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ABSTRACT 

 

Ischemic stroke is an aging disease and causes high mortality or long-term disability. The 

reduced neurological recovery in aging is possibly associated with impairment of angiogenesis 

and non-specific enhancement of inflammatory reaction. To check this hypothese, those events 

were compared within young and elder animals brain at day 14 following focal ischemic stroke. 

Moreover, it is of importance to investigate also the potential therapies of indomethacin for 

prolonging the therapeutic window using aged animal models.  

The focus of present study was on neurobiological and neurological differences between young 

and old rats modulated by indomethacin daily treatment beginning at four hours post-ischemic 

episode. The effectiveness of indomethacin treatment in young and elder rats was probed using 

immunohistochemistry, oligonucleotide microarray, Real Time PCR and neurological evaluation. 

Our results provide insight of several age-independent positive consequences of Cox non-specific 

inhibition by indomethacin including increased NeuN positive surviving neurons, reduced infarct 

volume and enhanced neuroprotective response of innate immune system evidenced by 

increased Iba1 and Anx3 immunoreactivities in moderately activated microglia in periinfarction. 

From gene level we observed in both age groups downregulation of Mdk and Cxcl1 chemokines, 

and Id3 transcription factor which might modulate inflammatory response and facilitate repair. 

Other several findings showed age-dependent drug effect. Indomethacin had reduced efficacy in 

aged ischemic brain. From a total of 34 genes differential regulated, we observed 43% in young 

and only 28% of genes in aged have tendency toward age-matched sham expression level. In 

aged rats, indomethacin is ineffective in inhibiting phagocytic activity which is probably due to no 

expression changes of several cytokines like Tnfα and Cxcl4. Also, at protein level we observed 

no change of lysosomal ED1 immunoreactivity under treatment. On the other hand aging is 

characterized by no expression changes of Plau, Timp1, Timp2 and Col18a1 after treatment 

resulting in no improvement of angiogenesis. In young rats, conversely, drug administration 

decreased phagocytic activity by downregulating several cytotoxic cytokines such as Tnfα and 

Cxcl4. Moreover, the observable decrease of proteases like MMP10, Plau and MMP inhibitor 

Timp2 employed in matrix remodeling together with downregulation of Col18a1 expression after 

treatment might sustain angiogenesis in young rat ischemic brain.  

Indomethacin improves the motor-sensory performance in ischemic stroke rats as compared with 

age-matched untreated animals. Young rats fully recovered while aged showed important 

recuperation but did not achieve the preoperative level.  

In view of all this, indomethacin treatment might be consider as adjuvant therapy following 

ischemic stroke, even if aging blunts the positive effect of indomethacin on altered angiogenic-

related gene expression.  

Because of the small number of rats, the results obtained from this study show only a tendency to 

significance and that further studies with more animals need to be statistically validated before 

firmly conclusions can be drawn.  

KEY WORDS: indomethacin; aging; microglia; angiogenesis; gene expression; microarray; 

neurological recovery; reversible middle cerebral artery occlusion. 



CONTENTS 

 

ABSTRACT  

I. INTRODUCTION 1 

I.1. STROKE 1 
I.2. PATHOPHYSIOLOGY 2 

I.2.1. Cerebral Ischemia 2 
I.2.2. Molecular and Cellular Events in Ischemic Brain 2 

I.2.2.1. Cytotoxic Cascade 2 
I.2.2.2. Necrosis vs. Apoptosis 5 

I.3. INFLAMMATORY REACTION IN ISCHEMIC BRAIN 7 
I.4. MECHANISMS OF ANGIOGENESIS IN ISCHEMIC BRAIN 11 
I.5. AGE-DEPENDENT POST-ISCHEMIC REACTION 15 
I.6. NSAI TREATMENT IN CEREBRAL ISCHEMIA 18 

II. AIMS OF THE STUDY 22 

III. MATERIALS and METHODS 23 

III.1. MATERIALS 23 
III.2. METHODS 23 

III.2.1. Animals - Rat Model 23 
III.2.1.1. Indomethacin Administration 23 
III.2.1.2. Bromodeoxyuridine (BrdU) Administration 24 
III.2.1.3. Surgery - Focal Reversible MCA occlusion Model 24 

III.2.2. RNA Isolation 25 
III.2.3. Oligonucleotide Array - Oligo GEArray® Rat  Angiogenesis Microarray  26 

III.2.3.1. Conversion of experimental RNA to labelled Target cRNA 26 
III.2.3.2. Oligonucleotide arrays hybridization, chemiluminescent detection and 

image acquisition 26 
III.2.3.3. Gene Expression Analyses 27 

III.2.4. Quantitative Real Time PCR 27 
III.2.5. Immunohistochemistry and Immunofluorescence 29 
III.2.6. Light and confocal microscopy 31 
III.2.7. Quantitative analysis of tissue sections 31 

III.2.7.1. Determination of Infarct Volume 31 
III.2.7.2. Quantification of Immunohistochemistry Signal 32 
III.2.7.3. Quantification of new vessels 33 

III.2.8. Neurological and Behavioral Evaluation following Focal Ischemia 33 
III.2.8.1. General Neurological Evaluation. Motor and Sensory Tests 33 
III.2.8.2. Special Neurological Evaluation 34 

III.2.8.2.1. Inclined Plane 35 
III.2.8.2.2. Beam-Walking test in Rotarod 35 

III.2.9. Statistical Analysis 35 



CONTENTS 

 

IV. RESULTS 36 

IV.1. Neurological deficit and recovery following focal cerebral ischemia 
Role of indomethacin treatment in recovery 36 
IV.1.1. General neurological evaluation 36 

IV.1.1.1. Clinical Signs 36 
IV.1.1.2. Body weight 37 
IV.1.1.3. Motor and sensory tests 37 

IV.1.2. Special neurological evaluation 39 
IV.1.2.1. Inclined plane 39 
IV.1.2.2. Beam-walking test in Rotarod 40 

IV.2. Infarct volume show a tendency to decrease after Indomethacin in both age 
 groups 43 

IV.3. Effects of indomethacin in macrophagic/microglial reaction in ischemic 
 stroke 45 
IV.3.1. Indomethacin induces age-related decreases of phagocytosis in  

infarct core 45 
IV.3.2. Indomethacin influences proliferation of ED1 positive cells 47 
IV.3.3. Iba1 is involved in microglial response to indomethacin 48 
IV.3.4. Indomethacin enhances expression of Iba1-ED1-Annexin A3 reactive 

 microglia in periinfarct 49 
IV.4. Angiogenesis-related genes alteration following indomethacin therapy in 

ischemic brain 51 
IV.4.1. General view 52 
IV.4.2. Aging blunts indomethacin effect on angiogenic-related genes  

change 55 
IV.4.3. Verification of Microarray data by quantitative Real Time PCR 56 

IV.5. Age-dependent effect on angiogenesis following indomethacin treatment 59 

V. DISCUSSION 63 

V.1. Neuroprotection by indomethacin in ischemic stroke 63 
V.2. Indomethacin decreases phagocytic activity in infarct core in young and is 

not effective in aged rats 64 
V.3. Indomethacin enhances the neuroprotective response of innate immune  

system after ischemic stroke 66 
V.3.1. Iba1 involved in microglial response to indomethacin treatment 66 
V.3.2. Indomethacin treatment enhances expression of Iba1+Annexin A3+  

reactive microglia in periinfarct 67 
V.3.3. Inflammatory mediators in indomethacin treated groups 

Aging is critical for Cxcl1 and Cxcl4 induction 68 
  



CONTENTS 

 

V.4. Angiogenic-related gene expression after indomethacin treatment in  
subacute phase of ischemia with emphasis in aged 

70 

V.5. No effect of indomethacin treatment on angiogenesis in aging ischemic  
brain in contrast to pro angiogenic effect in young rats 75 

V.6. Role of indomethacin treatment in functional recovery following reversible 
cerebral ischemia, effect of age 76 

VI. CONCLUSIONS and FUTURE WORK 78 

VI.1. Conclusions 78 
VI.2. Future Work 79 

VII. REFERENCES 80 

ANNEX A
Chemical and biochemical reagents 
Reagents for Oligo GEArrays® and Real Time PCR 
Solutions 
Laboratory equipments 

ANNEX B

List of figures 
List of tables 

ACKNOWLEDGEMENTS

Eidesstattliche Erklärung  

CURRICULUM VITAE



ABBREVIATIONS 
 

 

AA Arachidonic acid 

Adamts A disintegrin and 

metalloproteinase with 

thrombospondin motif 

AIF Apoptosis-inducing factor 

AMPA α-Amino-3-hydroxy-5-methyl-

4-isoxazolpropionat 

ANOVA Analysis of Variance  

Anx3 Annexin3 

APAF1 Apoptosis protease activating 

factor-1 

ATP Adenosine triphosphate 

BAD BCL2-antagonist of cell death 

BAX B-cell lymphoma 2-associated 

protein X 

BBB Blood brain barrier 

BID BH3-interacting domain death 

agonist 

BIM BCL2-interacting protein 

BK Bradykinin 

BrdU Bromodeoxyuridine  

CCR2 Monocyte chemoattractant 

protein-1 receptor 

Cdh5 Cadherin 5 

cDNA Complementary DNA 

CNS Central nervous system 

CNTF Ciliary neurotrophic factor 

Col18a1 Collagen, type XVIII, alpha 1 

COX Cyclooxygenase 

CR3 Complement receptor 3 

CREB cAMP response element-

binding 

cRNA Complementary RNA 

CXCL1 Chemokine C-X-C motif  

ligand 1 

Cy Cytochrome 

Cyto c Cytochrome c 

DAB 3,3´-Diaminobenzidin 

DC Dendritic cells  

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

EC Endothelial cells 

ECM Extracellular matrix 

ED-1 Macrophagic / microglial 

lysosomal marker  

Edg1 Endothelial differentiation 

sphingolipid G-protein coupled 

receptor 1 

ERK Extracellular signal regulated 

kinase 

FADD Fas-associated death domain 

protein 

FASL Apoptosis antigen-1 ligand 

Fgf2 Fibroblast growth factor 2 

FITC Fluorescein isothiosyanate 

Fn1 Fibronectin 1 

GM-CSF Granulocyte-macrophage 

colony-stimulating factor 

HIF Hypoxia-inducible factor 

i.p. Intraperitoneal 

IAP Inhibitor of apoptosis 

Iba1/ AIF1 Ionized calcium-binding 

adapter molecule 1/ Allograft 

inflammatory factor 1 

IC Infarct core 

ICAM Intercellular adhesion molecule 

Id Inhibitor of DNA binding, 

dominant negative helix-loop-

helix protein 

IFNγ Interferon gamma 

IgG Immunoglobulin 

IHC Immunohistochemistry 

IL interleukin 

JNK c-Jun-N-teminal kinase 

Kbp kilobase pairs  

LIF Leukemia inhibitory factor 

LOX Lipoxygenase  

LTB4 Leukotrien-B4 

Madh1 SMAD, mothers against DPP 

homolog 1 



ABBREVIATIONS 
 

 

MAP Microtubule-associated protein 

MCAO  Middle cerebral artery 

occlusion  

MCP-1/CCL2 Monocyte chemoattractant 

protein-1/ Chemokine (C-C 

motif) ligand 2 

Mdk Midkine 

MHC  Major histocompatibility 

complex  

MMP Matrix metalloproteinases 

mo Month 

MOPS 3-N morpholino-

propanesulfonic acid 

mRNA Messenger ribonucleic acid 

n Number 

NeuN Neuronal nuclear antigen 

NF-κB Transcription factor nuclear 

factor-kappaB 

NG2  Chondroitin sulfate 

proteoglycan 

NINDS  National Institute of 

Neurological Disorders and 

Stroke 

NMDA N-methyl-D-aspartate 

(glutamate-agonist) 

NO(S)  Nitric oxide (synthase) 

Nrp Neuropilin 1 

NSAID  Non-steroidal anti-

inflammatory drug 

PARP poly(ADP-ribose) polymerase  

PBS Phosphate buffered saline 

Pdgf  Platelet derived growth factor 

Pf4/ Cxcl4  Platelet factor 4 

PFA Paraformadehyde 

PG Prostaglandin 

PKC Phosphokinase C 

PLA2 Phosphoplipase A2 

Plau/ uPA Plasminogen activator, 

urokinase 

PMN Polymorphonuclear leukocytes 

Pn Penumbra 

qRT-PCR Quantitative Reverse 

Transcriptase Polymerase 

Chain Reaction  

RECA-1 Rat endothelial cell antigen 

receptor, type I 

ROS Reactive oxygen species  

RSN Reactive nitrogen species 

Serpine1/PAI1 Plasminogen activator inhibitor 

SMAC Second mitochondria-derived 

activator of caspase 

SOD Superoxide dismutase 

Spp1 Secreted phosphoprotein 1 

T Treated 

Tgf Transforming growth factor 

Thbs Thrombospondin 

Tie Tyrosine kinase receptor 

Timp Tissue inhibitor of 

metalloproteinase 

TNFR Tumor necrosis factor receptor 

TNF-α Tumor necrosis factor-α 

TOTO DNA binding dye 

tPA Tissue type plasminogen 

activator 

TTC Triphenyl tetrazolium chloride 

TX Thromboxanes 

UT Untreated 

UV Ultraviolet 

VCAM-1 Vascular cell adhesion 

molecule-1 

v Volume 

w Weight 

WHO World Health Organization



I. INTRODUCTION 

 1

I.1. STROKE 
 
Stroke is defined by the World Health Organization (WHO) as “rapidly developing signs of focal 

(or global) disturbance of cerebral function, with symptoms lasting 24 hours or longer or leading 

to death, with no apparent cause other than of vascular origin”. Stroke is a major health problem 

worldwide. In industrialized countries, it is the major cause of long-term disability, and the third 

leading cause of death after heart disease and all types of cancer (Asplund et al., 1998; Warlow 

et al., 2003).  

Stroke is a heterogeneous disease that includes ischemic stroke (representing about 80% of the 

cases, and the subject of the present thesis), intracerebral hemorrhage and subarachnoid 

hemorrhage (Warlow et al., 2003).  

The most common causes of ischemic stroke are large artery atherosclerosis, embolisms, 

thrombosis and small vessel occlusions (Warlow et al., 2003). Some stroke risk factors are 

treatable, including high blood pressure, diabetes mellitus, smoking, alcohol abuse, diet, atrial 

fibrillation, while others are not possible to modify, such as age, gender, race and genetic factors 

(de Freitas & Bogousslavsky, 2001; Kazmierski, 2006).  

Aged individuals experience the highest incidence of stroke, 75% of stroke victims are above 65 

years old, (Rothwell et al., 2005; American Heart Association, 2006) and recover less well from 

stroke (Brown et al., 2003; Badan et al., 2003a; Markus et al., 2005). Stroke mortality is rated 

between 20 and 30 %. Of the surviving patients, one third improves within a week, 40% remain 

unchanged in their disability, and 20% deteriorate further during the first week (Hankey, 2003). 

Surviving stroke patients often have persistent symptoms like impaired motor function, sensory 

deficits, perceptual deficits, impaired balance, aphasia, depression, dementia and other cognitive 

impairments (Zhu et al., 1998; Brown et al., 2003).  

The understanding of the molecular and biochemical processes during ischemia induced brain 

damage have increased during recent years, but still there are limited possibilities for treatment of 

stroke patients. The only approved treatment in clinical practice today, is thrombolytic treatment 

with recombinant tissue plasminogen activator (rt-PA). Only a relatively small proportion of the 

stroke patients can benefit from thrombolysis since the treatment has to start within the first 3 

hours which has been defined as the ‘therapeutic window’ for acute stroke (NINDS, 1995; Brott & 

Bogousslavsky, 2000). Some hope also has been offered by the recent finding that the free 

radical scavenger, Cerovive may improve outcomes in patients presenting within 6 h of onset of 

ischemic stroke (Ly et al., 2006). 

Although each step along the ischemic cascade offers a potential target for therapeutic 

intervention, and neuroprotection has shown benefit in animal studies, this has been difficult to 

translate to humans patients. One reason is animal models of stroke depend on young adult 

rodents to evaluate neuropathological or behavioural outcome (Harris & Rumbaut, 2001). Aged 

animals differ from young animals in physiology, pathophysiological features and behavioral 

outcome after cerebral ischemic episode (Davis et al., 1995; Andersen et al., 1999). For that 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Ly+JV%22%5BAuthor%5D�


I. INTRODUCTION 

 2

reason, animal models of stroke using aged animal may be more clinically relevant than current 

models employing young adult rats (Millikan, 1992; Oboshi et al., 2000). 

Thus, it is of importance to investigate other potential therapies for acute and subacute stroke 

and also to discover the new treatments for prolonging the therapeutic window and for late 

intervention using aged animal models. The present study confirmed and extended current data 

on neurobiological and behavioral differences between young and old rats modulated by 

pharmacotherapy, in particular indomethacin treatment after ischemic episode. 

 
 
I.2. PATHOPHYSIOLOGY  
 
I.2.1. Cerebral Ischemia 
 
Cerebral ischemia represent stop or decrease the blood flow to the specific vascular territory – 

focal ischemia or loss or reduction of blood flow to the whole brain - global ischemia. The 

ischemic consequences depend on general blood and cardiovascular system status, the 

susceptibility of cells of central system nervous to the hypoxia, the anatomical blood supply in 

different cerebral territories and the installation speed – rapid or slow (Biagas, 1999). 

The low energy reserves compared to the high energy requests render the brain particularly 

vulnerable to hypoxic circumstances. Brain accounts for a disproportionately large percentage of 

O2 consumption (about 20%), while it constitutes only a small fraction of total body weight (2%) 

(Michiels, 2004). Interruption of blood flow during acute stroke results in energy depletion since 

production of adenosine triphosphate (ATP) is dependent on both oxygen and glucose. Residual 

glucose is metabolized anaerobically in both astrocytes and neurons, leading to increased lactate 

production and acidosis.  

The longer the duration of hypoxia and acute glucose depletion, the larger and more diffuse the 

areas of the brain that are affected. The most vulnerable areas seem to be the brainstem, 

hippocampus and cerebral cortex. Injury progresses and eventually becomes irreversible except 

oxygenation is restored. Acute cell death occurs mainly through necrosis but hypoxia also causes 

delayed apoptosis. It has to be noted that, even if it is the only way to save the tissue, reperfusion 

also induces cell death, mainly through reactive oxygen species production and inflammatory cell 

infiltration (Lipton, 1999; Michiels, 2004). 

 

I.2.2. Molecular and Cellular Events in Ischemic Brain 
 
I.2.2.1. Cytotoxic cascade 
 
After ischemic stroke, the loss of energy stores results in excitotoxicity and ionic imbalance, 

neurotransmitter release and inhibition of neurotransmitters reuptake (for example of glutamate) 

and oxidative/nitrosative stress (Lo et al., 2003). The pathophysiological processes implicate the 

following variables: decreased pH; low ATP; increased Ca2+ influx via N-methyl-D-aspartic acid 

(NMDA) receptor and/or membrane depolarization; increased Na+ influx via α-amino-5-hydroxy-3-

methyl-4-isoxazole propionic acid (AMPA) /kainate receptor; generation of free radicals; 
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production of nitric oxide (NO); induction of inflammatory mediators and activation of matrix 

methaloprotease (Fig.1.) (De Keyser et al., 1999; Schaller & Graf, 2004). 

 
 
Figure 1. The neurotoxic cascade in cerebral ischemia. Adapted from De Keyser et al., 1999.  
 
Briefly, the energy depletion inhibits the activity of ATP - dependent ion pumps and induces an 

influx of extracellular Na+ and Cl- as well as efflux of K+ from the cells. In addition, passive 

diffusion of water through these damaged pumps or aquaporin water channels causes the cellular 

edema. The increased levels of extracellular K+ induce depolarization of surrounding cells 

(spreading depression), which might contribute to the expansion of the lesion (Nallet et al., 1999). 

The disturbed ion gradients over the cell membrane cause depolarization of neurons and glial 

cells. This induces an influx of extracellular Ca2+ through voltage-gated ion-channels. Activation 

of NMDA (Mitani et al., 1998) and metabotropic glutamate receptors (mGluRs) contributes to 

intracellular accumulation of the secondary messenger Ca2+ (Kimura et al., 1998; Nishizawa, 

2001).  

Recent studies have demonstrated that activation of Ca2+-permeable acid-sensing ion channels 

(ASIC1a) is largely responsible for acidosis-mediated, glutamate receptor-independent, toxicity of 

intracellular Ca2+ (Xiong et al., 2004). The consequential intracellular calcium excess stimulates a 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Mitani+A%22%5BAuthor%5D�
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sequence of events that lead to tissue damage, including activation of proteases and lipases that 

promote membrane injure, and activation endonucleases leading to DNA damage (Kristian & 

Siesjo, 1998; Pisani et al., 2004). Beside calcium, imbalances in other ions are important after 

ischemia. Large amount of zinc are stored in vesicles of excitatory neurons and co-released upon 

depolarization (Koh et al., 1996; Lee et al. 2002a). The rise in K+ in ischemia causes astrocytes to 

swell, which can lead to glutamate release through swelling-activated anion channels (Rossi et 

al., 2000). Another example is iron. Free iron is released from protein storage in the ischemic 

brain, providing substrate for the iron-catalyzed Haber–Weiss reaction, resulting in hydroxyl 

radical formation from hydrogen peroxide (Warner et al., 2004). 

Brain ischemia initiates a complex cascade of metabolic events, several of which involve the 

generation of nitrogen and oxygen free radicals. These free radicals and related reactive 

chemical species mediate much of damage that occurs after transient brain ischemia. Free 

radicals – reactive nitrogen species (RNS) and reactive oxygen species (ROS) also induce the 

formation of inflammatory mediators that will activate microglia and lead to invasion of 

inflammatory cells. In addition, generated free radicals damage membranes, mitochondria and 

DNA which in turn trigger cell death, both by necrosis and apoptosis (Lewen et al., 2000; Lee et 

al., 2002b).  

Nitric oxide, water- and lipid-soluble free radical, is generated via the activation of the calcium-

calmodulin-dependent nitric oxide synthase (NOS). Nitric oxide reacts with superoxide radicals 

and forms thus the highly reactive peroxy-nitrite radical. The toxicity of the RNS in general and 

peroxynitrite in particular, results from their modification of macromolecules, especially DNA, and 

from the resulting induction of apoptotic and necrotic pathways. Recent studies have emphasized 

the role of peroxynitrite in causing single-strand DNA breaks, which in turn activate the DNA 

repair protein poly(ADP-ribose) polymerase (PARP) (Love, 1999; Warner et al., 2004). 

As a consequence of ischemia and particularly of reperfusion, ROS free radicals such as 

superoxide, hydrogen peroxide and hydroxyl radicals are generated. Superoxide is the primary 

radical and it generates hydrogen peroxide by dismutation. Though the main source of hydrogen 

peroxide in tissues is results by dismutation of superoxide, the latter can also be produced directly 

by several enzymatic reactions. Hydroxyl radical (strong oxidant) is generated in the Haber-Weiss 

reaction from hydrogen peroxide in the presence of ferrous iron or other transition metals. In this 

reaction, superoxide is essential because it serves to reduce the transition metal, which is then 

oxidized in the reaction that produces hydroxyl radical. As a result, the cycle can be repeated. 

Hydroxyl radical is extremely reactive and very short lived (Kontos, 2001). This cycle is 

counterbalanced in part by anti-oxidative enzymes like the manganese-superoxide dismutase 

(Mn-SOD) and the cytosolic forms of the copper-zinc superoxide dismutase (CuZn-SOD). These 

may prevent the breakdown of the mitochondrial membrane and, thus, the release of cytochrome 

C, which would be the trigger of cell death (Chan et al, 2001; Fujimura et al., 2005).  

Many different radical species that are thus formed can react with virtually any cellular 

components (polypeptides, amino acids, DNA, phospholipids) and damage them. Modification of 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Lee+JM%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Love+S%22%5BAuthor%5D�
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polypeptides by reactive species can occur on various nucleophilic side chains, and redox-

sensitive side chains. Although most amino acids can be modified by various endogenous 

oxidants, residues commonly modified by ROS – include cysteine, tyrosine, and methionine and 

undergo further to reversible or irreversible oxidation (Marnett et al., 2003). Interactions between 

DNA and the hydroxyl radical produce DNA strand breaks and base modifications or activate the 

endonucleases which in turn produce the DNA fragmentation and cell apoptosis. ROS also can 

have suppressive effects on DNA repair (Hu et al., 1995a; Kim et al., 2001).  

ROS contribute to the formation of lipid peroxides which degrade to reactive aldehyde products 

(malondialdehyde, 4-hydroxynonenal, and acrolein) that covalently bind to proteins/nucleic acids, 

altering their function and causing cellular damage (Adibhatla & Hatcher, 2006). Lipid 

peroxidation may be particularly harmful to neurons by damaging ion transport proteins and other 

regulatory systems in membranes.  

 
I.2.2.2. Necrosis vs. Apoptosis 
 
Major pathway implicated in ischemic cell death, describes forward: excitotoxicity, ionic imbalance 

and oxidative and nitrosative stresses. After ischemic onset, the loss of the energy substrates 

leads to two recognizable pathways of ischemic cell death: necrotic cell death and apoptotic cell 

death. In general, neurons and oligodendrocytes seem to be more vulnerable to cell death than 

astroglial or endothelial cell, and among neurons specific population seems to be especially 

susceptible (Lo et al., 2005). 

 Pre-necrotic Cell Changes and Necrotic Cell Death. The ischemic cell change may 

well require reperfusion to form (Nedergaard, 1987). Viewed in the light microscope, these cells 

are intensely acidophilic. The plasma membrane and the nuclear membrane are both very 

irregular, and the cytoplasm generally contains many large vacuoles which are swollen 

mitochondria with disrupted cristae (Brown & Brierley, 1972). Endoplasmic reticulum is swelling 

with loss of attached ribosome, with severely decrease of protein synthesis. Excessive free 

radical/peroxynitrite production, along with diminished protein synthesis and intracellular transport 

and possible activation of phospholipase A2 (PLA2) by Ca2+, might well cause membrane 

dysfunction. Microtubules become disorganized as a result of microtubule-associated protein-2 

(MAP2) phosphorylation or proteolysis, or proteolysis of tubulin, before cell death (Mandelkow & 

Mandelkow, 1995). During or after focal ischemia, cells showing this change are abundant in the 

core of the lesion for a relatively short time before the cells disintegrate. In penumbra, the 

ischemic cells change appears after 1–2 days.  

In the Homogenizing cell change/ ghost cells the nucleus is with irregular chromatin clumping. 

Within cytoplasm are no recognizable organelles and the cell membrane appears disrupted. The 

cells with this irreversible change appeared after 12 hours in infarct core and after 2 days in 

penumbra (Smrcka et al., 2003). 

Necrosis is thought to result from the combined, concerted, and self-perpetuating effects of acute 

loss of energy substrates all leading after the “point of no return” to the membrane disintegration 

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Muralikrishna+Adibhatla+R%22%5BAuthor%5D�
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=pubmed&cmd=Search&itool=pubmed_Abstract&term=%22Hatcher+JF%22%5BAuthor%5D�
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and disorganized DNA fragmentation which determined the inflammatory reaction in surrounding 

tissue. Inflammation during necrosis involves microglia and reactive astrocytes, which release the 

neurotoxic mediators: NO, interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α) (Benn & 

Woolf, 2004). 

 Apoptotic Cell Change is an active process of intrinsic cell-suicide which include 

nuclear chromatin condensation and intranucleasomal DNA fragmentation, nuclear membrane 

breakdown and plasma membrane blebbing, and the formation of apoptotic bodies. The plasma 

membrane and organelles such as the mitochondria and endoplasmic reticulum remain intact 

during the cell death process (Mattson et al., 2000). Apoptogenic triggers include excessive 

oxygen radical formation, elevated intracellular calcium concentrations, death-receptor ligation, 

DNA damage and possibly, lysosomal protease activation (Lo et al., 2005). Cells undergoing 

apoptosis exhibit intriguing patterns of gene expression that involve the production of both pro- 

and anti-apoptotic proteins. 

The intrinsic apoptotic pathway (mitochondria-dependent). Mitochondrial permeability is mediated 

by BIM (BCL2-interacting protein) and BAD (BCL2-antagonist of cell death) which bind and inhibit 

the anti-apoptotic group of BCL-2 proteins (Martinou et al., 1994; Zong et al., 2001; Sugawara et 

al., 2004). Inhibition of BCL-2 proteins has lead to mitochondrial translocation of pro-apoptotic 

BAX (B-cell lymphoma 2-associated protein X) and BAK (Bcl2 agonist killer 1) and then the 

release of Cyto c (cytochrome c), SMAC (second mitochondria-derived activator of caspase) and 

AIF (apoptosis-inducing factor) to the cytosolic compartment (Lo et al., 2003). Cyto c interacts 

with APAF1 (apoptosis protease activating factor-1) to recruit and activate caspase 9, forming the 

apoptosome, which activates the downstream executioner caspases 3 and 7 (Li et al., 1997). In 

cerebral ischemia studies, caspase-3 and -9 have also been shown to play a key role in neuronal 

death (Namura et al., 1998). The caspases activation results in the cleavage of a variety of 

substrates including, PARP1 (poly (ADP)-ribose polymerase1), histone H1 and DNA 

fragmentation factor.  

The extrinsic apoptotic pathway is initiated by binding of the extracellular ligands, TNF-α or FASL 

(apoptosis antigen-1 ligand), to death receptors like TNFR1 (TNF-receptor1) and FAS. Increased 

expression of TNFR1, TNFα, FAS and FASL was observed in the ischemic region after focal 

cerebral ischemia (Sugawara et al., 2004). TNFR1 induce JNK (c-Jun-N-teminal kinase)-death 

pathway activation (Benn & Woolf, 2004). Recruitment of FADD (Fas-associated death domain 

protein) to the TNFR1 or FAS mediated death occurs through activation of procaspase 8 

(Kischkel et al., 2001). Subsequently, caspase-8 activates caspase-3, and this effector caspase 

cleaves PARP1 and leading to DNA damage and cell death (Sugawara et al., 2004).  
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I.3. INFLAMMATORY REACTION IN ISCHEMIC BRAIN 
 
Inflammatory reaction after cerebral ischemia has a ,,tripodal″ mechanism: vascular, blood and 

brain inflammatory-immune response (Fig.2). All the molecular changes detailed described in 

,,Pathophysiology″ section of this thesis are determinant factors for the activation of pro-

inflammatory genes, causing local and systemic inflammation (Lai  & Todd, 2006). Inflammatory 

reaction in post-ischemic brain is coordinated by up-regulation of inflammatory genes and implicit 

expression, activation and secretion of inflammatory mediators by cerebral parenchyma, 

endothelial cells and immunocompetent cells from peripheral blood (Lai & Todd, 2006). The early 

events of inflammation are partially overlapped with reperfusion. Because the entire lesion 

cascade in cerebral ischemia begins with the stop or decrease of the blood flow, the first event is 

oxygen and glucoses deprivation of in the vessels downstream of obstruction.  

Under normal conditions, the blood-brain barrier prevents entry of leukocytes, antibodies, 

complement factors, and cytokines in the brain parenchyma. But in ischemic condition, the 

vascular endothelium damage determined (1) increases thromboxanes A2 (TXA2) and the 

prostaglandin F2 (PGF2) which induce vasoconstriction for a short time, (2) other arachidonic 

acids metabolites (for example: prostacyclin I2 (PGI2)) and bradykinin (BK) lower the vascular 

tonus, determine vasodilatation and increase the vascular permeability for plasma and  plasma 

proteins and (3) the release of proteolytic enzymes such as elastase might damage endothelial 

cell membranes and the basal lamina.  

 
 
Figure 2. Cerebral ischemia has a ,,tripodal″ mechanism: vascular, blood and brain inflammatory-
immune response. 
 
The results of these events alter the blood-brain barrier, contribute to the formation of 
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postischemic edema and facilitate the escape of blood cells in the brain infarct (Stamatovic et al, 

2006). The hypoxic/ anoxic condition in endothelial cells (EC) stimulated the intercellular 

adhesion molecule (ICAM) and E-selectin; interleukins- interleukine-1 (IL-1), TNF-α activation and 

also induce IL8 (PMN chemo-attractant) and MCP-1 (monocyte chemoattractant) IL-1β 

dependent. Also the injury of EC produces leukotriens (by 5-lipoxygenases arachidonic acid 

pathway) (Stamatovic & Satoh, 2000).  

The arrival of leukocytes in the ischemic area is a multistep process. Under the leukotrien B4 

(LTB4), the polymorphonuclear leukocytes (PMN) are attracted to the inflammation site. They first 

marginate and then adhere to EC by a selectin (adhesion molecules)-dependent processes. This 

implies that changes in gene regulation occur in the leukocytes and endothelial cells within this 

short period of time. Moreover, PMN are detectable within areas of infarction in strokes within 3 to 

6 h, with the accumulation being quite marked by 6 to 15 h after ischemic stroke (Akopov et al, 

1996). Subsequently, up to 5 days, it is persistently increased levels of vascular cell adhesion 

molecule-1 (VCAM-1), a member of immunoglobulin superfamily, mediates the tight leukocyte-

endothelial attachment and transendothelial migration (Fassbender et al., 1995).  

In experimental stroke studies (Barone & Feuerstein, 1999; Li et al, 2001) or human subjects with 

acute ischemic stroke (Simundic et al., 2004), IL-1, IL-8, IL-10, IL-17, interferon gamma (IFNγ) 

and macrophage inflammatory protein (MIP), TNF-α, TNF-α receptor, adhesion molecules and 

various interleukins are elevated also in peripheral blood leukocytes within a few hours up to 10 

days after ischemic stroke.  

The hypoxic/ anoxic condition in injured brain stimulated the survival pathways and stress genes 

expression in all the specific brain cells (neurons, astrocytes and microglias) which attempt to 

equilibrate and limit the infarct area by expressing intercellular messengers like cytokines and 

chemokines (Herx et al, 2000; Che et al, 2001; Gabryel & Trzeciak, 2001). 

Recent publication demonstrated microglia and peri-vascular resident macrophages are the first 

inflammatory cells that respond to cerebral ischemia (Lai & Todd, 2006) and are the main effector 

cell types of the innate immune system in the CNS. Microglia play important roles in the normal 

and pathological brain. They can have both neurotrophic and neurotoxic properties (Kreutzberg, 

1996) and form about 10% of total brain cells. In adult, after brain injury, a mixed origin of lesion-

reactive microglia, consisting of a smaller subpopulation of exogenous bone marrow-derived 

microglia, and a larger population of activated resident microglia, the majority of which express 

CD34 and undergo proliferation, suggests that lesion-reactive microglia consist of functionally 

distinct cell populations (Ladeby et al., 2005). When the microglia are activated concomitant with 

morphological change into rod-like and ameboid-like shapes, several immunological markers are 

expressed in a manner similar to those of the peripheral monocytes (Lai & Todd, 2006). Activated 

microglia increase their propensity to bind lectins and up-regulate immunological surface proteins 

such as MHC class I and II and complement receptor 3 (CR3) (Abraham & Lazar, 2000).   

Within a few hours after neuronal injury, microglia show also increased expression of other 

immune-related receptors, including Fc receptor gamma (FcRγ), CD95 ligand (CD95L) and 
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ICAM-1 (Kreutzberg, 1996; Komine-Kobayashi et al., 2004).  

But the most important groups of intercellular messengers are the chemokines and the cytokines. 

Chemokines that are up-regulated in neurons in response to ischemia include fractalkine 

(Tarozzo et al., 2002). That fractalkine released by injured neurons could induce proliferation, 

activation and/or migration of microglia at the injured brain sites (Hatori et al., 2002). The injured 

neurons also release monocyte chemoattractant protein-1 (MCP-1), and MCP-1 positive neurons 

were observed as early as 12 h of ischemia (Che et al., 2001). The autocrine loop in injured 

neurons can be realized between MCP-1/CCL2, elicits Ca2+ transients ligand and CCR2. 

Constitutive neuronal CCR2 receptor expression with precise neuroanatomical and cellular 

localizations in the brain, and its regulation during an inflammatory process, suggested that MCP-

1/CCL2 and CCR2 play important physiological and pathophysiological role(s) in the CNS 

(Banisadr et al., 2002, 2005). 

At the same time microglial chemokines are released, for example – macrophage inflammatory 

protein-1 alpha (MIP-1α) (Takami et al., 1997), macrophage inflammatory protein-2 (MIP-2) 

(Wang et al., 2000) and microglial response factor-1 (MRF-1) (Kato et al., 2000). Also the 

corresponding chemokine receptors are up-regulated such as MIP-1α receptors CCR1 in neurons 

and CCR5 in microglia (Cowell et al., 2006). Recent publication demonstrated that CCR5 

activation can modulate microglial motility and, over time, migrate to and accumulate at injury 

sites, a process called “homing” (Carbonell et al., 2005).  

 The rapid recruitment, proliferation and immunophenotypical/ functional changes of microglia to 

sites of injury, involve cytokines such as IL-1β, IFNγ and TNF-α. TNF-α may be an especially 

important link between neuronal activity and microglial modulation because its expression is 

rapidly induced (1–4 hr) in neurons by a variety of stimuli - oxidative stress, NMDA receptor 

activation (Bruce et al., 1996). Although TNF-α can induce necrosis or apoptosis in ischemic 

brain (Yuan et al., 2003), there is ample evidence that TNF can initiate also neuroprotective 

pathways in neurons both in vitro and in vivo (Bruce et al., 1996; Turrin & Rivest, 2006). The 

differential TNF-α responses is likely mediated by its receptors, where TNFR1 is responsible 

primarily for neurotoxic effect and TNFR2 for the protective responses (Marchetti et al., 2004; 

Turrin & Rivest, 2006).  

Activated microglia could contribute significantly to synaptic recovery and reconstruction and also 

they directly contact the injured neuronal cell bodies and potentially displace synaptic input 

(Lazarov-Spiegler et al., 1996). Interestingly, TNF-α released from microglia has been shown to 

increase neuronal adhesion and neurite elongation following transection in the optic nerve, 

through mechanisms that may involve cytotoxicity to oligodendrocytes (Lotan et al., 1994). On the 

other hand, elevated concentrations of TNF-α induce reversible depolarization of the compound 

membrane potential suggestive of impaired axonal conduction. Cytokine-induced alterations in 

membrane properties and axonal conduction may contribute to neurological deficits following 

CNS injury (Davies et al., 2006).  

Interleukin 6 (IL-6), pro-inflammatory cytokine, shows to be up-regulated in both neurons and 
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microglia in early ischemic events. IL-6 is structurally and functionally related to several 

neurotrophic factors and shares the same receptor with interleukin 11 (IL-11), ciliary neurotrophic 

factor (CNTF) and leukemia inhibitory factor (LIF) (Muller-Newen, 2003). In the rat, IL-6 mRNA is 

overexpressed 3 hours after MCA occlusion and reaches a peak at 12 hours; its expression 

remains high for at least 24 hours. On the other hand, it has also been shown that IL-6 induces 

phospholipase A2 gene expression and as a consequence, stimulates the production of 

leukotrienes, prostaglandins, and platelet activating factor, all of which are involved in ischemic 

brain damage (Pantoni et al., 1998). 

Imai et al., (1996) have isolated a novel EF-hand protein, Iba1/ AIF1 (allograft inflammatory factor 

1) represent a cytokine-inducible, calcium-binding protein, which is highly and specifically 

expressed in microglia/macrophages, and is expected to be a key factor in membrane ruffling, 

which is a typical feature of activated microglia (Yamada et al., 2006). In the peri-ischemic area, 

heavily Iba1+ cells rapidly appeared at 5 hours after reperfusion and peaked at 7 days. In the 

ischemic core, round Iba1+ cells, which may be blood-borne monocytes, appeared within 24 

hours and reached a peak at 4 to 7 days (Ito et al., 2001). 

Other important immuno-modulators in cerebral ischemia are the neurotrophic cytokines. In both 

global and focal ischemia models, transforming growth factor-beta1 (TGFβ1) is strongly 

upregulated in microglia and, to a lesser extent, in neurons following ischemia (Lehrmann et al. 

1998; Zhu et al., 2000). This data implies that, through release of TGFβ1, both neurons and 

microglia themselves could regulate ischemia-induced microglial activation, thus preventing 

hyperactivation and secondary neuronal death (Lai & Todd, 2006). Since microglia appear to be 

the major source of  TGF-β1 during ischemia (Lehrmann et al., 1998), the greater part of this 

regulatory mechanism being autocrine or paracrine within a population of neighboring microglia 

(Lai & Todd, 2006). Microglia synthesizes TGF-β1 in response to pro-inflammatory cytokines 

such as IL-1, IFN-γ and TNF-α. In turn, in macrophages/ microglia, TGF-β1 suppresses pro-

inflammatory cytokine production, including IL-8, GM-CSF (granulocyte-macrophage colony-

stimulating factor) and TNF-α (Fadok et al., 1998) and also promotes the angiogenesis in the 

penumbra area (Krupinski et al., 1996).  

Cell death leads to the transformation of microglia into phagocytotic cells like macrophages cells 

that remove cellular debris. Microglia are phagocytic cells and as such can isolate and remove 

injured cells before lyses and spread of damage to surrounding neurons. Likewise, microglia-

mediated removal of myelin debris could increase axonal sprouting and facilitate functional 

synaptic recovery (Bruce-Keller, 1999). 

Dendritic cells (DC) are rare intracerebral, perivascular or within brain parenchyma and exhibited 

the CD11c marker positive (Fischer & Bielinsky, 1999). Cerebral ischemia can lead to the 

activation, accumulation and proliferation of DC (Kostulas et al., 2002). Most DCs from ischemic 

brain seemed to be blood-derived while a minority were CD45 (low), thus corresponding to 

resident microglia. Brain-infiltrating DCs and their microglial counterparts may play a role in the 

inflammatory response to cerebral ischemia independently of T cells. As part of their role in innate 
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immunity DCs are very efficient producers of cytokines and chemokines. TNF-α, IL-1, RANTES 

and IL-6 are the classical stimuli for the induction of chemokines in DC (Fischer et al., 2001).  

Astrocytes play a role in the homeostasis of the CNS both in normal conditions and after ischemic 

injury, although astrocytes are far less competent in presenting antigens than microglia. In the 

ischemic brain, activated microglia produce neurotoxic substances and various types of cytokines 

including IL-1 and TNF-α which activate astrocytes to synthesize chemokines including MCP-1, 

CXCL1 and RANTES (Oh et al., 1999).  

Astrocytes also produce cytokines (TNF-α, IL-1, IL-6 and IL-8) involved in the initiation and 

maintaining of immunological response in the CNS. It has been demonstrated that IL-1 secreted 

by hypoxic astrocytes upregulates MCP-1/CCL2 (probably via the activation of nuclear factor-

kappaB (NF-κB)) and ICAM production (Zhang et al., 2000a) in the endothelial cells. Endothelial 

cell-derived MCP-1/CCL2, together with astrocyte-derived one, is considered to play a crucial role 

in leukocyte recruitment. Also, astrocytes chemokines and cytokines in turn activate and/or recruit 

microglial cells in the injured site. Consequently, these activated glial cells build up a cytokine 

/chemokine network observed in the ischemic brain (Minami et al., 2006).  

Oligodendroctyes are selectively vulnerable to ischemic stress (cytokines, reactive oxygen 

species, and excitatory amino acids), and damage to oligodendrocytes and/or myelin sheaths 

could decrease excitotoxic synaptic transmission following injury and limit the axonal 

conductance (Bruce-Keller, 1999).  

 

I.4. MECHANISMS OF ANGIOGENESIS IN ISCHEMIC BRAIN 
 
The new concept of the neurovascular unit (fundamentally comprising neurons, glia and micro 

vessels) provides a modular framework where cell-cell signaling and cell-matrix interactions 

mediate the overall tissue response to ischemic stroke and its treatments (Lo et al., 2003). In this 

context, through the breakdown BBB, the injured brain events influence the peripheral blood 

involvement (Tang et al., 2003).  

In cerebral ischemia, angiogenesis is a complex process involving extensive interplay between 

cells, soluble factors and extracellular matrix (ECM) components. Hypoxia or ischemia is an 

important stimulus for the expansion of the vascular bed (Risau, 1997) and can induce 

angiogenesis in most tissues, including the CNS. Angiogenesis is the process in which nascent 

vascular bed expands by sprouting from pre-existent vasculature and matures into a system of 

stable vessels (Greenberg & Jin, 2005). This implies that tissues are able to influence the 

vasculature to generate tissue-specific properties (Abbott, 2005). 

After cerebral ischemia, the construction of a vascular network requires: 

 the release of proteases from "activated" endothelial cells; degradation of the 

basement membrane surrounding the existing vessel; 

 migration of the endothelial cells into the interstitial space; endothelial cell 

proliferation; lumen formation; 

 vessels stabilization and maturation-generation of new basement membrane with the 
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recruitment of pericytes; network formation; 

 initiation of blood flow/ or endothelial cell apoptosis and vessel regression. 

Related with angiogenesis, the ischemic stroke in acute phase expresses the pro and anti-

angiogenic genes (i), in subacute phase appears the capillary bud and neovascularisation 

network (ii, iii), and in chronic phase shows initiation of blood flow in some new vessels or more 

frequent endothelial cell apoptosis and vessel regression (iv). The extent of angiogenesis has 

been correlated to survival in stroke patients (Krupinski et al., 1994) and in animal models of 

cerebral ischemia (Chen et al., 1994).  

 release of proteases from "activated" endothelial cells; degradation of the basement 

membrane surrounding the existing vessel. In ischemic stroke, upstream signals such as 

oxidative stress, together with neutrophil and/or platelet interactions with activated endothelium, 

up-regulate matrix metalloproteinases (MMPs), plasminogen activators and other proteases, 

which degrade matrix and lead to blood–brain barrier (BBB) leakage. The inflammation infiltrates 

through the damaged blood–brain barrier amplifying brain tissue injury. In this context, the 

significant alterations in the matrix constituents, changed in matrix adhesion receptor expression 

by endothelial cells and astrocytes, lead to local increases in the vascular permeability and 

cerebral edema (Pluta et al., 1994). In ischemic condition, blood hypo- oxygenation and stasis 

contributed also to the formation of fibrin clot. Plasminogen is activated to the active form, 

plasmin, by urokinase which enhances fibrinolysis. Serine proteases and urokinase-type and 

tissue-type plasminogen activators (uPA and tPA, respectively) participate in the activation of the 

metalloproteinase MPs (Mazzieri et al., 1997). The MPs include the matrix metalloproteinases 

(MMPs), the ADAMs (a disintegrin and metalloproteinase), and the ADAMTS (thrombospondin) 

families (Schlondorff & Blobel, 1999). In cerebral ischemia, the consecutively inflammatory 

processes also lead to the induction of collagenase (MMP-1), stromelysin-1 (MMP-3), matrilysin 

(MMP-7), and gelatinase (MMP-2; MMP9) (Lo et al., 2002). The control of the inducible MMPs 

occurs at multiple sites, including activator protein-1 (AP-1), nuclear factor-κB (NF-κB), and PEA-

3 (Ets-1) sites (Nelson et al., 2000). An important feature of the MMPs is their latency. Secreted 

in proform, they require activation by a variety of mechanisms before they can act. ProMMP-2 is 

activated by the membrane-bound MT-MMP (Sato et al., 1994). Plasmin activates proMMP-3 

(Nagase, 1997) and ProMMP-9 is activated by MMP-3 (Ramos-DeSimone et al., 1999). Also 

there are describing membrane-type MT1-MMP/ MMP-14, and MT3-MMP/ MMP-16 on 

microvessels (and neurons) within the regions of injury (Heo et al., 1999; Chang et al., 2003).  

MPs activation employs different substrates and has the important biological function of 

degrading the basement membrane surrounding the existing vessel. But various MMPs are also 

necessary for releasing ECM-sequestered proangiogenic factors, processing of growth factors 

and receptors, including integrins and adhesion receptors (Stamenkovic, 2003; Rundhaug, 2005). 

Furthermore, MMP-3 specifically hydrolyzes and inactivates stable plasminogen activator 

inhibitor-1 (PAI-1) and constitutes a mechanism decreasing the antiproteolytic activity of PAI-1 
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and impairing the potential inhibitory effect of vitronectin bound PAI-1 on cell adhesion and/or 

migration (Lijnen, 2002). 

MMPs are modulated by an endogenous family of inhibitors known as TIMPs. Focal and global 

cerebral ischemia induces TIMPs activation; they inhibit both the MMPs and the ADAMs families 

(Brew, et al., 2000; Rivera, et al., 2002). TIMP-1 irreversibly inactivates MMP-3 and -9 (Wang et 

al., 1998). TIMP-2 binds with MT1-MMP/ MMP-14 and proMMP-2 to facilitate the activation of 

MMP-2. Low concentrations of TIMP-2 facilitate activation, while higher concentrations inhibit the 

processing of proMMP-2 (Strongin et al., 1995). A number of MMPs and ADAMs are inhibited by 

TIMP-3, including MMP-3 and -7, and ADAM-10 (Yong, 2005).  

But the beginning of the angiogenesis process depends on both cell adhesion and proteolytic 

mechanisms. Endothelial cell integrin complexes and their ligands influence angiogenesis. For 

instance, within the ischemic core, the subunits α1, α3, and α6 are significantly depressed in 

parallel with the β1 subunit (Haring et al., 1996a). Within 2 hours there is a significantly greater 

loss of the HSPG (heparan sulfate proteoglycan) than laminin, indicating the greater sensitivity of 

this integrin β1-ligand to focal ischemia. MMP-2 and integrin alpha-V/beta-3 (αvβ3) are 

functionally associated on the surface of angiogenic blood vessels (Brooks et al., 1998). Also the 

endothelial cell-associated leukocyte adhesion receptors P-selectin and intercellular adhesion 

molecule-1 (ICAM-1) appear at 1 day after middle cerebral artery occlusion (MCAO), followed by 

the expression of E-selectin (Okada et al., 1994; Haring et al., 1996b). 

In the normal adult brain, angiogenesis is tightly down-regulated (Harrigan, 2003). 

 The construction of new vascular network requires different sequential steps including 

the release of proteases from “activated” endothelial cells with degradation of the basement 

membrane described beyond and migration of endothelial cells into the interstitial space, 

endothelial cell proliferation and differentiation into mature blood vessels. These processes are 

mediated by angiogenic inducers, including growth factors, chemokines, angiogenic enzymes, 

endothelial specific receptors, and adhesion molecules. Angiogenesis process requires many 

interactions that must be tightly regulated in a spatial and temporal manner (Carmeliet, 2000).  

Under hypoxic conditions a transcriptional complex composed of hypoxia inducible factors (HIF) 

is stabilized, leading to transcription of hypoxia inducible genes. HIF-1β, HIF-1α and HIF-2α 

trigger a coordinated response of angiogenesis by inducing expression of VEGF (vascular 

endothelial growth factor), VEGFR1, VEGFR2, Nrp-1 (neuropilin-1), Angpt-2 (angiopoetin), nitric 

oxide synthase, TGFβ-1, PDGF-BB (platelet-derived growth factor), endothelin-1, IL-8, IGF-II, 

Tie1, cyclooxygenase-2 (Carmeliet, 2000; Semenza, 2001). During adult life, VEGF expression is 

low to absent in most organs, including the brain, other than at sites of physiological 

neoangiogenesis (Carmeliet & Jain, 2000). Hypoxia induces VEGF, through paracrine activation 

of its receptors (VEGFR1 [Flt-1], VEGFR2 [Flk-1/KDR]), predominantly expressed by ECs, 

triggers differentiation of EC precursors, EC survival, mitogenesis, and migration, leading to 

formation of tubule structures (Zadeh & Guha, 2003). Several endothelial survival factors (VEGF, 

Angpt-1 and αvβ3) suppress p53, p21, p16, p27 and Bax, whereas they variably activate the 
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survival PI3-kinase/Akt, p42/44 mitogen-activated protein kinase, Bcl-2 and survivin pathways 

(Carmeliet, 2000). VEGF promotes vascular permeability and Angpt-2 loosens endothelial cell-

matrix interactions, which are initial steps in angiogenic sprouting. Migration of endothelial cells 

involves concerted assembly and disassembly of focal adhesions in cooperation with integrin 

signaling. Immobilized endostatin promotes and soluble endostatin inhibits α5β1 integrin-

mediated endothelial cell migration (Rehn et al., 2001). It also affects the stability and sub-cellular 

localization of β-catenin, a protein involved in the regulation of cell-cell interactions and cell 

motility (Dixelius et al., 2002). An increase in angiogenesis by VEGF in ischemic rat model is 

associated with reduced neurological deficits (Zhang et al., 2000b). Other important growth factor 

involved in proliferation, endothelial cell migration, and tube formation include basic fibroblast 

growth factor (bFGF). Intraventricular infusion of recombinant bFGF (Tanaka et al., 1995) 

increases vessel density and reduces infarction size in experimental models. 

Therapeutic cerebral angiogenesis may provide a new way to promote collateral vessel 

development and enhance cerebrovascular reserve.  

Interestingly, the molecules regulating angiogenesis and neuronal regeneration partly overlap. 

Neuropilin receptors (NPs) for example are expressed in endothelial cells as well as in neurons. 

Neuronal NPs are involved in axonal guidance where they become activated by class III 

semaphorins. Endothelial NPs aid angiogenesis by binding of the vascular endothelial growth 

factor isoform VEGF165 and the VEGF-homologue placenta growth factor (PLGF). Zhang et al., 

(2001) showed immunocolocalization of Nrp-1 and VEGF to cerebral blood vessels and activated 

astrocytes after ischemia. These data suggest that in addition to its role in axonal growth, up-

regulation of Nrp-1, in concert with VEGF and its receptors, may contribute to neovascular 

formation in the adult ischemic brain.  

The angiopoietin system is also affected by ischemia. Angpt-1 itself does not initiate endothelial 

network organization, but stabilizes networks initiated by VEGF, presumably by stimulating the 

interaction between endothelial and periendothelial cells. The expression of Angpt-1 is acutely 

down-regulated after cerebral ischemia, is then increased beginning approximately 72 hours after 

ischemia, and continues to be up-regulated for approximately 2 weeks (Beck et al., 2000). Like 

VEGF, Angpt-2 first peak appears approximately 1 to 3 hours after ischemia and again 2 weeks 

after ischemia. Expression of the angiopoietin receptors Tie-1 and Tie-2 is also up-regulated after 

ischemia, beginning approximately 24 hours after ischemia and persisting for at least 2 weeks 

(Zhang et al., 1999).  Angpt-2 acts as a negative regulator of Angpt-1 by binding to Tie-2 without 

activating it whereas Angpt-1 activates Tie-2 via phosphorylation (Maisonpierre et al., 1997; Lin et 

al., 2000).  

 Targeted gene-inactivation studies have indicated that Angpt-1 and Tie-2 are involved 

primarily in vessel remodeling, maturation, and stabilization (Harrigan, 2003). Maturation of the 

endothelial network involves remodeling and ‘pruning’ capillary-like vessels with uniform size, and 

irregular organization into a structured network of branching vessels. Angiogenic sprouting is 

controlled by a balance of activators and inhibitors. Angiogenesis inhibitors suppressing the 
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proliferation or migration of endothelial cells include angiostatin (a fragment of plasminogen), 

endostatin (a fragment of collagen XVIII), antithrombin III, interferon-β, leukaemia inhibitory factor 

(LIF) and platelet factor 4 (Pf4) (O’Reilly et al., 1997; Carmeliet, 2000). The contribution of 

extracellular matrix molecules through integrins including alpha v and beta 3 appears to be 

extremely important in vascular stabilization and it can play a role in remodeling events.  

In ischemic condition endothelial cells also express both PDGF (PDGF-AA, PDGF-BB, PDGF-CC 

and PDGF-DD) and PDGF receptors (PDGF-Rα and PDGF-Rβ) (Iihara et al., 1996). PDGF 

system promotes angiogenesis, but in special is important inducer and mediator of proliferation 

and migration of vascular smooth muscle cells and pericytes with role in new vessels maturation. 

Renner et al., (2003) found PDGFR-beta as a key factor in vascular remodeling during stroke and 

suggest that the PDGF-B functions may be regulated via the expression of its receptor. 

Although angiogenesis after brain ischemia has been well recognized (Yu et al., 2006), the 

clinical significance of angiogenesis after ischemic stroke is currently not conclusive. Several 

studies suggest that angiogenesis may have beneficial effects on ischemic stroke. First, Krupinski 

et al., (1994) demonstrated that the higher microvessel density in the ischemic penumbra is 

correlated with longer survival in stroke patients. Second, using an animal model, Wei and 

colleagues, (2001) found that angiogenesis in the ischemic border may permit neuronal plasticity 

for functional recovery. Third, recombinant VEGF can induce angiogenesis in rat brain, and the 

use of VEGF reduces ischemic injury in a rat stroke model (Hayashi et al., 1998). Since 

angiogenic activity reflects a balance between the angiogenic and angiostatic drives, it is likely 

that the expression of angiostatic factors may contribute to the resolution of postischemic 

angiogenesis (Risau, 1997; Lin et al., 2002).  

 

I.5. AGE-DEPENDENT POST-ISCHEMIC REACTION 
 
Despite its ubiquity and importance, aging remains a poorly understood process. This lack of 

understanding is partly due to the complexity of aging, which is characterized by the gradual and 

progressive decline of numerous physiological processes and homeostasis, eventually leading to 

death (Beckman & Ames, 1998; Stadtman, 2001).  

One recent study of aging in the human brain demonstrated that oxidative damage to DNA can 

be caused by mitochondrial dysfunction, and tends to accumulate preferentially in some areas of 

the genome that include promoters, resulting in lower levels of transcription (Lu et al., 2004). Also 

several cellular signal transduction systems are altered during brain aging. Examples of widely 

used signalling mechanisms affected by aging include protein phosphorylation (alterations in 

kinases and phosphatases) (Jin & Saitoh, 1995), cellular calcium homeostasis (Mattson, 1992), 

and gene transcription (Lee et al., 2000). Among neurotransmitter systems, dopaminergic 

signalling appears to be consistently altered during aging with a progressive decrease in 

signalling via the D2 subtype of receptor (Roth & Joseph, 1994). In addition to signalling 

pathways, cellular systems that regulate protein folding (chaperone proteins) and degradation 

(proteasomal and lysosomal systems) are altered in brain cells during aging (Keller et al., 2002).  
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These kinds of alterations that occur during normal aging may set the stage for 

neurodegenerative disorders that may be triggered by particular genetic predispositions or 

environmental factors, while other age-related changes may represent adaptive protective 

responses to the aging process. Changes in the cellular structure of the brain and the functions of 

its neuronal circuits are controlled by an intricate array of intercellular signalling molecules and 

intracellular signal transduction pathways (Fraser et al., 2005). For example, the levels of glial 

fibrillary acidic protein (GFAP) and its mRNA increase in the astrocytes of rats as a function of 

age (Sabbatini et al., 1999).  

Aging is associated with specific impairments of learning and memory, some of which are similar 

to those caused by hippocampal damage (Herndon et al., 1997; Lacreuse et al., 2005). One 

hypothesis is that these changes reflect an age-related decrease in cortex as well hippocampus 

plasticity (Shimada et al., 2003). Anatomical and electrophysiological studies indicate that the 

hippocampus of the aged rat sustains a loss of synapses in the dentate gyrus, a loss of functional 

synapses in area CA1, a decrease in the NMDA-receptor-mediated response at perforant path 

synapses onto dentate gyrus granule cells, and an alteration of Ca2+ regulation in area CA1. 

These changes may contribute to the observed age-related impairments of synaptic plasticity, 

which include deficits in the induction and maintenance of long-term potentiation (LTP) and lower 

thresholds for depotentiation and long-term depression (LTD). This shift in the balance of LTP 

and LTD could, in turn, impair the encoding of memories and enhance the erasure of memories, 

and therefore contribute to cognitive deficits experienced by many aged mammals.  

Altered synaptic plasticity may also change the dynamic interactions among cells in hippocampal 

networks, causing deficits in the storage and retrieval of information about the spatial 

organization of the environment (Rosenzweig & Barnes, 2003). Particular attention will be given 

to the idea that induction of brain-derived neurotrophic factor, an extremely potent positive 

modulator, can be used to provide long periods of normal plasticity with very brief 

pharmacological interventions (Lynch et al., 2006).  

Other reason for numerous behavioral impairments during aging is simple and unchanged life 

environment. When rodents are raised in complex environments, neurogenesis is enhanced and 

the learning and memory ability is improved (Lores-Arnaiz et al., 2006). Complex environments, 

which can be equated with intellectual activity in humans, may also increase resistance of 

neurons to injury and promote recovery after injury. As evidence, functional deficits caused by 

bilateral lesions of the frontal cortex are ameliorated when rats are maintained in complex 

environments, and this was correlated with reduced damage to cortical neurons (Kolb & Gibb, 

1991). Further studies have shown that, in addition to enhancing synaptic connectivity and 

increasing resistance of neurons to injury, complex environments can improve outcome after 

ischemic stroke in rats (Johansson, 1996).  

Aged animals differ from young animals in physiology and behaviour, and pathophysiological 

characteristics of brain ischemia may differ across the lifespan. The vulnerability of the brain 

tissue to cerebral ischemia rises with increasing age (Davis et al., 1997). A change in redox state 
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of the cell is not confined to pathological and environmental insult to tissue; certainly the normal 

aging processes are accompanied by a reduced cellular antioxidant defence capacity (Ewing & 

Maines, 2006). Aging was associated with a significant decline in cerebral mitochondrial function 

with impairment of the activities of complexes I. II and IV. The age related decline in complex I 

activity may be important in the enhanced susceptibility of the aging brain to ischemic neuronal 

damage (Davis et al., 1997; Sandhu & Kaur, 2003). Moreover, it is now generally acknowledged 

that endogenous oxidants play a central role in aging, neurodegeneration and cerebral ischemia 

(Beckman & Bruce, 1998).  

After forebrain ischemia, older rats showed a high severity of brain damage. Sutherland et al., 

(1996) showed that striatal and neocortical injury were significantly greater in the older group. 

Among animals subjected to focal ischemia, the volume of infarcted tissue and the number of 

necrotic neurons in the area adjacent to the infarction were greater in older rats.  

Basal neurogenesis is impaired in the subgranular and subventricular zones of aged animals, but 

both regions react to stroke with increased formation of new neurons (Darsalia et al., 2005). Also, 

the ability of newly formed cells to differentiate into neurons was impaired in the aged dentate 

gyrus (Jin et al., 2004). Darsalia et al., (2005) hypothesized that the attenuation of stroke-induced 

hippocampal neurogenesis in old animals could be due to the diminished CREB activity, partly 

occurring as a consequence of impaired BDNF (brain-derived neurotrophic factor) signalling. 

BDNF stimulates phosphorylation of CREB in hippocampal neurons and increases the survival of 

the newly generated neurons. There is a marked reduction of both CRE-binding activity 

(Asanuma et al., 1996) and injury-induced BDNF levels (Shetty et al., 2004) in the aged 

hippocampus. In a rat model of reversible ischemia, in our lab it has been shown that the 

regenerative potential of the brain appears to be competent in older rats, although attenuated, at 

least with respect to MAP1B and MAP2 expression up to 20 months of age (Popa-Wagner et al., 

1999). However, at the same time the presence of ßAPP and Aß immunoreactivity in the infarct 

core and penumbra indicates that cerebral ischemia promotes conditions are favourable to the 

focal accumulation of neurotoxic factors such as Aß, especially in the aged brain (Popa-Wagner 

et al., 1998; Badan et al., 2004).  

Additionally the repairs and regenerative events have same characteristics in aging brain. Most 

growth-promoting genes are induced at later time points after stroke in the aged brain compared 

to the young adult. In contrast, the growth-inhibitory chondroitin sulfate proteoglycans are induced 

at early and intermediate stages of the sprouting response of the aged brain, but are induced at 

late stages in the young adult. These differences in the molecular profile of axonal sprouting 

between aged and young adult indicate that the aged brain does not simply have a reduction in 

growth-associated molecules after stroke, but a completely unique molecular profile of post-

stroke axonal sprouting (Carmichael et al., 2005). 

Also, stroke alters the normal cortical environment into one that supports the formation of new 

connections and a subsequent re-mapping of cortical circuits (Carmichael et al., 2001; 2005; 

Dancause et al., 2005). The molecular profile of this process of reorganization and repair after 
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stroke is altered with age. Age produces both increased cell injury and reduced neuroprotective 

responses in peri-infarct cortex (Li et al., 2005b) and abnormal growth-associated molecular 

responses. This data indicates that age directly alters the environment for neural repair in peri-

infarct cortex, and suggests that this may underline the reduced neural recovery seen with stroke 

in the aged (Li & Carmichael, 2006). 

In addition, previous studies in our lab have shown an accelerated glial reactivity in aged rats was 

correlated with less functional recovery (Badan et al., 2003a).  

After ischemic stroke older individuals generally demonstrate a slower and less complete 

functional recovery (Bayona et al., 2005). Patients with significantly larger infarcts usually do not 

survive, and among the survivors, the proportion of patients with functional deficits increases with 

age (Wyller, 1998; Leinonen et al., 2000). Hence it was necessary to improve a complex set of 

neurobiological tests (for spatial learning, working memory, social behavior, olfactory learning, 

exploratory behavior, and motor and sensory function) in older animals, with induced cerebral 

ischemia (Andersen et al., 1999).  

There are already accumulated several neurological and behavioral studies in aging animals at 

early time point 3, 7, 14, and 28 days after surgery (Badan et al., 2003a) or late time point 

inclusively after 1, 2 or 3 month post-middle cerebral artery occlusion (Lindner et al., 2003; Brown 

et al., 2003). Animals aged 18 months at lesion acquired the greatest chronic impairment. This 

aged post-acute animal model is clinically relevant to stroke rehabilitation. On the other hand, this 

model was useful for experimentally testing of new treatment which can improve recovery after 

post-ischemic stroke by pharmacological intervention (anti-inflammatory drugs or growth factors 

administration) and strategies for rehabilitation (by enriched-environment housing, physical 

exercises). 

 

I.6. NSAI TREATMENT IN CEREBRAL ISCHEMIA  
 
The class of non-steroidal anti-inflammatory drugs (NSAIDs), which include aspirin (acetylsalicylic 

acid), indomethacin, piroxicam, sulindac and ibuprofen represents an important group of drugs 

indicated for treatment of inflammation. In addition to their anti-inflammatory effects agents 

belonging to the NSAIDs class, possess analgesic, antipyretic activities and inhibitors of platelet 

aggregation. Inflammation can originate from both infectious and non-infectious processes 

(ischemia). The mechanism of action of NSAIDs involves reduction of prostaglandin synthesis by 

inhibition of cyclooxygenase (COX) enzyme through competitive antagonism for arachidonic acid 

binding to the COX (Vane & Botting, 1998). For a drug to be an effective competitive inhibitor for 

arachidonic acid binding to COX, the drug must posses both high lipophilic and acidic properties 

to mimic the natural substrate chemistry. This is clearly apparent in the chemical structures of all 

NSAIDs such as ibuprofen, flubiprofen, ketoprofen, naproxen, indomethacin, diclofenac and 

piroxicam (Mehanna, 2003). Briefly, the brain tissue response to ischemia involves releasing 

arachidonic acid from cells membrane by partial hydrolysis of phospholipids by the membrane-

bound enzyme phospholipase A2 (Fig. 3). 



I. INTRODUCTION 

 19

 
Figure 3. Inflammation cascade and formation of Prostaglandins and Leukotrienes from 
Arachidonic acid. (Mehanna SA, 2003). 
 
Arachidonic acid is subjected to 1 of 2 biochemical transformation routes. One route involves 

hydroxylation of the fatty acid by the enzyme lipooxygenase, resulting in the formation of a group 

of autacoids called leukotrienes (these were first discovered in leukocytes). The second route 

involves oxygenation and a process of cyclization by an enzyme called cyclooxygenase (or COX) 

to produce a class of autacoids known as prostaglandins (Fig.3). Several of these prostaglandins 

were isolated, identified and given abbreviated names such as PGE2, PGF2, PGI2 (the letters are 

given to different intermediates of the biosynthesis process, and the subscript indicates the 

number of double bonds in the molecule (Murakami et al., 2002).  

The cyclooxygenase enzyme also converts arachidonic acid into another cyclization product 

called thromboxane (TXA), first isolated from thrombocytes (Wang & Kulmacz, 2002; Mehanna, 
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2003). Two important COX enzymes have been described: COX1, which is constitutively 

expressed in many tissues and seems to be relevant for the tissue homeostatic functions of 

prostaglandins, and COX2, which is an inducible form that has a role in many inflammatory and 

proliferative reactions (Portanova et al., 1996; Smith et al., 2000). COX-1 is found in neurones 

throughout the brain, but it is most abundant in the forebrain, where prostaglandins may be 

involved in complex, integrative functions such as control of the autonomic nervous system and in 

sensory processing (Yamagata et al., 1993; Breder et al., 1995). Recent data suggests that COX-

1 activity may significantly contribute to PGs synthesis and oxidative damage in the brain 

(Pepicelli et al., 2005). COX-2 is usually induced in several cell types in response to inflammatory 

stimuli (Kaufmann et al., 1997). However, COX-2 is expressed at low levels in the brain, and is 

thought to contribute to the synaptic plasticity and memory consolidation (Yamagata et al., 1993; 

Minghetti, 2004). Other brain cells, including microglia, astrocytes, and vascular cells, do not 

normally express significant levels of COX-2 but up-regulate COX-2 expression after 

inflammatory stimuli (Bauer et al., 1997; Samad et al., 2001). In addition, certain 

pathophysiological conditions, including ischemia and hypoxia, are associated with increased 

expression of COX-2 in brain.  

Once expressed, COX1 or COX-2 increases production of prostaglandins. Prostaglandins are 

formed by most cells in our bodies and act as autocrine and paracrine lipid mediators (i.e., they 

signal at or are immediately adjacent to their site of synthesis). PGE2 is synthesized in the human 

brain as well as PGD2, which has a more limited distribution. The diverse effects of PGs are due 

to the various actions of specific receptor subtypes for these prostanoids. PGE2 acts via four 

functionally E-prostanoid (EP) receptors that are expressed on neurons and microglia. 

Pharmacological suppression of COX-2 activity or addition of exogenous superoxide dismutase 

(SOD) and catalyse in the presence of EP2 also abolished neurotoxicity. This loss of paracrine 

neurotoxicity by EP2(-/-) microglia occurred in the absence of reduced cytokine levels. Microglial 

EP2 is critical to innate immunity-mediated paracrine damage to neurons involving COX-2 (Shie 

et al., 2005). Recent work has shown that PGE2, while generally considered a proinflammatory 

molecule, reduces microglial activation and thus has an antiinflammatory effect on these cells 

(Caggiano & Kraig, 1999; Prechel et al., 2000). 

Nogawa et al., (1997) found that focal cerebral ischemia up-regulates COX-2 in neurons at the 

periphery of the infarct and that a COX-2 inhibitor attenuates post-ischemic prostaglandin 

accumulation and reduces cerebral ischemic damage. Their data provides strong evidence that 

COX-2 is implicated in the mechanisms of delayed neuronal death at the infarct border and 

suggests new neuroprotective strategies targeted at the progression of ischemic brain damage. 

The upregulation began 6 hr after ischemia, reached a maximum at 12–24 hr, and subsided at 48 

hr. It was recently demonstrated that COX inhibitors are effective in reducing the neuronal 

damage caused by ischemia (Govoni et al. 2001; Candelario-Jalil et al. 2005). In another recent 

study, Chechneva et al., (2006) demonstrated that Indomethacin reduced the oxygen-glucose-

deprived-induced damage. Also this drug did not interfere with oxygen-glucose-deprived-induced 
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periventricular neurogenesis. They concluded that anti-inflammatory treatment (in particular 

indomethacin) had neuroprotective role associated with intact neurogenesis using in vitro model 

(organotypic hippocampal cultures after oxygen-glucose-deprivation).  

In response to CNS injury, synthesis of IL-1 is up-regulated, and the enzyme caspase-1 

generates active IL-1α and IL-1β that are released from microglia. These cytokines bind to the IL-

1 receptor type I (IL-1RI) and activate downstream signalling cascades, involving mitogen 

activated protein (MAP) kinases and nuclear factor kappa B (NFκB), leading to changes in gene 

expression, cell death and cellular repair (Gibson et al., 2004). Interleukin-1beta (IL-1β) 

expressed by macrophage-like cells is known to play a central role in ischemia-induced brain 

damage in rodents (Clausen et al., 2005). In response to IL-1β, it has been documented that 

astrocytes also release PGE2 and that they may play an inhibitory role on BDNF gene 

expression. In turn, Indomethacine reversed the IL-1β-induced inhibition of BDNF mRNA 

suggesting that PGE2 might be involved in this inhibitory effect (Clausen et al., 2005). On the 

other hand, an NSAID (in particular indomethacin) is important to attenuate post-ischemic 

prostaglandin accumulation in microglia. The treatment effectively decreased the content of 

prostaglandin E2 in organotypic brain slice culture supernatants. Chechneva et al., (2006) using 

in vitro model described beyond demonstrated that indomethacin increases proliferation and 

activate of microglia. This is in agreement with studies demonstrating that PGE2 prevents 

microglial activation (Caggiano & Kraig, 1999). In addition, Prechel et al., (2000) using 

histochemical and flow cytometric analyses, demonstrates that in vivo indomethacin treatment 

results in increased expression of C3-complement receptor in adult mouse brain in activated 

microglia. These results demonstrate that inhibition of prostaglandin synthesis caused microglial 

activation. Other interesting aspects of indomethacin treatment are related with neovessel 

maturation and stabilization. In vitro, indomethacin modulates laminin cell surface receptors and 

reduces the production of MMP-2, an enzyme required for the degradation of basement 

membranes (Alino et al., 1990; Reich & Martin, 1996). In addition, indomethacin induces 

basement membrane deposition in the germinal matrix microvasculature of newborn beagle pups, 

(Ment et al., 1992) and reduces the ischemia-induced alteration of blood-brain barrier transport in 

piglets (Zuckerman et al., 1994). Finally, studies of Murohara et al., (1998) have recently shown 

that indomethacin attenuates vascular endothelial growth factor-mediated vascular permeability in 

experimental animals. Thus, it seems that indomethacin both modulates cerebral blood flow and 

induces microvascular maturation (Ment et al., 2000). 

O’Collins et al., (2006) analysed the data from large experimental treatments in acute stroke 

based on Stroke Therapy Academic Industry Roundtable (STAIR) recommendations 1999. They 

found only one trial reported that indomethacin treatment have been given to acute stroke 

patients, Nechipurenko et al., (2001) with level of protection 23 (average neuroprotection from 

infarct volume changes in focal ischemia studies) and  STAIR quality 4 (number of STAIR criteria 

met by the drug from maximum 10).  

Taken together, Indomethacin therapy is promising adjuvant treatment in ischemic stroke. 
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II. AIMS OF THE STUDY – The specific goals 
 
 

The purpose of the present thesis was to investigate the effects of indomethacin treatment 

on the molecular, histological and functional outcome following focal reversible MCA occlusion in 

rat model. Indomethacin, common nonsteroidal anti-inflammatory drug is widely prescribed for the 

treatment of pain and inflammation. Recent studies demonstrated its efficacy in periventricular 

hemorrhagia hypoxic newborn and in other hand in Alzheimer’s disease. This large spectrum of 

drug action encourages us to study indomethacin as possible adjuvant treatment of ischemic 

stroke with emphasis in aging animals.  

  

Using focal reversible MCA occlusion in rat model, the specific goals of present thesis are: 

 

 To investigate whether indomethacin, Cox non-specific inhibitor, is a possible 

neuroprotector in young and aged rats. 

 

 To compare microglial/ macrophagic reaction in both age groups after long-term 

administration of indomethacin using different immunohistological markers and possible 

indomethacin induced age-dependent changes in inflammatory molecular response.  

 

 To examine indomethacin effect on angiogenesis, from gene expression to protein level in 

both age groups. 

 

 To find difference between young and aged at molecular and cellular levels in relation with 

inflammatory and angiogenic response in post ischemic subacute phase in association 

with or without indomethacin treatment.  

 

 To assess whether indomethacin improves the neurological deficits in both age groups. 

 

 To evaluate whether is age-dependent the beneficial, unresponsive or harmful effect of 

daily, 2 weeks indomethacin treatment after ischemic episode. 
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III.1. Materials 
 
Detailed lists with chemical and biochemical reagents, solutions and laboratory equipments are 

presented in Annex A. 

 
III.2. Methods 
 
III.2.1. Animals – Rat Model 
 
The ethical approval of all experiments was granted by the university animal experimentation 

ethics board according to the requirements of the German National Act on the Use of 

Experimental Animals.  

Young (3mo of age, n=42) and aged (18 mo, n=48) Sprague-Dawley male rats, bred in-house 

were maintained on a 12h light/dark cycle (07.00-19.00 h) and allowed constant access to food 

(hard food) and water. Young and aged rats groups were divided subsequently into subgroups of 

equal number (n=14 each group) and assigned survival times 14days following surgery, also one 

treatment group, per age (14days). These time points were chosen based on our previous work 

on this model (Popa-Wagner et al., 1998; 1999). For the older rats, kept alive for 2 weeks, the 

group was larger (n=17) to compensate for the higher post-ischemic mortality rate (15%). For 

comparison, the running results to experimental groups for each age were added 2 sham-

operated control groups (n=14). Body weights ranged from 290 to 360 g for the young rats and 

from 600 to 700 g for the aged rats.  

The animals were behaviourally tested (see below) and then subjected to reversible occlusion of 

the middle cerebral artery (MCAO) or sham surgery (n=14), per age group (see below) or MCAO 

and Indomethacine treatment (see below). 

Only the rats that were operated the next day were fasted eighteen hours prior to surgery, but 

allowed free access to water to minimize variability in ischemic damage that can result from 

varying plasma glucose levels. Prior to surgery, rats were housed 3 per cage in standard 

laboratory cages (595mm×380mm×200 mm), temperature 21–25°C, humidity of 30-70% and an 

airflow rate of at least 10 changes per hour preventing the accumulation of carbon dioxide and 

ammonia. After surgery, rats were grouped 2 per cage with clean bedding each day, preventing 

exogenous infection of the surgical wound. In the first 3-4 days after surgery rats receive soft food 

with continuous control of incisors size.  

 
III.2.1.1. Indomethacin Administration 
 
For studying the effect of indomethacin in rat model with focal reversible ischemic stroke we 

chose 14days survival time after middle cerebral artery occlusion episode. Two treatment groups, 

young and aged rats were injected intraperitoneally (ip) with Indocid PDA (indomethacin sodium 

trihydrate, powder for solution for injection) from MERCK SHARP & DOHME. The powder was 

dissolved in 0,9% physiological saline to c=2mg/ml. Indomethacin (ip) administration rats began 

in operation day at four hours.  
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The treatment was administrated divided in 2 doses at 12 hours interval with the following  

Indomethacin injection schema: 

 

 
 
III.2.1.2. Bromodeoxyuridine (BrdU) Administration 
 
To label proliferating cells, rats were injected intraperitoneally with bromodeoxyuridine (BrdU; 

50mg/kg body weight; Sigma). For 14 day post-ischemic group (treated and untreated), rats were 

intraperitoneally given BrdU daily for 12 days starting from the 2nd day of post-ischemia until the 

13th. Similar to 14day group, sham operated control group rats were daily administrated BrdU for 

12 days. Rats were transcardially perfused 24 hours after the last injection and those brains after 

fixation were used for sections (all the rat brains used for sections derive from rats BrdU injected). 

 
Young groups Sham UT_14day_MCAO T_14day_MCAO 

n. Sample 6 7 6 

Aged groups Sham UT_14day_MCAO T_14day_MCAO 

n. Sample 6 7 6 

 
Table 1. Number of rats BrdU injected from each group.  
(UT: untreated with indomethacin; T: treated with indomethacin). 
 
III.2.1.3. Surgery - Focal Reversible MCA occlusion Model 
 
Blood flow through the middle cerebral artery and common carotids were transiently interrupted 

as previously described (Popa-Wagner et al., 1998; Badan et al., 2003; Yanamoto et al., 2003). 

The operation was accomplished by Suofu Y, in accord with previously experience in our lab.  

Overnight fasted rats were generally anaesthetized with Sevoflurane (2,2,2-trifluoro-1-

(trifluoromethyl ethyl ether), 3% in a mixture of 70% nitrous oxide and 30% oxygen. The 

anesthetized animals were immobilized in a ventral position and the tail artery catheterized to 

enable the continuous measurement of blood pressure. 

Under a surgical microscope, the right middle cerebral artery was slowly lifted with a tungsten 

hook attached to a micromanipulator (MM33 micromanipulator System, Fine Science Tools) until 

blood flow through the vessel was completely stopped. Both common carotid arteries were then 

occluded by tightening prepositioned thread loops. After 90 minutes, the middle cerebral artery 

and the common carotid arteries were re-opened, allowing full reperfusion of the brain. Sham 

operations were also conducted until the open the dura mater step. After survival times 14days, 

the rats were deeply anesthetized and perfused with buffered saline (when the brain was future 

used for RNA extraction) or 4% freshly depolymerized paraformaldehyde (PFA) in 5x phosphate 
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of sporadic degenerating neurons which appeared shrinking nuclear staining of neurons in young 

rats at this 14 day time points.  

Indomethacin protects neuronal survival. In infarct core (IC) of young treated group, we observed 

islets of neurons with normal morphology as opposed to young untreated animals, where a few 

isolated neurons stained faintly with NeuN (Fig.12.A). In aged, there (IC) was no clear evidence 

of more surviving neurons in treated group (Fig.12.B). Furthermore, methyl green staining 

indicated that there is less number of cells in IC of aged rats than of young rats. 

Indomethacin treatment influenced particularly the morphology of penumbral neurons. After 

treatment, neurons appeared intensified NeuN immunoreactivity and showed evidence of 

neurites outgrowth in penumbra in both age groups. Without treatment, some few penumbral 

neurons expose ischemic cell change characteristics with irregularity of the plasma membrane 

and the nuclear membrane, and the cytoplasm generally contains many large vacuoles, 

predominantly in aged rats (Fig.12.A & B).  

At 14 day time point, the necrotic process was finished. Therefore, the counterstaining is useful 

for illustrating the normal aspects of nuclear cells which were undergone repairing and 

remodeling processes in infarct core as well as penumbra.  

 
IV.3. Effects of Indomethacin in macrophagic/ microglial reaction in ischemic stroke 
IV.3.1. Indomethacin induces age-related decreases of phagocytosis in infarct core  
 
In this section, the focus will be on the effect of indomethacin on phagocytic activity of 

macrophagic cells and/or activated microglial cells. In our reversible focal MCAO rat model, we 

compared treatment to groups without treatment through examining the appearance and 

distribution of ED1+ cells in areas of ischemic cortex (infarct core and peri-infarct). ED1 is an 

antibody which stains mainly lysosomal proteins of phagocytic macrophagic and microglial cells. 

In areas corresponding to NeuN negative immunoreactivity, a strong induction of phagocytic 

microglia/ macrophages specific antigen occurred. 

 
Figure 13. Indomethacin, as non-steroidal anti-inflammatory drug, decreases the ED1 
immunoreactivity in young treated group in infarct core, but interestingly increases the ED1 
expression in penumbra in both age groups. (UT: untreated; T: treated). 
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That was demonstrated by a high expression of the lysosomal ED1, and indicated a phagocytic 

transformation at the 14th day in both untreated age groups. In infarct core, indomethacin 

decreased the phagocytic reaction of macrophages/ activated microglia in young treated groups. 

By one way-ANOVA test (Holm-Sidak method), there is a very significant decrease of ED1 

positive signal area of treated young groups as compared to the untreated (P<0,001; α=1,000) 

(Fig.13.A). As opposite to young, indomethacin treatment in aged group did not have any effect in 

ED1 expression in infarct core (Fig.13.B). 

Interestingly, in penumbra, we observed an increase of the ED1 signal predominantly in reactive 

microglial cells in both groups of age, but  it is significantly increased only in young treated group 

(P= 0,016, α=1,000) (Fig.13.A & B).  

 
Figure 14. Indomethacin decreases ED1+ activated macrophages/ microglia in infarct core in 
young rats. Unexpected, this treatment determines the hyperplasic reaction of moderate reactive 
microglia (IHC staining of ED1+ cells and HC contrastaining of nucleus with methyl green). 
 
Immunohistochemistry studies of infarct core areas in both untreated groups (at least 3 sections 

from each rat) exhibited signs of ED1 positive cells activation such as an increase in number and 

size. Morphology of most of these inflammatory cells in infarct core showed the phagocytic cells 

with round and ovoid shapes, with many cytoplasmatic vacuoles and round nucleus. This 

morphology characterized the infiltrated macrophages (blood-born monocyte) and the activated 

microglial cells of the amoeboid type. A further distinction between microglia and macrophages is 

impossible using only ED1 marker and morphological characteristics.  
Moderate microglial activation with preserved ramified morphology is observed in areas with 

selective neuronal loss (penumbra) in untreated rats. In addition, relatively weak ED1 

immunoreactivity as an indication of partial phagocytic transformation was detectable. Using high 

magnification we observed the close relation between activated microglia and neuron (Fig.14.A). 

In obvious contrast, however, the treated young group showed few immunoreactive ED1 cells in 
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infarct core, with morphology as described above. But, penumbral area of infarct after 14days 

with indomethacin treatment developed unexpected microglial reaction, in both age groups. 

Fig.14.B, high magnification illustrated cluster of moderate reactive microglia, ED1 positive cells. 

The sham operated animals have extremely rare ED1 immunoreactive cells in cortex, age-

independently. 

 

IV.3.2. Indomethacin influences proliferation of ED1 positive cells 
 
To detect the proliferation pattern of ED1 immunoreactive cells in different age groups, we 

quantified the ED1-BrdU positive cells in groups with and without treatments. 

 
Figure 15. Indomethacin decreases proliferation of ED1 positive cells in infarct core in young and 
increase proliferation in peri-infarct area in both age groups. (Ic: infarct core; Pi: periinfarct). 
 
There are statistically significant decreases between ED1-BrdU positive cells in infarct core of 

treated young group comparison with corresponding untreated group (P=0,004) (Fig.15. Ic).  

In peri-infarct area, indomethacin treatment stimulated microglial activity, the microglial 

proliferation. This event is statistically significant in both age groups (P=0,028 in young; and 

P<0,001 in aged groups) (Fig.15. Pi). 

In sham operated animals and in the contralateral non ischemic cortex of animals subjected to 

MCA occlusion, no ED1-BrdU positive cells were observed.  
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IV.3.3. Iba1 is involved in microglial response to indomethacin  
 
Considering ED1 positive cells in penumbra showed unexpected increase after indomethacin 

treatment and the phenotype of the immunoreactive ED1 cells in this infarcted area appeared like 

microglia, we have concentrated on the studies of microglia-related antigens. We chose Iba1 

(ionized calcium-binding adapter molecule 1) as a microglial marker since it is specifically 

expressed in resident microglia.  

 
Figure 16. Iba1 immunoreactivity is significantly increased due to indomethacin treatment in both 
age groups in periinfarct at 14day after ischemic stroke. (Sham group: black bar; UT: untreated 
group; white bar; T: treated group; gray bar; **statistically significant P; * statistically very 
significant P). 
 

 
 
Figure 17. Indomethacin treatment enhances Iba1 immunoreactivity in reactive microglia in both 
age groups (UT: untreated group; T: treated group). 
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Similar to ED1 experiments, we performed Iba1 IHC staining with at least three sections from 

each rat of treated, untreated and sham-operated of young and aged groups. Next, we quantified 

Iba1 expressions in periinfarct area at 14day post-ischemic stroke. In the groups which did not 

receive treatment we observed that Iba1 expression is significantly higher than sham-operated 

animal groups and this overgrowth level was not influenced by age. In order to identify if 

Indomethacin treatment influences Iba1 expression, we compared the treatment effect for same 

age group. In periinfarct, we showed that the average Iba1 signal area significantly increased 

after treatment in both age groups (Fig.16). An interesting effect of indomethacin is the 

significantly increased of Iba1 immunoreactivity in aged ischemic brain (P<0,001, α=0,994). Such 

an exaggeration might depend on the COX inhibition. Besides, indomethacin treatment in our 

stroke model in both age groups significantly increased the intensity of staining as well as the 

number of activated microglia in the peri-ischemic area (Fig.17).  

The age-independent activation and moderated hyperplasia of microglial cells can be observed in 

penumbral area of infarct at 14day after transient ischemic stroke in both untreated groups.  

In our experiment we validated the Iba1 immunoreactivity of resident microglia in sham-operated 

rats and also in contralateral cortex of 14 day treated and untreated groups.  

 
IV.3.4. Indomethacin enhances expression of Iba1-ED1-Annexin A3 reactive microglia in 
 
periinfarct  
 
Results obtained by IHC were verified by triple immuno-fluorescence staining using primary 

antibodies: ED1, Iba1 and Annexin A3 (Anx3). Suofu et al., (unpublished observation) in our lab 

identified a new microglial marker Anx3, expressed by both resident and activated microglia in 

ischemic stroke model. Hence, the present study about indomethacin modulating the 

inflammatory reaction after ischemic stroke has included the Anx3 expression in young and aged 

treatment groups. Using this triple IF staining we had the opportunity to study (1) the amount of 

expression, (2) the presence or absence of examined antigens in same cell, and (3) the 

phenotype of cells revealed by colocalization of all three markers. The triple fluorochrome staining 

helped analyse the independent staining, double or triple staining of same section.  

Compared to Iba1 and Anx3 positive cells, the number of ED1+ cells in periinfarct area is 

significantly lower (Fig.18). In indomethacin treated rats, the number of ED1+ cells is remarkable 

higher in this area especially in young rats. At day 14 after ischemic brain injury, cells with highly 

intensified staining for the lysosomal antigen were found occasionally in periinfarct.  Iba1, a 

microglial marker, is significantly increased after treatment in both age groups. Remarkably, the 

indomethacin treatment enhanced Iba1 expression in aged rats in periinfarct. The majority of 

Iba1+ cells revealed a much slower increase in ED1 immunoreactivity in this area than in infarct 

core. Double IF staining of Iba1-ED1 revealed that in this area (periinfarct), all ED1 positive cells 

colocalized with Iba1 immunoreactive cells which still kept a ramified phenotype (Fig.18). Anx3 

single immunostaining had similar pattern like Iba1 with increased signal in treatment group. 
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Figure 18. Triple immunofluorescent staining in periinfarct area for ED1 (green), Iba1 (blue) and 
Anx3 (red). The independent, double and triple immunolabeling in young and aged rats with or 
without treatment is illustrated above; the names of antibodies we used are seen in the left 
panel of each row. Original magnification 40x). 
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Regardless of treatment, double immunofluorescence staining revealed colocalization of Iba1 and 

Anx3 in all reactive microglia. Indeed, triple immunofluorescence staining showed that all three 

markers, ED1, Iba1 and Anx3, immuno-labeled same type of cells in periinfarct at 14 day post-

stroke (Fig.18. & 19). The cell phenotype with revealed colocalization of all three markers was an 

important part of our study. An unexpected increased expression of ED1 positive cells after 

treatment in periinfarct area was the reason to analyze the cells phenotype there. As explained 

above, all three marker immunolabeled only one type of cells. At day 14 after ischemic stroke, the 

cell bodies of most Ed1-Iba1-Anx3 positive cells were enlarging while their cell processes 

appeared retracted and thicker (Fig.19).  

 
Figure 19. Triple immunofluorescent staining of activated microglia in periinfarct area for ED1 
(green), Iba1 (blue) and Anx3 (red). 
 
ED1 is expressed sparsely and occupies less than 50% (qualitative) of cytoplasmatic volume. 

Iba1 immunoreactivity is significantly increased after treatment in both young and aged rat 

groups. In this area we did not observe fully activated microglia. That feature corresponds to 

moderated activated microglia. Iba1 and Anx3 also colocalized in resident microglia as well as in 

moderated activated microglia. In those cells, Iba1 and Anx3 immuno-signal is very close and 

partially overlapped, mostly in the cytoplasmatic part and processes. The terminal parts of the 

ramifications were labelled mostly by Iba1. Additionally, in periinfarct area the indomethacin 

treatment stimulated the significant microglial proliferation as shown in IV.3.2. 

Therefore, microglia may exhibit differences of antigenicity which are common for blood-derived 

macrophages and together, they perform a variety of different functions in the severity of ischemic 

brain injury. Observing cells phenotype and the completely absence of amoeboid form of fully 

activated microglia, which can be easily mistaken as haematogenous macrophages, we 

concluded that treatment enhances the proliferation and moderated activation of resident 

microglia in periinfarct. 

 

IV.4. Angiogenic-related genes alter following indomethacin therapy in ischemic brain   
 
IV.4.1. General view 
 
To compare the expression of genes involved in modulating the biological processes of 

angiogenesis between indomethacin treated and untreated groups, a low density angiogenesis 

array was employed. The aim of our follow up was to evaluate whether treatment influences or 

not the differential expression of angiogenic genes in young and aged. For such we chose to 

exanimate the drug effect after 14 days of treatment.  



IV. RESULTS 

 52

Young* Aged* 

UT T UT T 
Gene 

Symbol 
 

RefSeq No. 
 

 
Description 

 
Infarct Infarct Infarct Infarct

1. Matrix, Proteases and Inhibitors: 

Adamts1 NM_024400 
A disintegrin-like and metalloprotease  
(reprolysin type) with thrombospondin  
type 1, motif 1 

2,51 1,64 2,24 1,79 

Mmp7           ‡‡ NM_012864 Matrix metalloproteinase 7 2,71 2,66 2,76 1,81 
Mmp9 NM_031055 Matrix metallopeptidase 9 0,38 0,52 0,41 0,41 
Mmp10 NM_133514 Matrix metallopeptidase 10 2,75 1,28 2,50 1,73 
Plau NM_013085 Plasminogen activator, urokinase 3,04 1,43 2,31 2,71 

Serpine1       ‡‡ NM_012620 Serine (or cysteine) proteinase inhibitor,  
clade E, member 1 6,12 6,32 3,95 3,34 

Serpinf1 NM_177927 Serine (or cysteine) proteinase inhibitor,  
clade F), member 1 3,01 2,81 2,88 2,79 

Thbs4 XM_342172 Thrombospondin 4 1,94 1,23 2,63 1,55 
Timp1 NM_053819 Tissue inhibitor of metalloproteinase 1 5,14 3,02 5,29 5,48 
Timp2           ‡‡ NM_021989 Tissue inhibitor of metalloproteinase 2 3,09 1,52 2,53 2,12 
2. Inflammatory mediators: 
Ccl2              ‡‡ NM_031530 Chemokine (C-C motif) ligand 2 5,31 4,79 5,46 4,52 
Cxcl1            ‡‡ NM_030845 Chemokine (C-X-C motif) ligand 1 2,47 1,44 6,65 2,89 
Mdk NM_030859 Midkine 2,81 1,28 2,72 0,99 
Pf4                ‡‡ XM_341192 Platelet factor 4 3,04 1,29 2,10 2,78 
Ptgs1 NM_017043 Prostaglandin-endoperoxide synthase 1 2,37 2,17 2,24 1,55 

Tnf NM_012675 Tumor necrosis factor superfamily,  
member 2 3,15 1,54 3,07 2,12 

3. Growth Factors (Ligands, Receptors and Inhibitors): 
Angpt1 NM_053546 Angiopoietin 1 1,98 1,32 2,03 1,66 
Col18a1        ‡‡ XM_241632 Collagen, type XVIII, alpha 1 5,64 3,74 5,41 3,94 

Edg1              NM_017301 Endothelial differentiation sphingolipid  
G-protein-coupled receptor 1 0,54 0,68 0,45 0,35 

Fgf2 NM_019305 Fibroblast growth factor 2 0,54 0,79 0,48 0,33 
Nrp NM_145098 Neuropilin 1 2,87 2,46 2,61 1,83 

Pdgfra M63837 Platelet derived growth factor receptor, 
alpha polypeptide 4,33 1,21 4,22 2,21 

Pdgfrb          ‡‡ NM_031525 Platelet derived growth factor receptor, 
beta polypeptide 2,77 2,24 3,32 2,13 

Tgfb1 NM_021578 Transforming growth factor, beta 1 3,01 2,84 3,23 2,21 
Tgfbr1 NM_012775 Transforming growth factor, beta receptor 1 3,57 2,95 2,36 2,76 
Tgfbr2 NM_031132 Transforming growth factor, beta receptor II 7,53 7,21 5,65 5,32 
Tie1 XM_233462 Tyrosine kinase receptor 1 6,20 5,42 5,61 4,88 
Tie2 XM_342863 Endothelial-specific receptor tyrosine kinase 4,62 4,01 3,53 2,65 
4. Adhesion Molecules: 
Cdh5_predicted XM_226213 Cadherin 5 (predicted) 0,78 0,47 1,57 0,64 
Vcam1         ‡‡ NM_012889 Vascular cell adhesion molecule 1 3,89 3,19 3,93 2,14 
5. Transcription Factors: 

Id3               ‡‡ NM_013058 Inhibitor of DNA binding 3, 
dominant negative helix-loop-helix protein 2,45 1,20 2,50 0,99 

Madh1 NM_013130 SMAD, mothers against DPP homolog 1 
(Drosophila) 3,64 2,69 3,02 2,27 

6. Other Related Gene: 
Fn1 NM_019143 Fibronectin 1 3,87 2,56 3,55 2,90 
Spp1 NM_012881 Secreted phosphoprotein 1 5,49 5,59 4,89 5,07 

 
Table 7. List of up-regulated and down-regulated angiogenesis related genes in the MCAO rat model, young 
and aged untreated and treated groups vs. age-matched control sham.  
(Ratio* to Sham > 2 increases or decreases genes, only the number written in bold. The genes with this 
symbol ‡‡ was check using quantitative Real Time PCR). 
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Of the total 96 genes, 28 genes (29%) were differentially regulated in indomethacin groups in 

comparison with 33 genes (34,4%) in untreated groups at 14 day in the post-ischemic rat brain. 

Cumulatively 34 angiogenic genes related are induced in all the groups’ comparison to equivalent 

sham operated groups (Tabel 7). Only 6 genes show normalization tendency level after treatment 

in both age groups: Adamts1, Mmp10, Thbs4, Mdk, Angpt1 and Id3 (Table 7). Remarkably, brain 

angiogenesis after 14day from the reversible MCA occlusive episode, was predominated by a 

process with upregulated genes. In contrast, there are only 4 downregulated genes. Unrelated 

with age, two pro-angiogenic genes Edg1 and Fgf2 are downregulated in untreated groups. 

These genes are also downregulated in aged treated group as opposed to young treated group in 

which treatment has increased their expression toward sham-operated control level. However, 

indomethacin significantly decreased the expression of Cdh5_predicted in aged rats (Table 7).  

Subsequently, we analyzed differentially regulated angiogenic gene expression age-related, in 

both groups with and without treatment using Venn diagram (Fig.20).  

 
 

Figure 20. Evident effect of indomethacin treatment on normalization of angiogenic-related genes 
expression. Study the number of differentially regulated genes in young and aged groups (with or 
without treatment) using Venn Diagram. (UT: untreated;T: treated).  
 
As expected, most of the differentially regulated genes in treatment are included within untreated 

correspondent group genes expression. There is only one gene Cdh5_predicted in young 

indomethacin treated group different regulated than in same untreated group. Indomethacin 

showed the beneficial role of regaining injured tissue gene expression homeostasis.  

The interesting part of this global (number) differential regulated genes observed in young 

indomethacin group, 43% (14 genes) have the normalized tendency toward the expression of 

sham operated control level (Fig.20.A).  Opposite to young rats, this tendency is lower (28%) in 

aged animals (Fig.20.B).  

Using Hierarchical Clustering of differentially regulated genes (Fig.21.A) was selected one cluster 

of genes with altered transcriptional level following treatment in young and aged rats (Fig.21.B) 

Angiogenesis regulated genes were next organized in different functional clusters: (1) Matrix, 

Proteases and Inhibitors (MMP-MMPi, Fig.22.A); (2) Inflammatory mediators (IM, Fig.22.B); (3) 

Growth Factors (Ligands, Receptors and Inhibitors; GF, Fig.22.D); (4) Adhesion Molecules (AM, 

Fig.22.E); (5) Transcription Factors (TF, Fig.22.F) and 6) Other Related Gene (ORG, Fig.22.C).  
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Figure 22. Heatmaps of functional Hierarchical Clustering: Matrix, proteases and inhibitors 
(MMP-MMPi) A., Inflammatory mediators (IM) B., Other related genes (ORG) C., Growth factors, 
receptors and inhibitors (GF) D., Adhesion molecules (AM) E. and Transcription factors (TF) F. 
Gene expression levels were illustrated by color (from green, lower to red, heigher expression 
level). 
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IV.4.2. Aging blunts indomethacin effect on angiogenic-related gene change 
 
To test the hypothesis that indomethacin treatment has age-dependent influence in angiogenic-

related gene expression, we continue this study with ratio analysis of treated to corresponding 

untreated groups (Table 8).  

 
Ratio T/ UT* Gene 

Symbol RefSeq No. Description 
young aged 

1. Matrix, Proteases and Inhibitors: 

Adamts1 NM_024400 A disintegrin-like and metalloprotease (reprolysin type) 
with thrombospondin type 1, motif 1 0,65 0,80 

Mmp7      NM_012864 Matrix metalloproteinase 7 0,98 0,69 
Mmp9 NM_031055 Matrix metallopeptidase 9 1,37 1,00 
Mmp10 NM_133514 Matrix metallopeptidase 10 0,47 0,69 
Plau NM_013085 Plasminogen activator, urokinase 0,47 1,17 

Serpine1 NM_012620 Serine (or cysteine) proteinase inhibitor, clade E, 
member 1 1,03 0,85 

Serpinf1 NM_177927 Serine (or cysteine) proteinase inhibitor, clade F), 
member 1 0,93 0,97 

Thbs4 XM_342172 Thrombospondin 4 0,63 0,59 
Timp1 NM_053819 Tissue inhibitor of metalloproteinase 1 0,59 1,04 
Timp2 NM_021989 Tissue inhibitor of metalloproteinase 2 0,49 0,84 
2. Inflammatory mediators: 
Ccl2 NM_031530 Chemokine (C-C motif) ligand 2 0,90 0,70 
Cxcl1 NM_030845 Chemokine (C-X-C motif) ligand 1 0,58 0,43 
Mdk NM_030859 Midkine 0,46 0,36 
Pf4 XM_341192 Platelet factor 4 0,42 1,32 
Ptgs1 NM_017043 Prostaglandin-endoperoxide synthase 1 0,92 0,69 
Tnf NM_012675 Tumor necrosis factor superfamily, member 2 0,49 0,69 
3. Growth Factors( Ligands, Receptors and Inhibitors): 
Angpt1 NM_053546 Angiopoietin 1 0,67 0,82 
Col18a1 XM_241632 Collagen, type XVIII, alpha 1 0,81 0,73 

Edg1 NM_017301 Endothelial differentiation sphingolipid G-protein-
coupled receptor 1 1,26 0,78 

Fgf2 NM_019305 Fibroblast growth factor 2 1,46 0,69 
Nrp NM_145098 Neuropilin 1 0,86 0,70 

Pdgfra M63837 Platelet derived growth factor receptor, alpha 
polypeptide 0,28 0,52 

Pdgfrb NM_031525 Platelet derived growth factor receptor, beta 
polypeptide 0,81 0,64 

Tgfb1 NM_021578 Transforming growth factor, beta 1 0,94 0,68 
Tgfbr1 NM_012775 Transforming growth factor, beta receptor 1 0,83 1,17 
Tgfbr2 NM_031132 Transforming growth factor, beta receptor II 0,96 0,94 
Tie1 XM_233462 Tyrosine kinase receptor 1 0,87 0,87 
Tie2 XM_342863 Endothelial-specific receptor tyrosine kinase 0,87 0,75 
4. Adhesion Molecules: 
Cdh5_ 
predicted XM_226213 Cadherin 5 (predicted) 0,60 0,41 

Vcam1 NM_012889 Vascular cell adhesion molecule 1 0,82 0,54 
5. Transcription Factors: 

Id3 NM_013058 Inhibitor of DNA binding 3,dominant negative helix-
loop-helix protein 0,49 0,40 

Madh1 NM_013130 SMAD, mothers against DPP homolog 1(Drosophila) 0,74 0,75 
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6. Other Related Gene: 

Fn1 NM_019143 Fibronectin 1 0,66 0,82 

Spp1 NM_012881 Secreted phosphoprotein 1 1,02 1,04 
 
Table 8. List of indomethacin induces angiogenesis related genes in the MCAO rat model, young 
and aged treated vs. age-matched untreated groups. The significant Ratio T/ UT* was at least 2, 
only the number written in bold. 
 
A total of 34 genes included in our study, 10 (29,4 %) were differentially regulated in treatment 

groups as compared to corresponding untreated groups at 14 day post-ischemia. All of them 

showed a pattern of significant down-regulation. In young rats treated with indomethacin at this 

time point after MCA occlusion, we observed three down-regulated genes related with matrix 

remodelling: Mmp10, Plau and Timp2. Because Timp-2 has been reported to inhibit Fgf2-

stimulated endothelial cell growth (Baker et al., 2002), this specific down-regulation of Timp2 in 

our study may explain the up-regulation of Fgf2 expression. We found Fgf2 expression it is more 

than double in young than in aged treated groups. The expression of Timp2 is inversed as 

compared to Fgf2.  In aged rats the indomethacin treatment did not influence the gene 

expression of matrix proteases and inhibitors (Table 8). 

As expected, the functional cluster of inflammatory mediators (Table 8) in indomethacin treated 

groups confirmed the down-regulation of chemokines genes.  In young treated vs. the untreated 

group the Pf4/ Cxcl4 and Mdk expression decrease significantly. Also, we observed the diminish 

expression of Tnf. Observable down-regulation of Mdk along with Cxcl1 was present in the aged 

treated group (Table 8). In the aged treated group, however, the inflammatory mediator genes 

have fewer tendencies toward sham-operated control level than young rats (Table 7). 

The drug effect on gene expression of growth factors related to maturation phases of 

angiogenesis is not noteworthy, with the exception of Pdgfra which is down-regulated in young 

treated group. Instead, Cdh5-predicted and Vcam1, adhesion molecules genes suffer a decrease 

only in aged treated animals. Among transcriptions factors, we found only Id3 gene expression 

has been decreased upon indomethacin treatment in both age groups. 

 
IV.4.3. Verification of Microarray data by quantitative Real Time PCR 
 
We have randomly selected 10 (29,4%) genes from 34 differentially regulated genes (at least one 

from each functional cluster) and validated by quantitative Real-Time PCR (qRT-PCR). Of these, 

70% of genes was well matched the microarray results. However, 30% of genes were partially 

overlapped. The qRT-PCR results were considered more significant than microarray data. 

From Matrix, Proteases and Inhibitors functional cluster, we checked up three genes, Mmp7, 

Serpine1, (Fig.21.A) and Timp2 using qRT-PCR. The results of qRT-PCR were expressed as the 

ratio of gene expression in injured cortex to sham cortex after they were normalized to 18sr RNA. 

The microarray and qRT-PCR expression data correlated well for Mmp7 and Serpine 1 and only 

partially for Timp2 gene in young groups. Due to the fold-change of Timp2 from microarray data 

was only 1,3 in aged untreated (UT) and 1,1 in aged treated (T) rats, can be one explanation why 
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they did not correlated well in this case. The cumulative results from array and qRT-PCR showed 

that indomethacin down-regulated Mmp7 gene expression in aged ischemic brain at 14 days 

post-ischemia. Serpine1, also known as plasminogen activator inhibitor-1, didn’t suffer a 

significantly decrease under treatment in both age groups (Fig.23.A). 

 

 

Figure 23. Quantitative Real Time PCR analyses of Mmp7 and Serpine1 (Matrix proteases and 
proteases inhibitors) A; Ccl2, Cxcl1, Cxcl4 (Pf4) and Cox2 (Inflammatory mediators) B. Col18a1 
and Pdgfrb (Growth Factors, Receptors and Inhibitors) C. Vcam1 (Adhesion molecule) D; Id3 
(Transcription factor) E (UT: untreated, black bar; T: treated, grey bar). Stacked column graphs 
show the number of differentially regulated pro and anti-angiogenic genes F (white column 
angiogenic inducers and black column, angiogenic inhibitors). 

Because the major aim of this study is to point out the effect of NSAID indomethacin on 

angiogenesis-related genes expression, the attention was orientated to inflammatory mediators 

which mediated the angiogenic process. The next assessment was to validate the obtained array 

dates of Ccl2, Cxcl1 and Cxcl4 (Pf4) the three genes belong to functional cluster of Inflammatory 

Mediators using qRT-PCR. Separately, for same propose we validated the expression of Cox2 by 
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qRT-PCR (Fig.23.B). Interestingly, the untreated ischemic brain showed obviously age-

dependent changes of two chemokines (C-X-C motif): Cxcl1 and Pf4 expression level at 14day 

after transient focal MCA occlusion. The results of those genes from array and qRT-PCR are 

coherent. Without treatment, Cxcl1 is significantly up-regulated in aged as compared to young 

rats at 14 day time point. In contrast, cerebral ischemia induced strong expression changes of Pf4 

(Cxcl4) in young than in aged rats untreated groups (Fig.23.B).  

Indomethacin treatment, however, tightly controlled the expression changes of these two genes. 

As Fig.23.B. showed, the expression level of Cxcl1 in indomethacin treated groups was greatly 

reduced. This gene is significantly down-regulated after treatment in aged rats.  On the other 

hand this non-steroidal anti-inflammatory drug induces significantly decrease of Pf4 gene level 

only in young ischemic brain at 14 day post-ischemia. The treatment did not influence Pf4 

expression in aged rats. Particularly, indomethacin had strong influence on the decrease of Cxcl1 

in aged rats and Pf4 in young rats (Table 8). 

Although cerebral ischemia greatly induced the gene expression of Ccl2 (C-C motif), the 

indomethacin treatment had no strong effect on the expression change of this chemokine 

(Fig.23.B). Cyclooxygenase-2 (Cox-2), a rate-limiting enzyme for prostanoid synthesis, is induced 

during inflammation and participates in inflammation-mediated cytotoxicity. Cox2 is upregulated 

early after ischemic stroke, but decreased thereafter (Nogawa et al., 1997). As expected, in our 

study we found that Cox2 is down-regulated at 14 days post ischemia in both young and aged 

rats. Although Indomethacin treatment qualitatively further decreased the expression of Cox2 in 

young rats, there is no effect on Cox2 in aged rats (Fig.23.B). 

Next, we have studied the functional cluster of Growth Factors (Ligands, Receptors and 

Inhibitors) which are relevant to vessel maturation, stability and remodeling. We selected Col18a1 

and Pdgfrb to validate microarray results using qRT-PCR (Fig.23.C). 

Col18a1 is not expressed in sham operated animals independent of age. The important up-

regulation of Col18a1 at 14 day post ischemia in both age groups is explained by known anti-

angiogenic role of his C-terminal NC domain, endostatin. Therefore, the up-regulation of Col18a1 

induces endostatin generation which in turn promotes the down-regulation of genes involved in 

endothelial cell migration and proliferation (Shichiri & Hirata, 2001). Indomethacin treatment 

strongly decreased the expression of Col18a1 in young rats at this time point. In contrast, 

treatment did not influence Col18a1 mRNA level in aged rats (Fig.23.C).   

Pdgfrb is a coding gene for one of receptor tyrosine kinases recognized by ligand Pdgfb. Recent 

studies demonstrated that Pdgfb by means of Pdgfrb signal transduction accelerates the 

differentiation of endothelial cells (Rolny et al., 2006). Also PDGFR-β is essential for the pericytes 

recruitment. Our qRT-PCR results of this gene demonstrated moderate up-regulation in young 

and significantly increase in aged injured rats at 14 day post-ischemia. Indomethacin treatment 

decreased the expression of Pdgfrb in aged rats. In young rats, however, The Pdgfrb gene 

expression is not influenced by treatment (Fig.23.C). 
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From the last 2 functional clusters we selected Vcam1 (Vascular cell adhesion molecule 1) which 

is one of Adhesion Molecules and Id3, which belongs to Transcription Factors. 

Vcam1 is up-regulated at 14 days post-MCA occlusion in untreated groups (Fig.23.D). However, 

Indomethacin treatment had no influence on the expression of Vcam1 in both age groups.  

Cerebral ischemia increased the expression of Id3 gene both in young and aged rats. 

Interestingly, Id3 expression is greatly down-regulated in young rats subjected to indomethacin 

treatment almost to sham level. In aged rats, the effect of treatment is not obvious, although it 

showed a tendency toward decrease. In both age groups of sham operated animals, a low 

expression of Id3 gene was observed (Fig.23.E).  

Moreover we compared the number of differentially regulated genes, after subgrouping them in 

pro and anti-angiogenic related (Fig.23.F). Indomethacin reduced the total number of altered 

angiogenetic related genes in both age groups, through down-regulation of inflammatory 

mediators and several MMP/ anti-MMP (Table 7). We observed the angiogenic process in aged 

rats was imbalance after treatment because the number of angiogenic inhibitors did not decrease 

as it did with the young group which had a considerable lower number of those genes. 

Speculatively, we calculated the ratio (R) of inducers to inhibitors gene number and observed in 

aged treatment RaT=1,625<RaUT=2,1 and reverse in younger the treatment showed proangiogenic 

effectiveness RyT=5>RyUT=2,22. 

 

IV.5. Age-dependent effect on angiogenesis following indomethacin treatment  
 
For analyses the indomethacin responsiveness into new vessel status at 14 day post ischemic 

stroke we assessed next triple fluorescent immunostaining experiment with RECA-1, VCAM-1 

and Laminin-1 (Fig.24). RECA-1 is a general endothelial marker in the rat brain, which inclusive 

identified immature vessel endothelial cells (Silverman et al., 1999). New vessels, RECA-1+ are 

always surrounding by Laminin-1 immunoreactivity at this time point. 

Laminin-1 is known important factor of new vessel stabilization (Davis & Senger, 2005). In our 

results we observed Laminin-1 did not show immunoreactivity in contralateral cortex. It was 

present surrounding the stabile vessel in distal area, periinfarct, penumbra and infarct core in 

structure of basal membrane, but also spread in ECM limited to penumbra and infarct core 

(Fig.25). The amount of Laminin-1 was not influence by treatment (Fig.24).  

Other interesting finding from this experiment was special localization of VCAM-1, adhesion 

molecule known to be expressed at late time point after ischemic brain injury. More explicit spatial 

relation is observed in Fig.25. VCAM-1 is not express in contralateral cortex, but already from 

distal area and periinfarct shown moderate immunoreactivity restricted to vascular walls 

colocalized with RECA-1 positive endothelial cells. In penumbra and infarct core VCAM-1 

immunoreactivity was extended perivascular and spotty spread in ECM. Significant in penumbra 

and infarct core we found tubular structures VCAM1+ RECA- Laminin1– (Fig.25). This can be 

related with pro-angiogenic function of Vcam1 in new vessel sprouting. Moreover our treatment 
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did not decrease significantly VCAM-1 in both age groups; those consistent datas are observed in 

mRNA Vcam-1 (Fig.23.D) and also in protein level (Fig.24). 

Taken together the immunofluorescent results showed pro angiogenic affect of indomethacin in 

young rats and the results were opposite to aged rats which had no responsiveness to the 

treatment from this standpoint (Fig.24).  

 
Figure 24. No angiogenic effect in aged and pro-angiogenic result in young rats following 
indomethacin treatment observed using triple immunofluorescent labelling RECA-1 (red) – 
VCAM-1 (green) – Laminin-1 (blue). After treatment adhesion molecule-VCAM-1 (green) showed 
lower reactivity and localization almost exclusively around the new vessel. Matrix protein-laminin-
1 (blue) is not diminishing by treatment. (UT: untreated; T: treated; Original magnification 40x ). 
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Figure 25. Spatial pattern of RECA-1, VCAM-1 and Laminin-1 at 14day postischemic episode.  
RECA1+VCAM1+Laminin1+ immunoreactivity in Ic, Int-Pn, Ext-Pn and Pi with different features: 

 in Ic the triple immunoreactivity shows new vessels integrated in VCAM+Laminin+ ECM, 
 in Int-Pn all three markers are mostly restricted to new vessels walls, 
 yellow arrow in Int-Pn and Ic shows VCAM1+ tubular-like structure, 
 in Ext-Pn, VCAM1+ are restricted to the vascular wall, yellow arrow shows VCAM1+ at abluminal part, 
 in Pi all three markers are completely restricted to new vessels walls, yellow arrow shows endothelial 

cells express VCAM-1. 
In Dis is observed vascular double staining RECA1+VCAM1+. Cl cortex shows only RECA1+ immunoreactivity. 
Ic (infarct core); Int-Pn (internal penumbra); Ext-Pn (external penumbra); Pi (periinfarct); Dis (distal area); 
Cl (contralateral). RECA-1 (red); VCAM-1 (green); Laminin-1 (blue). Original magnification 40x. 
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The fundamental question in our studies is if whether indomethacin improves in general aged 

ischemic brain recovery. Also we verified if angiogenesis process had enhancement by 

indomethacin in elderly ischemic brain. Overall, aging impair the angiogenesis events. 

Therefore we observed the gross feature of right MCA and its territory from unperfused aged rats’ 

brain. The infarcted area is less collapsed and the borders are smoother in treated compared to 

the untreated brain (Fig.26.A.superior view). The right MCA in the treated aged brain has less 

tortuosity, vascular thickening and superficial collaterals network (Fig.26.A.lateral view).  

 

 
Figure 26. Unresponsiveness of aged rats to Indomethacin on angiogenic related process as 
opposed to young in subacute phase of ischemic stroke. (UT: untreated; T: treated; **P< 0,05). 
 

Next we quantified the new vessel in both age groups with and without treatment. For the further 

reason explained, we quantified the RECA1+ Laminin1+ new vessels. We found an unchanged 

number of new vessels in aged treated group. As opposite to aged, we observed a significant 

increase of new vessel number in the young treated group (F= 33,75; P=0,013; α=1,00; Holm-

Sidak method) (Fig.26.B). In addition, our result had shown a significant lower angiogenesis in 

the elder group compared to the young group (F=33,75; P=0,017; α=1,00) (Fig.26.B). 



V. DISCUSSION 

 63

V.1. Neuroprotection by indomethacin in ischemic stroke 
 
Indomethacin is a well-known non-specific cyclooxygenase inhibitor. COX inhibition is presently 

supposed to be neuroprotective in different models of neurotoxicity, neurodegeneration and 

demyelination (Govoni et al., 2001; Pompl et al., 2003; Shibata et al., 2003). Although COX-2 is 

induced in astrocytes and microglia in the inflammatory response to ischemic stroke, neuronal 

COX-2 may play an important pathological role early on, as suggested by the protective effect of 

COX inhibition. In particular, in vitro studies in organotypic hippocampal culture, indomethacin 

reduced injury upon oxygen-glucose deprivation (OGD) and also did not interfere with OGD-

induced periventricle neurogenesis (Chechneva et al., 2006). In vivo, studies using same doses 

as our study have reported that indomethacin abolished the ischemia-induced PGD2 release and 

diminished the extent of injury. These results suggest that prostanoid release may contribute to 

neurodegenerative processes and that cyclooxygenase (COX) inhibitors are effective in reducing 

the neuronal damage caused by ischemia (Buccellati et al., 1998; Govoni et al., 2001; 

Candelario-Jalil et al., 2003; Candelario-Jalil et al., 2004). Alternatively, Candelario-Jalil et al., 

(2003) have demonstrated that the neuroprotective effects of COX inhibitors are achieved by the 

decrease of ischemia-induced oxidative damage. In addition to inhibit COX activities, 

indomethacin was also found to direct NO´ scavenging effects (Asanuma et al., 2001).  

Considering those previous studies we hypothesize indomethacin may have neuroprotective 

effect in our ischemic stroke model. In our present experiment, ischemic neuronal damage in rat 

brain cortex following transient focal ischemia is ameliorated by continual 14 days indomethacin 

treatment starting 4 hours post ischemia. Indomethacin considerably decreased the infarct 

volume after 14 days treatment in both young and aged rat groups with focal cerebral ischemia (-

39,36%±2,9% in young and -35%±2% in aged group). In treated groups, the IHC with NeuN 

(mature neuronal marker) showed surviving neurons in infarct core. Indomethacin treatment 

influenced particularly the morphology of penumbral neurons. After treatment, neurons in this 

area appeared intensified NeuN immunoreactivity and showed evidence of neurites outgrowth in 

both age groups. Although NeuN immunostaining is intense in neuronal nuclei, the perikaryal 

cytoplasms in some neurons are stained, and this can extend into proximal process (Polgár et al., 

2005). To further attest indomethacin induced neurite outgrowth, additional immunomarkers 

(MAP2 or angiotensin AT2 receptor) need to be used. Previous studies demonstrated 

indomethacin activated peroxisome proliferator-activated receptors gamma (PPARγ) (Lehmann et 

al., 1997) and PPARγ activation is essential for angiotensin AT2 receptor-mediated neurite 

outgrowth (Zhao et al., 2005). Recently, Li et al., (2005a) showed that over-expression of 

angiotensin AT2 receptor predominantly in neuronal neurites protected against cerebral ischemia 

and induced intense neurite outgrowth which was correlated to superior neurological outcome.  

From our results, NeuN immunostaining demonstrated more surviving neurons after treatment. 

We suppose that the surviving neurons might preserve their function since the indomethacin 

protected against neurological deterioration in the first three days after ischemic episode. Our 
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neurological assessment findings were concordant with the above hypothesis and showed 

significant restricted decrease in the first week of treatment. Remarkably, indomethacin treatment 

rescued neurological decline at 24 hours after onset of ischemic stroke both in young and aged 

groups. The treatment reduced 7% of the early post-stoke drop in inclined plan. Moreover, the 

treatment stopped the continuous decline of performance from the first day to the third day which 

is the lowest point in aged untreated rats. Both treated groups begin the continued recovery 

process after the first day post-stroke. The results from inclined plan were confirmed also by the 

beam-walking test (performance of speed and score) in both age groups. In particular, 

indomethacin protected aged rats effectively from early severe impaired performance with 15,9% 

in the  first three day post-MCAO. The aged treated group in this test showed more sensitivity to 

the drug during the first three days than young rats.  

Similar neurological results were obtained after NSAID (COX2 inhibitor) administration in young 

male Sprague-Dawley rats with focal transient ischemia model (Candelario-Jalil et al., 2004) or 

with traumatic brain injury (Gopez et al., 2005). Although there are numerous studies reported 

that indomethacin or other NSAIDs improved age-dependent neurological and cognitive deficit in 

neurodegenerative diseases in animal model and patients trial (Alzheimer's disease) (Townsend 

& Pratico, 2005; Weiner& Frenkel, 2006), studies on ischemic stroke in the context described 

above are limited. O’Collins et al., (2006) studied the data from large experimental treatments in 

acute stroke and found only one trial reporting that indomethacin treatment has been given to 

acute stroke patients. In this trial, Nechipurenko et al., (2001) observed that indomethacin 

treatment daily for 14 days after stroke decreased the neurological deficit in patients with 

ischemic stroke. 

 
V.2. Indomethacin decreases phagocytic activity in infarct core in young and is not 
effective in aged rats 
 
It is very important to define the meaning of the term „activated microglia” (Streit et al., 1998). The 

increasing number of papers about „reactive” microglia or „activated” microglia created confusion 

in data interpretation. Morphologically, “activated” microglia is identified as hypertrophic with 

thicker and shorter processes. Frequently those morphological changes are correlated with 

microglial hyperplasia, but the histological transformation from ramified resting microglia to the 

amoeboid microglia does not necessarily reflect their function in specific environment. The 

traditional macrophagic/ microglial marker ED1 (recognizes a lysosomal membrane glycoprotein 

that is a rat homolog of human CD68) can be useful only to assess the phagocytotic activity of 

those cells. Similarly, another immunohistological marker also reflects the only one protein level, 

for example: Iba1, a novel cytokine-inducible EF-hand protein recognizing the ionized calcium-

binding adapter molecule 1, is highly and specifically expressed in microglia/macrophages (Imai 

et al., 1996) and is expected to be a key factor in membrane ruffling by facilitating cell migration 

and phagocytosis (Ohsawa et al., 2004). It is important to clarify if or how the changes in 

microglial morphology correlate with changes in cytokine, chemokines, growth factor, lysosomal 
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and cytoskeletal protein. Moreover the possible autocrine and paracrine signalling which 

provoked intense immunoreactivity for one antigen or up-regulation of one gene in „activated 

microglia”  needs to be mentioned within particular model of study.  

At day 14 after ischemic episode, our findings in areas corresponding to NeuN negative 

immunostaining, showed a strong induction of phagocytic microglia/ macrophages specific 

antigen occurred, that was demonstrated by a high immunoreactivity of the lysosomal marker 

ED1, and indicated a phagocytic transformation in both untreated age groups. Morphologically, 

ED1 immunoreactivity was observed as independent vesicles or coalescent cytoplasmatic mass 

within amoeboid microglia or phagocytic macrophages in infarct core. Also, we did not observe 

any difference on ED1 immunoreactive level (very low level) between ages in sham operated 

animal. Those results are consistent with previous study in our lab (Badan et al., 2003b). 

After indomethacin treatment, our findings showed a reduction of ED1+ inflammatory cells 

(macrophagic/ microglial phagocytic activity) in infarct core of the young rat group. Also, the 

proliferation of phagocytic cells decreased under daily indomethacin treatment in young rats. 

There is statistically a significant decrease of ED1-BrdU positive cells in infarct core of the young 

treated group comparison with the equivalent untreated group. However, it is impossible to 

morphologically distinguish the fully activated microglia from monocyte/ macrophages by ED1 

staining, but we speculate indomethacin decreases inflammatory cells probably by reducing the 

blood-borne macrophage population. 

Our results agree with the recent study of Hoehn et al., (2005). They have shown that 

indomethacin reduced microglial/monocyte phagocytic activity in male young rats following focal 

cerebral ischemia. Using the ratio of ED1+ to CD11b+ cells the authors showed ED1 

immunoreactivity was reduced significantly in CD11b positive cells, in infarcted area. CD11b 

(Integrin Alpha M) is commonly used as a microglial/ macrophagic/ granulocytes marker.  

Contrary to the young, indomethacin was not effective in aged animals. Particularly, indomethacin 

did not influence ED1 immunoreactivity in infarct core in aging. One explanation of this 

unexpected result is possibly that elderly rats have elevated macrophagic synthesis of Cox2. 

Indeed, recent studies in aging macrophages highlighted that higher cellular ceramide 

concentration probably mediated by up-regulation of NFκB induced increase of Cox2 level 

(Claycombe et al., 2002; Wu et al., 2003). Furthermore, in aging brain during increased neuronal 

apoptosis after ischemia, endogenously produced ceramides were augmented, which in turn 

activated microglia (Akundi et al., 2005). Thus, aging could contribute to the amplification of 

neuroinflammatory events and partial inefficiency of anti-inflammatory drug in elderly. 

There are already numerous studies which try to elucidate the functional role of amoeboid 

microglia in CNS pathology. Most of these studies attributed a detrimental role (proinflammatory 

and neurotoxic factors) to amoeboid (fully activated) microglia (Lees, 1993; Mabuchi et al., 2000; 

McGuire et al., 2001; Liu & Hong, 2003). For example, it is already known the importance of 

amoeboid microglia, macrophages, and their interleukin-1ß production in gradual expansion of 

cerebral infarction (Mabuchi et al., 2000; Basu et al., 2005). However, it is clear by phagocytic 
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clearance of cellular debris and apoptotic cells that amoeboid microglia prepares the injured 

territory for possible repair or regenerative events (Savchenko, 1998; Lai & Todd, 2006). 

 

V.3. Indomethacin enhances the neuroprotective response of innate immune system after 
ischemic stroke 
V.3.1. Iba1 involved in microglial response to indomethacin treatment 
 
Unexpectedly, indomethacin treatment induced the hyperplasic reaction of moderate reactive 

microglia Iba1+ in penumbral area in both age groups. Iba1 is a microglial/ macrophagic marker 

and is specifically expressed in resident microglia. Also it has been suggested that Iba1 plays an 

important role in the regulation of resident microglial function and can be associated with 

microglial activation in ischemic brain; their study was done only in young, male Sprague-Dawley 

rats (Ito et al., 2001).  

In advance, we quantified Iba1 expressions in periinfarct area at 14day post-ischemic stroke. In 

the groups which did not receive treatment we observed that Iba1 expression was significantly 

higher than sham-operated animal groups and this overgrowth level was not influenced by age. 

Iba1 immunoreactivity was mostly restricted to moderate activated, proliferating microglia, 

(preceding their phagocytic state), in ischemic penumbra at this time point. 

For assessment of detrimental or beneficial role of Iba1 correlated with moderately activated 

microglia, some studies in this field were reviewed. Iba1 might be a relevant monokine in the 

activation of microglia before it turns into a phagocytic state and controls the velocity of debris 

removal crucial for axonal regeneration after spinal cord injury (Schwab et al., 2001). On the other 

hand, Iba1 contains an EF-hand-like motif that is characteristic of an evolutionary family of 

calcium-binding proteins, assumed to play a role in modulation of calcium activation, calcium 

buffering and structural stabilization (Fromherz & Szent-Gyorgyi, 1995; Schwab et al., 2001). Also 

Iba1/L-fimbrin interaction is employed in modulating F-actin reorganization to facilitate microglial/ 

macrophagic motility (membrane ruffling) mediated by Ca2+ dependent Rac activation with 

phospholipase C-γ (PLC-γ) involvement in this pathway (Kanazawa et al., 2002; Ohsawa et al., 

2004). Moreover, stimulation with bacterial lipopolysaccharide, of transfectants that 

overexpressed AIF-1 (Iba1) produced significantly large amounts of neuroprotective interleukin 

(IL)-6, IL-10 and IL-12p40. These results suggest that Iba1 plays an important role in 

monocyte/macrophage cells after inflammatory stimulation by augmenting particular cytokine 

production (Watano et al., 2001). Taken together, increases of Iba1+ moderate reactive microglia 

may have a neuroprotective role in subacute phase of ischemic stroke. 

Moreover, in our findings, indomethacin treatment significantly increased the intensity of Iba1 

staining as well as the number of activated microglia in the peri-ischemic area of both age groups 

in our stroke model. An interesting fact is the significant increase of Iba1 expression levels in 

aged ischemic brain after a 14day treatment with non-selective COX inhibitor, indomethacin. Up 

to now, the effect of age and indomethacin on Iba1 immnunoreactivity after ischemic stroke has 

not been studied. 



V. DISCUSSION 

 67

The possible reason that indomethacin enhances Iba1 level in reactive microglia is that it 

activates GM-CSF Ras/Rac dependent signal transduction pathways and AP-1 and Ets 

transcription factors. Iba1 is involved in the Ras/Rac signaling pathway (Imai & Kohsaka, 2002). 

The relative increase of GM-CSF can be explained by the inhibitory effect of indomethacin on 

Cox2. It is known the ability of Cox2 overexpression as being responsible for inhibiting GM-CSF 

release and it is mediated via traditional EP prostanoid receptors linked to cAMP-dependent 

pathways (Bishop-Bailey et al., 2002). 

Recently, Zacharowski and colleagues (2005) showed in an in vitro study, NSAIDs enhance GM-

CSF production in human synoviocytes or in vascular (Stanford et al., 2000) and airway smooth 

muscle cells (Saunders et al., 1997). Furthermore, in paracrine signaling loop astrocytic GM-CSF 

stimulated proliferation and morphological changes of microglia (Suzumura et al., 1996). Also 

microglia was found proliferated and activated in autocrine loop by M-CSF and GM-CSF 

production (Raivich et al., 1991; Nakajima & Kohsaka, 2001; Nakajima et al., 2006). It has been 

demonstrated by Guidez et al., (1998) that GM-CSF and M-CSF receptors however are 

unrelated, both couple to Ras-dependent signal transduction pathways, suggesting that these 

pathways might account for common actions of GM-CSF and M-CSF on the expression of 

macrophage-specific genes. Once more Nakagawa et al, (2006) demonstrated that intracarotid 

injection of GM-CSF induces neuroprotection in a rat transient middle cerebral artery occlusion 

model via activation of microglia/macrophages (Ox42+) and possibly also enhances Iba1 

expression. 

 

V.3.2. Indomethacin treatment enhances expression of Iba1+ Annexin A3+ reactive 
microglia in periinfarct 
  
In order to investigate the Iba1 protein during microglial activation, we analysed the simultaneous 

occurrence of other protein presented in resting and activated microglia, the newly discovered 

microglial Annexin A3 (Konishi et al., 2006; Suofu et al., (unpublished observation). Konishi and 

colleagues, (2006) showed that Annexin A3 (Anx3) was localized in microglia and its expression 

was markedly induced in response to nerve injury in young male Wistar rats. Suofu et al., 

(unpublished observation) also demonstrated Anx3 expression was prominently observed in 

microglia throughout the process of regeneration in reversible ischemic stroke model. Our 

findings obtained by double immunofluorescence staining using primary antibodies against Iba1 

and Anx3 revealed colocalization of these proteins in all reactive microglia in periinfarct at 14 day 

post-stroke. 

Once more, Anx3 single immunostaining had almost similar pattern like Iba1 in periinfarct, with 

increased signal in treatment group. Besides, indomethacin treatment in our stroke model in both 

age groups significantly increased the intensity of staining as well as the number of (Iba1+ 

Anx3+) moderate activate microglia in the peri-ischemic area.  

Remarkably, the indomethacin treatment enhanced Iba1+Anx3+ immunoreactivity in aged rats in 

periinfarct. By observing cell phenotypes and the completely absence of amoeboid form of fully 
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activated microglia, which can be easily mistaken as haematogenous macrophages, we 

concluded that treatment enhances the proliferation and moderated activation of resident 

microglia (Iba1+ Anx3+) in periinfarct.  

One possible explanation of the presence of this two proteins in resting microglia and concordant 

augmentation of their level in hypoxic condition is related in both cases with calcium homeostasis 

control and cell or branches motility (Nimmerjahn et al., 2005) induced by environmental Ca2+, 

chemokines concentration (Ohsawa et al., 2004; Petersen & Dailey, 2004; Konishi et al., 2006). 

Farther, the possible signal pathway that indomethacin enhanced Iba1 described above can be 

applied to Anx3. One argument is the common behavior of these two proteins in mediating the 

dynamic rearrangement of F-actin in the membrane ruffling, which is fundamental for cell motility 

(Small et al., 2002; Kanazawa et al., 2002; Ohsawa et al., 2004; Konishi et al., 2006). Besides, it 

is possible that Iba1 and Anx3 in activated microglia  have synergic function in cell motility in a 

Ca2+ dependent manner and are under similar paracrine and autocrine control, though more 

precise analysis is necessary. 

 

V.3.3. Inflammatory mediators in indomethacin treated groups 
Aging is critical for Cxcl1 and Cxcl4 induction 
 
The understanding of the inflammatory responses mediated by innate immune system of brain is 

important in the development of novel therapies to treat inflammatory CNS diseases (Wang et al., 

2006). Also, in order to explain the molecular basis of indomethacin effect, the present study was 

undertaken to identify differentially regulated inflammatory related genes in ischemic brain by 

means of the microarray technique and real time PCR. 

Additionally, immune response is age-dependent. Because of this, emphasis of basal (normal) 

background – young or aged systems (CNS, vascular system, peripheral immune system and 

their interaction) need to be pointed. There are known alterations that occur during normal aging 

in the immune or nervous system which may set the conditions for neurodegenerative disorders 

or play the particular genetic predisposition to acute environmental changes, while other age-

related changes may represent adaptive responses to the aging process (Song et al., 1999; 

Peters, 2002; Licastro et al., 2005). 

In our findings, as expected, studies of the functional cluster of inflammatory mediators in 

indomethacin treated groups confirmed the down-regulation of chemokine genes. Observable 

downregulation of Mdk in both age groups toward the basal level is contrast with Ptn 

(pleiotrophin) expression level which was not influenced by indomethacin. Mdk and Ptn are 

heparin-binding growth factors and both promote neurite outgrowth (Li et al., 1990; Rauvala et al., 

1994) and nerve cell migration (Maeda & Noda, 1998). Adjacent to those, known function of Mdk 

has been demonstrated to induce chemotaxis of PMN and it suggests a novel role for this 

chemokine in inflammation-mediated angiogenesis (Schruefer et al., 2006). However, the 
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influence of Mdk downregulation was not observed in neuronal survival, angiogenesis or 

neurofunctional outcome.  

In particular, we found an age-related response of several chemokines to indomethacin 

treatment. In young rats, treatment decreased Pf4/Cxcl4 and Tnfα expression. Tnfα down-

regulation in young rats can be associated with diminish of delayed neuronal death and apoptosis 

(Slevin et al., 2005; Sotgiu et al., 2006). In aged rats, the treatment did not influence the 

expression of those pro inflammatory genes. On the other hand, in aged, indomethacin induces 

observable downregulation of Cxcl1. Indomethacin therapy has limited effect on reducing the 

expression of the inflammatory mediator genes toward sham level in the aging brain.  

Below we discuss two chemokines (C-X-C motif) with special age-related influence of pattern.  

Without treatment, age-dependent gene expression changes of Cxcl1 and Pf4 were obvious at 

14day after transient focal MCAO. In particular, Cxcl1 is significantly up-regulated in aged rats as 

compared to young rats at this time point. In subacute phase of ischemia, the significant up-

regulation of Cxcl1 may suggest a severe impairment of aging brain. Probably this result is linked 

to aged-related Cox induced excitotoxicity mediated mainly by prostaglandin E2 (PGE2), which is 

the possible pathogenic factor in the injured brain (Andreasson et al., 2001). PGE2 induces the 

expression of Cxcl1 in reactive astrocytes and microglial cell. It has been shown that the degree 

of glial activation appears to be related to aging in rodent brain and also exacerbated by brain 

injury (del Valle et al., 2003). Taken together, the upregulation of Cxcl1 might indicate a stronger 

inflammatory reaction in the aged brain after stroke, which in turn impairs the functional recovery. 

Furthermore, Tsai et al., (2002), using in vitro and in vivo studies, demonstrated Cxcl1 inhibited 

PDGF induced oligodendrocyte precursor migration by paracrine signalling through Cxcr2. Up to 

now, Cxcr2 is the only chemokine receptor that has been detected in oligodendrocyte precursors. 

Also they showed the migrational arrest was reversible and Cxcl1 concentration dependent.  

With indomethacin treatment, we observed that expression level of Cxcl1 was significantly down-

regulated in aged rats and was correlated with improvement of motor function. Also, Cxcl1 

transcription level was decreased in the young treated group.  

Hoehn et al., (2005) in one similar experiment with daily indomethacin treatment in young male 

Sprague-Dawley rats found NG2 (chondroitin sulfate proteoglycan) co-labelling with BrdU in the 

cortex (peri-infarct) was mostly enhanced at 14 days post-ischemia (6.4-fold), suggesting 

increased production or survival of newborn oligodendrocytes. Corroboration of such data with 

our findings helped us to conclude that Cxcl1 down-regulation after indomethacin treatment 

enhances survival and migration of oligodendrocytes precursors. Meanwhile, there is growing 

evidence that these NG2 positive glial progenitors are able to respond to a demyelinating insult 

by division and/or migration and can repopulate the lesion site with sufficient oligodendrocytes for 

rapid repair (Levine et al., 2001; Tanaka et al., 2003). The above changes are part of the 

restorative processes of brain tissue, which, to a certain extent, may underlie partial functional 

recovery 14 days after MCAO (Shen et al., 2006).   



V. DISCUSSION 

 70

In contrast to Cxcl1 gene expression level, Pf4 (Cxcl4) was strongly increased in young as 

compared to aged animals in our findings. On the other hand, indomethacin treatment induced a 

significant decrease of Pf4 gene expression level only in young ischemic brain at 14 day post-

ischemia. The treatment did not influenced Pf4 expression in aged rats. Pf4 (platelet-derived C-X-

C chemokine) prevents human monocytes from apoptosis and promotes differentiation of these 

cells into macrophages with high and unspecific phagocytic activity (Pervushina et al., 2004).  

This suggests aging is associated with a number of altered genes in a specific functional category 

which extend the pathophysiological aberrations after stoke, in particular in injury-induced 

inflammatory response and less responsiveness to anti-inflammatory therapy. 

In addition, although cerebral ischemia greatly induced the gene expression of Ccl2 (C-C motif), 

the indomethacin treatment had no effect on the expression of this chemokine in both ages 

groups. The correlation of our result with earlier findings supports us to conclude that 

indomethacin moderates pro-inflammatory chemokine expression with respect to Ccl2 which has 

neuroprotective role (Eugenin et al., 2003; Wittendorp et al., 2004). Moreover, it needs to be 

pointed out that the indomethacin is more effective in young rats, which is reflected also by 

excellent neurofunctional recovery.  
 
V.4. Angiogenic-related gene expression after indomethacin treatment in subacute phase 
of ischemia with emphasis in aged  
 
The molecular regulation of vessel remodelling, maturation, and stabilization (Harrigan, 2003) is 

the „step daughter” of present knowledge in ischemic angiogenic process. Maturation of the 

endothelial network involves remodelling of new formatted capillary and their organization into a 

structured network of branching vessels (Carmeliet, 2000). Because vessel remodelling reflects 

equilibrium between the angiogenic and angiostatic factors, it is expected that the unbalanced 

expression of angiostatic factors contributed to the resolution of postischemic angiogenesis 

(Risau, 1997; Lin et al., 2002). Yu et al., (2006) showed that ischemia evoked angiogenesis.  

To observe the differential gene expression status of angiogenesis process between young and 

aged as described above, we have performed and analysed low-density angiogenesis-related 

gene expression array. Next, we studied using same arrays whether indomethacin induce or 

impair the angiogenic-related genes transcription. Differentially regulated genes were organized 

in functional cluster, but it must be specified that the complex process of new vessel remodeling 

and maturation employs concomitant action of different functional cluster: (1) Matrix, Proteases 

and Inhibitors; (2) Inflammatory mediators; (3) Growth Factors (Ligands, Receptors and 

Inhibitors); (4) Adhesion Molecules; (5) Transcription Factors; (6) Other Related Gene. In the end, 

the attempt is to explain how the pleiotropic roles of regulated genes influence the functional 

recovery, with emphasis on ischemic aged animals. 

Matrix, Proteases and Inhibitors represent an important balance in the remodeling process, 

control the degradation of the newly synthesized extracellular matrix protein (ECM) to facilitate 

cells or axonal sprouting in the repair/ regeneration tissue process and also interfere with late 
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inflammatory response. Most important for our topic, MMP and their inhibitors function in new 

vessel remodeling by controlling the branching pattern through regulating proliferation and 

apoptosis of endothelial and mural cells (Jain, 2003). Without indomethacin treatment, we 

observed the expression of MMP and MMP inhibitors has in general similar pattern in young and 

aged animals except Serpine1 and Thbs4. In our findings, Serpine 1/PAI-1 expression was 

significantly lower in elderly than in young rats while Plau level was similar in both age groups.  

Besides the known haemostatic and angiogenic function, brain Serpine1 is expressed in different 

cell types (astrocytes and endothelial cells) and mediates the neuroprotective activity of 

transforming growth factor (Tgfα and Tgfβ1) against N-methyl-d-aspartate (NMDA)-mediated 

excitotoxicity and neuronal death (Gabriel et al., 2003). Serpine1 prevents the disintegration of 

the neurite network in serum-free conditions, while the absence of Serpine1 triggers apoptosis 

(Soeda et al., 2004) and the strong increase in Serpine1 mRNA observed after axotomy and 

deafferentation provides a pro-survival signal for neurons (Del Signore et al., 2006). On the other 

side, it was demonstrated that Serpine1 inhibits the early neutrophil influx at the site of 

inflammation (Lijnen, 2005). Taken together it is possible Serpine1 may provide neuroprotection 

in our model of young animals. On the other hand, we observed only relative higher level of 

Thbs4 in aged (this cluster comprised of 10 genes of with ratio 1,8 more the sham level). 

In young rats, indomethacin had significant effect by down-regulating several transcripts including 

Mmp10, Plau and Timp2 toward the sham age-matched controls levels. The activity of 

metalloproteinases is tightly regulated in young rats, as these molecules are potent proteolytic 

enzymes that are capable of widespread destruction. Although the remodelling process is well-

organized and simplified after treatment (in our results by balancing Mmp7 and Timp1) in young 

rats, treatment received few responses regarding to this cluster of genes in aged rats.  

Once more, Mmp10 (Stromelysin 2) which can degrade different components of vessel basal 

membrane and extracellular matrix (aggrecan, gelatine, proteoglycan link protein, elastin, 

fibronectin, laminin and collagen type III, IV, V, IX, X), enables vascular permeability (Yong et al., 

2001). The decrease of transcriptional level of this gene can improve vessel maturation in young 

ischemic brain. Because Timp-2 has been reported to inhibit Fgf2-stimulated endothelial cell 

growth (Baker et al., 2002; Jiang et al., 2002), this specific down-regulation of Timp2 in our study 

may explain the up-regulation of Fgf2 expression. In the young treated group, we found Fgf2 

expression is more than doubled as compared with aged treated group.  
In aged rats, among others, upon treatment only Mmp7 has dropped toward sham-operated 

control level, while there is no expression change in young animals. First regulatory step of Mmp7 

and Mmp10 is at the level of transcription, as most MMPs are normally not constitutively 

expressed but are transcribed after brain injury. Transcription of many MMPs is promoted by 

inflammatory cytokines, growth factors, chemokines, oncogenes and cell–cell or cell–matrix 

interactions, possibly in an age-dependent manner (Yong, 1999; Yong et al., 2001). 

Understanding the accumulation of known molecular impairments during normal aging might 

interpret, from transcriptional level, why the young and elder ischemic brains responded 
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differently to indomethacin treatment. In aging brain, arachidonic acid pathway is more active. 

Phospholipase A2 activity is increased in the aged rat brain, showing an increased affinity for 1-

acyl-2-arachidonoyl -sn-glycerophosphorilcholine and causing an increase in lysophospholipid 

content (Terracina et al., 1992). Consecutively, age-related increase of basal DNA-binding activity 

of NF-κB has been suggested to reflect increased oxidative stress exclusively in aged cortex 

(Sanguino et al., 2006), and increased Cox2 and numerous cytokines and chemokines could be 

observed. The ischemic consequence in aged brain from the perspective described above have 

in aged critical results: the anti-inflammatory treatment is not effective in therapeutic doses and 

probably new vessel network leak and progress to quick resolution.  

The differentially regulated genes included in the cluster of inflammatory mediators were not only 

implicated in inflammatory response as we pointed out in earlier section but also in angiogenesis 

in subacute phase of ischemic stroke as described below. We have already known that aging 

induced Cxcl1 up-regulation at 14 days post ischemic stroke brain. Cxcl1 belongs to ELR+ C-X-C 

chemokines which have proangiogenic activity distinct from inflammatory induction propriety 

(Belperio et al., 2000). Also we observed that in aging ischemic brain, Cxcl1 had a delayed 

induction as opposed to young. The pick expression of Cxcl1 in young was at 3 days reperfusion 

(data not shown). We did not check the Cxcl1 in acute phase of ischemic stroke. The up-

regulation of Cxcl1 might link to age-dependent increase of NFκB expression which in turn 

enhances transcription of numerous target genes, including Cxcl1. To the best of our knowledge, 

there is no study about the expression of Cxcl1 in aging brain in subacute phase of ischemic 

stroke. The late up-regulation of Cxcl1 probably is related to the delayed angiogenic response in 

aging ischemic brain. 

Separately, studies confirmed Cxcl1 is one of proangiogenic chemokines. This was supported 

using both in vitro (endothelial cell chemotaxis) and in vivo (rat cornea neovascularization) 

analysis (Belperio et al., 2000), angiogenesis in cutaneous wound healing (Gillitzer & Goebeler, 

2001) or in tumor angiogenesis (Wang et al., 2006). The special connection between COX2/ 

PGE2 and chemokine signalling pathways was demonstrated in colon carcinoma. In particular, 

Wang et al., (2006) demonstrated PGE2 induces CXCL1 expression which involves activation of 

the epidermal growth factor receptor (EGFR)–mitogen-activated protein kinase (MAPK) pathway. 

They also showed in vitro and in vivo, PGE2 treatment enhanced CXCR2 in endothelial cells and 

CXCL1 release from tumoral cells, and induced endothelial cell migration and tube formation  

As expected, in comparison with the untreated group, indomethacin treatment most significantly 

down-regulated the angiogenic related genes belonging to the functional cluster of inflammatory 

mediators. In our findings again Indomethacin was more effective in the young rather than in the 

aged animal. We observed down-regulation of pro-angiogenic Tnfα, Cxcl1 and anti-angiogenic 

chemokine Pf4/ Cxcl4 in young. Taken together, indomethacin reduced most of inflammatory 

angiogenic related genes expression, a tendency toward sham-operated control level. In 

accordance with our results, Sacco et al., (1998) showed indomethacin significantly decreased 

the levels of Tnfα in the cerebral cortex of young rats with ischemic stoke.  
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Aging is characterized by a strong down-regulation of Cxcl1 while Tnfα and Cxcl4 had no 

expression changes under indomethacin treatment. Brain Tnfα production is inhibited by cyclic 

AMP-elevating agents (Sacco et al., 1998). Because our study is not so extended, we can only 

speculate the possibility of cAMP/ PKA/ CREB pathway decrease with aging (Chung et al., 2002) 

or PGE2/ EP3 downstream pathway is not efficient in aged. On the other hand, NFκB might be 

the critical key difference between young and old. Age-related increase of NFκB induces Tnfα 

which in turn activates NFκB signalling by positive loop. In turn, Tnfα can inhibit cAMP synthesis 

particularly in microglia (Patrizio, 2004). 

CXCR3B mediated the angiostatic activity of Cxcl4 (ELR- CXC chemokines) (Lazzeri & 

Romagnani, 2005), but the specific downstream pathway in ischemic brain was not described. 

From our result, Cxcl4 expression pattern was altered by indomethacin treatment and had 

similarity with Tnfα. In addition, we demonstrated in remodelling phase of ischemic brain Cxcl1 is 

induced by PGE2 signalling in both age groups being that indomethacin had observable effect.  

Growth Factors (Ligands, Receptors and Inhibitors). Without treatment, the mRNA of several 

molecules related to three proangiogenic pathways including Pdgf, Tgfb1 and Angiopoietin, which 

determine vessel wall and network maturation, showed no significant expression changes in aged 

post ischemic rats as compare with young. For example, downregulation of Tie1 and Tie2 

(endothelial cells) from angiopoietin pathway in aged rats suggested that new vessel networks do 

not follow the hierarchical branching pattern of normal vascular network (Jain, 2003). Moreover, 

the attenuated increase of Tgfbr2 expressed by endothelial cells and mural cells may be 

associated with a decreased amount of extracellular matrix in aged rather than in young rats.  

On the other hand, Pdgfrb which is recognized to promote proliferation, migration and recruitment 

of pericytes had same folds of upregulation both in young and aged rats. Recent studies 

demonstrated that Pdgfb singling through Pdgfrb accelerates the differentiation of endothelial 

cells (Rolny et al., 2006). In our study, Pdgfra is strongly induced both in young and aged rats 

after ischemic stroke and has no aged-related changes. Interestingly, Pdgfa, the ligand of Pdgfra, 

is expressed in sham-operated control, and its expression is not influenced by ischemic stroke.  

Further, Col18a1 which is described in brain only along the basement membrane zones of 

vessels in choroid plexus (Muragaki et al., 1995) and in normal cortex with very low transcription 

level, was upregulated in both age groups at day 14 after ischemia in our findings. The 

importance of Col18a1 up-regulation in subacute phase of ischemic stroke is related to anti-

angiogenic role of its C-terminal NC domain, endostatin. Therefore, the up-regulation of Col18a1 

generates endostatin by the action of various proteases, including cysteine proteinases, matrix 

metalloproteinases (MMP) (Ferreras et al., 2000). The produced endostatin had anti-angiogenic 

activity by inhibiting endothelial cell migration (Yamaguchi et al., 1999), inducing vessel 

stabilization (Ergun et al., 2001), endothelial cells apoptosis (Dhanabal et al., 1999) and possible 

vessel regression. Also it is known endostatin impairs vessel maturation during wound healing 

(Bloch et al., 2000). In recent study Deininger et al., (2006) showed an increase of 
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endostatin/collagen XVIII+ macrophages/microglial cells and paracellular but not in astrocytes up 

to day 14 in brain trauma. 

With treatment, the effect of indomethacin on gene expression of growth factors and inhibitors 

related to maturation phases of angiogenesis is not noteworthy, with exceptions of Pdgfra and 

Col18a1 which are downregulated in the young treatment group. In aged rats, the treatment did 

not influence Col18a1 mRNA level and had minor influence in down-regulation of Pdgfra. There 

are studies which demonstrated Pdgf stimulates cAMP synthesis through a cPLA2/ Cox2/ PGE2 

dependent pathway (Graves et al., 1996; Chen et al., 1997). In turn, experiments in vascular 

smooth muscle cells (SMCs) indicate that the transcription factor cAMP response element-

binding protein (CREB), the cyclic nucleotide response element-binding protein, suppresses the 

expression of the Pdgfra gene (Watson et al., 2002). To the best of our knowledge, data is still 

lacking on the role Pdgfra in angiogenesis. Kanda et al., (1996) showed that brain capillary ECs 

proliferate in response to PDGF-BB, whereas they do not respond to PDGF-AA. Also recent 

studies indicated that PDGF inhibits the angiogenic properties of bFGF or Pdgfrb in vitro and in 

vivo, likely through Pdgfra stimulation (Yu et al., 2000; De Marchis et al., 2002).  

Previously we specified Col18a1 was downregulated only in young rats upon treatment with 

indomethacin. A similar signal transduction like described above for other age-related 

unresponsive gene to indomethacin can be proposed for Col18a1. Shichiri & Hirata, (2001) 

showed that endostatin treatment activated cAMP-dependent protein kinase and increased 

intracellular cAMP in a dose-dependent manner and in turn, cAMP-elevating agents appear to be 

a key negative regulator of several collagens (Liu et al., 2004).  

Our array contains a few number of transcription factors, but it is interesting to find the 

ineffectiveness of indomethacin on the expression of Madh1/Smad1 which is upregulated after 

stroke, whereas indomethacin strongly repressed the increase of the Id3 observed after ischemic 

stroke toward sham-operated control level. Lux et al., (2006) explain angiogenic process and 

vessel maintenance are based on TGF-beta1/ ALK1 (activin receptor-like kinases 1) stimulated 

the Smad1/Smad5 pathway. 

Once more in our findings, cerebral ischemia increased the expression of Id3 gene both in young 

and aged rats, which is in accordance with a study done in spinal cord injury model by Tzeng et 

al., (2001), who found Id3 is up-regulated in astrocytes, immature oligodendrocytes and probable 

reactive astrocytes at late time point of post-injury. And also Tzeng et al., (1999), suggested that 

TNFα-induced Id3 may be involved in the formation of activated ED1+ microglia in the rodent 

brain. Little is known about the involvement of Id3 during angiogenic process in the adult brain. 

Id1 and Id3, but not Id2, are expressed in endothelial cells during embryo brain angiogenesis 

(Jen et al., 1997). Other data proposed the up-regulation of Id1 and Id3 promotes angiogenesis in 

vitro (Sakurai et al., 2004) or tumor (Lyden et al., 1999). Our data suggest Indomethacin has an 

anti-angiogenic effect by downregulating Id3 directly through inhibition of Cox/PG pathway or 

indirectly by cytokines downregulation. 
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On the other side, two proteins were employed in matrix remodelling after stroke: Fn1 and 

Spp1/osteopontin increased in both age groups with or without treatment at day 14 postischemic 

brains. Our results are concordant with previous studies and probably this up-regulation is 

beneficial for matrix and new vessel remodelling (Wang et al., 1998; Wang & Milner, 2006) and 

once more for neuroprotection after ischemic stroke (Meller et al., 2005; Yanqing et al., 2006). 

In our findings, at 14day reperfusion after MCAO the higher up-regulated gene of adhesion 

molecules cluster was Vcam1 and the expression of it did not show any relation with age or 

indomethacin treatment. Several recent studies showed a similar event in brain or in patients’ 

plasma regardless of age (Simundic et al., 2004) and Vcam1 up-regulation is beneficial for new-

vessel maturation is in agreement with Garmy-Susini et al., (2005) who demonstrated that VCAM-

1 promotes intercellular adhesion of ECs and mural cells during angiogenesis.  

In the current study, we demonstrated that indomethacin induces a good balance between pro- 

and anti-angiogenic factors in young rats. All in all, age-dependent poor responses to 

indomethacin treatment impair new vessel maturation and stabilization. 

 
V.5. No effect of indomethacin treatment on angiogenesis in aging ischemic brain in 
contrast to pro angiogenic effect in young rats 
 
Our findings related with angiogenic process were further supported by newly formed vessels 

enclosed by matrix Laminin1 and adhesion molecule VCAM1 positive environment.  

These results have shown significant lower angiogenesis in elder rather than the young group in 

agreement with known impairment of angiogenesis in aging (Rivard et al., 1999; Sadoun & Reed, 

2003; Zhang et al., 2005). 

In aged rats, we observed an imbalanced angiogenic process after treatment, because several 

angiogenic inhibitors did not decrease as opposite to the young rat group which had considerable 

lower number of those genes. The gene expression inequity between pro- and anti-angiogenic 

factors was correlated with unchanged density of new-vessels in aged rats after treatment. In 

contrast, we observed in the young rat group an unexpected significant increase of new vessels 

following indomethacin administration. Therefore, in the young treated group, we supposed that 

the angiogenic responses of endothelial cells are predominantly base on AA/ 12-lipoxygenase 

(LOX)/ 12(S)-hydroxyeicosatetraenoic acid (HETE) signalling (Nie et al., 2000) or AA/ cytochrome 

P450 / Epoxyeicosatrienoic acids (EETs) pathway. Zhang and Harder, (2002) demonstrated in 

vivo and in vitro that EETs from activated astrocytes are mitogenic and angiogenic. 

Once more, our findings included qualitative studies of Laminin-1 and VCAM-1. In our study, we 

detected matrix laminin-1 using anti Laminin-1 antibody from the Engelbreth-Holm-Swarm tumor 

(Burgeson et al., 1994). Laminin-1 has known restricted expression in the adult brain (Falk et al., 

1999), while It is enhanced at least one week after ischemic onset (Ding et al., 2004) and is also 

known as  an important factor for new vessel stabilization (Davis & Senger, 2005). We found 

Laminin-1 in basal membrane surrounding the stable new vessels in periinfarct, penumbra and 
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infarct core and also, it spreads to ECM in penumbra and infarct core. The Laminin-1 

immunoreactivity was not influenced by treatment in both age groups. 

Other interesting finding from this experiment was special localization of VCAM-1, an adhesion 

molecule known to be expressed at late time point after ischemic brain injury. VCAM-1 was not 

expressed in contralateral cortex. From distal area to periinfarct it was observed moderate 

immunoreactivity restricted to vascular walls and colocalized with RECA1+ endothelial cells (inner 

side of Laminin-1 immunoreactive layer). In penumbra and infarct core VCAM-1 immunoreactivity 

is extended to perivascular and spottily spread in ECM. Significantly, in penumbra and infarct 

core we found VCAM1+ RECA1- Laminin1- tubular structures. This can be related to pro-

angiogenic function of VCAM-1 in new vessel sprouting. Several studies also demonstrated that 

VCAM-1 induces endothelial cells migration in vitro and in vivo through p38 and FAK signalling 

(Koch et al., 1995; Nakao et al., 2003).  However, our treatment did not significantly decrease 

VCAM-1 immunoreactivity in both age groups. Another study also demonstrated VCAM-1 

inhibition does not protect against ischemic damage (Justicia et al., 2006). In conclusion, these 

results showed pro-angiogenic effect of indomethacin in young, but aged rats had no 

responsiveness to treatment from this standpoint.  
 
V.6. Role of indomethacin treatment in functional recovery following reversible cerebral 
ischemia, effect of age 

 
There are already many various studies about behavioural outcome after focal cerebral ischemia 

and also several of them analyzed the effect of age on motor and cognitive deficits after 

reversible ischemic stroke (Wyller, 1998; Badan et al., 2003a; Brown et al., 2003; Bayona et al., 

2005; Yager et al., 2006). The present study confirmed and extended current data with respect to 

different behavioral outcome between young and old rats upon identical pharmacotherapy 

applied, in particular indomethacin treatment after ischemic episode. Age-dependent changes 

with or without treatment were observed in several behavioral parameters. 

Our findings showed also a slower and less complete functional recovery in aging rats after 

ischemic stroke without indomethacin treatment. To evaluate the beneficial effects of this drug it 

is important to combine both histological and functional measures in treatment groups and 

compare those results to age-matched untreated animals. 

Using Garcia sensory-motor evaluation (1995), we found that age-related motor impairment was 

associated with extended infarct area including primary motor cortex. Also we observed 

significant age-associated sensory impairment. In aged the indomethacin treatment considerably 

improved sensory function, possibly by neuroprotection of sensory neurons in parietal cortex.  

In addition, the age-related motor deficit was evaluated using difficult tasks: inclined plane and 

rotarod. In the aged group without treatment, inclined plane assessment showed the lowest point 

was at 3 day post ischemia, then, the recovery was a sinuous process with a second slight 

decline from day 10 to 14 and significantly declined than untreated young. Our analysis of beam-
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walking data revealed a partial motor function recovery in young rat group which is significantly 

better than aged group as defined by parameters, speed and score. 

Indomethacin treatment reduced the early post-stroke motor function dropping both in young and 

aged rat groups. In aged rats, the treatment stopped the continuous decline and the lowest point 

of the performance appeared at day 1 with treatment instead of day 3 without treatment. Both 

treated groups began the continuous recovery after the first day post-stroke, but by day 14, the 

young treated group was fully recovered as opposed to the aged which did not reach pre-

operative performance. On the other hand, aged rats with indomethacin administration had 

significant improvement (speed and score) of motor function in the beam-walking task the 

improvement was not significant on untreated aged animals. 

This brief overlook of our findings in functional recovery following indomethacin treatment was 

necessary to underline two beneficial drug effects in ischemic stroke: 

 Indomethacin reduced the early post-stroke sensory and motor functions decline in 

aged and young rats. Our results suggested Cox inhibition is neuroprotective and the survival 

neurons might preserve their function by direct neuronal inhibition of excessive prostanoid 

production (V.2). In addition to our data, other possible concordant factors may also contribute to 

partial preservation of brain functionality in acute phase of stroke by the effect of indomethacin on 

the neurovascular unit level. For example, indomethacin decreased cytotoxic and vasogenic 

edema (Schwarz et al., 1999), diminished acute inflammatory response to ischemic injury and 

brain temperature (Dohi et al., 2006). 

 Indomethacin improved neurological recovery at day 14 after ischemic stroke. Aging 

reduced partially drug responsiveness. However aged treated group showed significantly better 

neurofunctional recovery than untreated aged rats, while the treated young rats were fully 

recovered. The earlier reduced lost of brain function in acute phase favored more rapid recovery 

at 14day together with other beneficial actions of the prolonged drug administration. In aged rats, 

indomethacin partially moderated cytokines production and increased the neuroprotective innate 

immune response in subacute phase of ischemic stroke (V.3), but could no reduce phagocytic 

activity and was not able to promote new vessel formation and maturation (V.2; V.4 & V.5). In 

young rats, present studies confirmed that, indomethacin decreased phagocytic activity, reduced 

cytotoxic cytokines, equilibrated balance of factors employed in matrix remodelling and possibly 

increased angiogenesis.  

All those neuropathological findings from molecular and cellular level interpreted why in young 

rats at day 14 post-ischemia, under indomethacin treatment had small infarct volume and very 

good neurofunctional recovery as opposite to the aged treated group. Also, indomethacin 

possibly contributes to recovery process by restoring/ enhancing neurogenesis (Monje et al., 

2003; Hoehn et al., 2005). Furthermore, the possible mechanism of indomethacin efficacy in 

aged post-ischemic stroke rats had some similarity with new findings of its effectiveness in 

Alzheimer disease.   
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VI.1. Conclusions 
 
In this thesis we have investigated the expression of the several inflammatory mediators and 

angiogenic molecules after indomethacin treatment in ischemic stroke. We compared the efficacy 

of therapy in young and aged rat model.  

 

 
 

Figure 27. Efficacy of indomethacin treatment after ischemic stroke.  

 
Age-independent effects of indomethacin: 

 Indomethacin administration has neuroprotective efficacy evidentiat by survival neurons 

at 14d and decrease the infarct size after transient focal ischemia. 

 Indomethacin enhances the neuroprotective response of innate immune system by 

increase level of Iba1 and Anx3 in moderate reactive microglia in periinfarct. 

Age-related differences of indomethacin efficacy: 
 In aged rats, indomethacin is ineffective in inhibiting phagocytic activity and does not 

improve angiogenesis which is probably due to no expression changes of several cytokines like 

Tnfα, Cxcl4 and Plau protease. On the other hand aging is characterized by a strong 

downregulation of Cxcl1 and no expression changes of Col18a1 after treatment. 
 Conversely, in young animals after ischemic stroke indomethacin administration 

decrease phagocytotic activity. Also, the treatment might sustain angiogenesis by downregulation 

of several cytotoxic cytokines, Tnfα, Cxcl4, proteases MMP10, Plau and MMP inhibitor Timp1, 

Timp2. In addition we observed decrease of Col18a1 expression after treatment in young. 
 Indomethacin improves neurological recovery in ischemic stroke rats as compared with 

age-matched untreated animals. 
 
Since consequence of indomethacin treatment in aging following ischemic stroke is lacking, our 

study with several new data demonstrated for the first time the beneficial effect of indomethacin in 

stroke. 
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VI.2. Future Work 
 

 To establish the age-related profiles of Cox pathway in microglial cell lines in hypoxic 

condition with and without indomethacin treatment. Possible employ of different EP prostaglandin 

receptors in downstream of Cox pathway in age dependent manner. 

 To verify the quality of new vessels including permeability, thick junctions presence and 

astrocytes foots adhesion to the new capillaries under indomethacin administration. 

 To find the effectiveness of indomethacin treatment in ischemic stroke induces beta-

amyloid. 
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ANNEX A  

 

 
Table 9. Chemical and biochemical reagents 
 
0,9% physiological saline Delta Select, Pfullingen, Germany  

3,3´-Diaminobenzidin (DAB) Sigma-Aldrich, Deisenhofen, Germany 

Agarose (Ultrapure) Sigma-Aldrich, Deisenhofen, Germany 

Boric acid Sigma-Aldrich, Deisenhofen, Germany 

Bromodeoxyuridine (BrdU)  Sigma-Aldrich, Deisenhofen, Germany 

Bromophenol blue  Merck, Darmstadt, Germany 

Chloric acid Merck, Darmstadt, Germany 

Chloroform (methyl trichloride) Sigma-Aldrich, Deisenhofen, Germany 

Developer Sigma-Aldrich, Deisenhofen, Germany 

Diazabicyclooctane Sigma-Aldrich, Deisenhofen, Germany 

Diethyl pyrocarbonate (DEPC) Sigma-Aldrich, Deisenhofen, Germany 

Dimethylsulfoxide (DMSO) Sigma-Aldrich, Deisenhofen, Germany 

Disodiumhydrogenphosphate Sigma-Aldrich, Deisenhofen, Germany 

Entellan® (Eindeckmedium) Merck, Darmstadt, Germany 

Ethanol 96% J.T. Baker, Groß-Gerau, Germany 

Ethanol absolute Merck, Darmstadt, Germany 

Ethidium bromide  Sigma-Aldrich, Deisenhofen, Germany 

Ethylenediaminetetraacetic acid (EDTA) Merck, Darmstadt, Germany 

Ficoll 400 Serva, Heidelberg, Germany 

Fixative Sigma-Aldrich, Deisenhofen, Germany 

Formaldehyde (37%) Fluka AG, Buchs, Switzerland 

Formamide Merck, Darmstadt, Germany 

Glacial Acetic acid Sigma-Aldrich, Deisenhofen, Germany 

Glycerol 87% Merck, Darmstadt, Germany 

Hydrogen peroxide Sigma-Aldrich, Deisenhofen, Germany 

Indocid PDA (indomethacin sodium trihydrate, 
powder for solution for injection)  Merck, Darmstadt, Germany 

Isoflurane (2-chloro-2-(difluoromethoxy)-1,1,1-
trifluoro-ethane) Serva, Heidelberg, Germany 

Isopentane Fluka AG, Buchs, Switzerland 

Isopropanol (2-propanol) Merck, Darmstadt, Germany 

LiquicheckTM, Spinal Fluid Control Level1 BioRad, München, Germany 

Methyl Green Sigma-Aldrich, Deisenhofen, Germany 

MOPS (3-N morpholino-propanesulfonic acid) Sigma-Aldrich, Deisenhofen, Germany 

Natriumhydrogencarbonat Merck, Darmstadt, Deutschland 

Nitrous oxide Messer Grießheim, Frankfurt/M., Germany 

Oxygen Messer Grießheim, Frankfurt/M., Germany 

Paraformaldehyde Sigma-Aldrich, Deisenhofen, Germany 

Polyvinylalcohol Fluka, Steinheim, Germany 
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Potassiumdihydrogenphosphate Merck, Darmstadt, Germany 

Sodium acetate Sigma-Aldrich, Deisenhofen, Germany 

Sodium chloride (NaCl)  Merck, Darmstadt, Germany 

Sodium citrate  Sigma-Aldrich, Deisenhofen, Germany 

Sodium hydroxide (NaOH) Sigma-Aldrich, Deisenhofen, Germany 

Sodiumdihydrogenphosphate Sigma-Aldrich, Deisenhofen, Germany 

Tissue-Tek® (O.C.T. Compound)  Sakura Finetek Inc., Torrance, USA 

Triphenyl tetrazolium chloride (TTC) Sigma-Aldrich, Deisenhofen, Germany 

Tris base AppliChem, Darmstadt, Germany 

Tris-HCl Fluka AG, Buchs, Switzerland 

Triton X-100 Sigma-Aldrich, Deisenhofen, Germany 

TRIzol Reagent 
Invitrogen Life Technologies, Karlsruhe, 

Germany 

Tween 20 Sigma-Aldrich, Deisenhofen, Germany 

Vectastain Elite ABC-Kit Vector, Burlingame, USA 

X-ray film Pierce, Bonn, Germany 

Xylene cyanol Sigma-Aldrich, Deisenhofen, Germany 

 
 
Table 10. Reagents for Oligo GEArrays® and Real Time PCR 
 
Biotin-16-UTP Roche Diagnostics, Mannheim, Germany 
Chemiluminescent Detection Kit SuperArray Bioscience, BioMol, Germany 

DNA Molecular Weight Marker VI Roche Diagnostics, Mannheim, Germany 

DNase 1 digestion Kit Ambion, Darmstadt, Germany 

GEAhyb hybridization solution SuperArray Bioscience, BioMol, Germany 

Oligo GEArray® Rat Angiogenesis 
Microarray Kit SuperArray Bioscience, BioMol, Germany 

Rat Primers  SuperArray Bioscience, BioMol, Germany 

ReactionReady™ First Strand cDNA Synthesis Kit SuperArray Bioscience, BioMol, Germany 

RNeasy Mini Kit  Qiagen, Hilden, Germany 

RT2 PCR master mix SuperArray Bioscience, BioMol, Germany 

SYBR Green I  Molecular Probes, Karlsruhe, Germany 

TrueLabeling-AMP™ Linear RNA  
Amplification Kit SuperArray Bioscience, BioMol, Germany 
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Table 11. Solutions  
 
10xPBS (phosphate-buffered saline) pH 7.4 
0,1M Na2HPO4.7H2O  
1,4M NaCl (1,4M) 
0,03M KH2PO4 (0,03M) 
ddH2O 
Autoclaved and store at room temperature. 

Na PB (Sodium phosphate-buffer) 0,2M,  
pH 7.4 
Sol.A: 0,2M NaH2PO4.H2O  
Sol.B: 0,2M Na2HPO4.7H2O  
pH 7.4 (810ml sol.A; 190ml sol.B for 1L) 
Autoclaved and store at room temperature. 

Anti-freezing solution, 200ml 
46ml glycerol 87% 
4ml DMSO 
150ml 5xNaPB 
Store at 4°C. 

2% TTC in PBS pH 7.4 
2g TTC in 100ml 1x PBS,  
Filtrate and store at 4°C in dark. 

Borate solution, pH 8.5 
0,1M boric acid 
Adjust pH with 1M NaOH. 
Store at room temperature. 
 

Blocking solution for IHC 
5% Donkey serum 
1% H2O2 
0,3% Tween in 1xPBS 
Fresh prepared before used. 

DAB solution in 0,1M  NaPB 
100mg DAB tetrahydroclhoride 
50ml ddH2O 
50ml 0,2M Sodium phosphate-buffer 
Filtrated and store in dark at -20°C. 

Staining solution DAB/ Nickel 
1ml DAB in 0,1M NaPB 
20µl ammonium chloride 0,4% 
20µl hydrogen peroxide 3% 
50µl (NH4)2SO4.NiSO4.6H2O 1% 
Fresh prepared before staining. 

Mounting medium for immunofluorescence 
96mM Tris-HCl, pH 8.0 
24% (w/v) glycerol 
9,6% polyvinylalcohol 
Autoclave 
Add 2,5% diazabicyclooctane. 
Store at 4°C. 

10xMOPS, pH-7.0 
0,4M MOPS (3-N morpholino-propanesulfonic 
acid) 
0,5M sodiu acetate 
0,01M EDTA 
Filtrated and store in dark, at room temperature. 
 

RNA loading buffer, 10x  
80% formamide,  
1mM EDTA, pH 8.0 
0,1% (w/v) bromofenol blue 
0,1% (w/v) xylen cyanol, 
Store in dark at 4°C. 

DNA loading buffer, 10x 
20% (w/v) Ficoll 400 
0,1 M Na2EDTA, pH 8.0 
1% (w/v) SDS  
0,25% (w/v) bromofenol blue 
0,25% (w/v)  xylen cyanol 
Store in dark at 4°C. 

20x SSC, pH 7.0  
3M NaCl 
0,3M Sodium Citrate 
ddH2O 
Adjust pH 7.0 with citric acid. 
Autoclave and store at room temperature. 
 

20% SDS 
Dissolve 200 g sodium dodecyl sulfate in 1 L 
ddH2O. Heat to 65 °C if necessary to dissolve. 
Store at room temperature. 
 
 

50xTAE, pH 8.5 
484g Tris Base 
114,2ml Glacial acetic acid 
74,4g Na2EDTA.2H2O 
Add ddH2O to about 1,5L 
Adjust pH with 12N HCl 
Autoclave and store at room temperature. 

RNA denaturation buffer 
1,75µl formaldehide 37% 
1µl 10xMOPS 
1µl Etidium Bromide (1mg/ml) 
5µl formamide 
Fresh prepared. 
 

Wash Solution 1 for microarray 
2X SSC 
1 % SDS 
ddH

2
O  

Store at room temperature. 

Wash Solution 2 for microarray 
0.1X SSC 
0.5 % SDS  
ddH

2
O  

Store at room temperature. 
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Table 12. Laboratory equipments 
 
Autoclave H+P Labortechnik, Oberschleißheim, Germany 

Balance (Solar Profi) Roth, Karlsruhe, Germany 

Blood pressure monitor (RFT Biomonitor) VEB Meßgerätewerk, Zwönitz, Germany 

Centrifuge (5415C) Eppendorf, Hamburg, Germany 

Centrifuge (Labofuge 400R) Heraeus Instruments, Osterode, Germany 

Centrifuge (Universal16R) Hettich, Tuttlingen, Germany 

Cryostat (CM3000) Leica, Bensheim, Germany 

Doppler (Periflux System 5000)  Perimed, Sweden 

Electrophoresis chamber, Stromversorgung BioRad, München, Germany 

Epifluorescence DIC microscope 
(Optiphot-2) Nikon, Tokyo, Japan 

GelDoc1000 system BioRad, München, Germany 

Homeothermic Blanket System Hugo Sachs Elektronik, March-Hugstetten, Germany

Hot air sterilizer (bis 220 °C) Memmert, Schwabach, Germany 

Hot air sterilizer (bis 70 °C) Memmert, Schwabach, Germany 

Hybridization oven (OV3) Biometra, Göttingen, Germany 

Ice maschine (Scotsman AF10) Frimont, Mailand, Italy 

iCycler BioRad, München, Germany 

Isoflurane vaporizer (Vapor) Drägerwerk, Lübeck, Germany 

Magnet stirrer (MR3001) Heidolph, Kehlheim, Germany 

Micro drill (High Speed Micro Drill 18000-17) Fine Science Tools, Heidelberg, Germany 

Microwave Siemens, München, Germany 

MiniOpticon System BioRad, München, Germany 

Mini-peristaltic pump (MS-1 Reglo 160) ISMATEC, Wertheim-Mondfeld, Germany 

MJ Mini Thermal Cycler BioRad, München, Germany 

MM33 micromanipulator System Fine Science Tools, Heidelberg, Germany 

Pet trimmer (Magnum handy) Ermila, Unterkirnach, Germany 

pH-meter (Delta 320) Mettler-Toledo, Greifensee, Switzerland 

Pipettes, adjustable (0.1-1000µl)  Eppendorf, Hamburg, Germany 

Refrigerator (Profiline, -70 °C) National Lab, Mölln, Germany 

RGB Video CCD camera System Visitron Systems GmbH, Puchheim, Germany 

Roller mixer Merck Eurolab, Darmstadt,Germany 

Shaker (Unimax 1010) Heidolph, Kehlheim, Germany 

Stab- Homogenizer Ultra-Turrax T25 IKA-Labortechnik, Staufen, Germany 

Stereomicroscope (SMZ-2B) Nikon, Düsseldorf, Germany 

Ultraspec 2000 Spectrophotometer Pharmacia Biotech, Cambridge, UK 

Water bath (Frigostat) Desaga, Heidelberg, Germany 

Water bath 1086 GFL, Burgwedel, Germany 

Water distiller SG Wasseraufbereitung, Barsbüttel, Germany 
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	Astrocytes also produce cytokines (TNF-α, IL-1, IL-6 and IL-8) involved in the initiation and maintaining of immunological response in the CNS. It has been demonstrated that IL-1 secreted by hypoxic astrocytes upregulates MCP-1/CCL2 (probably via the activation of nuclear factor-kappaB (NF-κB)) and ICAM production (Zhang et al., 2000a) in the endothelial cells. Endothelial cell-derived MCP-1/CCL2, together with astrocyte-derived one, is considered to play a crucial role in leukocyte recruitment. Also, astrocytes chemokines and cytokines in turn activate and/or recruit microglial cells in the injured site. Consequently, these activated glial cells build up a cytokine /chemokine network observed in the ischemic brain (Minami et al., 2006). 
	Oligodendroctyes are selectively vulnerable to ischemic stress (cytokines, reactive oxygen species, and excitatory amino acids), and damage to oligodendrocytes and/or myelin sheaths could decrease excitotoxic synaptic transmission following injury and limit the axonal conductance (Bruce-Keller, 1999). 
	I.4. MECHANISMS OF ANGIOGENESIS IN ISCHEMIC BRAIN
	To assess the volume of the infarct induced by reversible focal ischemia, every fourteen coronal section was stained with NeuN, a marker of neuronal viability (mature neuron marker). Images of the stained sections were taken to cover the entire infarcted area and scanned using Hewlett-Packard Scan Jet 6100c. The scanning procedure was accomplished in a high resolution (600dpi) and then the scanned images were imported and processed in Adobe Photoshop software obtaining same size and resolution of serial sections. In each image using Image J software the measurement of the infracted area and the ipsilateral hemispheric area by two different examiners was repeated. 
	There are already many various studies of behavioural outcome after focal cerebral ischemia and also several of them explain the effect of age on motor and cognitive deficits after reversible ischemic stroke. In particular, in our project it was necessary to evaluate the changes in neurological functions associated with ischemia and indomethacin treatment age-dependent. Although older animals are generally more sensitive to neurological damage and exhibit more robust behavioural deficits than younger animals, animals at the upper limit of the age range can exhibit such profound age-related behavioural deficits even before any experimentally induced lesions. For this reason in the training time (3 weeks) each aged rat was carefully observed if it is healthy. Three aged rats with tumours, one with tail paralysis and one with respiratory failure were excluded.


