Texas Red-conjugate avidin (Molecular Probes Inc.) was used 
after incubation with biotinylated secondary antibody. 
 
Comment: Antigen retrieval is one of the most important steps 
in the histochemical staining procedure. The immunoreactivity 
of many antigens can be lost after the intracardial perfusion 
with a formaldehyde-based fixative. On the other hand, the 
fixative preserves and protects the cell/tissue morphology 
during the staining procedures. Histochemical techniques, such 
as immunohistochemistry is a commonly used method, which 
can establish different pathological alterations in the brain, e.g. 
tissue loss, presence of cytokines, chemokines, and apoptotic 
markers. It is characterized by a specific antibody that forms an 
antigen-antibody complex, which can be detected by an enzyme 
that produces a colored product. Histochemistry is a staining 
procedure where a chemical group binds to tissue structures or 
specific cells. 
 
 
Brain homogenate sample preparation (I, II, IV) 
Frozen hemispheric brain tissue was homogenized by sonication 
in ice cold homogenizing buffer (50 mM Tris-HCl containing 5 
mM EDTA and 1 % proteinase inhibitor cocktail (Sigma-
Aldrich). The total protein concentration in the homogenates 
was determined according to Whitaker and Granum (Whitaker 
and Granum, 1980), adapted for microplates. 
 
 
Neuropathological analysis (I-IV) 
Infarct area and tissue loss (I, III, IV) 
The area of MAP-2 positive staining in each hemisphere was 
outlined and measured (MicroImage, version 4.0; Olympus 
Optical). The proportion of tissue loss was determined by 
subtracting the MAP-2-positive area in the ipsilateral 
hemisphere from the contralateral hemisphere, so the values 
were expressed as percentage of tissue loss of the contralateral 
hemisphere. The total volume of tissue loss was calculated 
according to the Cavalieri Principle using the following formula: 
V = ∑A x P x T, where V = total volume, ∑A = the sum of areas 
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measured, P = the inverse of the sections sampling fraction, and 
T = the section thickness. 
 
Comment: Anti-microtubule-associated protein-2 (MAP-2) is a 
common used marker for evaluation of tissue loss after brain 
injury (Gilland et al., 1998). MAP-2 is expressed on neurons and 
dendrites, and the loss of MAP-2 staining indicates neuronal 
death. 
 
Neuropathological scoring (II) 
The striatum, the thalamus, the hippocampus (CA1/2, CA3, 
CA4, dendate gyrus), and the cerebral cortex were chosen for 
the scoring (0 = no damage; 1 = < 5 % tissue damaged; 2 = < 50 
% tissue damaged; 3 = > 50 % tissue damaged; 4 = >95 % 
damaged) (figure 4).  
 
Comment: Sections stained with thionin/acid fuchsin were 
used for the evaluation of the neuropathological scoring. Dead 
neurons were identified as those with acidophilic (red) 
cytoplasm and contracted nuclei. Brain tissue with selective 
neuronal death, cellular reaction and/or pan-necrosis was 
considered to be damaged. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The three coronal levels that was scored to establish the degree 
of brain damage. The specific brain regions that were scored included the 
cerebral cortex (three regions), the striatum, thalamus, and the hippocampus 
(CA1/2, CA3, CA4, dendate gyrus). 
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White matter injury assessment (I, III) 
The loss of neurofilament (NF) and myelin basic protein (MBP) 
were used immunohistochemically as indicators of white matter 
damage. Subcortical white matter was investigated for damage 
after HI. The area of NF respectively MBP positive staining 
were outlined and measured (MicroImage, version 4.0; Olympus 
Optical) in both hemispheres. The ipsilateral hemisphere was 
compared with the contralateral hemisphere to calculate the 
proportion (%) of white matter damage. 
 
Comment: NF is the major intermediate filament of neurons 
and plays an important role in the conductivity of impulses 
down the axon (Miller et al., 2002). MBP is an indicator for 
developing oligodendrocytes and myelin, and loss of MBP can be 
an indicator of disruption in the myelination process (Kinney 
and Back, 1998, Back et al., 2002).  
 
 
Inflammation (I-III) 
Microglia activation (I, III) 
The presence of activated microglial cells in the damaged 
hemisphere were either counted in the cerebral cortex and the 
thalamus 7 days after the insult (I), or evaluated by scoring 
systems in the cerebral cortex, subcortical white matter, 
hippocampus and the thalamus at 6 and 24 hours (0 = 0 
microglia cells present, 1 = 1-25 cells, 2 = 26-50 cells, 3 = 51-75 
cells, and 4- > 100 cells) and 7 days after the HI procedure (0 = 
no microglial cells present, 1 = few cells, 2 = slightly activation 
in the hippocampus/thalamus, 3 = moderate activation in the 
hippocampus/thalamus, and 4 = massive activation in the 
hippocampus/thalamus) (III).  
 
Comment: Microglial cells were identified by Griffonia 
simplicifolia isolectin-B4, which is a glycoprotein that has a 
high specificity to α-D-galactosyl residues which can be found on 
the surface on microglial cells and on cerebral capillaries (Streit 
and Kreutzberg, 1987, Streit, 1990). 
 
Enzyme-linked immunosorbent assay (ELISA) (II) 
Homogenates for each hemisphere were centrifuged at 10,000 x 
g at 4˚C for 10 minutes, and the supernatants were collected for 
the ELISA analysis. IL-1β, IL-6, and IL-18 were quantitated by 
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rat specific immunoassay kits (IL-1β from R&D systems and IL-
6 and IL-18 from biosource). All standards were diluted in the 
homogenization buffer, and all samples were done in duplicates. 
The assays were performed as recommended by the 
manufactures. 
 
 
Immunoblotting (I) 
Samples of homogenised brain tissue were mixed with an equal 
volume of concentrated (3x) SDS-PAGE buffer and incubated at 
96˚C for 5 minutes. Individual samples were run on 4-20 % tris-
glycine gels (Novex) and transferred to reinforced nitrocellulose 
membrane. After blocking with 30 mM Tris-HCl (pH 7.5), 100 
mM NaCl and 0.1% Tween 20 containing 5 % fat-free milk 
powder, the membranes were incubated with primary 
antibodies (mouse anti-actin, 1:200, Sigma-Aldrich; mouse anti-
catalase, 1:250, AbFrontier/clone 11a1; mouse anti-fodrin, 
1:500, Biomol internat.; mouse anti-nitrotyrosine, 1:1000, 
Biomol internat; mouse anti-SOD1, 1:2000, AbFrontier; rabbit 
anti-Trx 2, 1:1000, AbFrontier), followed by incubation of an 
appropriate peroxidise-labeled secondary antibody. 
Immunoreactive species were visualized using the Super Signal 
Western Dura substrate (Pierce) and a LAS 1000 cooled CCD 
camera (Fujifilm). Immunoreactive bands were quantified using 
the Image Gauge software (Fujifilm).  
 
 
General cell death and apoptotic markers (I-III) 
Fluorometric assay of caspase-1 (I) and -3 (I, II) activity  
Homogenised tissue samples from dissected brain regions 
(cortex/hippocampus and thalamus/stratum)were mixed with 
extraction buffer (50 mM Tris-HCl (pH 7.3), 100 mM NaCl, 5 
mM EDTA, 1 mM EGTA, 1 mM PMSF, 1 % proteinase inhibitor 
cocktail (Sigma-Aldrich) and 0.2 % CHAPS on a microtiter plate 
(Dynatech). After incubation in room temperature assay buffer 
(50 mM Tris-HCl (pH 7.3), 100 mM NaCl, 5 mM EDTA, 1 mM 
EGTA, 1 mM PMSF, and 10 mM DTT) containing 25 μM 
peptide substrate (AC-DEVD-AMC; Enzyme Systems Products) 
was added into each well. Cleavage of the substrate was 
measured at 37ºC using a Spectramax Gemini microplate 
flourometer with an excitation wavelength of 380 nm and an 
emission wavelength of 460 nm, 2 minutes interval for 2 hours. 
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The Vmax was calculated from the entire linear part of the curve. 
Standard curves with AMC in the appropriate buffer were used 
to express the data in pmoles of AMC formed per minute and 
milligram of protein. All samples were done in duplicates. 
 
Immunohistochemistry – DAPI, AIF, cyt C, and caspase-3 (III) 
The apoptotic mechanisms were immunohistochemically 
investigated. General cell death was investigated according to 
morphological hallmarks of cell death by examining DAPI 
nuclear staining. The number of cells with DNA damage were 
counted in the penumbra of the cerebral cortex and expressed 
as the mean number of cells per square millimetres. Both 
caspase-dependent and -independent pathways of cell death 
were investigated positive cells to AIF, cyt C and caspase-3. The 
positive cells were counted in the cerebral cortex and the 
hippocampus (CA1/2, CA3, CA4, and the dendate gyrus (DG). 
 
 
Free radicals (I) 
Determination of 8-isoprostane (I) 
Free 8-isoprostane concentration was measured with a 
commercial enzyme immunoassay kit (Cayman chemical). The 
samples were assayed in a 96-well plate coated with mouse 
anti-rabbit IgG MAb to 8-isoprostane. An 8-isoprostane tracer 
bound to acetylcholinesterase was used to compete for binding 
sites. Samples were analysed at 50 µl and read at 420 nm in a 
microplate reader. The range of standard curve was from 3.9 to 
500 pg/ml. 
 
Comment: 8-isoprostanes a specific product of lipid 
peroxidation, which is a consequence of oxidative stress and 
peroxynitrate formation, and can be measured by ELISA. 
 
Determination of cysteine and glutathione (I) 
The total level of cysteine and glutathione (oxidized + reduced) 
were analysed using a high-performance liquid chromatography 
(HPLC) (Ahola et al., 2004). Aliquots of the hemispheric brain 
homogenates were treated with dithiothreitol which reduces 
disulphides to free sulfhydryls. This was followed by that the 
thiols were derivatized with monobromobimane to form 
fluorescent complexes. The derivatized thiols were then 
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separated by reversed-phase C-18 column and quantificated 
fluorometrically.  
 
 
Capillary vessel length measurement (II) 
Sections were histologically stained for visualization of cerebral 
capillaries using the Griffonia simplicifolia isolectin-B4, which 
binds to carbohydrates on the surface of the capillary. The total 
length of cerebral capillaries was determined by using the high 
throughput image analysis AddInvertFlattenBgdAngiogenesis 
assay (Metamorph v.6.2.6 Image analysis software (Molecular 
Devices)). Total Tubule Length (in pixels) was logged into an 
excel spreadsheet. To avoid the background staining in the 
damaged brain regions the isolectin B-4 positive capillaries 
were digitally photographed in the ipsilateral thalamus and the 
contralateral cerebral cortex, hippocampus, and the thalamus. 
 
 
Zymography (III) 
Hemispheric frozen brain tissue were homogenized and 
solubilised in 0.5 % Triton X-100 in phosphate-buffers saline 
(pH 7.0). The homogenate were centrifuged at 13 000 rpm for 10 
minutes at 4˚C. The supernatants were saved and the total 
protein concentration determined according to Whitaker and 
Granum (Whitaker and Granum, 1980), adapted for 
microplates. Samples were mixed and incubated with one part 2 
x Tris-Glycine SDS sample buffer (12.5 mM Tris-HCl pH 6.8, 20 
% glycerol, 4 % SDS (w/v), 0.005 % bromophenol blue (w/v). A 10 
% polyacrylamide gel containing 0.1 % gelatine were used for 
the zymography, and the gel was electrophoresed with 1x Tris-
Glycine SDS Electrode Buffer (25 mM TrizmaBase, 190 mM 
glycin, 3.5 mM SDS) according to standard running conditions. 
After the electrophoresis, the gel was incubated with Zymogram 
Renaturing Buffer (2.5 % Triton X-100 (v/v)) which allows the 
SDS to discharge from the gel and makes the MMPs to renature 
to its native form. This was followed by incubation in zymogram 
developing buffer (50 mM Tris-HCl, 2 M NaCl, 50 mM CaCl2, 
0.02 % Brij 35), which makes the MMPs to digest the 
surrounding substrate. Coomassie Blue R-250 0.5% (w/v) in 
fixative (methanol: acetic acid: Water (50: 10: 40)) was used for 
visualizing the areas of protease activity. Human MMP-9 and 
MMP-2 (Chemicon International) were used as standards. 
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Comment: Zymography is a well known assay for measuring 
MMP activity. It is an electrophoretic technique where the 
enzymes are separated on a polyacrylamide gel containing 
appropriate substrate. This substrate is then digested when the 
enzyme is activated. A band of the digested substrate is an 
indicator of MMP activity.  
 
 
Blood brain barrier permeability (III) 
The brains were prepared as described above with some 
modifications. The brains were perfusion-fixed with 5 % 
paraformaldehyde followed by incubation in 20 % sucrose in 0.1 
M PBS solutions. Brains were cut in 80 µm sections and stained 
free-floating with biotinylated horse-anti-mouse (IgG) (Vector 
Laboratories). 
 
Comment: The BBB protects the brain from pathogens in the 
blood stream, but this defence can be damaged after injury. IgG 
can under normal conditions not be observed in the brain, but 
under pathological conditions it may enter from the blood 
through the blood brain barrier.  
 
 
Reverse-transcriptase real-time polymerase chain 
reaction (RT RT-PCR) (IV) 
Total mRNA was isolated from hemispheric tissue by using the 
Rneasy® mini kit (Qiagen Inc.) according to the manufacturer’s 
recommendations The superscript RNase H- reverse 
transcriptase kit (Invitrogen.) random hexamer primers and 
dNTP (Roche Molecular biotechnologies) was used to synthesize 
first strand cDNA as previously described (Blomgren, 1999). 
Each PCR 20 µl contained 1/100 of the cDNA synthesis, 2 µl 
MMP-12 Quanti Tect Primer Assay (QT00098945, Qiagen), and 
10 µl quanti Fast SYBR Green PCR kit (Qiagen). The 
amplification protocol included denaturation for 10 minutes at 
95˚C, followed by 40 cycles of denaturation, 95˚C, for 10 
seconds, and annealing/extension, 60˚C, for 30 seconds on a 
Roche LightCycler 480. Melting curve analysis was performed 
to ensure that amplification corresponded to that only one 
product was performed. For quantification and for estimating 
amplification efficiency, a standard curve was generated using 
increasing concentrations of cDNA. The amplification 
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transcripts were quantified with the relative standard curve 
and normalized against the housekeeping gene 
succinatdehydrogenase (SDHA). Each sample was assayed in 
duplicate. 
 
 
Statistical analysis 
The following statistical measurements were used in paper I: 
Student unpaired t-test was used for comparing tissue loss, loss 
of white matter (MBP), and cell counts. ANOVA followed by 
Fischer’s PLSD post hoc test was used in the comparisons of the 
results from the activity assays and immunoblot quantification. 
The Mann-Whitney nonparametric ranking test was used to 
compare the gross morphology score and neuropathology score. 
Simple linear regression analysis was used for the comparison 
of infarct area and volume measurements. ANOVA followed by 
Fischer’s PLSD post hoc test was used for statistical analysis in 
paper (II). The Mann-Whitney nonparametric ranking test was 
used for statistical comparisons between study groups in paper 
III. Values were considered significant at P < 0.05, and all data 
are expressed as mean ± standard error of the mean. 
 

 34



Inflammation and neuroprotective strategies in the immature brain after HI brain injury
 

SUMMARY OF RESULTS 
NAC reduces lipopolysaccharide-sensitized HI brain 
injury (I) 
Following pre- and post HI administration of NAC (200 mg/kg), 
the infarct volume in the ipsilateral hemisphere was reduced by 
78.3 % compared to the group that received vehicle (p = 0.0001). 
The total pathological score also showed a reduction of brain 
injury (72 %, p < 0.001). Administration of melatonin (5 mg/kg) 
resulted in a 45.3 % reduction of total pathological score (p = 
0.007). The therapeutic window of NAC treatment showed a 
41.2 % (p = 0.028) respectively 28.2 % (p = 0.039) reduction of 
infarct area and total tissue loss area, when NAC was 
administered immediately (0h) and 24 hours after HI. White 
matter damage was significantly decreased in the NAC treated 
animals, since the remaining level of MBP staining in the 
ipsilateral hemisphere was found to be significantly higher in 
the NAC-treated rats than in the vehicle-treated rats (p = 
0.005). Microglia activation (isolectin-positive) was found to be 
decreased in animals treated with NAC in both the cortex (p = 
0.003) and the thalamus (p = 0.04).  
 
The effects of NAC on the ROS/reactive nitrogen species was 
examined 2 and 24 hours after either LPS or LPS/HI with 
respect to nitrotyrosine and isoprostane production, which are 
markers of peroxynitrite formation and lipid peroxidation, 
respectively. NAC treatment significantly decreased the 
nitrotyrosine formation in the ipsilateral hemisphere at 24 
hours after LPS/HI (p < 0.05). NAC treatment provided a 
significant reduction of isoprostane activation 2 hours after 
LPS/HI in the ipsilateral hemisphere (p 0 .04). NAC increased 
the level of thioredoxin-2 (Trx-2), an endogenous scavenger, 2 
hours after LPS/HI in the ipsilateral hemisphere (p = 0.008). 
The total glutathione (GSH) concentrations decreased by 2 and 
24 hours after LPS/HI (p = 0.0002 and p < 0.0001, respectively), 
and NAC administration restored the level of GSH at 2 and 24 
hours after LPS/HI, which is consistent with a NAC-mediated 
restoration of total cysteine. 
 
Treatment with NAC significantly decreased the calpain, 
caspase-3, and caspase-1 activation. Reduction of caspase-1 
reached a peak at 2 hours after LPS/HI, and the decrease of 
calpain and caspase-3 was most pronounced at 24 hours after 
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LPS/HI, which indirectly suggests that this activation of these 
enzymes were attenuated by NAC.  
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Figure 5. Possible signalling pathways triggered by the LPS/HI and the 
effects of NAC treatment. GSH = glutathione, GSSG = glutathione disulfide, NO = nitric 
oxide, NOS = nitric oxide synthase, ROS = reactive oxygen species, SOD = superoxide 
dismutase, Trx2 = thioredoxin 
 
 
Delayed administration of a GPE analogue induces 
astrogliosis and angiogenesis and reduces inflammation 
and brain injury following HI in the neonatal rat (II) 
Repeated doses of G-2mPE started 2 hours after HI 
significantly reduced the neuropathological score, including the 
CA1/2 (p = 0.0388), CA3 (p = 0.0268), thalamus (p = 0.0096), 
and the total neuropathological score (p = 0.0240). Activation of 
IL-6 was reduced by 32 % in the ipsilateral hemisphere after G-
2mPE treatment compared with vehicle-treated animals (p = 
0.0205) 8 hours after HI. The total length of cerebral capillaries 
was significantly reduced in the ipsilateral thalamus after HI in 
the vehicle-treated animals (p < 0.001). G-2mPE treatment 
increased the total vessel length in both the ipsilateral 
thalamus (p < 0.05) and the contralateral hemisphere (p < 0.05). 
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HI alone increased the astrogliosis in the ipsilateral hemisphere 
in the vehicle-treated animals compared to naïve controls. G-
2mPe treatment increased the astrogliosis even further (p < 
0.001) 
 
 
MMP-9 gene knock-out protects the immature brain after 
cerebral HI (III) 
The genotype of the animals was confirmed by PCR. Gelatin 
zymography showed no activation of MMP-9 in the gene 
deficient mice. A weak expression of MMP-9 activity was seen 6 
hours after HI in the ipsilateral hemisphere in WT animals, the 
activation was most pronounced at 24 hours and subsided at 72 
hours after HI. The highest density of MMP-9 positive cells was 
also seen at 24 hours after HI in the thalamus, with fewer cells 
in the cerebral cortex and hippocampus. It was also established 
that MMP-9 expression was colocalized with microglial cells. 
 
A reduction in brain injury in MMP-9 KO animals compared to 
WT animals was seen after 50 minutes of HI (p = 0.0006). The 
white matter damage was also decreased in the MMP-9 KO 
animals both in regard to preservation of neurofilament (p < 
0.0001)and myelin basic protein (p = 0.0001).  The opening of 
the BBB started as early as 3 hours after HI in the WT animals, 
and was still open 72 hours after HI. The BBB in the MMP-9 
KO was open 6 an 24 hours after HI, but to a lesser extent than 
in WT animals. Furthermore, the percentage of laminin in the 
ipsilateral hemisphere was also greater in WT animals 
compared with KO mice (p = 0.0061). A significant attenuation 
in microglial activation was observed 7 days after HI in MMP-9 
KO mice compared with WT animals, and cell death was also 
reduced in KO animals at 24 hours and 7 days after HI. 
 
 
Expression of MMP-12 after neonatal HI brain injury (IV) 
A 21.9-fold up-regulation of MMP-12 mRNA could be observed 
24 hours after HI in the ipsilateral hemisphere compared with 
the contralateral hemisphere (p = 0.0286). MMP-12 
immunopositive cells were observed 24 hours and 5 days after 
HI in the ipsilateral hemisphere. MMP-12 expressing cells were 
observed in the hippocampus, thalamus, striatum and the 
cerebral cortex that was MAP-2 negative. There was also an 
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increased MMP-12 staining around blood vessels. 5 days after 
the HI insult some MMP-12 positive cells were observed in the 
contralateral hemisphere. MMP-12 expression was co-localized 
with neurons, oligodendrocytes and microglial cells. 
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DISCUSSION 
Perinatal brain injury, which can lead to life long neurological 
deficits, is a problem that if treated or prevented could increase 
the quality of life for many children and adults. To date 
hypothermia has been shown to provide some degree of 
protection (Gluckman et al., 2005, Shankaran et al., 2005) but 
there are no effective drugs available that can be applied after 
the insult. The aim of this thesis was to investigate different 
potential drugs and also the mechanisms involved in the 
developing brain after infection combined with HI, or by HI 
alone. 
 
 
Comparison between animal models of neonatal brain 
injury 
In order to study the mechanisms of perinatal brain injury, 
different animal models can be used. Neonatal rats/mice are the 
far most common species used for investigating perinatal brain 
injury mechanisms. The “Rice-Vannucci model”, which is based 
on the Levine preparation in the adult rat (Levine, 1960), is a 
well-established experimental model for HI brain injury and it 
has been developed for both rat (Rice et al., 1981) and mice 
(Sheldon et al., 1998, Hedtjarn et al., 2002). The injury after HI 
can be observed in the cerebral cortex, the white matter, 
striatum, thalamus, and the hippocampus. Injury to the white 
matter has been associated with neurological deficits in both 
preterm (Volpe, 2001) and term infants (Deguchi et al., 1999), 
while grey matter has mostly been associated with birth 
asphyxia in term infants (Johnston et al., 2002). However, data 
is also emerging that grey matter injury, which may be 
secondary to the white matter damage, is seen also in preterm 
infants (Inder et al., 1999, Thompson et al., 2007). There are 
limitations to using HI models in rodents, since the anatomical 
appearance of CNS differs from that in the human. With regard 
to the neuroanatomy of experimental animals, it would be more 
suitable to use neonatal animal models of rabbits, cats, dogs, 
sheep or monkeys, which have a more similar anatomical 
structure to the human brain (Hagberg et al., 2002). The 
advantages of using the “Rice-Vannucci model” for investigating 
HI injury in the immature brain are that the injury is unilateral 
and that the contralateral hemisphere can be used as a non-
ischemic control, the distribution of brain injury is relatively 
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consistent and the model allows for long term survival. 
Furthermore, the breeding period of the rodent is short, results 
in relatively large litters and the cost is reasonably low 
compared to large animal studies.  
 
Infection has also been reported to be associated with perinatal 
brain injury, and infection combined with asphyxiated 
conditions increases the risk of CP in the immature brain 
(Grether and Nelson, 1997, Nelson et al., 1998). In this thesis, a 
model of combined LPS and HI exposure was applied, that was 
developed to mimic the clinical situation of infection/asphyxia 
(Eklind et al., 2001). Using this model, it was previously shown 
that LPS markedly increases the vulnerability to HI brain 
injury (Eklind et al., 2001, Eklind et al., 2005). LPS is a 
component of gram negative bacteria, and induces strong 
inflammatory response by microglia activation, leading to 
release of TNF-α, IL-1, IL-8, and IL-6 (Wright et al., 1990, 
Lehnardt et al., 2002). Previous studies have shown that 
systemic administration of LPS induces WMD in fetal sheep 
(Mallard et al., 2003, Svedin et al., 2005), exposure of LPS to 
pregnant rats, resulted in transient myelin loss in the neonatal 
rat (Rousset et al., 2006), and intrauterine administration of 
LPS in the pregnant mouse sensitized the neonatal brain to HI 
after birth (Wang et al., 2007). It has also been shown that 
intracerebral injections of LPS in the developing rat brain can 
be deleterious to developing oligodendroglial cells, leading to 
WMD (Pang et al., 2003). A limitation of using LPS as an 
infectious agent is that it does not include proliferation of 
bacteria as would be experienced in a clinical setting of 
bacterial infections. It also only represents gram-negative 
bacteria, while clinically gram positive cultures are often found 
(Romero et al., 2002). In conclusion, rodent models of perinatal 
brain injury are thought to be efficient models to determine 
brain injury mechanisms and treatment strategies, but 
complementary investigations in animals with a neuroanatomy 
more similar to the human are clearly needed for pre-clinical 
trials. 
 
 
Treatment strategies after neonatal brain injury 
The information about the mechanisms behind neonatal brain 
injury has increased over the last decades, which has resulted 
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in that a number of different treatment strategies have been 
tested. Many of the investigated preparations only work if it 
they are administered before the insult, which makes them less 
useful in clinical situations. It is a challenge to find effective 
treatment strategies for neonatal brain injury that would work 
when administered after the actual insult and that have long 
lasting effects. However, two randomized control trials showed 
that postasphyxial cooling of either the head or whole body 
reduced the mortality and decreased neurological deficits 
(Gluckman et al., 2005, Shankaran et al., 2005). These results 
indicate that it is possible to treat perinatal brain after the 
insult. Experimental studies have shown that post-insult 
treatment with hypothermia affects the apoptotic process 
(Tomimatsu et al., 2001, Ohmura et al., 2005), the 
inflammatory response by decreasing the microglial activation 
(Fukui et al., 2006), and results in a reduction in loss of neurons 
and immature oligodendrocytes (Bennet et al., 2007). 
Hypothermia has also been reported to be effective in a piglet 
model of HI (Thoresen et al., 2001). It has also been 
demonstrated that hypothermia in combination with NAC 
treatment reduces infarct volume, myelin loss and improves 
functional outcome after HI injury in the immature brain 
(Jatana et al., 2006). A part of this thesis was to investigate 
three different drugs that potentially were neuroprotective 
when administered after the HI procedure.  
 
In paper I we found that NAC, which is known to be a GSH 
precursor, anti-oxidant, anti-apoptotic as well as an anti-
inflammatory agent (Ferrari et al., 1995, Louwerse et al., 1995), 
provided neuroprotection after LPS/HI in the neonatal rat, both 
when administered pre/post and post HI. The neuroprotection 
was not only associated with a reduction of total tissue loss but 
also the loss of white matter was decreased. It has previously 
been reported that NAC has protective effects of the white 
matter in other models of WMD (Mayer and Noble, 1994, 
Husson et al., 2002, Paintlia et al., 2004). The mechanisms of 
NAC neuroprotection seems related to the reduced oxidative 
stress, as indicated by lower levels of isoprostane, nitrotyrosine 
and preservation of the scavengers glutathione and Trx2, 
attenuated activation of apoptotic proteases (caspase-3, calpain) 
and reduced inflammation as indicated by attenuated activation 
of microglia and caspase-1. NAC is known to have anti-oxidant 
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properties (Aruoma et al., 1989), which also was observed in 
paper I. NAC inhibited the nitrotyrosine formation, which 
indicates peroxynitrite formation (Beckman and Koppenol, 
1996), in the immature brain after LPS/HI consistent with data 
in the adult gerbil brain after ischemia (Cuzzocrea et al., 2000) 
or immature brain after HI (Zhu et al., 2004). It was also shown 
that the NAC treatment reduced lipid peroxidation, in regard to 
reduced 8-iosprostane levels, which are specific products of lipid 
peroxidation. 8-isoprostanes have been seen to be increased in 
CSF and plasma of preterm infants with white matter damage 
(Inder et al., 2002, Ahola et al., 2004), which in turn could be a 
potential treatment group for NAC. Paper I also demonstrated 
that NAC restored cysteine and GSH in brain homogenates, and 
previous studies have also showed that NAC increases cysteine 
levels and thereby maintains the intracellular stores of GSH 
(Bridgeman et al., 1991) especially when the demand for GSH is 
increased (Burgunder et al., 1989). Trx-2 is another endogenous 
anti-oxidant that was increased after NAC treatment, and it 
has previously been shown to be involved in several other CNS 
injuries (Rybnikova et al., 2000, Hattori et al., 2002, Stroev et 
al., 2004). NAC attenuates amniotic and placental cytokine 
responses following maternal infection induced by LPS 
(Beloosesky et al., 2006), indicating that NAC can attenuate the 
inflammatory response. Paper I demonstrate a decrease in 
microglial activation as well as reduction of activation of 
inflammatory caspase-1, which is responsible in the activation 
process of both IL-1β (Dinarello, 1996) and IL-18 (Fantuzzi and 
Dinarello, 1999) that are known to be inflammatory mediators. 
It also agrees with previous findings that caspase-1 mRNA and 
protein are upregulated after neonatal HI (Hedtjarn et al., 
2002) and is interesting as neonatal caspase-1 deficient mice 
are protected from HI brain injury (Liu et al., 1999). 
Attenuation of apoptotic mechanisms seems also to be part of 
the neuroprotective process of NAC, since the activation of both 
calpain and caspase-3 was reduced after LPS/HI, which agree 
with findings showing that NAC inhibits caspase-3 and 
apoptosis in oligodendroglial cells in vitro (Haq et al., 2003). 
 
Melatonin is another anti-oxidant that was investigated after 
LPS/HI in the immature rat. Previous studies have shown that 
post-treatment with melatonin reduces inflammation and cell 
death in fetal sheep following systemic asphyxia (Welin et al., 
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2007), and melatonin treatment after HI on postnatal day 7 
demonstrated long-lasting effects on behaviour and learning in 
adult rats (Carloni et al., 2008). Melatonin also attenuates 
ibotenate-induced white matter cysts in neonatal mice (Husson 
et al., 2002). In paper I melatonin was administered before and 
after LPS/HI, and a moderate reduction of brain damage was 
seen. The neuroprotective mechanisms of melatonin after 
LPS/HI can only be speculative since it was not investigated in 
the present study. It is known that melatonin scavenges free 
radicals (Reiter et al., 2002), and it is also known to activate 
endogenous antioxidants such as SOD, catalase, and 
glutathione peroxidase (Rodriguez et al., 2004, Tomas-Zapico 
and Coto-Montes, 2005). A model of HI in the immature brain 
showed a significant decrease in lipid peroxidation as well as 
increase of the activity of catalase after treatment with 
melatonin (Tutunculer et al., 2005). Inflammatory pathways 
may also be affected by melatonin as mentioned previously; a 
decrease in activated microglial cells was shown in asphyxiated 
fetal sheep after melatonin treatment (Welin et al., 2007). 
Melatonin exerts anti-apoptotic effects through decreased 
cytochrome C release and reduced caspase-3 activation after 
middle cerebral artery occlusion (MCAO) in the adult brain 
(Andrabi et al., 2004). Furthermore, at low doses melatonin may 
have a regenerative effect through the interaction with its 
receptors (Husson et al., 2002). 
 
Paper II investigated G-2mPE, a GPE analogue, for HI post-
treatment, which is derived from IGF-1. IGF-1 has previously 
been shown to be neuroprotective after cerebral ischemia in 
both the mature and the immature brain (Johnston et al., 1996, 
Guan et al., 2003, Brywe et al., 2005). In vivo, GPE is believed 
to be cleaved from IGF-1 and has also been shown to have 
neuroprotective properties in both the adult and juvenile brain 
following HI (Guan et al., 1999, Sizonenko et al., 2001). The 
short half life of GPE is however a disadvantage for clinical use 
(Batchelor et al., 2003, Guan et al., 2004, Baker et al., 2005). 
Therefore the development of the tripeptide G-2mPE, which has 
an increased half-life, may be a more suitable treatment 
strategy (Harris and Brimble, 2006). IGF-1 is believed to 
mediate neuroprotection via anti-apoptotic pathways, including 
caspase-3 pathways (Brywe et al., 2005). GPE is anti-apoptotic 
by reducing caspase-3 positive cells in adult rats after HI injury 
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(Guan et al., 2004), but it has also been shown to reduce 
excitotoxicity (Sara et al., 1989, Sara et al., 1993). The 
neuroprotective effects of G-2mPE are probably not mediated 
through the caspase-3 dependent apoptotic pathway, since no 
reduction of caspase-3 activity could be seen after G-2mPE 
treatment. However, it is difficult to completely rule out any 
anti-apoptotic properties of G-2mPE, since the injury in the 
present study was very severe. In general, severe brain damage 
is more likely to be associated with rapid cell death whereas the 
more delayed and/or programmed cell death may be the result 
of a mild injury (Beilharz et al., 1995). G-2mPE may also have 
some anti-inflammatory properties after severe neonatal HI 
injury, as IL-6 activity was decreased after treatment with G-
2mPE. Up-regulation of IL-6 occurs as part of the inflammatory 
response after HI (Hagberg et al., 1996, Silveira and Procianoy, 
2003, Bartha et al., 2004). However, there was no effect on the 
other cytokines investigated, suggesting that inflammation may 
not be the most prominent mechanism. Angiogenesis is known 
to be initiated after HI, and newly formed blood vessels 
contribute during the reperfusion phase. In the adult brain 
after ischemia, angiogenesis may promote the recovery of 
neurological function (Zhang et al., 2002), and it has also been 
indicated that angiogenesis can be used as a marker of 
neurodegeneration/neuroprotection for cerebral HI in the 
immature brain (Clarkson et al., 2007). In addition, it has been 
demonstrated that an increase in the density of blood vessels is 
associated with improved blood flow and contributes to the 
neuroprotective effects of hypoxic preconditioning in neonatal 
rats (Gustavsson et al., 2007). The formation of new cerebral 
vessels is fundamental for providing nutritional and trophic 
support to adjacent tissues, maintaining BBB integrity and 
tissue repair after injury. Astrocytes have an important role in 
vascularization (Salhia et al., 2000, Acker et al., 2001, 
Frontczak-Baniewicz and Walski, 2002). Paper II indicates that 
treatment with G-2mPE after HI increases the total length of 
capillaries and also induces an increase in GFAP positive 
astrocytes, which in turn hypothetically promotes angiogenesis 
(Salhia et al., 2000).  
 
Taken together, both NAC and melatonin are well known drugs 
that have been used clinically for treatment of different 
disorders. These drugs are non-toxic and cross the BBB, which 
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indicates that they are potential drugs to treat children 
suffering from neonatal brain injury. NAC is also known to 
cross the placenta, which suggests the possibility of 
administration to the pregnant mother when the baby is at 
increased risk of developing brain injury. Further experimental 
investigations are needed, such as functional tests, to determine 
that the drugs also improves behavioural outcome. The 
neuroprotection of G-2mPE was not as pronounced as for NAC 
and melatonin and complementary investigations are needed. 
The neuroprotective effects after a less severe injury should be 
established and also treatment for longer periods or in 
combination with for example hypothermia is tentative 
approaches.  
 
 
The importance of MMPs after neonatal brain injury  
The presence of various MMPs has been reported in several 
different injury models in the adult brain, i.e. ischemic brain 
injury (Anthony et al., 1997, Clark et al., 1997, Gasche et al., 
1999, Asahi et al., 2000) and MS /EAE (Chandler et al., 1996, 
Anthony et al., 1997, Cossins et al., 1997, Kieseier et al., 1998). 
Little is known about the MMPs in the immature brain after 
CNS injury, but it has been determined that MMPs are present 
and involved in the developing brain (Uhm et al., 1998, Larsen 
and Yong, 2004, Ulrich et al., 2005, Larsen et al., 2006). MMP-9 
is the most investigated MMP in the mature brain, and the 
activation during pathological conditions leads to detrimental 
consequences. 
 
MMP-9 and MMP-2 have also been shown to play part in 
neuronal cell death after traumatic brain injury in the 
immature brain (Sifringer et al., 2007). Paper III showed that 
the MMP-9 deficiency conferred protection in the immature 
brain after moderate cerebral HI, with regard to reduction of 
cerebral tissue loss. Neuroprotection following inhibition of 
MMP-9 activation has previously been demonstrated in the 
adult brain after focal cerebral ischemia in both mouse and rat, 
either by using MMP-9 deficient animals or MMP-9 inhibitors 
(Romanic et al., 1998, Asahi et al., 2000, Asahi et al., 2001, 
Jiang et al., 2001, Gu et al., 2005). Our study was the first 
attempt to evaluate the role of MMP-9 in the immature brain 
after neonatal HI using MMP-9 deficient mice. In addition to 
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the reduction in tissue loss, the injury to MBP and 
neurofilaments was also attenuated in MMP-9 deficient 
animals, which is similar to studies of focal cerebral ischemia in 
adult MMP-9 gene knock out mice that show a reduced damage 
to white matter components (Asahi et al., 2001). The BBB is the 
defence of the brain and it keeps harmful substances and 
molecules out of the brain. MMP-9 has been shown to disrupt 
the BBB by degrading the basal lamina (collagen IV and 
laminin) and increased MMP activity at the BBB leads to MMP-
dependent cleavage of tight junction protein, such as ZO-1 and 
occludin, and a profound disruption of cell-cell contact 
(Harkness et al., 2000, Lohmann et al., 2004). It has been 
suggested that MMP-9 expression in peripheral leukocytes, 
rather than brain resident cells, was responsible for the BBB 
breakdown and subsequent brain injury following focal stroke 
in adult chimeric MMP-9-/- mice (Gidday et al., 2005). 
 
Previous studies have shown the increased expression of MMP-
12 in different CNS injuries, such as intracerebral hemorrage 
(ICH) (Power et al., 2003, Wells et al., 2003, Wells et al., 2005), 
multiple sclerosis (MS) (Vos et al., 2003), and spinal cord injury 
(Wells et al., 2003) in the mature brain. This is the first time 
MMP-12 is investigated in the immature brain after injury, and 
dysregulation of MMP-12 may be particularly damaging in 
preterm infants as these often demonstrated white matter 
lesions and reduced myelination and it has been reported that 
MMP-12 is involved in MBP degradation (Chandler et al., 
1996), contributing to the demyelination in patients with MS. 
The fact that the mRNA expression was up-regulated and an 
increase of MMP-12 positive cells was seen after HI, suggests 
that MMP-12 may also contribute to the development of injury 
after ischemia. Further studies are necessary before any 
complete conclusion can be drawn.  
 
Inflammation seems like a possible injurious mechanism of 
MMPs after neonatal HI, and inflammatory responses have 
previously been shown to be important factors after HI in the 
immature brain (McRae et al., 1995, Silverstein et al., 1997, 
Hedtjarn et al., 2004). Activated microglial cells are a source of 
both MMP-9 and MMP-12 after HI in the immature brain, 
which may indicate that the inflammatory response is a target 
for the MMPs.  Paper III also showed that the microglial 
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activation was decreased in the MMP-9 gene deficient mice one 
week after the insult. The fact that the microglial activation did 
not appear to coincide with the opening of BBB, which was an 
early response after the HI insult, and can be explained by that 
the peripheral inflammatory response is more important for the 
BBB permeability than the local cerebral reactions (Gidday et 
al., 2005). MMP-9 has been shown to be able to process 
proforms of pro-inflammatory cytokines into active forms 
(Schonbeck et al., 1998) and cytokines are known to stimulate 
the production of MMP-9, which in turn disturbs the strict 
regulation of the protease and can lead to uncontrolled 
activation (Okada et al., 1990, Lefebvre et al., 1991, Saren et 
al., 1996).  
 
A wide range of different MMP inhibitors has been tested to 
obtain neuroprotection after CNS injuries. Gu et al showed that 
a highly specific inhibitor of MMP-9 reduced the brain injury 
even when administered 6 hours after the insult in an animal 
model of cerebral ischemia (Gu et al., 2005). Minocycline is a 
semi-synthetic tetracycline, with anti-inflammatory properties 
in the adult brain (Yrjanheikki et al., 1998, Yrjanheikki et al., 
1999). Several studies have shown neuroprotective efficacy after 
cerebral ischemia in both the mature (Hewlett and Corbett, 
2006) and immature (Arvin et al., 2002, Carty et al., 2008) 
brain, and it has also been reported that minocycline impedes 
the activation of MMP (Sutton et al., 2005, Nagel et al., 2008). 
Treatment with minocycline reduced the infarct size and the 
enzymatic activation of MMP-2 and -9 in the adult brain after 
ischemia (Machado et al., 2006, Nagel et al., 2008). 
Furthermore, it has been reported that minocycline reduces 
both the extent of the injury and the MMP-12 expression after 
intracerebral hemorrhage (ICH) (Power et al., 2003, Wasserman 
and Schlichter, 2007, Wasserman et al., 2007). These results 
indicate that minocycline may be a potential treatment strategy 
to prevent activity of MMPs, but it needs also to be investigated 
in the immature settings. On the contrary, inhibition of MMPs 
may not only be beneficial, it has been reported that delayed 
inhibition of MMP-9 after ischemia in the adult rat brain 
increases brain injury and impairs functional recovery (Zhao et 
al., 2006), which imply that MMP-9 is need for the repair 
process. 
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CONCLUSIONS 
 
 

I. LPS-sensitized HI brain injury was decreased when after 
treatment with NAC or melatonin. The NAC 
neuroprotection was probably through the following 
mechanisms: enhancement of anti-oxidative responses 
and attenuation of ROS production, inhibition of calpain-
caspase activation, and attenuation of inflammation.  

 
II. Peripheral delayed port-treatment with G-2mPE 

attenuates neuronal injury after HI in the immature 
brain. The normalization of IL-6 levels and the promotion 
of both neovascularization and astrogliosis may be 
potential mechanisms of the neuroprotection. 

 
III. MMP-9 seems to play an important role in the 

development of hypoxic-ischemic injury in the immature 
brain. The neuroprotective effects of MMP-9 might be 
associated with inflammatory processes and the degree of 
BBB leakage. 

 
IV. MMP-12 expression is up-regulated 24 hours after 

neonatal HI, which suggests that MMP-12 may 
contribute to injury in the immature brain similar to that 
seen in the adult. However, further investigations are 
needed to establish to what degree MMP-12 contributes 
to the development of the injury and what mechanisms 
that might be involved. 
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