
Archive ouverte UNIGE
https://archive-ouverte.unige.ch

Thèse de privat-docent 2010                                     Open Access

This version of the publication is provided by the author(s) and made available in accordance with the 

copyright holder(s).

Identification of molecular targets in the treatment of stroke

De Bilbao, Fabienne

How to cite

DE BILBAO, Fabienne. Identification of molecular targets in the treatment of stroke. Privat-docent 

Thesis, 2010. doi: 10.13097/archive-ouverte/unige:5340

This publication URL: https://archive-ouverte.unige.ch/unige:5340

Publication DOI: 10.13097/archive-ouverte/unige:5340

© This document is protected by copyright. Please refer to copyright holder(s) for terms of use.

https://archive-ouverte.unige.ch
https://archive-ouverte.unige.ch/unige:5340
https://doi.org/10.13097/archive-ouverte/unige:5340


 
 

 
Identification of molecular 

 
 targets in the treatment of stroke 

 
 
 
 
 

Fabienne de Bilbao 
 
 

Service de Psychiatrie Gériatrique 
Département de Psychiatrie 

HUG, Belle Idée 
1225 Chêne-Bourg 

 
 
 
 
 
 

Thèse d’habilitation au Titre de Privat-Docent à la 
Faculté de Médecine de Genève 

 
2010 



 2 



 3 

 

Acknowledgements 
 

I would like to express my sincere gratitude to Professor P. Giannakopoulos for 

his continued support in my scientific and academic career at the University of 

Geneva. Many thanks to Dr. D. Arsenijevic, joint main co-author, for the work of 

all these years. My thanks also go to Dr. P. Vallet for collaboration in many 

experiences. The excellent technical assistance of P. Lovero, M. Surini, N. Flores 

and M. Muhlematter is gratefully acknowledged. Finally, I would like to thank 

Professor D. Ricquier and Professor W. Wahli who kindly provided the UCP2 and 

PPARβ mouse models respectively. 



 4 

 



 5 

Summary……………………………………………………...................................11 

 

Introduction…………………………………………………………………………...13 

 

1. Models of cerebral ischemia………………………………...……………..14 

 
2. Pathophysiology of acute ischemic stroke……………….................16 

 
2.1. The core region and the ischemic penumbra…………………………  ……….16 

2.2. Progression of the ischemic injury …………………………………………  …..16 

2.2.1. Infarct progression …………………………………………………....…16 

2.2.2. Infarct size measurement ……………………………………………….17 

2.3. Secondary degeneration through neural connections with the  

primary infarcted  area …………… ………………………..………………………….17 

2.4. Modes of neuronal cell death following ischemic stroke ………………………19 

2.4.1 Necrosis and apoptosis: Morphological features ……………………...20 

2.4.2 Methodology for detecting apoptosis in situ: DNA Fragmentation .....21 

 

3. Ischemic cascade of events………………………………….....................22 
 
3.1. Energy failure………………………………………………..................................22 

3.2. Excitotoxicity………………………………………………………………………...22 

3.3. Spreading depression……………………………………………………………...24 

3.4. Calcium toxicity……………………………………………………………………..24 

3.5. Generation of reactive oxygen species and anti-oxidant defense 

 mechanisms …………………………………………………………………………….25 

3.5.1. Reactive oxygen species production following ischemia..................25 

3.5.2. Cellular anti-oxidant defense mechanisms…………………………...27 

3.6. Blood-brain barrier disruption……………………………………………………..29 

3.7. Inflammation………………………………………………………………………...29 

3.7.1. Cellular types and inflammation……………………………………...…30 

3.7.2. Pro-inflammatory and anti-inflammatory cytokines…………………...30 



 6 

3.7.2.1. Pro-inflammatory cytokines ……………………………...31 

3.7.2.2. Anti-inflammatory cytokines………………………………32 

3.7.2.3. The dual functions of TNFα………………………………33 

3.7.3. Chemokines………………………………………………………………34 

3.8. Apoptosis……………………………………………………………………………34 

3.8.1. Mechanisms of apoptosis……………………………………………….35 

3.8.2. Signaling pathways to apoptosis……………………………………….35 

3.8.3. The Bcl-2 family of proteins……………………………………………..38 

3.8.4. Execution Pathway: Caspases are central initiators and  

executioners of apoptosis……………………………………………………….39 

 

4. Cerebral ischemia and the Bcl-2 protein…………………………….…41 

 
Article I: F. de Bilbao, E. Guarin, P. Nef, P. Vallet, P. Giannakopoulos and M. 

Dubois-Dauphin (2000) Cell death is prevented in thalamic fields but not in injured 

neocortical areas after permanent focal ischaemia in mice overexpressing the anti-

apoptotic protein Bcl-2. Eur J Neurosci 12:921-934. 

 

4.1. Bcl-2 mechanism of protection against damage………………………………...41 

4.2. Bcl-2 and cerebral ischemia……………………………………………………….42 

4.3. Article I: Results and discussion…………………………………………………..59 

4.3.1. Bcl-2 overexpression did not prevent ischemic damage in mice 

subjected to permanent MCAO…………………………………………………59 

4.3.2. Expression of apoptotic and anti-apoptotic molecules mRNAs 

 in the infarcted areas of ischemic WT and Bcl-2 transgenic mice ………...60 

4.3.3. Apoptotic cell death is prevented in the thalamus of Bcl-2 

transgenic mice…………………………………………………………………..62 

4.3.4. Expression of apoptotic and anti-apoptotic molecules mRNAs  

in the non-infarcted areas of ischemic WT and Bcl-2 transgenic mice…….63 

4.4. Conclusion ………………………………………………………………………….63 

 

 

 



 7 

5. Cerebral ischemia and mitochondrial Uncoupling protein-2…..65 

 
Article II: F. de Bilbao, D. Arsenijevic, P. Vallet, O.P. Hjelle, O.P. Ottersen, C. 

Bouras,* Yvette Raffin,* Karin Abou,* Wolfgang Langhans, Sheila Collins, J. 

Plamondon, M.C. Alves-Guerra, A. Haguenauer, I. Garcia,   D. Richard, D. 

Ricquier and P. Giannakopoulos (2004) Resistance to cerebral ischemic injury in 

UCP2 knockout mice: evidence for a role of UCP2 as a regulator of mitochondrial 

glutathione levels. J Neurochem 89:1283–92. 

 
5.1. Uncoupling proteins………………………………………………………………...65 

5.2. Uncoupling protein-2……………………………………………………………….67 

5.3. Role of UCP2 in regulation of ROS……………………………………………….68 

5.4. Article II: Results and discussion …………………………………………………81 

5.4.1. UCP2 mRNA is expressed after focal cerebral ischemia…………….81 

5.4.2. UCP2 KO mice are less sensitive to permanent MCAO and 

this resistance may be explained by changes in anti-oxidant functions……81 

5.4.3. A consistent increase in MnSOD may contribute to the 

reduction of ischemic injury in KO mice……………………………………….82 

5.4.4. UCP2 and GSH…………………………………………………………...83 

5.5. Conclusion………………………………………………………………..…………85  

 

6. Cerebral ischemia and peroxisome  

proliferator-activated receptor 
β………………………………………………88 
 

Article III: D. Arsenijevic, F. de Bilbao, J. Plamondon, E. Paradis, P. Vallet, D. 

Richard, W. Langhans and P. Giannakopoulos (2006) Increased infarct size and 

lack of hyperphagic response after focal cerebral ischemia in peroxisome 

proliferator-activated receptor β-deficient mice. J Cereb Blood Flow Metab 26:433–

445. 

 

6.1. PPARs: function and distribution …………………………………………………88 

6.2. PPARs and cerebral ischemia…………………………………………………….90 



 8 

 

6.3. Article III: Results and discussion……………………………………………….107 

6.3.1. PPARβ mRNA is expressed after focal cerebral ischemia…………107 

6.3.2. PPARβ KO mice have increased infarct size following  

permanent MCAO…………………………………………………………….107  

6.3.3. Increased ischemic damage in PPARβ KO mice may  

be explained by changes in anti-oxidant functions………………………….108 

6.3.4. Increased ischemic damage in PPARβ KO mice  

may be also explained by altered cytokine levels…………………………..109 

6.3.5. The oxidative status of PPARβ KO mice after MCAO may be 

mediated by altered cytokine levels…………………………………………..111 

6.4. Conclusion…………………………………………………………………………111 

 

7. Ischemic Tolerance and infection……………………………………….113 

 
Article IV: D. Arsenijevic, F. de Bilbao, P. Vallet, A. Hemphill, B. Gottstein, D. 

Richard, P. Giannakopoulos and W. Langhans (2007) Decreased infarct size after 

focal cerebral ischemia in mice chronically infected with Toxoplasma gondii. 

Neuroscience 150:537-546. 

 

7.1. Inducers of ischemic tolerance ………………………………………………….113 

7.2. Molecular mechanisms of ischemic tolerance…………………………………114 

7.3. Article IV: Results and discussion ………………………………………………127 

7.3.1. Ischemic brain injury is reduced in Toxoplasma  

gondii infected mice…………………………………………………………….127 

7.3.2. Absence of pro-inflammatory cytokine induction  

observed in infected mice after ischemia…………………………………….127 

7.3.3. Up-regulation of anti-inflammatory/neuroprotective factors ………..127 

7.4. Conclusion…………………………………………………………………..……..130 

 

8. General conclusion…………………………………………………………...131 

 
 



 9 

Annexe………………………………………………………………………………...135 

 

References…………………………………………………………………………..149 



 10 



 11 

Summary 
 

Ischemic stroke is a heterogeneous disorder with a complex pathophysiology. 

Experimental models of cerebral ischemia may contribute to our understanding of 

the mechanisms occurring during ischemic brain injury, and therefore be of 

relevance to detect anti-ischemic molecules against stroke. Although currently 

thrombolytic agents are the only approved therapy for this disorder, 

neuroprotection offers a viable strategy to treat acute ischemic stroke patients. 

The acute neuronal degeneration in the ischemic core upon stroke is followed by 

a second wave of cell death in the ischemic penumbra and neuroanatomically 

connected sites. This temporally delayed deleterious event of programmed cell 

death (also called apoptotic cell death) often exceeds the initial damage of stroke 

and, thus, contributes to significant losses of neurological functions. Because 

these events are delayed and potentially reversible, the injured neurons in these 

regions around the ischemic core zone are salvable and constitute the target of 

neuroprotective strategies. Therefore, using genetically modified mice, we discuss 

here novel alternative strategies to abrogate the death cascade in vivo in a model 

of permanent focal ischemia induced by permanent middle cerebral artery 

occlusion. Evaluations of these new strategies include two mitochondrial 

effectors, namely the anti-apoptotic protein Bcl-2, and the uncoupling protein-2 

(UCP2), known to attenuate some deleterious effects of ischemia such as 

oxidative stress and calcium homeostasis alterations. In addition, a nuclear 

transcription factor, the peroxisome proliferator-activated receptor β (PPARβ), 

which may regulate the expression of UCP2 and is abundantly expressed in the 

brain, has recently emerged as a potential tool to limit ischemic injury. Indeed, 

among the main biologic phenomena thought to be influenced by PPAR 

activation, cytokine-mediated inflammatory processes and activation of anti-

oxidant mechanisms are of key importance for cell damage after acute cerebral 

ischemia. Finally, it is well described that the so-called “ischemic tolerance” 

phenomenon could constitute an additional strategy to limit brain damage. Among 

the potential inducers of ischemic tolerance are the infectious agents. However, 

results from the literature are conflicting and findings supporting that chronic 

infection may confer protection against subsequent ischemia warrant further 
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investigations. As chronic murine toxoplasmosis may be of particular interest in 

the study of infection-related effects on brain ischemia, because of its association 

with the regulation of the oxidative state as well as activation of pro-

inflammatory/anti-inflammatory mechanisms, we have also explored the impact of 

chronic Toxoplasma gondii infection on brain ischemic injury outcomes. On the 

basis of these experimental data, the present work supports the idea that 

exploiting the ability of each of these new molecular strategies to reduce cell 

death induced by stroke injury might be a valuable perspective in the context of 

the ongoing efforts to identify therapeutic alternatives for this devastating 

pathology.  

 

Abbreviations: ADP, adinosine diphosphate; ATP, adenosine triphosphate; BBB, 

blood–brain barrier; CBF, cerebral blood flow; CNS, central nervous system; 

CuZnSOD, Copper/zinc superoxide dismutase; GSH, glutathione; GPx, 

glutathione peroxidase; GR, GSH reductase; H2O2, hydrogen peroxide; IFNγ, 

interferon-γ; IL1β, interleukin-1β; IL6, interleukin-6; IL10 interleukin-10; KO, 

knockout; LPS, lipopolysaccharide; MCAO, middle cerebral artery occlusion; 

MDA, malondialdehyde; MnSOD, manganese superoxide dismutase; NGF,nerve 

growth factor; O2
-•, superoxide anion; PCD, programmed cell death; PPARβ, 

peroxisome proliferator-activated receptor β; ROS, reactive oxygen species; 

SOCS, suppressor of cytokine signaling proteins; SOD, superoxide dismutase; 

TGFβ, transforming growth factor-β; TNFα, tumor necrosis factor-α; TUNEL, 

Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling; UCP2, 

uncoupling protein-2; WT, wild-type. 
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Introduction 
 

In an ever-aging society, brain ischemia is one of the major causes of death and 

chronic disability worldwide, and has significant clinical and socioeconomic 

impact. Approximately 1/6 of all human beings will suffer at least one stroke in 

their lives (Seshadri et al., 2006). Twenty percent of stroke patients die the first 

month and those who survive for more than 6 months will be dependent on others 

(Bonita, 1992). Countermeasures to lower the post-ischemic consequences for a 

society in need to diminish health costs make an understanding of this deleterious 

process strongly required. In the past 20 years, substantial efforts have been 

made to understand the biochemical and molecular mechanisms involved in 

ischemia-induced cerebral damage and to develop drugs that protect the brain. 

With regard to ischemic stroke, two major approaches have been developed. One 

approach is to try to establish reperfusion to the compromised region by 

dissolution of the clot using thrombolytic drugs (vascular approach). At present, 

recombinant tissue-plasminogen activator (rt-PA) is the only thrombolytic drug 

approved for the treatment of acute ischemic stroke. The use of rt-PA is restricted 

to administration within 3 h of the stroke, which is a challenging admission target. 

Furthermore, its use increases the risk of hemorrhagic transformation (Wardlaw et 

al., 1997), which limits its acceptability. The second approach is to develop 

compounds, so-called neuroprotective agents that could interfere with the 

ischemic cascade of events (cellular approach). The term “neuroprotection” 

encompasses a diverse range of potential therapies, including modulators of the 

excitatory amino acid system, modulators of calcium influx, metabolic activators, 

anti-edema agents, inhibitors of leukocyte adhesion, free radical scavengers, and 

other agents. There objectives are to limit the size of the infarct by interfering with 

the multiple pathways and cascades of biochemical, molecular, and 

electrophysiological events that interact to cause the death of brain cells following 

ischemia (Figure 1). The assumption here is that the core area of damage 

(infarction) will not be salvaged but that the area that surrounds the core, the 

penumbra (see section 2.1.), despite being compromised with low blood flow, can 

be saved by either reflow or administration of a neuroprotectant. If left untreated, 

the penumbral region will become part of the core region (Ginsberg, 2003). Thus, 
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protection should attenuate many of the clinical problems of stroke, including 

motor disability and spatial hemi-neglect. Various strategies directed towards 

greater protection against the consequences of cerebral ischemia have been 

experimentally tested. However, although there are several therapeutic agents 

(antagonists of NMDA receptors, calcium channel blockers, anti-oxidants) that 

have demonstrated efficacy in experimental studies, clinical trials have so far 

been more than disappointing. The greater part of the agents studied until now 

have failed to induce neuroprotection (Ovbiagele et al., 2003). Hence, we need to 

look for new therapeutic strategies. A clear understanding of signalling/new 

endogenous protective pathways is therefore needed to provide new therapeutic 

agents. 

 

1. Models of cerebral ischemia 
 
Ischemic stroke accounts for approximately 80% of all strokes and results from a 

thrombotic or embolic occlusion of a major cerebral artery (most often middle 

cerebral artery, MCA) or its branches. The use of reproducible and physiologically 

controlled animal models of acute stroke is an indispensable tool first to 

investigate the pathophysiology of cerebral ischemia, and secondly to develop 

novel anti-ischemic therapies in vivo. Large animals, such as dogs (Behringer et 

al., 2001), rabbits (Lapchak et al., 2002), cats (Krep et al., 2003), pigs (Conroy et 

al., 1998), and primates (Plautz et al., 2003) have been used for investigating 

experimentally the consequences of cerebral ischemia. These may be mostly 

valuable in the final stage of research on therapeutic interventions as they offer a 

better representation of the human cerebral organization, but a great variability in 

infarct size exists and the mortality in acute and chronic survival models is high. 

Consequently, and given the variety of their vantage points, the most widely used 

animals are rats and mice: animal cost is low, inbred rodents are genetically 

homogeneous, their cerebral circulation shows good homology to that of the 

humans, and at least in mice genetic modifications can be made relatively easily. 

Importantly, transgenic mice that overexpressed a specific gene or knockouts 

(KO) that lacked a specific gene provide unique avenues for basic research into 
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the molecular mechanisms that contribute to ischemic cell damage and 

development of novel therapeutic interventions (Liang et al., 2004).  

For the study of stroke physiopathological mechanisms, several animal models 

have been established in rodents. In these paradigms, neuronal damage occurs 

by different mechanisms and time windows. Surgical occlusion of major arteries is 

widely used. Rodent cerebral ischemic models can be divided into two groups: 

the global forebrain ischemia which is typically transient and the focal cerebral 

ischemia with and without reperfusion (Traystman, 2003; Rami et al., 2008). In 

the global ischemia models, which consist of the so-called four-vessel occlusion 

or two-vessel occlusion of extracranial arteries in rats and gerbils, circulation is 

interrupted throughout the entire brain for variable periods and is followed by the 

reperfusion of carotid arteries; in these models, injury is delayed and develops 

selectively in cells most vulnerable to ischemic damage, such as in the 

hippocampus (CA1 region), medium-sized neurons in the striatum, and Purkinje 

cells in cerebellum. However these models are now used much less because they 

are considered to generate the cerebral consequences of cardiac arrest, rather 

than that of ischemic stroke. 

Most experimental models of focal ischemia were developed to induce cerebral 

ischemia within the MCA territory in order to be relevant to clinical situation (Del 

Zoppo et al., 1992). They are divided into techniques including reperfusion of the 

ischemic tissue (transient focal cerebral ischemia) and those without reperfusion 

(permanent focal cerebral ischemia) and are commonly studied during occlusion 

of a middle cerebral artery (MCAO) in rats and mice. Permanent MCAO by 

microsurgical coagulation permit to study cerebral ischemia without the effect of 

reperfusion. It has been first introduced in the rat by Tamura et al. (1981). 

Proximal MCA occlusion induces severe ischemia in the striatum with milder 

cortical ischemia while a distal MCAO results in a neocortical infarct exclusively. 

In the transient MCAO model, reperfusion of the MCA territory is reconstituted 

and leads to a variable infarct size depending on the duration of ischemia. In 

these transient models, the caudatoputamen is primarily affected and the 

neocortex is involved to a variable extent. Despite the possible problems of 

reperfusion injury, the damage is less than when the occlusion is permanent.  

Although human stroke is a complex and heterogeneous phenomenon, it is 

difficult to develop a unitary animal model system. However, these models allow 
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the investigation of dynamics in cellular responses to an ischemic insult, and offer 

an opportunity to develop treatment strategies against the ischemic brain injury. 

 

2. Pathophysiology of acute ischemic stroke  
 

2.1. The core region and the ischemic penumbra 

 

Ischemia is defined as a reduction in cerebral blood flow (CBF), sufficient to 

cause metabolic or functional deficits and is typically caused by the occlusion of 

an artery supplying a specific territory of the brain. The characteristics of the brain 

injury depend on the severity and duration of the CBF reduction. In the animal 

model of permanent MCAO, blood flow is crucially absent in the central region of 

the brain (infarct core), and tissue damage evolved rapidly. But in the peripheral 

cortex adjacent to the core, the ischemic penumbra is a region where blood flow 

deficits are less severe and energy loss is modest, due to residual perfusion from 

collateral blood vessels. The concept of ‘penumbra’ during focal cerebral 

ischemia was introduced by Astrup in 1981, and refers to the regions of brain 

tissue where blood flow is sufficiently reduced to cause hypoxia, severe enough 

to arrest physiological function, but not so complete as to cause irreversible 

failure of energy metabolism and cellular necrosis (Ginsberg, 2003). If the blood 

flow is not restored within hours, the penumbral region will become part of the 

core region (Green et al., 2003) (Figure 1). A time window for therapeutic 

opportunity therefore exists in this potentially salvageable region.  

 

2.2. Progression of the ischemic injury 

 

2.2.1. Infarct progression  

 

Infarct progression can be divided into three phases (Dirnagl et al., 1999). During 

the acute phase, tissue injury is established within a few minutes after the onset 

of ischemia and results directly from the ischemia-induced energy failure and the 

resulting terminal depolarization of cell membranes. The largest increment of 

infarct volume occurs during the subsequent subacute phase in which the infarct 
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core expands into the penumbra. During this phase, the infarct core expands into 

the peri-infarct penumbra until it becomes congruent with it after 4–6 hours. The 

main mechanisms of this infarct expansion are peri-infarct depolarization and cell 

biological disturbances referred to as molecular cell injury (Figure 2). Finally, in 

the delayed phase of injury, secondary phenomena such as inflammation and 

programmed cell death (PCD) occur and may contribute to a further progression 

of injury. This phase may last for several days or even weeks.  
 

2.2.2. Infarct size measurement 

 

Enlargement of the infarcted tissue by edema results in overestimation of infarct 

volume, that is why the calculation of corrected infarct volume is used to 

compensate for the effect of brain edema (Lin et al., 1993; Takano et al., 1997). 

Generally, the corrected infarct volume is calculated by substracting the volume of 

the unaffected ipsilateral from the volume of the contralateral hemisphere. In the 

various papers presented below, infarct volumes were calculated by multiplying 

the area of the lesion with the slice thickness. This corrected infarct volume was 

used to compensate for brain edema which is essential to exclude the possibility 

that therapeutic intervention might reduce edema but not salvage brain tissue at 

risk of infarction (Guegan et al., 1998). 

 

2.3. Secondary degeneration through neural connections with the primary 

infarcted area 

 

There are few detailed studies on neuropathologic changes in remote, non-

ischemic areas following focal cerebral infarction. However, neuropathologic 

changes have also been shown to occur in distant non-ischemic area after focal 

cerebral ischemia and this ischemic damage develops more slowly than the 

observed acute changes of the infarcted area. Because of its extensive synaptic 

connections with the cerebral cortex (Jacobson and Trojanowski, 1975), the 

thalamus undergoes this type of secondary neuronal degeneration induced by 

cortical infarct in rats and humans (Fujie et al., 1990; Tamura et al., 1991). 
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Figure 1:  Regression of the functional neurological deficit while the structural lesion grows. Early in 

the course of stroke, clinical symptoms mostly reflect an impairment of function (grey) but not 

necessarily a structural lesion (black, core region). If the blood flow is not restored within hours, the 

penumbral region will become part of the core region (from Dirnagl et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Graph representing the temporal profile of the main pathophysiological mechanisms 

underlying acute focal cerebral ischemia. Very early after the onset of the occlusion, excitotoxic 

mechanisms can damage neurones. Excitotoxicity triggers a number of events that can further 

contribute to the demise of the tissue. These include peri-infarct depolarizations and the more-

delayed mechanisms of inflammation and programmed cell death. The x-axis reflects the evolution 

of the cascade over time, while the y-axis aims to illustrate the impact of each element of the 

cascade on final outcome (from Dirnagl et al., 1999). 
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Since this region lies outside the ischemic area, shrinkage of the ipsilateral 

thalamus after MCAO seems to be a secondary ischemic neuronal damage that 

takes a long time to develop (several months) (Fujie et al., 1990). This process is 

of considerable clinical interest, as the critical period during which this 

neurodegeneration may be blocked offers a large window for therapeutic 

intervention. Moreover, this retrograde neurodegeneration is clinically well 

identified (Tamura et al., 1991) and thalamic damage is frequently associated with 

aphasia and severe memory impairment in humans (Bogousslavsky et al., 1988).  

 

The process of cellular injury and death are very different in these regions. 

Indeed, there appear two major modes of cell death that participate in ischemic 

cell death: necrosis and apoptosis (MacManus and Buchan, 2000; Unal-Cevik et 

al., 2004). While necrosis is mostly dominant in the core tissue, penumbral cells 

die by means of either mode, with apoptosis being more common for cells further 

away from the core (Smith, 2004). Thalamic secondary ischemic neuronal 

damage seems to be apoptotic as judged by morphological features (Soriano 

et al., 1996). However, unlike the infarct area, very little attention has been paid to 

the molecular mechanisms that underlie the vulnerability of thalamic neurons to 

ischemia. In particular, it is unclear whether apoptotic-related cell death genes are 

involved in these secondary changes induced by permanent focal ischemia. 

 

2.4. Modes of neuronal cell death following ischemic stroke 

 

Until the 1980s, it was believed that neuronal death following acute brain 

ischemia occurred only via the mechanism of necrosis. However, later studies 

elucidated the role of apoptosis which is a programmed cell death. The term 

apoptosis was proposed in 1972 by English scientists Kerr, Wyllie and Currie. 

They coined this term from the Greek word meaning “falling off”, as leaves do in 

autumn, to describe this natural, timely death of cells that is realized via cell 

fragmentation to apoptotic bodies, which are then consumed by the adjacent 

phagocytosing cells. Following brain ischemia dying cells may be subdivided into 

two categories. In the severely affected tissue, the necrotic process predominated 

and is characterized to be passive, very rapid, and followed by the uncontrolled 

release of inflammatory cellular contents. However, there is an increasing 



 20 

morphological and biochemical evidence indicating that in the ischemic brain, 

apoptosis occurs next to necrosis.  

 

2.4.1 Necrosis and apoptosis: Morphological features 

 

In the necrotic mode of cell-death, an energy-independent mode of death, the 

cells suffer a major insult, resulting in cell swelling, formation of cytoplasmic 

vacuoles, distended endoplasmic reticulum, condensed, swollen or ruptured 

mitochondria, disrupted organelle membranes, swollen and ruptured lysosomes, 

and eventually disruption of the cell membrane (Trump et al., 1997). This loss of 

cell membrane integrity results in the release of the cytoplasmic contents into the 

surrounding tissue, sending chemotatic signals with eventual recruitment of 

inflammatory cells.  

 

Apoptosis is an energy-dependent physiological process that leads to cellular 

self-destruction (Kroemer et al., 2009). In contrast to the necrotic mode of cell-

death, membrane integrity is preserved during apoptosis. Apoptotic cells can be 

recognized by stereotypical morphological changes: the cell shrinks, shows 

deformation and looses contact to its neighbouring cells. Its chromatin condenses 

and marginates at the nuclear membrane, the plasma membrane is blebbing or 

budding, and finally the cell is fragmented into compact membrane-enclosed 

structures, called 'apoptotic bodies' which contain cytosol, the condensed 

chromatin, and organelles (Figure 3). The apoptotic bodies are engulfed by 

macrophages and thus, unlike necrosis, are removed from the tissue without 

causing an inflammatory response. Those morphological changes are a 

consequence of characteristic molecular and biochemical events occurring in an 

apoptotic cell, most notably the activation of proteolytic enzymes, named 

caspases (see section 3.8.4.), which mediate the cleavage of DNA into 

oligonucleosomal fragments as well as the cleavage of a multitude of specific 

protein substrates which usually determine the integrity and shape of the 

cytoplasm or organelles (Saraste and Pulkki, 2000).  
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Figure 3: Hallmarks of the apoptotic and necrotic cell death process. Apoptosis includes cellular 

shrinking, chromatin condensation and margination at the nuclear periphery with the eventual 

formation of membrane-bound apoptotic bodies that contain organelles, cytosol and nuclear 

fragments and are phagocytosed without triggering inflammatory processes. The necrotic cell 

swells, becomes leaky and finally is disrupted and releases its contents into the surrounding tissue 

resulting in inflammation. Modified from Van Cruchten and Van Den Broeck (2002). 

 

2.4.2 Methodology for detecting apoptosis in situ: DNA Fragmentation 

 

There are many ways of detecting apoptosis at different stages on histological 

sections (Galluzzi et al., 2009a). One commonly used method is called TUNEL 

(Terminal deoxynucleotidyl Transferase Biotin-dUTP Nick End Labeling). One of 

the major characteristics of apoptosis is the degradation of DNA after the 

activation of endonucleases. This DNA cleavage leads to strand breaks within the 

DNA. The TUNEL method identifies cells with DNA strand breaks in situ by using 

terminal deoxynucleotidyl transferase to transfer biotin-dUTP to the cleaved ends 

of the DNA. The dUTP can then be labeled with a variety of probes to allow 

detection by light microscopy. However, necrosis can also result in similar DNA 

cleavage and cell death may display mixed features, with signs of both apoptosis 

and necrosis, a fact that lead to the introduction of new terms like “aponecrosis” 

(Kroemer et al., 2009). Therefore, it is currently highly recommended to 
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demonstrate cell death with additional methods or complementary techniques 

recently reviews by Galluzzi et al. (2009a).  

 

3. Ischemic cascade of events 
 

Within minutes of vascular occlusion a complex sequence of pathophysiological 

spatial and temporal events (ischemic cascade) occurs. These series of 

biochemical reactions constitute the ischemic cascade. These events are 

interconnected in complex ways. Major pathogenic events occurring after 

permanent MCAO include energy failure, elevation of intracellular Ca2+ level, 

excitotoxicity, spreading depression, production of free radicals, blood–brain 

barrier (BBB) disruption, inflammation and apoptosis. Each step in this complex, 

interdependent series of events offers a potential point to intervene and prevent 

neuronal death (Figure 4). 

 

3.1. Energy failure 

 

The first consequence of CBF reduction is the depletion of substrates, particularly 

oxygen and glucose, which are necessary for energy production. Because energy 

is depleted, the cell cannot maintain ion gradients and membrane depolarization 

occurs (Phan et al., 2002). Membrane depolarization allows opening of voltage-

operated calcium channels resulting in a disruption of normal regulation of 

neuronal calcium homeostasis. Calcium enters the cells causing the release of 

neurotransmitters from the presynaptic neuron, notably glutamate. 

 

3.2. Excitotoxicity 

 

After depolarization, excitotoxic amino acids, especially glutamate, are released 

into the extracellular compartment from presynaptic neurons in large amounts, 

already in the very early phase of ischemia. Excitotoxicity is based on an 

overstimulation of glutamate receptor subtypes (Bano and Nicotera, 2007) that 

act as ligand-gated Ca2+-channels. Their prolonged activation results in a non-

physiological increase of the intracellular Ca2+ levels and constitutes a death- 
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signaling event leading necrosis but that can also initiate molecular events that 

lead to apoptosis (Dirnagl et al., 1999). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4: Simplified overview of molecular injury pathways leading to ischemic cell death. Energy 

failure leads to the depolarization of neurones. Diffusion of glutamate in the extracellular space 

can propagate a series of spreading waves of depolarization (peri-infarct depolarizations). Water 

shifts to the intracellular space via osmotic gradients and cells swell (edema). The intracellular 

messenger Ca2+ overactivates numerous enzyme systems (proteases, lipases, endonucleases, 

etc.). Free radicals are generated, which damage membranes, mitochondria and DNA, in turn 

triggering caspase-mediated cell death (apoptosis). Free radicals also induce the formation of 

inflammatory mediators, which activate microglia and lead to the invasion of inflammatory cells 

(leukocyte infiltration) via up-regulation of endothelial adhesion molecules. Injury pathways can be 

blocked at numerous sites, providing multiple approaches for the amelioration of both necrotic and 

apoptotic tissue injury (from Dirnagl et al., 1999)  
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3.3. Spreading depression 

 

It is recognized that cellular injury within the penumbral region may also occur 

from recurrent waves of spreading depression starting from within the ischemic 

core and extending outwards to surrounding normal tissue (Hartings et al., 2003; 

Dreier et al., 2006). Spreading depression is of pathological importance as it 

consumes energy and increases infarct volume (Mies et al., 1993). The most 

likely source for these depolarizations is the elevated extracellular K+ level and 

increase in the glutamate release at the boundaries between the ischemic core 

and the penumbra (Dijkhuizen et al., 1999). This is probably, at least partly, why 

glutamate antagonists reduce the volume of brain infarcts because these drugs 

are potent inhibitors of spreading depression (Iijima et al., 1992). 

 

3.4. Calcium toxicity 

 

The excitotoxic elevation of intraneuronal Ca2+ is one of the major events during 

glutamate excitotoxicity and cerebral ischemia in mediating brain injury. 

Pathological increased flux of Ca2+ into the cytoplasm leads to the activation of 

numerous lipases and phosphatases. In an apparent attempt to prevent these 

potentially lethal events and to ensure that homeostasis is maintained, Ca2+ is 

sequestered by mitochondria leading mitochondrial disturbances (Siesjö et al., 

1999). Vast mitochondria Ca2+ sequestration contributes to the activation of the 

permeability transition pore. Permeability transition pore opening (Siesjo et al., 

1999) results in cell death because it causes an arrest of aerobic adenosine 

triphosphate (ATP) synthesis, loss of the mitochondrial transmembrane potential, 

rupture of the outer mitochondrial membrane, release of calcium from 

mitochondrial matrix and release of pro-apoptotic factors (see section 3.8.). As a 

result of formation of cytotoxic products such as free radicals, irreversible 

mitochondrial damage, and inflammation, both necrotic and apoptotic cell death 

are triggered by excess of intracellular Ca2+ (for a review see Lipton, 1999) 

(Figure 5).  
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Figure 5: Destructive phenomena precipitated by excess intracellular calcium (from McIlvoy, 

2005). 

 

3.5. Generation of reactive oxygen species and anti-oxidant defense mechanisms 

 

  3.5.1. Reactive oxygen species production following ischemia 

 

ROS (reactive oxygen species) is an acronym used to describe a variety of 

molecules and free radicals (chemical species with one unpaired electron) 

derived from molecular oxygen. Following cerebral ischemia, whereas oxygen 

levels are depleted, there is a paradoxical rise in ROS species. Numerous reports 

suggest that mitochondria are the major source of ROS (Kudin et al., 2008) during 

transient/permanent focal and global cerebral ischemia (Dirnagl et al., 1995; 

Murakami et al., 1998; Peters et al., 1998). Among the many features 

accompanying mitochondrial permeability transition induced by ischemia, loss of 

GSH, cytochrome c, substrates and pyridine nucleotides are characteristic and 
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lead to a paradoxical increase in ROS production from the impaired mitochondria. 

This occurs by multiple means: (a) loss of GSH from the matrix decreases the 

antioxidant capacity resulting in an increase in the amount of ROS (Anderson and 

Sims, 2002); (b) loss of cytochrome c impairs the flow of electrons in the 

respiratory chain inducing overreduction of the complexes, favouring the 

generation of ROS (Andreyev et al., 2005); (c) reduction in the matrix 

concentration of electron acceptors, i.e. NAD+, results in ROS emission from the 

α-ketoglutarate dehydrogenase complex (Starkov et al., 2004).  ROS are also a 

byproduct of ATP generation in mitochondria via the electron transport chain. 

Electrons escape from the chain and reduce O2 to the superoxide anion O2
-• 

(Maier and Chan, 2002). Under mitochondrial stress induced by ischemia, when 

electron transport chain slows down, this production of O2
-• is greatly increased 

(Chan, 2001). Because O2
-• formation overrides the anti-oxidant defense of the 

cell (see below), O2
-• is not detoxified but it may generate free radicals directly 

involved in oxidative damage in ischemic conditions (for a review see Lipton, 

1999). Superoxide anions may react with nitric oxide (NO) to form highly reactive 

peroxynitrite (ONOO-) and with hydrogen peroxide (H2O2) in the presence of Fe2+ 

to form hydroxyl radicals (O2
-• + H2O2→OH• + OH-). Hydroxyl radicals are 

extremely reactive, and rapidly attack unsaturated fatty acids in membranes 

causing lipid peroxidation as well as membrane proteins, impairing their functions. 

Peroxynitrite is a mediator of neurodegeneration that may damage and kill cells 

by induction of lipid peroxidation and protein tyrosin nitration. Peroxidation of 

lipids can disrupt the organization of the membrane, causing changes in fluidity 

and permeability, inhibition of metabolic processes, and alterations of ion 

transport (Nigam and Schewe, 2000). Damage to mitochondria induced by lipid 

peroxidation can lead to further ROS generation (Green and Reed, 1998). In 

addition, lipid peroxides degrade to reactive aldehyde products, including 

malondialdehyde (MDA) which may serve as indicators of oxidative stress in vivo 

(Arsenijevic et al., 2001). 

Monoamine oxidases, located in the mitochondrial outer membrane, are also 

generators of ROS. Their potential for H2O2 generation may exceed that of other 

mitochondrial sources and they may be a major source of H2O2 in tissues 

following ischemia (Andreyev et al., 2005). 
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ROS can also be generated intracellularly from the NADPH oxidase system, a 

complex enzyme system that is present in phagocytes. Another consequence of 

focal cerebral ischemia is a drop in ATP levels due to ATP increased utilization to 

maintain normal cell functions. As ATP levels drop, its metabolites including 

hypoxanthine increase. Superoxide anion is generated following the degradation 

of hypoxanthine by the xanthine oxidase enzyme (Lo et al., 2003). Free radicals 

are also generated during the inflammatory response after ischemia (Lo et al., 

2003).  

The ROS are involved in mitochondrial disturbances by causing damage to 

mitochondrial DNA (Salazar and Van Houten, 1997) and facilitating the 

mitochondrial transition pore formation that lead to the passage of high molecular 

solutes, including apoptosis-related protein, from the matrix to the cytosol (Chan, 

2001; Kroemer and Reed, 2000). ROS may cause oxidative stress with changes 

in genes and gene expression, alterations in protein structure and membrane 

phospholipid degradation (Lipton, 1999). 

 

  3.5.2. Cellular anti-oxidant defense mechanisms 

 

Cells have several anti-oxidant defense mechanisms to counterbalance the 

potential deleterious effects of ROS (for review see Chan et al., 2001). The 

accumulation of ROS can initially be counteracted by anti-oxidative factors 

including superoxide dismutase (SOD), glutathione peroxidase (GPx), and 

catalase. Other small molecular anti-oxidants, including glutathione (GSH) and 

ascorbic acid are also involved in the detoxification of free radicals. It is of 

importance to note that only when ROS are overproduced, the endogenous anti-

oxidative mechanisms become exhausted and cell damage takes place (Nicotera, 

2002). Based on their cellular distribution and anatomical localization, three types 

of SODs exist in brain cells. Copper/zinc SOD (CuZnSOD) is a major cytosolic 

enzyme, manganese SOD (MnSOD) is a mitochondrial enzyme, whereas 

extracellular SOD is an isoform that is localized in extracellular space, 

cerebrospinal fluid, and cerebral vessels. All three SOD isoforms detoxify O2
-• to 

H2O2, which is scavenged by peroxisomal catalase or GPx, at the expense of 

GSH (Figure 6). The tripeptide GSH is a major cellular thiol participating in cellular 

redox regulations and exhibits several functions in the brain chiefly acting as a 
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major anti-oxidant. The synthesis of GSH is mostly located in glial cells in the 

brain providing precursors that neurons require to make their own GSH (Bharath 

et al., 2002). Synthesized in the cytosol of cells, a fraction of cytosolic GSH is 

transported into the mitochondrial matrix where it plays a critical role in defending 

mitochondria against oxidants through control of mitochondrial electron transport 

chain-generated oxidants. Hence its regulation may be a key target to influence 

cell death following ischemia (Chan, 2001). Glutathione is regenerated from 

oxidized GSH by GSH reductase (GR) in the presence of NADPH (Figure 6). 

Glutathione peroxidase is also primarily located in glial cells in the brain. There is 

evidence indicating low efficiency of the GSH system in detoxifying H2O2 in 

neurons compared with its efficiency in astroglial cells (Iwata-Ichikawa et al., 

1999). Although neurons have MnSOD, the fact that GPx has been described 

mainly in glia suggests an interaction between neurons and glia in order to defend 

the brain against free radical toxicity. The role of ROS in the pathophysiology of 

cerebral ischemia is further confirmed with the use of genetically modified mice 

with altered levels of anti-oxidant enzymes (for review see Chan, 2001). As an 

example, MnSOD-deficient mice have increased mitochondrial infarct size and 

neurologic deficit, whereas MnSOD overexpression increased mitochondrial 

tolerance (Silva et al., 2005). 

 
 

Figure 6: anti-oxidant mechanisms are present in the cell that removes ROS. Superoxide (O2
-•), a 

by-product of the mitochondrial respiratory chain, is dismutated by SODs to oxygen and H2O2. 
This peroxide is further reduced to water by glutathione peroxidase (GPX) and/or catalase to avoid 
possible build up of oxidative stress. GSH serves as electron donor for the reactions catalyzed by 
GPx and is oxidized to GSSG. The GSH consumed in the GPx reaction is regenerated by GR in a 
reaction that requires NADPH as cosubstrate (from Dringen, 2005). 
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3.6. Blood-brain barrier disruption 

 

Besides cerebral cellular damage, oxidative stress is an early stimulus of BBB 

disruption through activation of matrix metalloproteinases and through endothelial 

cell damage (Brouns and De Deyn, 2009). BBB disruption leads to vasogenic 

edema, influx of toxic substances, inflammation, and presumably hemorrhagic 

complications after stroke. Brain edema aggravates the ischemic process by its 

volumetric effect causing to local compression of microcirculation, rise of 

intracranial pressure, and dislocation of parts of the brain. Finally, the BBB 

disruption facilitates transmigration of inflammatory cells, promoting the 

inflammatory response. 

 

3.7. Inflammation 

 

Inflammation is generally a beneficial response of an organism to infection but, 

when prolonged or inappropriate, it can be detrimental. Neuronal loss in acute 

brain ischemic injury has been associated with inflammatory processes (Brouns 

and De Deyn, 2009). Brain inflammation is characterized by activation of 

microglia and astrocytes, expression of key inflammatory mediators, but limited 

invasion of circulating immune cells. Inflammation induces rapid expression of key 

inflammatory mediators – cytokines, chemokines – which in turn up-regulate 

adhesion molecules, increase permeability of the BBB, facilitating invasion of 

peripheral immune cells, induce release of potentially toxic molecules and 

compromise brain cells.  All these events may further amplify tissue damage by 

many mechanisms. In addition, the inflammatory reaction might also be linked to 

apoptosis because of production of toxic mediators by activated inflammatory 

cells and because blockade of these mediators attenuate post-ischemic 

inflammation and reduce apoptotic cell death in the ischemic brain (Dirnagl et al., 

1999). Post-ischemic inflammation is, therefore, a promising target for therapeutic 

intervention in ischemic stroke. 
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3.7.1. Cellular types and inflammation 

 

Several cell types contribute to post-ischemic inflammation. First of all, microglia 

and astrocytes are activated by ROS. Astrocytes may protect neurons by multiple 

mechanisms, including nerve growth factor synthesis but also contribute to cell 

death (Stoll et al., 1998). They are capable of secreting inflammatory factors such 

as cytokines and chemokines (Brouns and De Deyn, 2009). Twenty-four hours 

after focal ischemia, an intense microglial reaction develops in the ischemic 

tissue, particularly in the penumbra, and within days most microglial cells 

transform into phagocytes (Morioka et al., 1993). Macrophages and microglial 

cells contribute to tissue recovery by scavenging necrotic debris. They can also 

release a variety of substances many of which are cytotoxic and/or cytoprotective. 

Resident microglial activation precedes macrophage infiltration and the vast 

majority of macrophages in the infarcted area are derived from local microglia 

(Schilling et al., 2003). Few hours after ischemia onset, circulating leukocytes 

(neutrophils, lymphocytes and monocytes) migrate into the brain, release more 

pro-inflammatory mediators leading to secondary injury of the penumbra (Brouns 

and De Deyn, 2009). Adhesion molecules play a pivotal role in the infiltration of 

leukocytes into the brain parenchyma (Stoll et al., 1998). Whereas neutrophils are 

the first leukocyte subtype cells to arrive to the ischemic tissue, infiltration of 

monocytes starts only after a delay of several days (Brouns and De Deyn, 2009). 

Infiltrating leukocytes, as well as resident brain cells, including neurons and glia, 

may release pro-inflammatory mediators, such as cytokines, chemokines and 

oxygen/ nitrogen free radicals that contribute to the evolution of tissue damage. 

 

3.7.2. Pro-inflammatory and anti-inflammatory cytokines 

 

Cytokines are important inflammatory mediators that are produced by immune 

cells and resident brain cells after ischemia. They are primary mediators of the 

inflammatory response. The most studied cytokines related to inflammation in 

stroke are interleukin-1β (IL1β), tumor necrosis factor-α (TNFα), interleukin-6 

(IL6), interleukin-10 (IL10), nerve growth factor (NGF), interferon-γ (IFNγ) and 

transforming growth factor-β (TGFβ). Among those cytokines, IL1, IFNγ and IL6 
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appear to exacerbate cerebral injury whereas IL10, TGFβ and NGF may be 

neuroprotective. Pleiotropic functions are described for TNFα. 

 

3.7.2.1. Pro-inflammatory cytokines  

 

The pro-inflammatory cytokine IL1β is the main pro-inflammatory cytokine and 

represents a crucial mediator of neurodegeneration induced by cerebral ischemia 

in rodents. IL1β is synthesized as a precursor molecule, pro-IL1β, which is 

cleaved and converted into the biologically active form of the cytokine by 

caspase-1, formerly referred to as interleukin-1β-converting enzyme (Thornberry 

et al., 1992). Consistent with a potential damaging effect, increased IL1β mRNA in 

blood mononuclear cells was associated with worse neurological outcome in 

ischemic stroke patients (Kostulas et al., 1999), and acute stroke patients showed 

a positive correlation of plasma IL1β levels with poor clinical outcome at 3 months 

(Mazzotta et al., 2004). In rodents, IL1β protein levels increase very early 

following permanent MCAO (Davies et al., 1999) and both systemic 

administration of IL1 receptor antagonist and intracerebral injection of IL1β 

neutralizing antibody to rats markedly reduces brain damage induced by focal 

stroke (Yamasaki et al., 1995; Relton et al., 1996). Inhibition of caspase-1 by Ac-

YVAD.cmk triggers neuroprotection in rodent models of permanent ischemia 

(Rabuffetti et al., 2000) further implicating IL1β in ischemic pathophysiology. IL1β 

expression is closely associated with an up-regulation of endothelial leucocyte 

adhesion molecule, reaching a peak between 6 and 12 h after the onset of 

ischemia (Wang and Feuerstein, 1995). The main source of the cytokine are 

endothelial cells, microglia and macrophages, although it may also be expressed 

by neurons and astrocytes (Mabuchi et al., 2000). 

 

IFNγ is considered as a key regulator of immune and inflammatory responses. 

While absent from normal brain parenchyma, it may play a role in T-cell 

recruitment in stroke. IFNγ induces microgliosis and astrogliosis, synthesis of 

TNFα, IL1β, chemokines and oxygen free radicals all of which can potentiate 

ischemic brain damage (Lambertsen et al., 2004). The role of IFNγ in permanent 

MCAO is controversial, with one group demonstrating an elevated IFNγ mRNA 
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and another study unable to corroborate this response. IFNγ mRNA is increased 

in rat brain tissue after permanent MCAO and correlated with the size of the brain 

lesion at 1 h to 6 days after the lesion, supporting a role for this cytokine in stroke 

(Li et al., 2001) whereas no relevant induction of IFNγ has been detected in the 

study of Lambertsen et al. (2004), arguing against a major role of endogenous 

IFNγ in the development of tissue injury following focal ischemia. Invading T-cells 

are the major source of cerebral IFNγ (Baird, 2006). IFNγ from a non-T-cell 

source may promote T-cell interactions with the vascular wall and enhance 

migration of inflammatory cells across the BBB to sites of inflammation in the 

human central nervous system (Omari and Dorovini-Zis, 2003). 

 

IL6 is largely thought of as a pro-inflammatory cytokine, but its role in ischemic 

stroke is more obscure. In patients with acute brain ischemia, plasma 

concentrations of IL6 are strongly associated with stroke severity and long-term 

clinical outcome (Smith et al., 2004). This is in contrast to the results from animal 

studies suggesting that IL6 may exert a neuroprotective role during stroke 

(Loddick et al., 1998). 

 

    3.7.2.2. Anti-inflammatory cytokines 

 

To restrain inflammation, pro-inflammatory reactions are closely interconnected 

with counter-regulatory anti-inflammatory pathways. Amongst these, IL10 and 

TGFβ have been demonstrated to have anti-inflammatory effects, providing 

significant protection against ischemic brain damage. IL10 is synthesized in the 

central nervous system (CNS) and is up-regulated in experimental stroke (Strle et 

al., 2001). Patients with acute ischemic stroke have high IL10 concentrations in 

cerebrospinal fluid (Tarkowski et al., 1997) and an elevated numbers of peripheral 

blood mononuclear cells secreting IL10 (Pelidou et al., 1999). Furthermore, 

subjects with low IL10 levels have an increased risk of stroke (van Exel et al., 

2002). IL10 acts by suppressing the expression of cytokine receptors as well as 

the production of the pro-inflammatory molecules IL1β and TNFα (Sawada et al., 

1999). Both gene transfer (Ooboshi et al., 2005) and exogenous administration of 

IL10 (Spera et al., 1998) in cerebral ischemia models have beneficial effects. 

However, these studies were undertaken on post-ischemic exogenous 



 33 

administration of this cytokine (Spera et al., 1998; Ooboshi et al., 2005). To 

investigate the impact of chronic IL10 up-regulation on the outcome of ischemia, 

we recently produced transgenic mice over-expressing murine IL10. Our data 

indicate that constitutive IL10 over-expression is associated with a striking 

resistance to cerebral ischemia that may be attributed to changes in the basal 

redox properties of glial/endothelial cells (see Annexe). 

 

Expression of TGFβ has been reported to increase in microglia and astrocytes in 

animal models of cerebral ischemia, with low levels in neurons (Flanders et al., 

1998). Overexpression of TGFβ using an adenoviral vector protected mouse 

brains from focal ischemia and this neuroprotective effect may result from the 

inhibition of chemokines (Pang et al., 2001). More recent investigations showed 

that cultured neurons may be protected from ischemia-like insults by microglia-

secreted TGFβ (Lu et al., 2005). Because the increase in TGFβ message 

generally occurs several days after the ischemic insult, it is proposed that TGFβ 

may contribute to the recovery of ischemic stroke (Flanders et al., 1998). 

 

Neuroprotective effects of NGF have been demonstrated in vivo following 

permanent cerebral ischemia (Guegan et al., 1998). The neuroprotective effect of 

NGF involved the impairment of apoptotic cell death as well as the enhancement 

of anti-oxidant enzyme activities (Guegan et al., 1999). In addition, NGF mRNA 

levels are enhanced following MCAO (Lindvall et al., 1992). Although NGF is 

expressed in neurons, in vitro study evidenced for NGF production and NGF-like 

activity in astrocytes (Furukawa et al., 1986) and in vivo studies confirmed NGF 

expression in astrocyte-like cells after brain injury (Lee et al., 1998).  

 

   3.7.2.3. The dual functions of TNFα   

 

TNFα has pleiotropic functions and may influence apoptosis or survival through 

different pathways (Hallenbeck, 2002). During the first hours after the ischemic 

insult, expression of TNFα is increased in neurons; at later stages expression is 

observed in microglia ⁄ macrophages and in cells of the peripheral immune 

system (Stoll et al., 1998). To date, the role of TNFα has not been fully clarified. 
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Inhibition of TNFα reduces brain infarction in rats subjected to permanent MCAO 

(Barone et al., 1997; Yang et al., 1998). However, neuronal damage caused by 

focal brain ischemia is exacerbated in mice genetically deficient in p55 TNF 

receptors (Bruce et al., 1996). The pleiotropic activities of TNFα might be due to 

different pathways through which TNFα signals. There are at least two TNFα 

receptors, namely p55 and p75TNF. Deletion of the p55 gene results in increased 

brain damage, as compared with wild-type (WT) and p75-deficient mice following 

transient focal ischemia (Gary et al., 1998). Moreover, ischemic preconditioning 

caused up-regulation of neuronal p55 receptor up-regulation (Pradillo et al., 

2005). However, as both receptors may activate intracellular mechanisms 

contributing either to the induction of cell death mechanisms or to anti-

inflammatory and anti-apoptotic functions, the roles of p55 and p75 in modulating 

cell death ⁄ survival remain unclear (Hallenbeck, 2002).  

 

3.7.3. Chemokines 

 

Chemoattractant cytokines, chemokines, are regulatory polypeptides that mediate 

cellular communication and leukocyte recruitment in inflammatory and immune 

responses. Expression of chemokines such as monocyte chemoattractant 

protein-1, macrophage inflammatory protein-1α and fractalkine following focal 

ischemia is thought to have a deleterious effect by increasing leukocyte infiltration 

(Stamatovic et al., 2003). In addition to chemotactic properties, chemokines were 

found to also participate BBB 'opening' during the transmigration of monocytes 

(Dimitrijevic et al., 2006). Astrocytes, as well as neurons possess cell surface 

receptors specific for various chemokines (Hesselgesser and Horuk, 1999; 

Stumm et al., 2002). 

 

3.8. Apoptosis 

 

Triggered by a number of processes, including excitotoxicity, ROS formation, 

inflammation, mitochondrial and DNA damage, and cytochrome c release from 

mitochondria, apoptosis occurs after ischemic injury, particularly within the 

ischemic penumbra (MacManus and Buchan, 2000). 
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3.8.1. Mechanisms of apoptosis 

 

The mechanisms of apoptosis are highly complex and sophisticated, involving an 

energy-dependent cascade of molecular events.  

 

To date, research indicates that there are two main apoptotic pathways: the 

extrinsic or death receptor pathway (Valmiki and Ramos, 2009) and the intrinsic 

or mitochondrial pathway (Galluzzi et al., 2009b). However, there is now evidence 

that the two pathways are linked and that molecules in one pathway can influence 

the other. The extrinsic and intrinsic pathways converge on the same terminal, or 

execution pathway. This pathway is initiated by the cleavage of caspase-3 whose 

active fragment induces DNA fragmentation, degradation of cytoskeletal and 

nuclear proteins, cross-linking of proteins, formation of apoptotic bodies, 

expression of ligands for phagocytic cell receptors and finally uptake by 

phagocytic cells.  

 

3.8.2. Signaling pathways to apoptosis 

 

The extrinsic pathway of apoptosis (Figure 7) begins outside the cell and is 

mediated by the activation of so-called “death receptors” which are cell surface 

receptors that transmit apoptotic signals after ligation with specific ligands like 

TNF or FAS. Death receptors belong to the tumor necrosis factor receptor (TNFR) 

gene superfamily, including Fas/CD95, and the TRAIL receptors DR-4 and DR-5 

(Ashkenazi, 2002). Ligand-mediated activation of these receptors promotes 

activation of pro-caspase-8 (Benchoua et al., 2001). Activated caspase-8 

functions as an initiator caspase, leading to the subsequent cleavage and 

activation of effector caspases, such as caspase-3, -6 and -7. This results in the 

cellular destruction of proteins and thus, to cell death (Slee et al., 1999). Hybrid 

mice that are deficient in both Fas and TNF expression are strongly resistant to 

ischemic injury compared with the WT strain (Martin-Villalba et al., 1999). 

Extensive signaling crosstalk exists between the extrinsic and intrinsic cell death 

pathways, as in certain situations, the intrinsic pathway is required for the full 

induction of the receptor-mediated extrinsic induction of apoptosis (Yin et al., 

2002).  
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The intrinsic pathway of apoptosis (Galluzzi et al., 2009b) (Figure 7), referred to 

as the mitochondrial pathway, is triggered by intracellular stimuli such as Ca2+ 

overload and overgeneration of ROS. Mitochondria are pivotal regulators of cell 

death through their role in energy production, cellular calcium homeostasis, 

production of reactive oxygen species and capacity to release apoptogenic 

proteins. Consequently, mitochondria are emerging as the target of choice for 

therapeutic intervention. The stimuli that initiate the intrinsic pathway produce 

intracellular signals that may act in either a positive or negative fashion. Negative 

signals involve the absence of certain growth factors, hormones and cytokines 

that can lead to failure of suppression of death programs, thereby triggering 

apoptosis. Other stimuli that act in a positive fashion include radiation, toxins, 

hypoxia, hyperthermia, viral infections, free radicals or other types of severe cell 

stress. All of these stimuli cause changes in the inner mitochondrial membrane, 

increased levels of intracellular calcium as well as oxidative stress. These may 

result to the opening of the mitochondrial permeability transition pore, loss of the 

mitochondrial transmembrane potential which lead to mitochondrial swelling and 

release of apoptogenic factors such as cytochrome c and SMAC/DIABLO from 

the intermembrane space into the cytosol (Henry-Mowatt et al., 2004; Galluzzi et 

al., 2009b) that activate cell death cascades (mitochondria-mediated cell death).  

Cytochrome c binds and activates Apaf-1 (apoptotic protease-activating factor 1) 

as well as pro-caspase-9, forming an “apoptosome” (Hill et al., 2004). The 

apoptosome then recruits and activates caspase-9, which, in turn, activates the 

downstream effector caspases, including caspase-3, thereby converging on the 

extrinsic pathway and leading to apoptosis (Henry-Mowatt et al., 2004; Galluzzi et 

al., 2009b). The loss of cytochrome c from the intermembrane space also favours 

apoptosis through the mitochondrial formation of O2
-• as a consequence of 

electron flow slow down (Cai and Jones, 1998). Under normal conditions, 

caspase activity is held in check by a protein family known as inhibitor of 

apoptosis proteins (IAPs), of which at least 10 have been identified (Lavrik et al., 

2005). As part of the intrinsic apoptosis pathway, the SMAC/DIABLO protein 

released from the mitochondria promotes apoptosis by directly interacting with 

IAPs and disrupting their ability to inactivate the caspase enzymes (Henry-Mowatt 

et al., 2004; Galluzzi et al., 2009b). Since the release of mitochondrial proteins is 
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of central importance in mediating and enhancing apoptotic pathways, those 

mitochondrial events must be kept under strict control of regulatory mechanisms 

which are in many ways dependent on members of the Bcl-2 family which will be 

discussed in the next section.  
 

 
 

Figure 7: Following cerebral ischemia, neuronal cell death may proceed via the intrinsic 
(mitochondrial) pathway. In this pathway, intracellular stress signals are mediated through the Bcl-
2 family of proteins. Upon activation, proapoptotic members of the Bcl-2 family trigger the release 
of killer proteins (cytochrome c, Smac/DIABLO) from the mitochondrial intermembranous space by 
outer membrane permeabilisation. Cytochrome c is released from the mitochondria and 
associates with Apaf-1 and then caspase-9 to form the apoptosome. This pathway then converges 
to the extrinsic pathway at the level of caspase-3 activation. The endogenous protective functions 
of IAPs which restrain caspase-9 and caspase-3 activity under normal condition, are abolished by 
Smac/DIABLO which is released from damaged mitochondria. The extrinsic and intrinsic pathways 
are largely independent, but in certain conditions, the extrinsic pathway engages the mitochondrial 
one via the activation of Bid, a pro-apoptotic member of the Bcl-2 family (from Rami et al., 2008). 
Apaf1, apoptotic protease-activating factor 1; AIF, apoptosis-inducing ligand; IAPs, inhibitor of 
apoptosis proteins. 
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3.8.3. The Bcl-2 family of proteins 
 

The central players of these apoptotic mitochondrial events are members of the 

Bcl-2 (B-cell lymphoma 2) family of proteins (Cory and Adams, 2002). Some of 

these proteins (such as Bcl-2 and Bcl-XL) are anti-apoptotic, while others (such 

as Bad, Bak, Bax or Bid) are pro-apoptotic (for exhaustive review see Danial and 

Korsmeyer, 2004). It is thought that the main mechanism of action of the Bcl-2 

family of proteins is the regulation of cytochrome c release from the mitochondria 

via alteration of mitochondrial membrane permeability.  
 

Bcl-2 itself, the founding member, is a proto-oncogene first identified at the 

chromosomal breakpoint of t(14;18) bearing human follicular B cell lymphoma 

(Bakhshi et al., 1985). Located primarily in the outer mitochondrial membrane, it 

inhibits apoptosis giving birth to the notion that its inhibition could constitute a 

crucial step in ischemic cell death (see section 4, Article I). Indeed, the anti-

apoptotic Bcl-2 proteins act to prevent permeabilization of the mitochondrial outer 

membrane by inhibiting the action of the pro-apoptotic multi-domain Bcl-2 proteins 

Bax and Bak (Reed, 1998). Following cellular stress, the pro-apoptotic Bcl-2 

proteins which are often found in the cytosol, relocate to the surface of the 

mitochondria where the anti-apoptotic proteins are located. This interaction 

between pro- and anti-apoptotic proteins disrupts the normal function of the anti-

apoptotic Bcl-2 proteins and can lead to the formation of pores in the 

mitochondria and the release of cytochrome c. This in turn leads to the formation 

of the apoptosome and the activation of the caspase cascade. The intrinsic 

pathway is characterized by the activation of the multi-domain pro-apoptotic 

proteins Bax or Bak which move to the mitochondrial membrane and disrupt the 

function of the anti-apoptotic Bcl-2 proteins thereby allowing permeabilization of 

the mitochondrial membrane. A current model of how Bcl-2 family members 

regulate apoptosis is described Figure 8.  
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Figure 8: Regulation of apoptosis by the Bcl-2 family. 

In a viable cell, the pro-apoptotic Bcl-2 family members Bax, Bak, and BH3-only proteins are 

antagonized by anti-apoptotic members such as Bcl-2. Specific apoptotic stress signals trigger the 

activation of particular BH3-only proteins (the sentinels that detect intracellular damage) which 

then interact with anti-apoptotic Bcl-2 members on the outer mitochondrial membrane, resulting in 

the release of Bax-like pro-apoptotic factors. Bax-like factors undergo a conformational change, 

insert into the outer mitochondrial membrane where they provoke permeabilization of the outer 

mitochondrial membrane, the release of pro-apoptotic factors from the inner mitochondrial 

membrane into the cytosol, such as cytochrome c, and subsequently activation of the caspase 

cascade (from Borner, 2003). 

 

3.8.4. Execution Pathway: Caspases are central initiators and executioners 

of apoptosis 

  

The caspases are cysteine proteases (their catalytical activity depends on a 

critical cysteine-residue) of central importance in the apoptotic signaling network 

(Galluzzi et al., 2009b). In the cell, caspases are widely expressed in an inactive 

pro-enzyme form and once activated can often activate other pro-caspases, 

allowing initiation of a protease cascade. This proteolytic cascade amplifies the 

apoptotic signaling pathway and thus leads to rapid cell death. Once caspases 

are initially activated, there seems to be an irreversible commitment towards cell 

death. To date, the pro-apoptotic caspases can be divided into the group of 

initiator caspases (caspases-2, -8, -9 and –10), the group of executioner 
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caspases (caspases-3, -6, and –7) and into the group of inflammatory caspases 

(caspase-1,-4,-5) (Cohen, 1997; Rai et al., 2005). Caspases-1, -8 and -9 are 

involved in cerebral ischemia (Mergenthaler et al., 2004). 

The initiator caspases are recruited to and activated at death inducing signaling 

complexes either in response to the ligation of cell surface death receptors 

(extrinsic pathways) or in response to signals originating from inside the cell 

(intrinsic pathways). The extrinsic and intrinsic pathways both end at the point of 

the execution phase, considered the final pathway of apoptosis. It is the activation 

of the execution caspases that begins this phase of apoptosis. Execution 

caspases activate cytoplasmic endonuclease, which degrades nuclear material, 

and proteases that degrade the nuclear and cytoskeletal proteins. Caspase-3 

(also called Cpp32), caspase-6, and caspase-7 function as effector or 

“executioner” caspases, cleaving various substrates that ultimately cause the 

morphological and biochemical changes seen in apoptotic cells (Slee et al., 

2001). Caspase-3 is considered to be the most important of the executioner 

caspases and is activated by any of the initiator caspases (caspase-8, caspase-9, 

or caspase-10). Caspase-3 specifically activates the endonuclease CAD 

(caspase-activated DNAse) (Sakahira et al., 1998). CAD then degrades 

chromosomal DNA within the nuclei and causes chromatin condensation. 

Caspase-3 also induces cytoskeletal reorganization and disintegration of the cell 

into apoptotic bodies. Caspase-3 activation may be a downstream event in the 

apoptotic cascade induced by cerebral ischemia (Phan et al., 2002). The 

importance of caspase-3 activation in ischemic death is underscored by the 

finding that its inhibition with the highly selective antagonist z-DEVD-fmk 

significantly protect neurons against ischemic death (Hara et al., 1997).  
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4. Cerebral ischemia and the Bcl-2 protein 

 

Article I: F. de Bilbao, E. Guarin, P. Nef, P. Vallet, P. Giannakopoulos 

and M. Dubois-Dauphin (2000) Cell death is prevented in thalamic 

fields but not in injured neocortical areas after permanent focal 

ischaemia in mice overexpressing the anti-apoptotic protein Bcl-2. Eur 

J Neurosc 12:921-934. 

 
4.1. Bcl-2 mechanism of protection against damage 

 

As described in section 3.8.3., Bcl-2 strongly protects against apoptosis. One way 

it does this is to prevent cytochrome c release and thus prevent activation of the 

caspase proteases (Monney et al., 1996; Yang et al., 1997). It also protects 

downstream from the mitochondrial release of cytochrome c (Reed, 1997). In 

vitro, Bcl-2 has been shown to prevent cell death by decreasing the cellular 

generation of ROS induced by GSH depletion (Kane et al., 1993). Overexpression 

of Bcl-2 may prevent lipid peroxidation, protect cells from H2O2-induced oxidative 

deaths (Hockenbery et al., 1993) and shifts the cellular redox state to a more 

reduced state by promoting anti-oxidant defenses (SOD and catalase activities) 

(Ellerby et al., 1996). Enhanced oxidative stress and higher susceptibility to pro-

oxidants are evident in the brains of Bcl-2 KO mice (Hochman et al., 1998). In 

addition, it may block necrotic cell death in conditionally immortalized nigral 

neurons resulting from exposure to calcium ionophores, glucose withdrawal, 

membrane peroxidation, free radical formation, and glutamate excitotoxicity (Behl 

et al., 1993; Zhong et al., 1993). It has also profound protective effects on 

mitochondrial function, greatly enhancing maximal Ca2+ uptake and reducing the 

ability of increased mitochondrial Ca2+ to impair respiration, presumably by 

preventing opening of the mitochondrial permeability transition pore (Murphy et 

al., 1996). These effects are likely to protect against necrotic cell death. As the 

consequent alteration of calcium homeostasis, lipid peroxidation, and membrane 
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damage is an important component of glutamate excitotoxicity and ischemic cell 

death, these data provide evidence that Bcl-2 could constitute a potential 

therapeutic application in the treatment of stroke. 

 

4.2. Bcl-2 and cerebral ischemia 

 

Permanent MCAO in rats led to a decrease in expression of Bcl-2 and Bcl-X in 

neurons of the penumbra, the great majority of which go on to die (Gillardon et al., 

1996). The author’s findings suggest that a shift in the ratio of cell death repressor 

Bcl-2 to cell death effector Bax may contribute to neuronal apoptosis in the 

infarcted thalamus and cortex. There is every reason to believe that elevated 

Bax/Bcl-2 will be damaging and that the elevation of Bcl-2 in nonvulnerable 

regions may well be protective. In transgenic mice overexpressing Bcl-2, the 

volume of the brain infarction following permanent MCAO was reduced by 50% 

(Martinou et al., 1994) whereas Bcl-2 KO mice showed an increased infarct after 

transient MCAO (Hata et al., 1999). Neuroprotection following 

permanent/transient MCAO was also reported in rats transfected with viral vectors 

carrying the bcl-2 gene in cerebral cortex or striatum (Linnik et al., 1995; 

Lawrence et al., 1996). Using gene therapy, Zhao et al. (2003) showed that 

overexpression of Bcl-2 protects against damage to the infarct margin induced by 

focal ischemia with and without reperfusion, by inhibiting cytosolic accumulation 

of cytochrome c and caspase-3 activation. This suggests a potential therapeutic 

strategy for stroke. Permanent focal ischemia induces Bcl-2 protein synthesis in 

cortical neurons localized at the margin of infarction (Guegan et al., 1998) 

suggesting that these neurons may survive ischemic injury. Overexpression of 

Bcl-2 strongly protects against global ischemia (Antonawich et al., 1998), can 

protect neural cells from delayed death resulting from chemical hypoxia and may 

do so by an anti-oxidant mechanism (Myers et al., 1995). However, the role of 

Bcl-2 in promoting cell survival after ischemia is controversial as Wiessner et al. 

(1999) showed that Bcl-2 transgenic mice did not reveal any reduction of infarct 

volume after permanent MCAO as assessed by MRI. Therefore the role, as well 

as the cellular and molecular basis of the anti-apoptotic action of Bcl-2 following 

ischemia remains to be clarified. 
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As ischemia is a pathological condition that features excessive apoptosis, it thus 

may benefit from inhibiting apoptosis with specific agents. Therefore, identification 

and exploitation of new targets remains a considerable focus of attention. As a 

potential method of anti-apoptotic therapy to evaluate the potential therapeutic 

modality of the anti-apoptotic protein Bcl-2 include the use transgenic models of 

focal cerebral ischemia. Although several reports demonstrated that 

overexpression of Bcl-2 prevents ischemic neuron damage, the mechanisms 

underlying neuroprotection by Bcl-2 are not well understood. In Article I, we 

clarified several issues. First, in order to assess the effects of focal ischemia on 

the expression of molecules which have been implicated in the regulation of 

apoptosis, we studied in detail the expression levels of members of the Bcl-2 

family, bax and bcl-xl, as well as cpp32 (caspase-3) transcripts, in WT mice 1, 3, 

7 and 14 days following permanent MCAO. Second, using mice that 

overexpressed the human Bcl-2 proto-oncogene, we examined whether in vivo 

endogenous Bcl-2 overexpression may prevent neuronal damage by altering the 

course of these molecular events in the infarcted area. Third, it is well known that 

neuropathologic changes also occur in distant non-ischemic area (i.e. remote 

thalamic areas) after focal cerebral ischemia (see section 2.3.); however the 

mechanisms of cell death involved in these secondary changes remain unclear. 

Thus, we tested whether 1) the apoptotic-related transcripts cpp32, bax and bcl-xl 

are induced and 2) Bcl-2 could protect against cell death in these areas. 
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4.3. Article I: Results and discussion  

 

4.3.1. Bcl-2 overexpression did not prevent ischemic damage in mice 

subjected to permanent MCAO 

 

Despite the presence of the Bcl-2 protein in cortical areas affected by ischemia 

(Figure 7B), our data shows that the overexpression of Bcl-2 does not efficiently 

protect cortical neurons from death, as the infarct sizes were not reduced in Bcl-2 

transgenic mice. Indeed, there was no significant difference of the infarct sizes 

between WT and Bcl-2 transgenic mice at any time point tested (1, 3, 7 and 

14 days) after ischemia (P > 0.05, Table 1, Figures 1 and 2). However, in each 

group of mice, the percentage of the area infarcted 7 days after ischemia was 

significantly smaller than that at 3 days post-ischemia (P < 0.05). This result 

mostly reflects the effect of brain edema on infarct volume as the development of 

brain edema has been shown to occur in the first 3 days after ischemia (Lin et al., 

1993). In order to determine if the presence of the Bcl-2 protein could alter the 

size of the penumbra, the thickness of the penumbra was also measured in WT 

and transgenic mice 7 days after MCAO (Figure 3). Our results demonstrate that 

the penumbral areas were similar in both genotypes (P > 0.05). In line with these 

findings, no changes in the labelling pattern of TUNEL-stained cells in the 

penumbra were detected between WT and transgenic mice. 

Although our results are strongly supported by a finding showing that the infarct 

size was not reduced in Thy1hbcl-2 mice following MCAO (Wiessner et al., 1999), 

they do not confirm numerous data showing an effect of Bcl-2 on infarct size (see 

section 4.2). In particular, it has been shown that Bcl-2 overexpression in the 

mouse brain significantly reduced the volume of the infarct following permanent 

MCAO (Martinou et al., 1994). Several possible explanations may explain this 

discrepancy and the present lack of effect of Bcl-2 overexpression. First, this 

could be partly due to the different methodologies used for quantification of the 

infarcted area as Martinou et al. (1994) measured the areas of cerebral damage 

on five coronal sections at specific coordinates without considering the full rostro-

caudal extent of the infarcted area. In addition, it should be also notified that the 

reliability of our results can be supported by the fact that our study was 
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investigated at various time-points following ischemia. Second, it cannot be 

excluded that the levels of Bcl-2 were too low to prevent tissue damage due to the 

severity of the occlusion (permanent), with a rapid onset of energy depletion and 

mitochondrial membrane depolarization which could not allow apoptosis to occur. 

In line with this hypothesis, numerous cells displaying a necrotic profile were 

observed in the inner border zone of infarction (Figures 7C and 7D). Third, in this 

model of ischemia, apoptosis may have occurred not only through the intrinsic 

pathway but also through the extrinsic one (see section 3.8.2.). In these 

conditions, the concomitant activation of the extrinsic pathway (death-receptor-

mediated) which activates caspase-3 through a pathway independent of 

mitochondria, could not have been prevented by Bcl-2. Consequently, acting on 

the intrinsic pathway could have not been sufficient to limit neuronal damage. 

Finally, our data are consistent with a more recent study showing that pro-

caspase-3 activation, which is known to play an effector role in apoptotic cell 

death, was not involved in the neuronal degeneration seen after permanent 

MCAO in rats (Gill et al., 2002). The authors concluded that rather necrotic 

damage instead of apoptosis may have occurred in this model.   

 

4.3.2. Expression of apoptotic and anti-apoptotic molecules mRNAs in the 

infarcted areas of ischemic WT and Bcl-2 transgenic mice  

  

One and 3 days after MCAO, the distribution and density of bcl-xl and bax 

mRNAs were unchanged. From 7 days post-MCAO, bax mRNA radiolabelling 

was almost confluent and markedly augmented in the penumbra in the 

neighbouring neocortex and caudate putamen areas (compare Figures 5A and 

5B). As assessed by microscopic observation, these cells were of glial and 

neuronal origin (Figures 5E and 5F). However, as assessed by our quantitative 

study (Table 2), the number of silver grains per cell was only slightly increased 

and does not reach a statistical level (P > 0.05). At this time-point, cells located in 

the penumbra displayed a moderate bcl-xl mRNA labelling which was not 

significantly different from transcript levels in the control side (P > 0.05; Table 2, 

Figure 5C). From 7 days, numerous cells had invaded the necrotic core and 

presumably corresponded to activated macrophages. In agreement with previous 

results (Okada et al., 1998), these cells displayed high levels of bcl-xl mRNA but 
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low levels of bax mRNA. A few labelled bax mRNA cells that mostly corresponded 

to neurons were also found scattered in the core. From 14 days, a strong glial 

proliferation was observed in the penumbral area. It displayed an intense bax 

mRNA signal. A thin layer of bcl-xl mRNA-radiolabelled cells was observed in the 

external border of the penumbra that mostly corresponded to glial elements. 

Therefore, our data showed that, when compared to bcl-xl mRNA, bax mRNA 

levels were significantly increased following permanent MCAO. Similar results 

were reported by other studies (Matsushita et al., 1998; Ferrer et al., 2003). In 

addition, a decrease in immunoreactivity for Bcl-X and an increase in 

immunostaining for Bax were observed within the ischemic cortex of rats following 

permanent MCAO (Gillardon et al., 1996).  

Whereas the pattern of cpp32 mRNA labelling was unchanged one day after 

MCAO (Figure 4A), it became activated from 3 days post-MCAO as a few labelled 

cells were observed in the penumbra (Figure 4B; compare Figures 4E and 4F). 

The observation of hybridized cells strongly suggests that cpp32 mRNA up-

regulation was of neuronal origin (Figure 4F). From 7 days, Cpp32 mRNA 

transcript levels significantly increased in the penumbral zones (P < 0.05; Table 2, 

Figures 4C, 4D, and 5D). From 14 days, cpp32 mRNA radiolabelling was still 

observed. In the ischemic core, occasional cpp32 mRNA radiolabelling were 

observed 3, 7 and 14 days post-ischemia. In respect to these findings, the rapid 

induction as well as the spatio-temporal profile of cpp32 mRNA expression could 

point to the importance of this protease in ischemia-induced apoptotic process. 

However and as already discussed, the fact that cell death process could not 

have been prevented in Bcl-2 transgenic mice may suggest that multiple 

pathways of cell death can coexist in cells of the cortical area following ischemia 

(Wieloch, 2001). In support with this, the transcript levels of the pro-apoptotic 

protein Bax were not already induced 3 days post-MCAO when cell death has 

already occurred. Furthermore and in accordance with the lack of effect of the 

transgene expression on infarct size, bcl-xl, bax and cpp32 mRNAs levels were 

similar between WT and Bcl-2 transgenic mice at each time point studied. 

 

In conclusion, it should be noted that although a variety of genes may be induced 

at the transcriptional level after ischemia, protein synthesis may rapidly decrease 
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because the translational machinery is severely affected. Therefore, the present 

gene up-regulations should be confirmed at the protein level.  

 

4.3.3. Apoptotic cell death is prevented in the thalamus of Bcl-2 transgenic 

mice 

 

An interesting finding is that, despite the lack of protection provided by Bcl-2 in the 

infarct area, a beneficial effect of Bcl-2 is mainly directed towards the thalamus, a 

brain region characterized by a delayed degeneration. Indeed, focal ischemia is 

known to cause secondary damage in non-ischemic remote brain areas that have 

synaptic contacts to the primary lesion site (see section 2.3.). The accepted 

hypothesis is that this secondary damage is due to retrograde degeneration of 

thalamocortical projections (Iizuka et al., 1990). Such lesions remote from the 

infarct may influence functional recovery in patients with stroke.  

Whereas in the thalamic area of WT mice, numerous apoptotic bodies were seen 

in the ventrolateral, ventral posterolateral and ventral posteromedial thalamic 

nuclei of neuronal cells (Figures 7G and 8B), only rarely apoptotic cells were 

observed in Bcl-2 transgenic mice seven days post-MCAO (Figures 7H and 9). In 

contrast to the infarcted area, no TUNEL-labelled cells displaying a necrotic 

morphology were observed in thalamic nuclei (Figure 7G).   

Altogether, these results indicate that the mechanisms that underly neuronal 

damage may be different between thalamic and cortical neurons. As assessed by 

DNA fragmentation, apoptotic-related cell death genes may be involved in 

thalamic secondary changes induced by permanent focal ischemia and, because 

we did not evidenced any changes in infarct size between the two genotypes, it is 

unlikely that sparing cortex could have prevented secondary retrograde 

degeneration in transgenic mice. It is rather conceivable that Bcl-2 overexpression 

may have limited apoptotic processes thereby limiting thalamic degeneration. The 

beneficial effect of Bcl-2 against thalamic neurodegeneration is of clinical interest 

as thalamic atrophy has been reported in patients after stroke (Tamura et al., 

1991) and thalamic damage is frequently associated with functional deficits in 

humans (Bogousslavsky et al., 1988). 
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4.3.4. Expression of apoptotic and anti-apoptotic molecules mRNAs in the 

non-infarcted areas of ischemic WT and Bcl-2 transgenic mice 

 

Interestingly, a consistent up-regulation of cpp32 mRNA occurred at the level of 

the ipsilateral thalamus in the ventral posteromedial, posterolateral thalamic nuclei 

and the posterior thalamic nuclear group. This up-regulation occurred from day 

3 days after MCAO, peaked at 7 days post-ischemia and was sustained 14 days 

after MCAO (Figure 6B, Table 2). In contrast, no modifications of bax and bcl-xl 

mRNA levels were observed (P > 0.05; Table 2, Figures 6C and 6D). Therefore, it 

appears that injured thalamic neurons produced mRNAs of the adverse protein 

Cpp32 rather than the protective protein Bcl-xl. Consistent with the observed 

TUNEL staining, these results indicate that neuronal death occurs in thalamic 

nuclei through an apoptotic mechanism and that the induction of the cpp32 gene 

might play a causative role in the cell death process. In contrast with previous 

results (Gillardon et al., 1996), we did not observe any increased levels of bax 

mRNA expression in thalamic neurons. However, these authors analyzed total 

mRNA expression 6 hours following ischemia. It cannot be excluded that these 

bax mRNA changes reflected a transitory phenomenon. Because we did not 

observe any differences in transcripts expression between WT and Bcl-2 

transgenic mice, it can be concluded that the protective role of Bcl-2 in the 

thalamic delayed neuronal death process could have occurred despite the up-

regulation of cpp32 mRNA. However, this result is not suprising as the protective 

effect of Bcl-2 results from interactions with cell death molecules upstream to 

Cpp32/caspase-3 activation (see section 3.8.3.). Rather, future studies should 

determined if the active form of Cpp32 has been prevented in Bcl-2 transgenic 

mice. 

 

4.4. Conclusion  

 

Whereas the extent of cortical neuronal injury could not have been lowered by the 

Bcl-2 transgene, we report that cell death could have been prevented in the 

thalamus of Bcl-2 transgenic mice. These findings indicate that the 

pathophysiological mechanisms that underly neuronal damage may be different 

between thalamic and cortical neurons, and that the extent of neuroprotection 
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may depend on the injury paradigm. Because the present study does not confirm 

previous data showing a protective role of Bcl-2 in neocortical infarcted areas, it 

suggests that other death pathways of cell death may be critical following 

ischemia and acting on the intrinsic pathway could have not been sufficient to limit 

neuronal damage. Accordingly, the extrinsic pathway mediated by Fas receptor 

and associated proteins (FADD, DAXX, FLIPL) has been recently under active 

investigation to assess its impact in brain ischemia (Taoufik et al., 2007; Bi et al., 

2008). Altogether, these reports demonstrated the importance of the extrinsic 

pathway in neuronal death following transient and permanent MCAO. In contrast, 

anti-apoptotic therapies may constitute a possible treatment for areas of the brain 

remote from those directly affected by ischemia. Because atrophic changes in the 

ipsilateral thalamus also occur in patients with cerebral infarction in the medial 

cerebral artery territory (Tamura et al., 1991), our results may have therapeutic 

implications. However, further investigations with long-delayed cell injury after 

MCAO should be addressed to determine whether Bcl-2 may ensure a long-term 

neuroprotection of thalamic neurons.  
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5. Cerebral ischemia and mitochondrial Uncoupling protein-2 

 

Article II: F. de Bilbao, D. Arsenijevic, P. Vallet, O.P. Hjelle, O.P. 

Ottersen, C. Bouras,* Yvette Raffin,* Karin Abou,* Wolfgang 

Langhans, Sheila Collins, J. Plamondon, M.C. Alves-Guerra, A. 

Haguenauer, I. Garcia,   D. Richard, D. Ricquier and P. 

Giannakopoulos (2004) Resistance to cerebral ischemic injury in 

UCP2 knockout mice: evidence for a role of UCP2 as a regulator of 

mitochondrial glutathione levels. J Neurochem 89:1283–92. 
 
5.1. Uncoupling proteins 

 

Oxidative phosphorylation (Saleh et al., 2002) is a mitochondrial process that 

uses controlled oxidation of energy substrates to generate a proton gradient 

across the inner mitochondrial membrane. This process involves the coupling of 

electron transport, through the electron transfer chain, to the active pumping of 

protons across the inner mitochondrial membrane. The potential energy produced 

by the proton gradient is used to drive phosphorylation of ADP to ATP by ATP 

synthase. Mitochondrial uncoupling proteins (UCPs) can dissociate oxidation from 

phosphorylation (ATP production) (Maragos and Korde, 2004). The term 

uncoupling refers to a condition in which a “leak” of protons back into the matrix 

bypasses ATP synthase and electron transport becomes functionally 

disconnected from the phosphorylation of ADP to ATP. UCPs are mitochondrial 

inner membrane proteins whose primary function is precisely to allow protons to 

re-enter the mitochondrial matrix (Figure 9). This process decreases the proton 

electrochemical gradient which in turn affects the synthesis of ATP. The 

conserved energy derived from the oxidation of substrates during this uncoupling 

is dissipated in the form of heat. The most studied is UCP1, found in abundance 

in the brown adipose tissue of rodents, neonates of other mammalian species 

(Nicholls and Locke, 1984). 

One proposed crucial role for mild uncoupling activity is to reduce ROS production 

and consequent oxidative stress. The ROS may be generated when electron 
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transport chain slows down during “resting conditions” (wherein ATP generation is 

not essential) or during the inadequate supply of adinosine diphosphate (ADP) or 

dysfunction of ATP synthase. Excessive mitochondrial accumulation of calcium 

following ischemia may also cause disturbances in oxidative phosphorylation 

(Schinder et al.,, 1996), resulting in a decreased capacity for ATP production. In 

such conditions, the electron carrying intermediates have an increased chance to 

transfer single electron to molecular oxygen (O2) leading to the production of O2-• 

(presumably because electron flow down the electron transport chain is inhibited, 

thereby increasing the time of interaction between electrons and molecular 

oxygen) and the protons pumped out of the matrix can no longer return back 

(Mattiasson and Sullivan, 2006). This leads to the deregulation of the 

mitochondrial potential whose consequence has been proposed as the point of no 

return in apoptotic signaling (Iijima, 2006). The mild uncoupling due to UCPs 

lowers the mitochondrial membrane potential; this would be expected to reduce 

calcium overloading and attenuates the production of O2-• since both are 

dependent on the mitochondrial membrane potential (Maragos and Korde, 2004). 

A reduction in membrane potential decreases the generation of ROS presumably 

by increasing the flow of electrons through the electron transport chain, thereby 

decreasing the time of interaction between electrons and molecular oxygen. 

Lowering mitochondrial membrane potential may consequently decrease the 

probability of mitochondrial permeability transition pore activation, release of 

apoptogenic factors and activation of caspase-3 ultimately preventing cell-death 

activation. There are now many known examples of UCPs being up-regulated in 

physiological situations of oxidative stress, and thus they are widely considered to 

be part of the anti-oxidant defense system of eukaryotes (Krauss et al., 2005). 
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Figure 9: Coupled versus uncoupled respiration: in a tightly coupled state, protons (H +) re-enters 

the mitochondrial matrix through ATP synthase to generate ATP from ADP. In less tightly, coupled 

states, H + can transit the membrane via UCPs, which result in the production of heat without 

concomitant production of ATP. When the proton-motive force is large, the half-life of superoxide-

generating electron transport intermediates capable of reducing O2 to superoxide (ROS) is 

prolonged. CoQ: coenzyme Q; cyt C: cytochrome c (from Saleh et al., 2002). 

 

5.2. Uncoupling protein-2 

 

UCP2, which is one of the members of this class of proteins, is widely expressed 

in various mammalian tissues (Fleury et al., 1997) including brain (Richard et al., 

1998; Andrews et al., 2005a). It has been implicated in diverse pathologic 

conditions such as obesity (Hidaka et al., 1998), diabetes (Zhang et al., 2001), 

neurodegenerative diseases (Diano et al., 2003; Mattiasson et al., 2003; 

Deierborg et al., 2008). Under normal circumstances, UCP2 is expressed 

predominantly in neurons in several brain regions in both rodents and primates 

(Horvath et al., 1999) although cells of the choroids plexus (Richard et al., 1999) 

as well as endothelial cells (Fink et al., 2005) also express this mitochondrial 

uncoupling protein. Following brain injury, UCP2 is induced in microglia, the 

residing monocytes of the brain (Clavel et al., 2003) as well as invading 

monocytes and neutrophils (Arsenijevic et al., 2007). In rodent, it is expressed in 

the hypothalamus particularly (suprachiasmatic, paraventricular, dorsomedial, 

ventromedial nucleus, and arcuate nuclei) (Horvath et al., 1999), thalamus 

(Horvath et al., 1999), hippocampus and cerebellum (Richard et al., 1998) 

suggesting that UCP2 may play a role in neuroendocrine, behavioral, autonomic 

functions and metabolic processes. UCP2 mRNA is also detectable in the cortex, 
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but levels are much lower than that seen in the hypothalamus (Richard et al., 

1998). Species differences in brain UCP2 expression have been seen, in 

particular between the rat and mouse (Richard et al., 1999), the meaning of these 

differences is presently unknown. 

 

5.3. Role of UCP2 in regulation of ROS 

 

The hypothesis that UCP2 functions to limit ROS production received attention 

when it was found that macrophages from UCP2 KO mouse generate more ROS 

than WT mouse resulting in a striking resistance to infectious microorganisms 

which was reversible by quenching of ROS (Arsenijevic et al., 2000). In vivo, 

these animals show resistance to Toxoplasma infection. Mattiasson et al. (2003) 

observed that UCP2 may be induced by transient MCAO and its neuroprotective 

effect could occur by activating cellular redox signaling or by inducing mild 

mitochondrial uncoupling that prevents the induction of mitochondrial permeability 

transition pore and release of apoptogenic proteins (Andrews et al., 2005a). 

Furthermore, mice that overexpress human UCP2 show increased neuronal 

survival in hippocampal CA1 cells and decreased oxidative stress after excitotoxic 

cell injury induced by exposure to kainic acid (Diano et al., 2003). Using an acute 

neurodegeneration model, the entorhinal cortex lesion paradigm, Bechmann et al. 

(2002) evidenced that up-regulation of UCP2 may protect cells against 

neurodegeneration and found that UCP2 expression levels are inversely 

correlated with caspase-3 activation. In a mouse model of Parkinson’s disease, 

UCP2 KO mice were found to have increased in vivo ROS production and greater 

nigral dopaminergic cell loss (Andrews et al., 2005b). Overexpression of human 

UCP2 diminishes tissue loss, oxidative damage and calcium loading after 

traumatic brain injury (Mattiasson et al., 2003). UCP2 KO mice have a higher 

ROS level that delays liver regeneration (Horimoto et al., 2004). In rodents, UCP2 

promotes survival age by reducing mitochondrial ROS production, whereas UCP2 

deletion severely shortens lifespan (Andrews and Horvath, 2009). 

In vitro, UCP2 may regulate mitochondrial production of H2O2 (Negre-Salvayre et 

al., 1997). It has also been suggested that UCP2 act as a channel, facilitating 

transport of mitochondrial ROS from the mitochondrial matrix to the 

extramitochondrial space, where they can be more readily degraded by cytosolic 



 69 

anti-oxidants such as catalase (Mattiasson et al., 2003). This can be further 

supported by the specific increase in intracellular ROS levels observed in 

endothelial cells pre-treated with antisense oligonucleotides directed against 

UCP2 mRNA (Duval et al., 2002). In addition, superoxides themselves can induce 

the expression of UCP2 (Pecqueur et al., 2001), suggesting that UCP2 could be 

part of an endogenous neuroprotective pathway in response to oxidative stress. 

ROS-suppressing property of UCP2 can inhibit apoptosis in cancer cells (Derdak 

et al., 2008), whereas inhibiting UCP2 expression increases ROS accumulation 

and apoptosis induced by an inflammatory damage in the hypothalamus 

(Degasperi et al., 2008).  

 

Altogether, these results indicate that modulation of UCP2 could be imperative in 

limiting the mitochondrial dysfunction and subsequent cell death in cerebral 

ischemia. As both calcium buffering, ROS production and apoptosis are under the 

control of mitochondria, targeting pharmacologic intervention on mitochondria 

may be one solution to prevent cell death following an ischemic insult. Because 

UCP2 has significant effect on these mitochondrial deleterious events, targeting 

its expression in vivo may help to identify its potential therapeutic application. 

Whereas gain-of-function studies can provide important insights into the 

molecular function of UCP2, complications in interpretation can occur due to 

improper insertion of the transgenic protein into the mitochondrial inner 

membrane (Andrews et al., 2005a). In addition, and as previously mentioned, 

UCP2 brain expression differs between mice and rats; this adds further 

complications to transgenic studies, particularly because UCP2 may be 

expressed in cells were it was previously absent. Studies involving loss-of-

function mutants might be more useful. In Article II, we therefore examined the in 

vivo effects of permanent focal ischemia in mice genetically deleted for ucp2. 

First, we performed a detailed study of brain injury in WT and UCP2 KO mice, 

including regional and cellular distribution of UCP2 mRNA. Second, we explored 

the effect of ucp2 deletion upon oxidative stress levels as well as mitochondrial 

anti-oxidant molecules status (namely MnSOD and GSH) in these mice before 

and after ischemia. 
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5.4. Article II: Results and discussion  

 

5.4.1. UCP2 mRNA is expressed after focal cerebral ischemia 

 

The data presented in this report clearly demonstrate that an ischemic injury may 

enhance in vivo the expression of UCP2 mRNA in the mouse brain. Indeed, in situ 

hybridization revealed that UCP2 mRNA was strongly induced 3 and 4 days post-

MCAO (Figure 1a). Given the role of UCP2 in reducing ROS production, it is 

noteworthy that its expression was seen in the peri-infarct area where free radical 

production appears largely restricted (Lipton, 1999). Importantly, expression 

occurs mainly in microglial cells (Figure 1b). Expression of UCP2 mRNA in 

microglial cells surrounding neuronal injury was also reported in a recent study 

describing the effect of exposure to kainic acid (Clavel et al., 2003). One might 

assume that this occurs in vivo to limit the production of ROS by microglial cells. 

However, in contrast to the Clavel et al. findings (2003), we did not observed any 

apparent expression of UCP2 labelling in neuronal cells. This suggests that UCP2 

can be induced in that type of cells in certain conditions only. 

 

5.4.2. UCP2 KO mice are less sensitive to permanent MCAO and this 

resistance may be explained by changes in anti-oxidant functions 

 

Infarct volume was significantly reduced in UCP2 KO mice when compared with 

WT mice (p < 0.001) (Figure 1c), indicating that the in vivo deletion of UCP2 may 

protect neocortical areas from ischemic damage. This was strengthened by our 

results showing that translocation of cytochrome c from the mitochondria to the 

cytosol was prevented in KO mice (Figure 2a) suggesting that activation of 

mitochondrial permeability transition and apoptotic cell death were prevented. 

Accordingly, the number of TUNEL cells was decreased in UCP2 KO mice 

compared with WT mice (p < 0.05). 

Thus our study showing that UCP2 KO showed resistance to cerebral ischemic 

injury may at first glance be discrepant with what might have been expected and 

with respect to a report concomitant with our work showing an increase resistance 
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to ischemic injury in UCP2 transgenic animals (Mattiasson et al., 2003). 

Concerning this point, our finding has been inappropriately discussed in a recent 

review of Mehta and Li (2009). The authors strengthened the argument that “the 

negative effect of UCP2” was probably ascribed to the permanent MCAO model 

being used. Actually, in contrast to transient MCAO, the ROS production after 

permanent MCAO does not seem to be a major contributor in ischemic damage 

progressions (Peters et al., 1998). However, it is noteworthy to mention that we 

did not observe a “negative effect” of UCP2, but rather a positive effect of its 

deletion. Indeed, the fact that a neuroprotective effect was evidenced when UCP2 

is deleted does not mean that its biological function is a “negative” one. If the 

present result could be explain by the kind of ischemic model used (i.e. ROS are 

not the major cause of death following permanent focal ischemia), one could 

expect a lack of effect of the UCP2 deletion rather than a positive one. Hence, we 

documented in our study results that may explain this apparent contradiction.  

 

5.4.3. A consistent increase in MnSOD may contribute to the reduction of 

ischemic injury in KO mice  

 

UCP2 KO animals have higher brain basal levels of the anti-oxidant enzyme 

MnSOD compared to WT as assessed by western blot analysis (Figure 2b) and 

immunohistochemistry (Figures 3a and b). This basal up-regulation was mainly 

located in neuronal and astrocytic cells in most brain structures, including the 

neocortex (Figures 3c–f). Following ischemia, MnSOD levels were further induced 

in both WT and UCP2 KO mice (Figure 2b). Given the role of UCP2 in the 

regulation of ROS production, it can be argued that increased basal MnSOD 

levels occurs as a compensatory neuroprotective mechanism in response to 

UCP2 deletion and could account for the limited amount of oxidative and tissue 

damages following the ischemic insult. Indeed, levels of lipid peroxidation (MDA 

levels) were decreased by 30% in UCP2 KO mice after ischemia (Table 1), 

indicating a lower oxidative injury in UCP2 KO mice.  

We hypothesized that a constantly increased production of ROS (such as in 

UCP2 KO mice) may have lead to an endogenous up-regulation of anti-oxidant 

defenses, which became protective following ischemic injury. In other words, the 

deletion of UCP2 could have lead to chronic increased levels of O2
-• in the 
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mitochondria of microglial cells. Overexpression of MnSOD in neurons could have 

constitute an adaptative mechanism to regulate O2
-• levels as MnSOD may 

detoxify O2
-• to H2O2 in the mitochondria (see section 3.5.). In support of the 

hypothesis that increased production of ROS in UCP2 KO mice may lead to 

activation of mitochondrial anti-oxidant/neuroprotective genes, subsequent data 

show that under basal conditions, there is a source of superoxide within 

macrophages of UCP2 KO mice that constitutively activates the transcription 

factor NF-κB (Bai et al., 2005), which may lead to expression of neuroprotective 

genes such as MnSOD (Sullivan et al., 1999).  

Besides the fact that MnSOD up-regulation could account for the reduced injury in 

UCP2 KO mice, and because UCP2 dissociate oxidation from ATP production, it 

cannot be excluded that its deletion could have contributed to increase 

mitochondrial ATP production, thereby reducing the drop in ATP levels, a 

consequence of cerebral ischemia. Accordingly, observations on UCP2 KO 

animals revealed increased pancreatic ATP and ADP ratios, which were 

temporarily associated with increased insulin secretion by pancreatic β-cells 

(Zhang et al., 2001). Although further investigations are needed to confirm this, an 

increase in ATP levels could have participated to the preservation of brain tissue. 

 

5.4.4. UCP2 and GSH 

 

In light of the known physiological role of UCP2 in the negative regulation of ROS 

(Arsenijevic et al., 2000), our observations indicating a strong link between 

mitochondrial GSH levels and UCP2 expression might be highly relevant. Indeed, 

we observed a specific association between UCP2 and mitochondrial GSH levels 

regulation. Following permanent MCAO, western blot analysis revealed a 

decrease in total GSH levels. This decrease did not differ in the ischemic 

hemisphere of both groups of mice (p < 0.05 for WT and UCP2 KO mice) (Table 

1). However, we found a significant difference between the two strains of mice, 

when GSH levels were measured in the mitochondria. Actually, whereas 

mitochondrial GSH levels were significantly decreased in the ischemic 

hemispheres of WT mice three days after MCAO, when UCP2 mRNA is induced 

(p < 0.05), levels were unchanged in ischemic UCP2 KO mice (p > 0.05) (Table 

1). Because depletion of mitochondrial rather than cytosolic GSH is crucial to elicit 
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cell damage (Armstrong et al., 2001), unchanged levels of mitochondrial GSH in 

KO animals could have also contributed to the reduction of ischemic injury. 

Immunohistochemical analysis revealed that strong mitochondrial GSH 

immunolabelling was specific to microglial cells (Figures 4d–k), the cells that 

normally produce ROS regulated by UCP2. Therefore, it appears that UCP2 KO 

mice have a dysregulated mitochondrial GSH flux response compared with WT 

mice following cerebral ischemia and that UCP2 and GSH function in tight 

association. Given the fact that efficient anti-oxidative defense mechanisms are 

especially required in mitochondria of microglial cells in order to prevent them 

from oxidative damage and because the mitochondrial GSH system strongly 

contribute to the anti-oxidative potential of microglia (Dringen, 2005), it can be 

postulated that preserved mitochondrial GSH levels in microglial cells may have 

also occurred in response to UCP2 deletion in order to protect these cells from 

high levels of ROS. In other words, microglial cells may have adapted to UCP2 

deletion, a stress condition that have required an improved anti-oxidant defense. 

This hypothesis is in accordance with the fact that after ischemia in WT mice, 

UCP2 mRNA was especially induced in microglial cells. However, this 

compensatory effect of GSH may be rather insufficient given the known increased 

ROS production by UCP2 KO macrophages (Arsenijevic et al., 2000). 

Alternatively, it can not be excluded that GSH mitochondrial content was 

preserved in KO animals due to an increase of GSH synthesis. However, 

although we cannot totally exclude this possibility, we did not evidence any 

difference in total GSH levels (Table 1) between the two strains of mice. 

 

This specific association between UCP2 and mitochondrial GSH levels regulation 

was further confirmed in vitro using lipopolysaccharide (LPS) models of peripheral 

inflammation in purified peritoneal macrophages. Following LPS treatment, GSH 

depletion and uptake were decreased in the mitochondria of peritoneal 

macrophages of UCP2 KO mice compared to WT (p < 0.05; Figures 5a–j). In 

addition, after LPS treatment and addition of GSH, WT macrophages showed a 

markedly increased capacity for GSH uptake compared with macrophages from 

UCP2 KO mice (Figures 5k and l). These results indicate that mitochondrial GSH 

depletion and uptake occur more rapidly in WT than UCP2 KO macrophages, 

suggesting that, in WT animals, UCP2 may downregulate ROS levels by 
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promoting a rapid and dynamic flux of GSH in mitochondria. Consistent with 

UCP2 acting as a negative regulator of ROS in mitochondria (Arsenijevic et al., 

2000), UCP2 would allow transport of GSH into the matrix and the consumption of 

GSH in the efficient elimination of ROS. Evidence mainly from kidney and liver 

mitochondria indicated that the dicarboxylate and the 2-oxoglutarate carriers, the 

UCP’s closest structural relatives (Ricquier and Bouillaud 2000), contribute to the 

transport of GSH across the mitochondrial inner membrane. However, evidences 

suggest the existence of additional carriers, the identity of which remains to be 

established (Fernandez-Checa and Kaplowitz, 2005). Although additional findings 

are required to confirm this hypothesis, the present results suggest that UCP2 

could directly promote the transport of GSH in mitochondria.  

 

5.5. Conclusion  

 

All in all, our findings support the well-established idea that UCP2 expression may 

be an endogenous neuroprotective response to protect neurons in the CNS from 

increased ROS production and subsequent cell death. Our data showing 

consistent increase in MnSOD may reflect a chronic adaptation to the lack of 

UCP2 and may contribute to the reduction of ischemic injury in UCP2 KO mice. 

This indicates that other members of the UCP family of proteins cannot have 

compensated for the loss of UCP2 suggesting a specific role for this molecule in 

brain mitochondrial ROS detoxification. In addition, our results suggest that the 

anti-oxidant GSH system may be closely related to UCP2 expression, as UCP2 

may favor the movement of GSH. However, whether high GSH mitochondrial 

levels in KO mice are part of an adaptive response to the UCP2 deletion aimed at 

restoring oxidative damage or are part of UCP2 deletion consequences leading to 

increased ROS levels by macrophages remain to be more clearly established. 

Finally, in support with the idea that all these results are more or less a direct 

consequence of UCP2 deletion, we would like to underscore the fact that, in line 

with the mitochondrial localization of UCP2, changes in anti-oxidant functions in 

KO mice were specific to those effective in mitochondria. Actually, through control 

of the oxidative stress, GSH and MnSOD are essential in the maintenance of 

mitochondrial function. In addition, we did not find any changes in catalase 

activity, a cytoplasmic enzyme which is absent in mitochondria. The specific 
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cellular distribution in anti-oxidative mechanisms (neuronal MnSOD versus 

microglial GSH) also suggests the presence of two biologically distinct cell 

populations in respect to UCP2 expression: those that produce ROS regulated by 

UCP2 and GSH (microglia, macrophages, neutrophils) and those that may 

activate the cerebral anti-oxidant system of MnSOD (neurons and astrocytes) . 

 

Our results are in accordance with findings not yet published when our 

experiments were performed (Bai et al., 2005; Nakase et al., 2007) and showing 

that UCP2 could play a key role in neuroprotective mechanisms after ischemia. 

Indeed, UCP2 may reduce detrimental inflammatory response by limiting acute 

microglial response (Bai et al., 2005), or stimulating the expression of 

neuroprotective genes (Mattiasson et al., 2003) after ischemia. In addition, human 

cases indicate elevated expression of UCP2 in the ischemic periphery of embolic 

stroke cases, suggesting that UCP2 may play an important role in protecting 

neurons against ischemic insult (Nakase et al., 2007). Altogether, it is reasonable 

to propose that UCP2 induction will have a potential therapeutic role in the 

treatment of stroke. Because resistance to cerebral ischemia in UCP2 KO mice 

may rather reflect a chronic adaptation to the lack of UCP2, future research will be 

nonetheless required to further resolve our findings on neuronal UCP2 function. 

The next significant step could be to identify the tissue specific effects of UCP2 

(as the physiological role of UCP2 may depend of the tissue specificity) 

(Mattiasson and Sullivan, 2006) with the development of tissue specific UCP2 KO 

as well as the ability to temporally regulate neuronal UCP2 suppression, through 

inducible KO. This should reveal new insights about the molecular events 

associated with mitochondrial uncoupling. Given the growing interest within the 

field, the potential use of pharmacological agents with uncoupling properties or 

regulating uncoupling expression may also provide an important avenue to 

combat stroke injuries. Accordingly, studies have demonstrated that the 

pharmacologic induction of mitochondrial uncoupling by 2,4-dinitrophenol 1 h after 

reperfusion reduced infarct volume by 40% following transient focal cerebral 

ischemia in rats (Maragos and Korde, 2004). Control of UCP2 expression could 

also constitute a therapeutic issue. Research in the past ten years has identified 

peroxisome proliferator-activated receptors (PPARs) as pivotal actors in the 

control of transcription of the UCP genes. An understanding of the precise 
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mechanisms and the PPAR subtypes involved in this regulation would provide the 

possibility of the development of pharmacological approaches to modulate the 

levels of UCPs. With regard to UCP2 expression, it has been shown to be under 

the control of peroxisome proliferator-activated receptor β (PPARβ) (Aubert et al., 

1997; Wang et al., 2003). 
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6. Cerebral ischemia and peroxisome proliferator-activated 

receptor β  

 
Article III: D. Arsenijevic, F. de Bilbao, J. Plamondon, E. Paradis, P. 

Vallet, D. Richard, W. Langhans and P. Giannakopoulos (2006) 

Increased infarct size and lack of hyperphagic response after focal 

cerebral ischemia in peroxisome proliferator-activated receptor β-

deficient mice. J Cereb Blood Flow Metab 26:433–445. 

 

 

6.1. PPARs: function and distribution  
 
PPARs are ligand-activated transcriptional factor receptors belonging to the so-

called nuclear receptor family. PPARs are activated by natural ligands such as 

fatty acids, eicosanoids and oxidized fatty acids and pharmacological agents (for 

review see Delerive et al., 2001). Mechanistically, ligand binding induces PPARs 

to heterodimerize with the retinoid X receptor (RXR). The activated PPAR-RXR 

heterodimers induce the transcription of candidate genes by binding to so-called 

peroxisome proliferator response elements (PPREs) consisting of DNA-specific 

sequences (Figure 10).  

 

 

 
 

Figure 10: Mechanism of gene transcription through ligand binding on peroxisome proliferator-

activated receptors (PPARs). In presence of coactivating stimuli, PPARs heterodimerize with 

retinoid X receptors (RXR) to form active transcription factors. The DNA binding domain on PPAR-

RXR heterodimers induces the transcription of target genes by binding to peroxisome proliferator-

response elements (PPREs) which consist of DNA-specific sequences (from Stahel et al., 2008). 
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The three isoforms of PPAR (α, β, γ) share a high homology, but differ for tissue 

distribution and ligand specificity (Escher and Wahli, 2000) (Table). PPARs 

regulate the expression of genes involved in regulation of lipid or glucose 

metabolism (Kersten et al., 2000). Beyond metabolic effects, PPARs are also able 

to regulate inflammatory pathway by trans-repression of transcription factors 

(nuclear factor κB) (Stahel et al., 2008) or to regulate the oxidative pathway in 

different organs (Bordet et al., 2006). PPARα is mainly expressed in tissues with 

high catabolic rates of fatty acids, such as the liver, muscle, and heart, whereas 

PPARγ is highly expressed in adipose tissue and in cells of the immune system, 

including lymphocytes and macrophages. In the brain, PPARγ is expressed in 

several cell types including microglia, astrocytes, oligodendrocytes, and neurons. 

PPARβ (also known as δ), the least known PPAR, has a ubiquitous expression 

compared to PPARα and PPARγ. In contrast with the other PPAR subtypes, 

PPARβ has the highest expression in the brain (Moreno et al., 2004), and is the 

only one widely expressed in neurons and oligodendrocytes (Cullingford et al., 

1998; Vanden Heuvel, 2007) suggesting a role in both myelination and neuronal 

function. However, the precise physiological roles of this receptor remain to be 

elucidated. Its importance in regulating macrophage activity and acting on various 

aspects of metabolic syndrome has been recently emphasized (Barish et al., 

2008). Recent results have also shown that PPARβ plays also a key role in lipid 

metabolism, as it regulates serum lipid profiles and fatty acid β-oxidation in 

muscle and adipose tissue. 

 

 

 
Table: Tissue expression and functions of peroxisome proliferator-activated receptors (PPARs) 
(from Moraes et al., 2006). 
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6.2. PPARs and cerebral ischemia 

 

Based on their functions in inflammation, the potential for PPARs to modulate 

ischemic outcome has been explored (Bordet et al., 2006; Stahel et al., 2008). A 

14-day preventive treatment with the PPARα activator fenofibrate, decreases 

cerebral infarct volume in WT mice following transient MCAO by anti-oxidant and 

anti-inflammatory mechanisms (Deplanque et al., 2003) suggesting that PPARα 

activation is involved as a mechanism of the protection against cerebral injury. 

Activities of the major anti-oxidant enzymes in the brain, in particular Cu/ZnSOD 

and enzymes involved in GSH metabolism, were induced. In another study, it was 

confirmed that PPARα agonists provided similar brain protection when 

administered respectively 3 or 7 days before induction of cerebral ischemia (Inoue 

et al., 2003). More recently, it has been demonstrated that PPARα agonists could 

also induce an acute neuroprotection when administered just before or after the 

onset of transient cerebral ischemia (Ouk et al., 2005; Collino et al., 2006) leading 

to decrease ROS production and lipid peroxidation (Collino et al., 2006). PPARα 

activation induces also a vascular protection as demonstrated by prevention of 

post-ischemic endothelial dysfunction. These vascular effects result from a 

decrease in oxidative stress and prevention of adhesion proteins (Deplanque et 

al., 2003). Treatment with PPARγ-agonists improved survival outcome following 

transient focal cerebral ischemia in rats (Shimazu et al., 2005; Sundararajan et 

al., 2005; Tureyen et al., 2007). It is suggested that the protective effect was 

related to the anti-inflammatory effects of the drug (as evidenced by decreased 

immunoreactivity for microglial/macrophage markers and decrease post-ischemic 

expression of pro-inflammatory genes) or mediated through up-regulation of anti-

oxidant enzymes (CuZnSOD and catalase).  

 

Until recently, the function of PPARβ remained elusive and unexplored despite 

interest in the target (Bordet et al., 2006), as it is the most abundant subtype in 

cortical cells (Cullingford et al., 1998). Despite increasing insights into beneficial 

effects of PPARs in the ischemic brain, the pathophysiological mechanisms are 

far from being completely elucidated. In contrast to other PPARs, no studies have 

yet been performed to analyze the effect of PPARβ in experimental models of 
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stroke. The purpose of Article III was therefore to determine whether PPARβ 

might be neuroprotective in a model of permanent focal ischemia. To this end, we 

used mice lacking the PPARβ receptors (PPARβ KO). We first explored the 

effects of PPARβ deletion on brain infarct size. Second, because PPARs are 

implicated in the regulation of inflammatory and oxidative pathways, we evaluated 

the response of PPARβ KO animals on these processes following permanent 

MCAO. 
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6.3. Article III: Results and discussion 

 

  6.3.1. PPARβ mRNA is expressed after focal cerebral ischemia 

 

The data presented in this report clearly demonstrate that PPARβ mRNA was 

significantly enhanced in the ischemic hemispheres of WT mice compared with 

non-operated animals. Indeed, as assessed by semiquantitative RT-PCR, 

quantitative fluorescent real-time PCR determination and in situ hybridization, 

PPARβ mRNA was strongly induced as soon as one day post-ischemia and was 

still detected one week post-MCAO (Figures 1A and 1C). PPARβ transcript and 

protein were found in the cortical peri-infarct area (Figures 1C and 1D) suggesting 

a role of this protein in stroke-induced pathophysiological mechanisms. No 

labelling was observed in KO mice (Figure 1E). As previously reported 

(Cullingford et al., 1998), expression occurs mainly in neurons and 

oligodendrocytes.  

 

6.3.2. PPARβ KO mice have increased infarct size following permanent 

MCAO  

 

The major finding of this study is that PPARβ deletion exacerbates the deleterious 

consequences of focal cerebral ischemia as PPARβ KO mice had a two-fold 

increase in infarct size compared with WT mice four days post-ischemia 

(P<0.001) (Figure 2). This appears to be specific to PPARβ since, according to 

previous results (Deplanque et al., 2003), PPARα deficiency did not induce any 

increase in susceptibility to cerebral ischemia when compared to their WT 

counterparts (P>0.05). Altogether, these findings suggest that, in normal 

conditions, the basal activity of PPARβ may be involved in endogenous 

neuroprotection against cerebral ischemia and that, consistent with the idea that 

PPARβ is the major isotype normally found in brain, PPARβ function could be 

central as its deletion could not be compensated. This hypothesis is in agreement 

with a recent study that suggests that PPARβ could be more central to suppress 

the progression of neurodegeneration in cerebral infarction than others PPAR 

subtypes (Iwashita et al., 2007).  
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We provide some arguments about the molecular mechanisms that could account 

for the increase susceptibility to cerebral ischemia in KO mice. PPARβ deletion 

increases susceptibility to stroke in KO mice partly by increasing oxidative stress 

levels in the brains of these animals, because the MDA levels were higher in the 

brains of KO mice compared to WT (Table 2). 

 

6.3.3. Increased ischemic damage in PPARβ KO mice may be explained 

by changes in anti-oxidant functions 

 

As might be expected, no induction of UCP2 mRNA was observed in the ischemic 

hemispheres of KO mice (10% to 14%, P>0.05) (Figure 1B), indicating that a 

PPARβ-mediated increase in UCP2 may be an important physiological reaction to 

limit ischemic damage. In contrast, and in line with our previous results (see 

section 5.4.1.), UCP2 mRNA was increased (P<0.001) in the ischemic 

hemispheres of WT mice from day one to day 7 after MCAO (Figure 1B). 

Considering the negative role of UCP2 in ROS production (see section 5.3.), the 

present lack of UCP2 mRNA induction in KO mice may at least partly explain the 

increased oxidative stress observed and could therefore participate in the 

increased infarct size. In addition, we provide here further evidence that in vivo 1) 

UCP2 expression may be under the control of the transcriptional factor PPARβ 

and 2) as discussed in section 5.4.5. (Article II), UCP2 expression in WT animals 

may be an endogenous neuroprotective response to protect neurons from 

oxidative stress induced by ischemia. However, beside UCP2, PPARβ may also 

induce expression of a number of other genes involved in oxidative stress, which 

could contribute to its potential therapeutic roles following stroke. 

 

Accordingly, we provide here evidence that MnSOD induction was reduced in 

PPARβ KO mice after MCAO. One and four day post-MCAO, double staining 

experiments revealed that MnSOD was induced in neurons and astrocytes in the 

peri-infarct area of WT mice. Interestingly, PPARβ KO mice did not show any 

staining at the same time period (Figure 4). Importantly, treatment of KO mice 

with NGF one day after ischemia resulted in detection of MnSOD labelling four 

days after lesion (Figure 4) and was also associated with decreased infarct size in 
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PPARβ KO mice (P<0.05). Therefore, decreases in MnSOD anti-oxidant enzyme 

expression in the brains of KO mice might contribute to the increased deleterious 

consequences of ischemic stroke in these mice. The effect of PPARβ on MnSOD 

anti-oxidant enzyme expression could be related to a direct effect, because 

PPREs have been found in the gene of MnSOD (Doonan et al., 2009).  

 

Finally, although GSH levels were significantly decreased in the brains of both 

genotypes one and four days post-ischemia, this decrease was exacerbated in 

PPARβ KO mice compared to WT mice on D4 after ischemia (Table 2). Reduced 

GSH levels may therefore partly explain the increased oxidative injury and 

susceptibility to MCAO of PPARβ KO mice.  

 

Our observations are consistent with reports indicating that PPARs may confer 

neuroprotection by enhancing anti-oxidative functions. In a recent study, Madrigal 

et al. (2007) showed that the neuroprotective effects of noradrenaline in primary 

cultures of rat cortical neurons exposed to inflammatory stimuli may involve 

activation of PPARβ and increases in GSH; this was partially blocked by co-

treatment with an antagonist of PPARα/β. In addition, data on PPARα and PPARγ 

also showed that their activation could increase anti-oxidant systems. For 

example, PPARα and PPARγ induce expression of SOD (Inoue et al., 2001). A 

neuroprotective effect on oxidative stress-mediated neuronal damage has been 

recently evidenced with the use of a PPARγ agonist in epileptic rats (Yu et al., 

2008). The authors demonstrate that rosiglitazone, a PPARγ agonist, may offer 

protection in vivo by reducing GSH depletion and enhancing SOD activity.  

 

6.3.4. Increased ischemic damage in PPARβ KO mice may be also 

explained by altered cytokine levels 

 

TNFα was significantly induced in the brain of WT mice on day one after MCAO 

(P<0.001), and returned to basal levels on day four compared with non-operated 

WT mice (Figure 3A). In contrast, no induction of TNFα was observed in PPARβ 

KO mice on either day after MCAO when compared with non-operated animals 

(P>0.05) (Figure 3A). Similarly, whereas NGF levels were markedly increased 
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one and four days post-ischemia in WT mice (P<0.001) (Figure 3B), this up-

regulation was completely ablated in PPARβ KO mice (Figure 3B). These results 

suggest that, in normal conditions, PPARβ expression may be needed for TNFα 

and NGF induction after ischemia. Although specific interactions between PPARβ, 

TNFα and NGF need further investigations, similar results have been obtained 

with other PPAR subtypes; PPARγ natural ligands may increase the synthesis 

and release of NGF in mouse primary astrocytes, which have been proposed to 

contribute to neuroprotection (Toyomata et al., 2004). Activation of PPARγ may 

inhibit inflammatory activation of cultured brain astrocytes and microglia induced 

by lipopolysaccharide through inhibition of the production of TNFα (Luna–Medina 

et al., 2005). In addition, activation of PPARγ decreases the production of TNFα 

and IL1β in microglial cells while increasing the intracellular levels of GSH 

(Koppal et al., 2000). 

 

In contrast, the levels of the pro-inflammatory lymphocyte cytokine IFNγ were 

abnormaly elevated in the brain of PPARβ KO mice after MCAO. Indeed, beside 

the fact that IFNγ levels were significantly increased in the brains of both 

genotypes one day after ischemia (all comparisonsP<0.001) (Figure 3C), these 

return to basal levels four days after ischemia in WT only; at his time-point, IFNγ 

was still significantly increased in PPARβ KO mice compared with nonoperated 

animals (P<0.001) (Figure 3C). Interestingly, at each time-point studied IFNγ 

levels were significantly higher in KO than in WT mice (P<0.01) (Figure 3C). 

Altogether, these results suggest that PPARβ may inhibit the induction of this 

inflammatory cytokine and imply that PPARβ may participate in the regulation of 

lymphocyte cytokines as well as migration of inflammatory cells across the BBB to 

sites of inflammation (see section 3.7.3.). The exact interplay between these 

cytokines remains to be determined. In line with our results, much recent data 

suggest that the anti-inflammatory aspects of the PPARβ function may have an 

important role in inhibiting leukocyte recruitment and thus lesion progression in a 

murine model of atherogenesis, by down-regulating the expression of chemokines 

(Barish et al., 2008) which mediate the recruitment of macrophages, neutrophils, 

and T lymphocytes. According to our findings, this effect of PPARβ is supposed to 

occur by the suppression of inflammatory responses elicited by cytokines such as 
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IL1β and IFNγ. Whether the up-regulation of IFNγ expression in PPARβ deleted-

animals lead to up-regulation of chemokines in our model of ischemia can 

therefore be hypothesized.  

 

6.3.5. The oxidative status of PPARβ KO mice after MCAO may be 

mediated by altered cytokine levels 

 

Administration of IFNγ antibody 18 h before MCAO led to a significant reduction of 

MDA increase and GSH loss on day four after ischemia in both group of mice, 

suggesting that oxidative stress is mediated by IFNγ (Table 2). In these 

conditions, no more differences between genotypes were observed (Table 2) 

indicating that IFNγ alterations could have contributed to the increased 

vulnerability of PPARβ KO animals following ischemia.  

In addition, we show that NGF treatment could reverse MnSOD expression in 

PPARβ KO (Figure 4). Therefore, reduced MnSOD expression in KO mice could 

rather be a consequence of altered NGF levels than a direct consequence of 

PPARβ deletion. This is in accordance with a previous finding showing a tight 

association between MnSOD activity and NGF levels in mice subjected to 

permanent MCAO (Guegan et al., 1999). Nevertheless, further investigations are 

required to understand the relationships between NGF, MnSOD, and PPARβ.  

 

6.4. Conclusion 

 

Our data showing that PPARβ KO mice exhibited significantly greater infarct sizes 

than WT animals indicate that PPARβ agonists could be attractive therapeutic 

candidates for stroke. According to this view, our results have been validated by a 

recent study. Indeed, the neuroprotective role PPARβ in the brain was confirmed 

in a high-resolution MRI study for monitoring cerebral ischemic lesions (Pialat et 

al., 2007). In line with our results, PPARβ KO mice subjected to a permanent 

MCAO showed significantly larger infarct size than control animals over a period 

of 14 days after injury. The effect was present from the very early time point 

(around 30 min after the injury) and was particularly marked during the first 72 h, 

suggesting a lesion-initiation effect. This early effect is in line with our result 
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showing an effect of PPARβ on anti-oxidant mechanisms known to be involved in 

the first few hours after cerebral ischemia (Brouns and De Deyn, 2009). 

Because our data provide molecular targets through which PPARβ may promote 

anti-oxidative mechanisms and suppress ischemic inflammation, we concluded 

that a pharmacological modulation of PPARβ by PPARβ-selective drugs could 

constitute potential therapeutics to treat ischemia. This hypothesis was confirmed 

two years ago by a report of Iwashita et al. (2007). The authors showed that, in 

vivo, high-affinity PPARβ agonists protect against ischemic brain injury induced by 

transient MCAO in rats. In accordance with its cellular distributrion (Cullingford et 

al., 1998), the neuroprotective effect of the PPARβ agonists was more prominent 

in the cortex than in the striatum. Finally, based on in vitro cell death model, they 

indicate that the neuroprotective effects of the selective PPARβ agonists were 

closely correlated with caspase-3 inhibitory activity, suggesting that the agonists 

may possess potent anti-apoptotic properties.  
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7. Ischemic Tolerance and infection 

 

Article IV: D. Arsenijevic, F. de Bilbao, P. Vallet, A. Hemphill, B. Gottstein, 

D. Richard, P. Giannakopoulos and W. Langhans (2007) Decreased infarct 

size after focal cerebral ischemia in mice chronically infected with 

Toxoplasma gondii. Neuroscience 150:537-546. 
 
7.1. Inducers of ischemic tolerance  

 

It is well known that pre-exposing the brain to a subthreshold level of 

pathologic/preconditioning stimulus markedly diminishes neuronal vulnerability to 

a subsequent ischemic insult, a phenomenon known as ischemic preconditioning 

or ischemic tolerance (Dirnagl et al., 2003). A variety of potentially harmful stimuli 

such as transient global/focal ischemia, hypothermia and pro-inflammatory 

cytokines may be used to precondition the brain and induce neuroprotection. 

These stimuli trigger the cytokine inflammatory pathways, leading not only to 

inflammation but also to simultaneous up-regulation of feedback inhibitors of 

inflammation which may be governed by multiple mechanisms: neuronal stress 

proteins synthesis, protein kinase signaling, growth factors, and anti-oxidant 

defense enzymes overexpression (Kirino, 2002).  

Among the potential inducers of ischemic tolerance are the infectious agents. 

However, results from the literature are conflicting. Evidences from clinical 

settings indicate that acute infections, mostly respiratory and of bacterial origin, 

may exacerbate ischemic damage during the early pro-inflammatory phase after 

infection (McColl et al., 2009). In addition, an animal study indicates that a 

systemic inflammation with intraperitoneal injection of lipopolysaccharide (LPS, a 

cell-wall component of gram-negative bacteria used as a model for infection) 

occurring in conjunction with a global ischemic insult may exacerbate neuronal 

damage in the rat hippocampus (Spencer et al., 2007). This idea that infection 

may be a trigger for stroke and can worsen outcome seems to be inconsistent 

with the concept of tolerance. Actually, evidences from experimental settings 

have shown that preceding, sub-injurious exposure to LPS appears to confer 

protection against subsequent ischemia (Bordet et al., 2000). This raises the 
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concept that preceding infection might, in some circumstances, be protective 

against subsequent ischemia. In fact, neuroprotective effect appears to depend 

on the timing or severity of the preceding infection (Bordet et al., 2000). 

Considering these contrasting results, findings supporting that chronic infection 

may confer protection against subsequent ischemia warrant further investigations.  

 

7.2. Molecular mechanisms of ischemic tolerance 

  

The exact molecular mechanisms underlying ischemic tolerance are not well 

understood, but induction of inflammatory cytokines such as TNFα and IL1β have 

been demonstrated in most of the experimental models (for review see Dirnagl et 

al., 2003). These inflammatory cytokines are believed to play a critical role in 

establishing tolerance because their inhibition eliminates protection (Cardenas et 

al., 2002) and because administration of TNFα or IL1β alone can directly induce 

tolerance to cerebral ischemia. Pre-treatment with LPS, has been shown to 

induce tolerance following permanent and transient focal ischemia (Dawson et al., 

1999; Bordet et al., 2000). LPS-induced protection from ischemic brain damage 

was abolished when anti-inflammatory agents or protein synthesis inhibitors were 

co-administered with LPS (Bordet et al., 2000), suggesting an absolute 

requirement for de novo protein synthesis and a critical role for inflammatory 

pathways in ischemic tolerance induced by LPS. Cytoprotection by LPS in the 

brain also involves an increase in activity of SOD (Bordet et al., 2000). Anyway, 

our knowledge on the underlying mechanism of ischemic tolerance is still 

fragmentary. Thus, a greater understanding of interactions between the immune 

and nervous systems is an area of growing interest; first because it constitutes a 

model to study endogenous neuroprotective mechanisms and, second, if 

tolerance induction can be manipulated and accelerated by a drug treatment that 

is safe and effective enough, it could greatly improve the treatment of stroke. 

Finally, as preconditioning may occur naturally in human brains after transient 

ischemic attacks and mild strokes (Wegener et al., 2004) and experimental 

tolerance paradigms that involve clinically approved drugs exist (for ref. see 

Dirnagl et al., 2003), research focused on ischemic tolerance mechanisms are 

encouraged to target therapy against the consequences of brain ischemia. Also, 

this could open a window of opportunity to utilize these mechanisms as a 
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promising clinical strategy to the pharmacological brain preparation for situations 

when ischemia is anticipated (i.e. prior to procedures such as invasive brain 

surgery and in high-risk stroke patients).   

 

Chronic murine toxoplasmosis may be of particular interest in the study of 

infection-related effects on brain ischemia since it is associated with a tissue-

specific regulation of the oxidative state (Arsenijevic et al., 2001). In addition, pro-

inflammatory cytokines such as TNFα and IFNγ (Arsenijevic et al., 1997, 2001), 

but also the anti-inflammatory cytokine IL10 (Arsenijevic et al., 1997, 1998) are 

induced rapidly after infection. The major aims of Article IV were to determine 1) 

how the brain may develop endogeneous neuroprotective mechanisms in 

response to chronic infection and 2) whether these mechanisms may influence 

the main biological phenomena associated with acute cerebral ischemia. To this 

end, we explored the impact of chronic Toxoplasma gondii infection on biological 

phenomena associated with permanent MCAO. We first investigated the effect of 

permanent MCAO on infarct size in chronically infected mice. The second goal of 

our research was to explore whether alterations of inflammatory and redox states 

in chronically infected mice may influence brain injury. Levels of main anti-

oxidative molecules, as well as pro/anti-inflammatory cytokines, were therefore 

measured in infected and non-infected brains before and after ischemia.  
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7.3. Article IV: Results and discussion  

 

7.3.1. Ischemic brain injury is reduced in Toxoplasma gondii infected 

mice 

 

We provide evidence here that Toxoplasma gondii infection induces 

neuroprotection against ischemic brain injury induced by permanent MCAO. 

Infected animals showed a 40% to 50% decrease of infarct size compared with 

non-infected littermates 1, 4 and 14 days (Figures 1E and 1F). Diminished 

activation of cellular inflammatory responses that ordinarily exacerbate ischemic 

injury may contribute to neuroprotection induced by toxoplasmosis. This 

neuroprotective effect of infection may be associated with a marked reduction of 

the MCAO-related brain induction of pro-inflammatory cytokines and/or increased 

basal levels of anti-inflammatory cytokines.  

 

7.3.2. Absence of pro-inflammatory cytokine induction observed in infected 

mice after ischemia 

 

Although infected mice had elevated basal levels of the pro-inflammatory cytokine 

TNFα, IFNγ and IL2 when compared to non-infected animals (P<0.001) (Table 2), 

we observed a marked reduction of the MCAO-related brain induction of the two 

pro-inflammatory cytokines, TNFα and IFNγ (Table 2). Although one could argue 

that this finding might reflect the presence of a threshold in cytokine levels 

reached in Toxoplasma-infected mice, this is an unlikely scenario since we have 

previously demonstrated that an injection of LPS led to a marked up-regulation of 

pro-inflammatory cytokines in these mice (Arsenijevic et al., 1998). Therefore, this 

phenomenon could be partly due to the already elevated basal levels of these 

cytokines in the brains of these mice (i.e. counter-regulatory mechanisms). 

 

7.3.3. Up-regulation of anti-inflammatory/neuroprotective factors in infected 

mice 
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In addition, potential anti-inflammatory/neuroprotective factors were up-regulated 

in the brain of infected mice. 

  

Suppressor of cytokine signaling proteins (SOCS): In accordance with 

previous findings showing that SOCS proteins may be induced in peripheral and 

central models of inflammation including permanent MCAO (Bates et al., 2001), 

we observed an up-regulation of SOCS-3 mRNA throughout the brain of infected 

mice (Figure 1D). SOCS-3 is therefore a plausible candidate molecule for the 

regulation of secondary inflammatory response and cytokine production in 

Toxoplasma gondii–infected mice. Actually, SOCS-3 has been shown to 

attenuate pro-inflammatory signaling and its transgenic over-expression may 

inhibit inflammation and associated apoptosis in vivo following LPS injection (Jo 

et al., 2005). Therefore, the absence of MCAO pro-inflammatory cytokine 

induction could be partly due to the induction of the SOCS-3 mRNA after 

infection.  

 

Glutathione: We also provide various evidences that GSH could play a 

significant role in neuroprotection. Brain GSH basal levels are up-regulated in the 

chronic phase of infection (Figure 2A). This increase was specific to microglial 

cells (Figures 2B and 2C). In addition, the specific decrease of GSH levels 

following MCAO (Guégan et al., 1998) was reduced in infected mice when 

compared to non-infected animals (p<0.001) (Figure 3A). Finally, decreased 

infarct size in MCAO mice chronically infected was no longer observed when 

brain GSH levels have been depleted by diethyl maleate (DEM) treatment (Figure 

4B) suggesting that GSH up-regulation may play a pivotal role in the observed 

ischemic resistance. Consistent with a role of GSH in central cytokine regulation 

(Cisowski et al., 2002; Haddad and Harb, 2005), this phenomenon was 

specifically associated with the central up-regulation of pro-inflammatory IFNγ in 

response to MCAO (Figure 4D). 

 

Superoxide dismutase and UCP2: The basal up-regulation of other anti-

oxidant molecules such as SOD and UCP2 mRNA may constitute the other lines 

of defense against ischemic damage in infected mice. SOD activity and 

UCP2/GAPDH mRNA ratio (Figures 3B and 3C) were higher in the brains of 
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infected mice compared with non-infected mice (P<0.01). Such an involvement of 

enhanced SOD in neuroprotection has been previously demonstrated in LPS 

brain preconditioning (Bordet et al., 2000). In addition, our results on UCP2 are in 

line with previous data showing UCP2 induction by ischemic preconditioning 

(Mattiasson et al., 2003). Whereas SOD activities were similarly increased in both 

groups of mice one day post-MCAO (Figure 3B), there was a significant increase 

in UCP2/GADPH mRNA ratio in infected mice compared with MCAO non-infected 

mice (P<0.001) (Figure 3C). Consistent with its role in neuroprotection 

(Mattiasson et al., 2003; de Bilbao et al., 2004), the differences in UCP2 mRNA 

levels persisted between infected and non-infected mice after MCAO. The 

overexpression of SOD activity and UCP2 mRNA could contribute to decrease 

the deleterious effect of the free radicals on neurons during ischemia. This further 

confirms our previous finding that UCP2 could constitute a new candidate for 

endogenous brain neuroprotective mechanisms.  

 

Anti-inflammatory cytokines NGF and IL10: The up-regulation of anti-

inflammatory cytokines could be one of the mechanisms mediating the 

neuroprotection. Infected mice had significantly higher brain levels of NGF and 

IL10 compared with non-infected control mice (P<0.001) (Table 2). Interleukin-10 

up-regulation could constitute one of the possible mechanisms that lead to 

SOCS-3 overexpression as already evidenced in neutrophils and 

monocytes/macrophages (Ito et al., 1999). In addition, because IL10 may act by 

suppressing the production of the pro-inflammatory molecule TNFα (Sawada et 

al., 1999), this may partly explain the marked reduction of the MCAO-related brain 

induction of TNFα (Table 2). Finally, as the differences in NGF levels persisted 

between infected and non-infected mice after MCAO (P<0.001) (which was not 

the case for IL10), NGF may constitute a key anti-inflammatory agent in infected 

mice. According to previous results (Guegan et al., 1998, 1999), the high NGF 

levels could account for the increased basal GSH levels and SOD activity of 

infected mice.  
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7.4. Conclusion 

 

Overall, these findings indicate that chronic toxoplasmosis decisively influences 

both the inflammatory molecular events and outcome of cerebral ischemia. They 

also support the hypothesis that the brain can be rendered preventively resistant 

to cerebral ischemia. Toxoplasmosis may trigger the cytokine inflammatory 

pathways, leading to inflammation and, consequently, to up-regulation of 

feedback inhibitors of inflammation such as growth factors, anti-oxidant defense 

enzymes overexpression and anti-inflammatoy cytokines. These phenomena 

could explain the marked resistance of Toxoplasma gondii–infected mice to acute 

cerebral ischemia. Therefore, the present study not only provides direct evidence 

that chronic infection may confer protection against subsequent ischemia, but 

also provides a new model to explore the effect of a pre-existing chronic 

inflammatory status on the outcome of brain ischemic insult. More generally, this 

new paradigm strongly suggests that endogenous neuroprotective mechanisms 

are not already maximally stimulated by cerebral ischemia and that they can be 

boosted (i.e. IL10 and GSH levels are higher in MCAO infected mice versus 

MCAO non-infected animals). These pathways are potential pharmacologic 

targets in the prevention of deleterious effects of brain ischemia. Indeed, 

understanding these mechanisms may allow to develop in the future a novel 

strategy (boosting endogenous protection in patients) to safeguard the brain 

against ischemic damage. 
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8. General conclusion 
 
 
To date, the treatment of ischemic stroke is limited to the prevention of 

cerebrovascular risk factors and modulation of the coagulation cascade during the 

acute phase. Although many drugs have been developed to induce 

neuroprotection during stroke in the last two decades, none of them has been 

successful at the clinical step of their development (Bayes et al., 2008). 

Consequently, and because ischemic stroke is the second leading cause of death 

and the first determinant of chronic disability in adults in industrialized countries, 

there is an urgent need for new therapeutics (Donnan et al., 2008). The ischemic 

damage is characterized by two distinct cell death events: 1) a necrotic neuronal 

death which occurs within minutes of stroke onset in the area of no blood flow, the 

so-called core of the infarct; and 2) an apoptotic cell death which occurs around 

the area of necrosis with a delayed onset. This injured area is defined as the 

ischemic penumbra (Astrup et al., 1981). The concept of the ischemic penumbra 

has become increasingly important as this is a potentially salvageable tissue. Two 

major pathways regulate the process of apoptosis in mammalian cells, the 

extrinsic (receptor-mediated) and the intrinsic (mitochondrial) pathways (Galluzzi 

et al., 2009b; Valmiki and Ramos, 2009). These pathways constitute attractive 

targets for the development of new neuroprotective interventions. In the present 

work, we mainly focused on the molecular mechanisms that could efficiently 

interact with the intrinsic pathway, characterized by the deterioration of 

mitochondrial functions, to prevent the cell death cascade induced by permanent 

MCAO in mice. Recently, it has been proposed that therapeutic interventions that 

act upstream the permeabilization of the mitochondrial membrane, the point of no 

return in the mitochondrial pathway (Galluzzi et al., 2009b), should confer optimal 

neuroprotection. Among the possible candidates of such intervention, we report 

the effect of genetic modifications of the bcl-2 and ucp2 genes in mice, whose 

transducts have been shown to prevent the permeabilization of the mitochondrial 

membrane (see sections 4.1. and 5.3. respectively). Whereas Bcl-2 

overexpression may exclusively protect areas remote from the infarcted tissue 

(Article I), UCP2 could constitute a more powerfull target to prevent ischemic 

damage in the affected neocortical area (Article II). These results further confirm 

that the extent of neuroprotection that may be afforded when considering a new 
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therapeutic agent may depend on various complex factors, such as the type of 

cell death (apoptosis/necrosis), the injury paradigm and the molecular cascade of 

events that have been activated. As concluded in Article III, one of the possibilities 

to successfully induce neuroprotection in stroke could be also to modulate 

pathophysiological pathways with one pharmacological agent with pleiotropic 

effect, i.e. that may affect more than one mechanism by acting upstream on 

transcription factor receptors. We report such a therapeutic perspective in Article 

III with mice genetically modified for the nuclear receptor PPARβ supposed to 

regulate inflammatory and oxidative processes (see section 6.2.). The 

phenomenon called ischemic tolerance also presumably involves the inhibition of 

the permeabilization of the mitochondrial membrane (Miyawaki et al., 2008). 

Induction of cerebral resistance to ischemia before its occurrence (ischemic 

tolerance) constitutes an alternative therapeutic strategy to trigger 

neuroprotection. On the basis of experimental data, there is evidence that various 

harmful stimuli may render the brain resistant to the deleterious effects of 

ischemia by the induction of cytoprotective proteins as well as by the inhibition of 

deleterious inflammatory, oxidative, and apoptotic pathways (Dirnagl et al., 2003). 

In Article IV, we provide evidence that chronic Toxoplasma gondii infection may 

confer protection against subsequent focal ischemia in mice by up-regulating and 

boosting the endogenous cellular mechanisms of protection. Therefore, it can be 

speculated that pharmacological agents able to mimic the biological effects 

observed in brain ischemic tolerance might increase the resistance to ischemia of 

patients with high risk for stroke. 

  

One of the explanations for the failure of clinical trials is that the developed drugs 

are able to modulate only one molecular pathway among those involved in the 

pathophysiology of stroke. One of the possibilities to successfully induce 

neuroprotection in stroke could be to modulate simultaneously many 

pathophysiological pathways with a combination of several drugs that act at 

several steps of the ischemic cascade (De Keyser et al., 1999). In animal models, 

various neuroprotective combinations have been used successfully (for review 

see Lo et al., 2003). As an example, a recent study demonstrates that a combined 

therapy with a PPARγ agonist (rosiglitazone) and anti-excitotoxic glutamate 

receptor antagonist (dizocilpine/MK-801) led to an improved neurological recovery 
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in rats undergoing MCAO (Allahtavakoli et al., 2007). These considerations argue 

for a future possibility of a multidrug therapeutic approach. Within this theorical 

framework, the evaluation of a potential synergistic protective effect of molecules 

acting on Bcl-2, UCP2 and PPARβ effects may be of particular interest. For 

instance, it can be hypothesized that overexpression of Bcl-2, when combined 

with therapies acting on the extrinsic pathway of cell death, could enhance 

neuroprotection (Taoufik et al., 2007; Bi et al., 2008). It is undeniable that there is 

a long way before translating these observations to efficient and safe clinical 

trials. However, the perspective of a molecular therapy for stroke remains one of 

the most challenging and promising issue in modern neurosciences. The 

experimental evidences included in this work aim to support this new perspective 

that needs a long term investment combining the competence of basic scientists 

and clinicians.  
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