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“In the middle of difficulty lies opportunity.” 
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Abstract 1

Abstract 

Aging is a risk factor for stroke. Animal models of stroke have been widely used to study the 

pathophysiology of ischemic stroke, which in turn helped to develop numerous therapeutic 

strategies. Despite the considerable success of therapeutic strategies in animal models of 

ischemic stroke, almost all of them have been proved to be unsuccessful in the clinical trials. 

One of explanation is that data obtained from young animals may not fully resemble the 

effects of ischemic stroke in aged animals or elder patients, causing the discrepancy 

between animal experiments and clinical trials.  

To investigate these differences with regard to age, pathway specific gene arrays were used 

to identify and isolate differentially expressed genes in periinfarct following focal cerebral 

ischemia. The results from this study showed a persistent up-regulation of pro-apoptotic and 

inflammatory-related genes up to 14 days post stroke, a 50% reduction in the number of 

transcriptionally active stem cell-related genes and a decreased expression of genes with 

anti-oxidative capacity in aged rats. Also, it was observed that at day 3 post-stroke, the 

contralateral, healthy hemisphere of young rats is much more active at transcriptional level 

than that of the aged rats, especially at the level of stem cell- and hypoxia signaling 

associated genes. Next, protein levels between young and aged post-stroke rats in 

periinfarct were compared using proteomic tools. Among others, AnxA3 was identified as 

differentially regulated protein, but the expression of AnxA3 has no significant changes in 

periinfarct between these two age groups at day 3 and 14. Different from periinfarct, a strong 

upregulation of AnxA3 at day 3 in young rats plus a strengthened increase of AnxA3 at day 

14 in aged rats using immunohistochemical quantification indicated a delayed microglial 

accumulation in infarct core of aged rats, suggesting that quick activation of microglia in 

infarct core of young rats might be beneficial for recovery. Colocalization with established 

microglial marker demonstrated that AnxA3 as a novel microglial marker is implicated in the 

microglial responses to the focal cerebral ischemia. In addition, it was found that AnxA3 

positive microglial cells incorporated more proliferating cell marker BrdU. Third, the 

expression, localization and function of several transport proteins were investigated in young 

rats following focal ischemic stroke. P-gp staining was detected in endothelial cells of 

desintegrated capillaries and by day 14 in newly generated blood vessels. There was no 

significant difference, however, in the Mdr1a mRNA amount in the periinfarct region 

compared to the contralateral site. For Bcrp, a significant mRNA up-regulation was observed 

from day 3 to 14. This up-regulation was followed by the protein as confirmed by quantitative 

immunohistochemistry. Oatp2, located in the vascular endothelium, was also up-regulated at 

day 14. For Mrp5, an up-regulation was observed in neurons in the periinfarct region (day 

14).
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In conclusion, reduced transcriptional activity in the healthy, contralateral sensorimotor cortex 

in conjunction with an early up-regulation of proapoptotic genes and a decreased expression 

of genes with anti-oxidative capacity in the ipsilateral sensorimotor cortex of aged rats, plus 

the delayed up-regulation of AnxA3 positive microglial cells in infarct core may contribute to 

diminished recovery in post-stroke old rats. In addition, it was demonstrated in this study that 

after stroke the transport proteins were up-regulated with a maximum at day 14, a time point 

that coincides with behavioral recuperation. The study further suggests Bcrp as a 

pronounced marker for the regenerative process and a possible functional role of Mrp5 in 

surviving neurons. 

This study provided several evidences for the different responses of young and aged rats 

using a focal ischemic stroke model. Understanding the effect of age is crucial for the 

development of relevant therapeutic drugs. 

Key words: aging, focal cerebral ischemia, gene expression, Annexin A3, transporter, rat 
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Literature review 

Introduction 

Stroke is predominantly a non-communicable human cerebrovascular disease. According to 

World Health Organization, stroke made up 10% of total global death (World Health Report-

2004). It is the second most common cause of death above the age of 65 years worldwide 

and a leading cause of adult disability in developed countries. It occurs in all age groups 

regardless of infant, adult or old, but the frequency of incidence increases dramatically with 

age. The majority of stroke, caused by a transient or permanent reduction in cerebral blood 

flow that is restricted to the territory of a major brain artery, is ischemic stroke. The reduction 

of blood flow occurs when a cerebral artery is occluded by an embolus or local thrombosis. 

Consequently, the shortage of oxygen and nutrients, which normally are supplied by this 

artery, causes the death of brain cells, especially neurons.  

Knowledge about pathophysiology of ischemic stroke obtained mostly from animal models 

has prompted the appearances of numerous therapeutic drugs, but the results of clinical 

trials in patients have been so far disappointing. One explanation for the failure is that 

ischemic stroke models with young animals might not be relevant to human disease with 

elderly. Therefore, understanding the different responses to ischemic stroke with regard to 

age might shed light on the development of most relevant new therapeutic drugs. 

The aim of this study is to investigate: (1) gene expression differences between young and 

aged rats in response to focal ischemic stroke; (2) temporal expression pattern of genes 

which are implicated in the post-stroke recovery. 

Focal cerebral ischemic model 

The purpose of developing an animal model of stroke is to validate hypotheses concerning 

the pathogenesis of various types of stroke, to understand the cellular and molecular 

mechanisms of brain cell death, intrinsic and extrinsic neural regeneration and recovery and 

to provide a substrate for testing a potential treatment for both toxicity and efficacy. Basically, 

there are three different kinds of animal models of cerebral ischemia: global, focal and 

hypoxia/ischemia. Consistent with the model used in this study, this review will focus on the 

focal cerebral ischemia. 

Animal models  
Focal ischemia is represented by a reduction in blood flow to a very distinct, specific brain 

region, typically giving rise to localized brain infarction (Ginsberg and Busto, 1989). The 

degree and distribution of blood flow reduction depends on the duration of middle cerebral 

artery (MCA) occlusion, the site of occlusion along the middle cerebral artery, and the 
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amount of collateral blood flow into the MCA territory. According to the duration of occlusion 

time, focal ischemia can be separated into reversible and permanent focal ischemic models. 

In reversible ischemic models, vessels are normally blocked up to 3 hours followed by 

reperfusion whereas in permanent ischemic models, the arterial blockage is maintained 

throughout an experiment, usually from day one up to several days or months. STAIR (1999) 

suggested that for small and large animals, permanent MCA occlusion models should be 

studied first, followed by reperfusion models.  

According to the occlusion sites along MCA, focal ischemia is classified into proximal 

occlusion and distal occlusion models. In one of proximal occlusion models, the stem of MCA 

immediately after branching from the internal carotid and before the origin of the 

lenticulostriate arteries is occluded. This model, which uses invasive subtemporal 

craniotomy, results in a consistent focal ischemic lesion that involves the frontal cortex and 

lateral part of neostriatum in every animal, the sensorimotor and auditory cortex in most of 

the animals whereas the occipital cortex and medial striatum were involved only infrequently 

(Tamura et al., 1981a; Tamura et al., 1981b; Osborne et al., 1987). Bederson et al. (1986) 

modified this model by isolating the lenticulorstriate arteries and distal supply and 

demonstrated that the new model generates a uniform size of infarction. Moreover, they 

developed a neurologic examination and have correlated changes in neurologic status with 

the size and location of areas of infarction. In the mid-90´s, Belayev L et al. (1996) introduced 

the intraluminal occlusion model. This method involves inserting a poly-L-lysine coated 

intraluminal suture and advancing it along the internal carotid lumen until reaches the MCA 

branching point. It has been very popular because of its non-invasiveness and simplicity. 

However, numerous modifications have been made to decrease subarachnoid hemorrhage, 

premature reperfusion (Schmid-Elsaesser  et al., 1998).  Furthermore, it has been impossible 

to use this technique in old rats because of high mortality until the non-poly-L-lysine-coated 

intraluminal suture was used (Lindner et al., 2003).   

The distal area occlusion of MCA frequently has been combined with one or both common 

carotid artery (CCA) occlusion, because the distal MCA occlusion alone generated no infarct 

(Bedenson et al., 1986). Ligation of right MCA and right CCA plus clip occlusion left CCA for 

60 min produced consistent larger infarction in the cortex (Chen et al., 1986). When MCA 

occluded distally, the caudoputamen is spared and the infarct is limited to fronto-parietal 

cortex. After the successive occlusion of right MCA, right CCA and left CCA, however, the 

blood flow in the surface of cerebral cortex gradually decreased to 62%, 48% and 18% of 

baseline. Occlusion of right MCA together with ipsilateral CCA had minor influence on the 

blood flow reduction. The surgical technique of this model is simple, and the MCA and CCA 

can be reopened to allow reperfusion after one to two hours occlusion (Yanamoto et al., 

2003). Electrocoagulation (Tyson et al., 1984; Mohamed et al., 1985) and Photochemical 
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MCA occlusion (Watson et al., 1985; Chen et al., 2004) also have been used mostly to 

produce infarct in preselected distal cortical regions. Photochemical thrombosis which leads 

to infarction was achieved through irradiation of cortical surface following the intravenous 

injection of rose Bengal, a photosensitizing dye. In the photochemical stroke model, the insult 

is severe and blood vessels are completely congested by aggregated platelets. Haseldonckx 

et al. (2000) minimized the photochemical damage to endothelial membrane and created an 

ischemic penumbra which mimics the pathological condition secondary to stroke. Although 

MCA is permanently occluded in these models, the infarct volume can be regulated by 

temporary occlusion of CCA arteries which reduce collateral blood supply. 

Ishemic threshold 
In focal ischemia, the cerebral blood flow (CBF) in ischemic core decreased drastically. 

Some investigators (Tamura et al., 1981b; Bolander et al., 1989) reported that the local CBF 

reduced to approximately 0.24 ml/g/min which corresponded to 13% of control level in 

ischemic area half an hour after occlusion of MCA. In the penumbra region, the CBF 

decreased under 16-18 ml/100g/min which in turn caused the loss of brain electrical activity 

(Siesjö, 1992), whereas loss of neuron ion homeostasis occurs when the cerebral blood flow 

falls below 10-12 ml/100g/min (Branston et al., 1979). Although CBF in periinfarct regions 

without infarction was decreased, it never declined below 20% of its normal value (Bolander 

et al., 1989). In these areas, CBF values gradually normalized to the contralateral side at 4 

weeks after cerebral ischemia. 

 

 
Fig. 1. Penumbra and core 

Penumbra and core (Fig.1) 
Since there exists a collateral blood supply, focal ischemia produces a graded blood flow 

reduction in an area of brain. The center area which is predominantly supplied by the 

occluded vessel suffers most from blood flow reduction, nutrient shortage and cell death. 
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Thus, it forms an ischemic core where the death of neurons is believed to be irreversible. 

Surrounding the ischemic core is an area called penumbra where the blood flow reduction 

partly compensated by collateral blood supply which maintained the ion homeostasis while 

the electrical activity is lost (Siesjö, 1992). Heiss (2000) defined the ischemic penumbra as 

tissue with flow within the thresholds for maintenance of function and of morphologic 

integrity. The penumbra zone is larger in rats and cats which might explain the efficacy of 

some treatments for ischemia in these models. However, the anatomical identification of 

penumbra in primates and man has been difficult since the transition from infarct core to 

normal brain tissue seems to be very sharp, implying a small penumbra in these species 

(Macdonald et al., 1992). This small penumbra window may account for the failure of 

treatment in human although there are undoubtedly other factors at play. While the surviving 

neurons in penumbra are in great danger, they could be rescued in theory by early 

reperfusion or pharmacological therapy. 

Reperfusion 
The penumbral area formed after ischemic stroke is salvageable by early reperfusion or 

pharmacological treatment. Sundt et al. (1969; Sundt and Michenfelder, 1972) found that 

infarcts could be avoided if reperfusion was instituted within 2-3 hours in cats and 3-6 hours 

in monkeys. In Wistar rats, a major part of the neocortex can be rescued when the rats were 

intraluminally occluded for maximal 60 minutes and the window for some parts of the 

neocortex is 90-120 minutes (Memezawa et al., 1992). 

Molecular alterations following focal cerebral ischema 

Immediately after onset of cerebral ischemia, the severely reduced or depleted blood supply 

induces tissue energy failure. Since there are no stores of oxygen or glucose in the brain, it is 

extremely vulnerable to the loss of ATP and probably the other nucleotide triphosphates. In 

general, the lack of ATP and oxygen leads to diminished protein synthesis, metabolism of 

glucose by anaerobic rather than aerobic glycolysis, resulting in lactic acid production and 

intra- and extracellular acidosis (Siesjö, 1992a; Siesjö, 1992b), excitotoxicity (Garthwaite et 

al., 1992), increased intracellular calcium (Tymianski and Tator, 1996) and free radical-

mediated toxicity (Love, 1999). However, over the years, accumulated evidences have 

indicated that energetic considerations and energy substrate limitations are not solely 

responsible for the brain’s increased vulnerability to ischemia. Rather, it appears that the 

brain’s intrinsic cell-cell and intracellular signaling mechanisms, normally responsible for 

information processing, become harmful under ischemic conditions, accelerating energy 

failure and enhancing the final pathways underlying ischemic cell death in all tissues, 

including immediate early gene (IEG) expression, free radical production, activation of 
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catabolic enzymes, membrane failure, DNA damage, apoptosis, and inflammation (Lee et al., 

2000).  

After 3 hours recirculation, Schmidt-Kastner et al. (2002) reported that except induction of 

immediate early genes, heat shock proteins, trophic factors and inflammation, there are anti-

oxidative enzymes, genes involved in RNA metabolism and cell signaling changed. Besides 

the sustained expression of  anti-oxidative enzymes, apoptotic and inflammatory genes, 

genes related to extracellular matrix (ECM), neuronal development and differentiation 

processes were also induced between 12 hr to 4 days (Kim et al., 2004). Neurotrophic 

growth factors exhibited a sustained up-regulation beginning 24 hr after MCA occlusion and 

persisting through 7 days post-injury, whereas synaptic proteins genes were downregulated 

between 3-7 days after MCA occlusion. 

Immediate Early Genes 
As early as 30 min after focal ischemic stroke, the immediate early genes (IEG), which most 

of them are coding for transcription factors, were up-regulated (Lu et al., 2004). Immediate 

early genes include a group of proto-oncogenes like c-fos, fos-B, c-jun, jun-B, jun-D and 

early response genes like egr-1, krox-20 and NGF1B (Akins et al., 1996). Fos protein 

expression has been localized by immunohistochemical staining to be in the nuclei of 

neurons in normal and pathological circumstances. In the majority of cell types, the basal 

level of mRNA and protein of Proto-oncogene expression is relative low. However, IEGs are 

rapidly and transiently expressed in many tissues in response to growth factor stimulation 

(Morgan and Curran, 1991) and cerebral ischemia (Kogure and Kato, 1993). With mild focal 

ischemia, IEG expression is limited to the ischemic zone. With more severe degrees of 

ischemia, however, IEG expression is detected beyond the ischemic region. In situ 

hybridization studies showed that c-fos and junB were induced throughout the cortex at 1 

and 4 h following MCA occlusion. By 24 h, there was little expression of c-fos, junB and c-jun 

in the core of infarct whereas diffuse induction of these IEGs was observed all over the 

cortex outside of the infarct (Kinouchi et al., 1994a). In ischemic stroke, glutamate activates 

IEG transcription by a cascade of molecules including second messenger systems such as 

calcium, cAMP and phosphoinositides, protein kinases and DNA binding proteins. It has 

been demonstrated using MK-801, a N-methyl-D-aspartate (NMDA) antagonist, that c-fos 

and jun-B mRNA induction was activated by the NMDA receptors in cortex, striatum, 

thalamus and hippocampus, but not in substantia nigra suggesting that IEG expression is 

regulated by other signals in remote areas from the ischemic region (Kinouchi et al., 1994b).  

Nuclear translocation of IEGs turned on the gene transcription of late response genes (Akins 

et al., 1996). It is also possible that the ischemic induction of IEGs produces long-term 

changes in the neuronal cell directly and/or indirectly via the target genes which could play a 
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role in plasticity, programmed cell and delayed cell death, and other consequences of 

ischemic injury not only in the ischemic region but also in remote areas. 

Heat Shock Proteins 
Heat shock proteins are another group of early response genes which have been shown to 

be induced immediately after focal ischemia (Sharp and Sagar, 1994). This family is broadly 

categorized according to their molecular weight and includes Hsp70, Hsp27, Hsp60, Hsp90 

and Hsp100 families. Among others, Hsp70 family was widely studied in ischemic stroke. 

Hsp70 mRNA was induced in the core and margin of MCA distribution in cortex up to 4 hours 

following ischemia, and to a lesser extent in striatum at 2 h to 3 days following 60 min of 

ischemia. By 24 h, there was modest induction of hsp70 at the margins of the infarct 

(Kinouchi et al., 1994a). It is proposed that brief ischemia induces hsp70 mRNA and HSP70 

protein in the neurons which are most vulnerable to ischemia, but following 60-90 min of 

ischemia, HSP70 protein is absent in most neurons and glia in areas destined to infarct, 

whereas it is induced in vascular endothelial cells (Kinouchi et al., 1993). Hsp72 is another 

member of Hsp70 family. Different from Hsp70, the Hsp72 mRNA expression was restricted 

to ischemic penumbra and induction of Hsp72 identifies discrete populations of surviving 

cells that are metabolically compromised, but not irreversibly damaged after focal ischemia 

(Nowak and Jacewicz, 1994; Hata et al., 1998). Increased expression of Hsps in brain is 

suggested to play a role in cell surviving and may be neuroprotective (Yenari, 2002; van der 

Weerd et al., 2005). The underlying mechanism of Hsps to maintain cell survival can 

probably be explained by their ability to block apoptosis by inhibiting caspase activation and 

disrupting apoptosome formation (Beere, 2004). Other investigators, however, assessed the 

effects of virally delivered Hsps on the infarct volume following MCA occlusion, found that 

Hsp27, but not Hsp70 treatment significantly reduced infarct volume (Badin et al.,  2006). 

Free radicals and enzymatic anti-oxidants 
There is growing evidence showing that reactive oxygen species (ROS) are important 

mediators of tissue injury in cerebral ischemia. The reduction of oxygen during occlusion and 

the increase of oxygen after reperfusion generate ROS including O2
·-, HO2

·, H2O2, and ·OH 

(Kumura et al., 1996; Peters et al., 1998). It has been demonstrated that about 2% to 5% of 

the electron flow in isolated brain mitochondria produces superoxide radicals and H2O2 

(Boveris and Chance, 1973). Superoxide with one unpaired electron is produced largely by 

NADPH oxidase and has a relative low diffusibility, longer half-life and is much less reactive. 

On the other hand, hydrogen peroxide has modest oxidative potential and can freely cross 

cell membranes. Superoxide forms hydroxyl radicals under the presence of hydrogen 

peroxide through a Haber-Weiss reaction (H2O2 + O2
− → O2 + OH− + .OH) or Fenton reaction 

(Fe2+ + H2O2 → Fe3+ + OH− + .OH). It is believed that iron complexes can catalyze this 
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reaction to form hydroxyl radicals. In physiological condition, irons were mainly stored in 

intracellular ferritin proteins (Eisenstein, 2000). However, ischemic stroke disrupts the iron 

homeostasis, and accumulation of ultrafiltrable iron was reported (Lipscomb et al., 1998; 

Oubidar et al., 1994). Accordingly, the excessive iron production in ischemic brain 

contributes to the ROS generation (Minotti and Aust, 1992). Also, NO diffuses freely across 

membranes, reaches to superoxide-generating foci and leads to peroxynitrite formation 

(Gursoy-Ozdemir et al., 2004). Peroxynitrite is not stable in physiological pH and degrades 

immediately to nitrogen peroxide and hydroxyl radical. Fukuyama et al. (1998) reported that 

the formation of peroxynitrite occurred predominantly in periinfarct of focal ischemic brain. 

Superoxide was formed in neurons, astrocytes and endothelium whereas NO were produced 

from L-Arginine catalyzed by nitric oxide synthase (NOS) mostly in neurons and endothelium. 

In addition, during reperfusion, superoxide, NO and peroxynitrite formation on microvessels 

and surrounding end-feet may lead to cerebral hemorrhage and edema by disrupting 

microvascular integrity (Gursoy-Ozdemir et al., 2004). The generated hydroxyl radicals, on 

the other hand, are extremely active oxidants. These radicals are known to initiate lipid 

peroxidation and to cause protein oxidation and DNA damage in cells (Hayashi et al., 2005) 

(Fig. 2).  

Focal Ischemia/Reperfusion 

 
The brain has potent defenses against superoxide including dietary free-radical scavengers 

(ascorbate, a-tocopherol), the endogenous tripeptide glutathione, and enzymatic 

antioxidants. Enzymatic antioxidants regulate superoxide concentration by dismutation of 

superoxide to hydrogen peroxide and oxygen by the superoxide dismutases Cu/ZnSOD and 

Mn-SOD (Weisiger and Fridovich, 1973; Fridovich, 1975).  

Cu/ZnSOD is a cytoplasmic enzyme, whereas MnSOD is localized in mitochondria. In normal 

brain, immunoreactivity to both SODs was observed in medium-sized neurons in the striatum 

Lipid peroxydation 

Protein oxydation 

DNA damage 

O2
.-

L-Arginine 

SOD 

H2O2 

Gpx Catalase 

2H2O H2O+1/2O2 

.
OH

.NO

NOS 

Fe2+

Apoptosis 

Necrosis 

Fig. 2. Free radicals induce cell death 
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and in many neurons in the neocortex. In addition, Mn-SOD was predominantly stained in 

cortical interneurons as well as large neurons in substantia nigra (Liu et al., 1994a). The 

immunostaining of both SODs rapidly decreased or disappeared in degenerating neurons in 

the ischemic core region 4 h after MCA occlusion. Most neurons in ischemic penumbra 

decreased their Cu/Zn-SOD immunoreactivity but not Mn-SOD immunoreactivity 4 h after 

ischemia, when only a few neurons showed histopathological changes. Cu/Zn-SOD 

immunoreactivity in almost all cortical neurons disappeared 1 day after ischemia, but Mn-

SOD immunoreactivity was still preserved in interneurons, when cortical neurons showed 

typical pathological changes. Some cortical neurons in the boundary zone between normal 

and infarcted areas showed intense immunostaining to both SODs and glial SOD 

immunoreactivity appeared after 3 and 7 days. Furthermore, Mn-SOD immunoreactivity 

recovered only in the large neurons in substantia nigra pars reticulate (SNr) from the 7th day 

and well preserved after 2 weeks, when SNr showed obvious atrophy (Liu et al., 1994a; Liu 

et al., 1994b). Transgenic mice overexpressing human Cu/ZnSOD are more resistant to 

reperfusion induced brain injury, cellular edema due to oxidative stress after focal cerebral 

ischemia (Yang et al., 1994; Kokubo et al., 2002), and conversely, larger infarcts develop in 

SOD knockout mice (Kim et al., 2002; Kondo et al., 1997). 

Hydrogen peroxide is converted to water by peroxidases such as glutathione peroxidase 

(Gpx) and peroxiredoxin or dismuted to water and oxygen by catalase. Both are present in 

the brain although Gpx activity is sevenfold greater than that of catalase (Marklund et al., 

1982). Gpx is present in the cytosol while catalase is localized mainly in peroxisomes. As a 

result, the more ubiquitous presence of Gpx suggests it to be the more important enzyme in 

responding to increased hydrogen peroxide. Both Gpx-overexpressing (Weisbrot-Lefkowitz 

et al., 1998) and knock-out mice (Crack et al., 2001) have been studied in the context of focal 

cerebral ischemia/reperfusion. Overexpression reduced necrotic and apoptotic cell death, 

astrocytic/microglial activation and inflammatory cell infiltration (Ishibashi et al., 2002). In 

contrast, intracerebroventricular infusion of exogenous Gpx failed to improve outcome from 

global forebrain ischemia/reperfusion (Yano et al., 1998). This difference might be 

attributable to differences in the model type (focal versus global) or intracellular bioavailability 

of Gpx when administered intracerebroventricularly. The neuroprective role of Gpx was 

further confirmed by knockout mice in which loss of Gpx increased infarct size and 

exacerbated apoptosis (Crack et al., 2001). When a Gpx knock-out mouse and a Cu/Zn-SOD 

overexpressing mouse were crossed, the crossbreeds which were subjected to ischemic 

stroke exhibited no neuroprotection that was otherwise provided by overexpression of Cu/Zn-

SOD, suggesting a critical role of Gpx in the neural cell protection from brain injury (Crack et 

al., 2003). Except the regulatory role in the protection of neural cells in response to ischemic 

stroke induced injury, Gpx may be involved in healing process after ischemia. In 15 out of 21 
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patients died six days after cerebral infarction, Gpx was observed in the cytoplasm of glial 

cells in the marginal area around the infarction, and there was an irregular staining in the 

cytoplasm of macrophages in the infarct core (Takizawa et al., 1994). Catalase as an 

enzymatic scavenger of superoxide and hydrogen peroxide is well known (Liu et al., 1989; 

Mahadik et al., 1993; Gu et al., 2004). In catalase hemizygous transgenic mice, the mRNA 

levels were 2-6-fold higher and catalase activity levels were 2-4-fold higher in the various 

tissues as compared with wild type mice (Chen et al., 2003). The timing of catalase over-

expression relative to ischemia is a critical variable determining its potential therapeutic value 

because catalase over-expression was protective when it was delivered to striatum 14-16 

hours prior to ischemia, but not when delivered after ischemia (Gu et al., 2004).  

Uncoupling protein 2 (Ucp2) has been found highly expressed in brain. The physiological 

function(s) of Ucps in the brain have not been determined, although it has recently been 

postulated that Ucps regulate free radical flux from mitochondria by physiologically 

modulating mitochondrial membrane potential. Ucp2 message has been shown to be up-

regulated in the CNS by stress signals such as kainate administration or ischemia, and 

overexpression of Ucp2 has been reported to be neuroprotective against oxidative stress in 

vivo and in vitro, although the exact mechanism has not been fully established (Kim-Han and 

Dugan, 2005). Three days post ischemia there was a massive induction of Ucp2 mRNA 

restricted to microglia in the periinfarct area of WT mice. Compared to WT mice, KO mice 

were less sensitive to ischemia as assessed by reduced brain infarct size, decreased 

densities of deoxyuridine triphosphate nick end-labelling (TUNEL)-labelled cells in the 

periinfacted area and lower levels of lipid peroxidation. Nevertheless, these data suggest that 

Ucp2 is not directly involved in the regulation of ROS production but acts by regulating 

mitochondrial GSH levels in microglia (de Bilbao et al., 2004). A decrease in Ucp2 mRNA 

level has been associated with a stimulation of ROS production, or an increase in Ucp2 

mRNA level seemed to counteract an increase of ROS. The phenotypes observed in Ucp2 

knockout mice suggest that the wild-type Ucp2 has an uncoupling activity in vivo because the 

animals are neither obese nor cold-sensitive but their macrophages produce more free 

radicals than wild-type macrophages, indicating a higher membrane potential (Arsenijevic et 

al., 2000). 

DNA Damage and Repair 
By-products of normal metabolism could impose great danger to the integrity of genome 

DNA. These include ROS derived from oxidative respiration, reactive nitrogen species (RNS, 

nitric oxide, peroxynitrite) and products of lipid peroxidation. To keep these oxidants under 

minimal level, animals have evolved a complex anti-oxidant defence system made up 

enzymatic and non-enzymatic scavengers as well as efficient repair enzymes during the 

evolution. However, Ischemia/reperfusion shifts the normal oxidant and anti-oxidant balance 
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toward generating excessive ROS and RNS. These excessive free radicals in turn can cause 

considerable damaged to the DNA, including strand breaks and nucleotide modifications in 

particular sequences with high guanosine (Tobita et al., 1995; Szabo, 1996; Bennett, 2001).  

In response to most kinds of DNA damages, animals have developed nucleotide-excision 

repair (NER), base-excision repair (BER), end joining and homologous recombination at 

least four different repairing pathways (Hoeijmakers, 2001). Although both NER and BER 

targets single strand DNA damage, BER is the main guardian against damage due to cellular 

metabolism, including that resulting from reactive oxygen species, methylation, deamination 

and hydroxylation. The removal of the damaged bases in BER is completed by a DNA 

glycosylase followed by the excision of abasic sugar by AP (apurinic/apyrimidinic) 

endonucleases at the 5´ terminus to AP site (Sancar, 1994). BER has a limited substrate 

range because the DNA glycosylases that initiate the repair process are in intimate contact 

with the lesion during catalysis.  

In the other hand, double-stranded DNA breaks turn on DNA repair enzymes, including 

ataxia telangiectasia mutated (ATM) and ATM-related kinase (ATR). Both ATM and ATR 

directly phosphorylate and activate specific checkpoint kinases, such as chk2 and hCDS1, 

with subsequent phosphorylation of the tumor suppressor gene p53 (Bennett, 2001).  In turn, 

p53 activates transcription of growth arrest and DNA-damage-inducible (Gadd45), 

proliferating cell nuclear antigen (PCNA) and p21. In focal ischemia, the expression of 

Gadd45 mRNA was induced in neurons throughout ischemic cortex 4 h after the onset of 

ischemia but was restricted to ischemic penumbra regions at 24 h after ischemia while 

Gadd45 protein expression is restricted only to penumbra areas, suggesting an important 

neuronal protective role (Jin et al., 1996; Hou et al., 1997). Although the exact function of 

Gadd45 remains unclear, Gadd45 has been shown to interact with the products of two other 

p53-regulated genes, p21WAF/CIP1 and PCNA, and has been implicated in some aspects of 

nucleotide excision repair (Smith et al., 1994; Vairapandi et al., 1996.). Besides, Gadd45 

appears to disrupt interactions between Cdc2 and CyclinB1 through its association with 

Cdc2, and thus may induce a G2/M arrest (el-Deiry, 1998; Zhan et al., 1999). Moreover, 

Takekawa and Saito (1998) reported that Gadd45α and two other similar proteins Gadd45β 

(MyD118) and Gadd45γ (CR6) proteins regulate cell cycle and apoptosis by activation of the 

stress-responsive p38/JNK pathways, via MTK1/ MEKK4, in response to environmental 

stresses. Independent of p53 pathway, a number of studies have found that Brca1 induces 

the activation of Gadd45 (Harkin et al., 1999; Mullan et al., 2001). Induction of Brca1 triggers 

apoptosis through activation of c-Jun N-terminal kinase/stress-activated protein kinase 

(JNK/SAPK) which is coupled with up-regulation of Gadd45 gene family members. 

Therefore, Gadd45 appears to reside both downstream to p53 and Brca1 and activates 

apoptosis both by p53-independent (Brca1 pathway) and p53-dependent pathways.  
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Apoptosis 
Apoptosis is a form of programmed cell death that occurs under a variety of physiological 

and pathological conditions. Cells undergoing apoptosis display a sequence of cytological 

changes including dismantled cellular component and nuclear and cytoplasmic condensation 

which are easily removed by neighboring cells or macrophages. Following cerebral ischemia, 

the death of neurons has traditionally been characterized as necrosis in which cells and their 

organelles swell and rupture, rather than apoptosis, because morphological evidence of 

apoptosis were obscure after transient global ischemia (Deshpande et al., 1992). One way to 

distinguish necrotic cells from apoptotic cells is by their distribution. Apoptotic cells 

distributed mainly in penumbra regions die more slowly over a period of days to weeks, so 

called delayed neuronal death, whereas necrotic cells which are predominantly accumulated 

within the ischemic core die rapidly (Charriaut-Marlangue et al., 1996). Biochemical changes 

that may separate apoptosis from necrosis have been continouslly identified. Typically, 

endonucleolytic degradation of DNA has been demonstrated in ischemic zone of focal 

ischemic brain using combination of different approaches, (Linnik et al., 1993; Tominaga et 

al., 1993; MacManus et al., 1994; Charriaut-Marlangue et al., 1995; Davoli et al., 2002). 

Apoptotic cell death following ischemic stroke was triggered by numerous physiological 

alterations. Damaged electron transport chain within mitochondria caused by the loss of 

substrate and decrease in pH level following the onset of ischemia resulted in a sudden drop 

of cellular ATP concentration. Loss of ATP leads to the failure of Na+/K+-ATPase which 

leads to membrane depolarization, followed by the accumulation of extracellular glutamate 

and intracellular calcium and sodium. These alterations initiate several events in neurons 

including new protein synthesis (Linnik et al., 1993), depolarization of mitochondrial 

membrane (Smith, 2004), translocation of Bcl-2 proteins to mitochondrial membranes 

(Putcha et al., 999), release of cytochrome c (Neame et al., 1998),  activation of caspases 

(Chan and Mattson, 1999) and loss of plasma membrane phospholipids asymmetry.  The 

central component of apoptosis is a proteolytic system involving a family of aspartate-specific 

cytosolic cysteine proteases, caspases, which exist as inactive proenzymes in cells. 

Triggered by the binding of cofactors or removal of inhibitors under ischemic condition, the 

pro-caspases are converted to the active caspases by proteolytic processing mediated either 

by another protease or by autocatalysis. Caspases execute their function in a so well-

organized manner that no harmful substances are discharged from cells. The cells are cut off 

contacts with surrounding cells and disintegrated into apoptotic bodies which are then 

phagocytized without stimulating inflammatory reaction (Thornberry and Lazebnik, 1998).  

In general, the signal pathways that lead to apoptotic cell death can be divided into extrinsic 

and intrinsic according to the stimuli (Sugawara et al., 2004). The extrinsic pathway of 

apoptosis, also known as death receptor pathway, is initiated by members of the death 
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receptor family, such as the Fas receptor and the tumor necrosis factor (TNF) receptor. Upon 

the death receptor ligands bind to their receptors, the initiator caspases like caspase-8, -9, or 

-10 are activated. Once activated, these initiators are able to process and directly activate 

downstream effector caspases such as caspase-3 and -7, which cleave repair enzyme 

poly(ADP-ribose) polymerase (PARP) and activate caspase-activated DNase (CAD), leading 

to DNA damage and cell death. Increased expression of Fas and Fas ligand (FasL) was 

observed in the ischemic region after focal cerebral ischemia and the loss of Fas receptor 

function in negative mutant mice resulted in a smaller infarct, suggesting an important role in 

cell death (Li et al., 1998).  

Apoptosis also can be activated through mitochondrial damage by excessive intracellular 

ROS generated by ischemic reperfusion (Sugawara et al., 2002). In this intrinsic pathway of 

apoptosis, the mitocondria was induced to release cytochrome c, a water-soluble peripheral 

membrane protein of mitochondria and an essential component of the mitochondrial 

respiratory chain. The translocation of cytochrome c from mitochondria to the cytosolic 

compartment has been demonstrated after transient focal ischemia in rats (Fujimura et al., 

1998).  In cytosol, cytochrome c forms a holoenzyme complex termed “apoptosome” together 

with the caspase adaptor molecular Apaf1 and the apoptosis initiator enzyme Caspase-9 

(Herr and Debatin, 2001).  Formation of apoptosome induces the activation of caspase-9, 

which in turn activates effector caspase-3, followed by activation of initiator caspase-2, -6, -8 

and -10 (Slee et al., 1999). As in the extrinsic pathway, caspase-3 activates CAD and leads 

to DNA damage and cell death. In cerebral ischemia, effector caspases-3 and -9 have also 

been shown to play a key role in neuronal death after ischemia (Namura et al., 1998; Chen et 

al., 1998). 

The crosstalk between the extrinsic and intrinsic pathways is bridged when the initiator 

caspase-8 from extrinsic pathway cleaves pro-apoptotic factor Bid, a member of Bcl2 family. 

Upon activation, Bid translocates to mitochondria, induces the release of cytochrome c and 

leads to formation of the apoptosome (Esposti, 2002). In addition, although both pathways 

share the same effector caspases, namely caspase-3 and 7, but the initiator caspases, 

namely caspase-8, -9 and -10, are unique for each pathway (Fadeel et al., 2000). 

In living cells without apoptotic stimulus, the inhibitor of apoptosis (IAP) family of proteins can 

prevent caspase activation in the cytosol. IAPs not only suppress the maturation of caspases 

but also the enzymatic activity of active caspases (Deveraux and Reed, 1999). In cerebral 

ischemia, however, the IAPs were suppressed by the second mitochondria-derived activator 

of caspase (Smac) which is released to cytosol upon apoptotic stimuli (Siegelin et al., 2005). 

Therefore, binding of Smac to IAPs relieved the inhibitory activity of both initiator and effector 

caspases (Chai et al., 2000; Verhagen et al., 2000). A recent study showed that 

mitochondrial release of cytochrome c and Smac preceded caspase activation after global 
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ischemia, suggesting the importance of IAP inhibition as well as caspase activation 

(Sugawara et al., 2002; Chan, 2004).  

In addition, the regulation of apoptosis is achieved through the balance between pro-

apoptotic and anti-apoptotic signals in normal physiological condition. Bcl-2 family proteins 

play a pivotal role by regulating intracellular cell death and cell survival pathways. The major 

pro-apoptotic proteins of this family are Bax, Bcl-Xs, Bak, Bid and Bad which eliminate the 

mitochondrial membrane potential by affecting the permeability transition pore and mediating 

cytochrome c release (Merry and Korsmeyer, 1997; Shi,  2001). On the other hand, the key 

anti-apoptotic proteins of Bcl-2 family, Bcl-2, Bcl-w and Bcl-XL, inhibit apoptosis by blocking 

the release of cytochrome c and conserving the membrane potential (Saito et al., 2003). In 

focal middle cerebral ischemia, Bcl-2 overexpression (Missotten et al., 1994) and Bid 

knockout (Plesnila et al., 2001) reduced the volume of the brain infarction in mice as 

compared with wild type, whereas Bcl-2 ablation significantly increased the volume of the 

brain infarction and neurological deficit scores (Hata et al., 1999). These studies implicated 

the importance of mitochondrial permeability regulation and Bcl-2 family protein in the 

outcome after ischemic stroke. 

 
Focal Ischemia/Reperfusion 

 
Inflammatory reaction  
Focal cerebral ischemia induces inflammation by triggering the elevation of the intra- and 

extracellular calcium concentration. The excessive calcium level in turn activates 

phospholipase A2 enzyme which hydrolyzes phospholipids forming arachidonic acids. Under 

the cyclooxygenase (COX) and lipoxygenase catalyzation, arachidonic acid was broken 

down into prostaglandins and leukotriens separately, which then mediates the inflammatory 

Ca2+ Phospholipase A2 

Annexins 

Phospholipid 

Arachidonic acid 
COX NSAID Lipoxygenase 

LTA4 PGH2
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Fig. 3. Inflammation after focal cerebral ischemia  
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reactions (Fig. 3). It is well known that non-steroid anti-inflammatory drugs (NSAID) inhibit 

the generation of prostaglandins by blocking Cox activity. Moreover, some of Annexins which 

are calcium- and phospholipid-binding proteins, function as the inhibitor of phospholipase A2. 

Therefore, both NSAID and Annexins influence the outcome of focal cerebral ischemia 

generated inflammation.  

Ischemic stroke also triggers an inflammatory reaction by releasing cytokines, chemokines, 

adhesion molecules, nitric oxide, free radicals as well as other inflammatory mediators 

(Iadecola and Alexander, 2001). In response to these inflammatory mediators generated by 

injured brain, inflammatory cells were mobilized and gradually recruited to the injury sites. 

Consequently, these inflammatory cells phagocytize the debris of dying cells as well as 

produce free radicals, release proteolytic enzymes, and stimulate cytokine generation from 

neighboring cells, thereby promoting further recruitment of inflammatory cells (Forster et al., 

1999). Therefore, the inflammatory reaction is critical to the pathogenesis of tissue damage 

and progresses for days to weeks that contribute to the late stages of ischemic injury and 

result in a worsening of the neurological outcome. Thus, interventions that are aimed to 

decrease the inflammatory reaction of the postischemic brain are an attractive therapeutic 

strategy in human stroke, with a potentially wide therapeutic window. 

In normal brain, the neurons, glial cells and endothelial cells can produce small amount of 

cytokines, a family of low molecular weight proteins, including tumor necrosis factor α 

(TNFα), interleukin-1 (IL-1) and interleukin-6 (IL-6) (Schobitz et al., 1992; Tchelingerian et al., 

1993; Gahring et al., 1996). In pathological conditions, however, enhanced production and 

release of cytokines are observed in central nervous system by brain resident cells. Within 

hours after onset of ischemia, TNFα expression was elevated only in ischemic cortex, with 

peak expression at 12 hours, and gradually declined thereafter. Nevertheless, five days after 

middle cerebral artery occlusion, TNFα mRNA levels in ischemic cortex were still significantly 

elevated (Liu et al., 1994). Levels of TNFα in the hippocampus and striatum were 

significantly increased as early as 1 h after recirculation, declined sharply to control levels by 

12 h, then transiently increased at 24 h (Saito et al., 1996). Although IL-1 beta mRNA was 

not detected in cerebral cortex, hippocampus, striatum, and thalamus of sham-operated 

control rats, a markedly increase was observed 15 min after the start of reperfusion in 

ischemic stroke rats. IL-1 beta peaked between 30 min and 240 min, has been decreased 

sharply one day later and kept in a very low level up to 7 days post-ischemia (Minami et al., 

1992). In a permanent MCA occlusion model, it has been reported that IL-6 was increased in 

ischemic hemisphere within 2 hours and peaked at 12 hours (Wang et al., 1995; Loddick et 

al., 1998). Increased expression of these cytokines following the acute stage of ischemic 

stroke can be harmful for the injured tissue. However, a return of cytokine expression to 
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physiological level during the chronic recovery period can improve repair processes of the 

injured tissues (Wang and Shuaib, 2002). 

The role of cytokines has been intensively studied using antagonists, neutralizing antibodies 

or gene manipulation techniques. The pathological role of TNFα in the ischemic brain injury 

is somewhat controversial. Some investigators reported that damage of neurons caused by 

focal cerebral ischemia was exacerbated in TNF receptor knockout mice, indicating that 

endogenous TNFα serves a neuroprotective function (Bruce et al., 1996; Gary et al., 1998). 

However, other investigators showed that the deleterious effect of  TNFα on cerebral 

ischemic injury was reversed by  intracerebroventricular or intravenous injection of 

neutralizing antibody against TNFα or the soluble form of TNF receptor type 1 (Barone et al., 

1997; Hosomi et al., 2005). Still others proposed that TNFα derived from neutrophils or 

endothelial cells is neurodegenerative, while that from neuronal cells is neuroprotective 

(Sharp et al., 2000). Intracerebroventricular injection of IL-1β exacerbated the brain infarction 

after the focal cerebral ischemia (Yamasaki et al., 1995; Loddick and Rothwell, 1996). In 

addition, neutralizing antibody against IL-1β (Yamasaki et al., 1995) and IL-1 receptor 

antagonist (Loddick and Rothwell, 1996) attenuated the brain infarction. These findings 

suggest that endogenous IL-1 exacerbates ischemic brain injury. This idea was supported by 

the studies using gene manipulation techniques. IL-1α/IL-1β double knockout mice exhibited 

reduced ischemic infarct volumes compared with wild type ones after the transient MCA 

occlusion (Boutin et al., 2001). It has been reported that intracerebroventricular injection of 

recombinant IL-6 significantly reduced ischemic brain damage after permanent MCA 

occlusion (Loddick et al., 1998). Both intracerebroventricular and systemic injection of the 

anti-inflammatory cytokine IL-10 decreased the infarct volume (Spera et al., 1998), 

suggesting that an anti-inflammatory therapy using IL-10 can provide neuroprotection in 

ischemic stroke. In addition to these cytokines, G-CSF has also been shown to exhibit a 

significant neuroprotective effect in the rat transient MCA occlusion model (Schabitz et al., 

2003). 

Up-regulation of cytokines after ischemic stroke induces the expression of adhesion 

molecules on the surface of endothelial cells, including selectins, integrins and members of 

immunoglobulin superfamily (Iadecola and Ross, 1997). Adhesion molecules expressed on 

endothelial cells bind to complementary receptors on the surface of leukocytes, resulting in 

leukocyte rolling along vessels walls. Upon interaction with intracellular adhesion molecule-1 

(ICAM-I), Leukocyte firmly adheres to endothelial cells, followed by extravasation of 

leukocytes into tissues through tight junctions of endothelial cells mediated by platelet and 

endothelial cell adhesion molecule-1 (PECAM-1) and migration out of extracellular matrix via 

integrins. Finally, activated leukocytes injure the tissue by releasing inflammatory mediators 

(Matsuo et al., 1995).  
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The number of macrophages and monocytes was gradually increased and become the 

predominant cells in injured tissues 5 days to 7 days after ischemia (Iadecola, 1997). The 

post-ischemic recruitment of leukocytes to injury sites is believed to be deleterious and 

contributes to the delayed neuronal damage. As compared to control rats, Heinel (1994) 

found that the area of infarcted tissue in leukopenic rats was significantly reduced in a global 

ischemic model, suggesting the participation of leukocytes in the generation of brain 

damage. Other investigators also demonstrated that treatment with neutrophil inhibitory 

factor (Jiang et al., 1995) or anti-neutrophil monoclonal antibody (Matsuo et al., 1994) 

reduced infarct volume and improved functional outcome. In addition, CD4+ and CD8+ T 

lymphocytes, but not B lymphocyts, have been reported to exacerbate the brain reperfusion 

injury and neurological deficit in focal cerebral ischemia (Yilmaz et al., 2006).  

ATP-binding cassette (ABC) transporters 

ATP-binding cassette (ABC) transporter genes consist of a superfamily of genes which 

encode ABC transporter proteins. Typically, ABC transporter contains ATP-binding 

domain(s) also known as nucleotide-binding fold(s) (NBFs) and transmembrane domain(s) 

(TMs).  According to gene structure, order of domains and sequence homolog in NBFs and 

TM domains, most of existing eukaryotic ATP genes can be grouped into seven subfamilies 

including ABCA (ABC1), ABCB (MDR/TRP), ABCC (CFTR/MRP), ABCD (ALD), ABCE 

(OABP), ABCF (GCN20) and ABCG (whit). Full transporters contain two NBFs and two TMs, 

whereas half transporters have one NBF and one TM and must combine with another half 

transporter by forming homodimer or heterodimer to gain function.  ABC transporters bind 

ATP and use the energy to drive the transport of molecules across the cell membranes.  

 
Initially, the limited translocation of therapeutic drugs from circulation to brain has been 

attempted to interpret by the anatomical structure of blood-brain barrier (BBB) (Fig.4a).  

However, the BBB formed by endothelial cells with tight junctions, basal membrane, 

pericytes and covered by astrocytic end-feet blocks even many relatively lipophilic 

compounds which are believed to freely across the barriers by transcellular diffusion. It is 

now known that ABC transport proteins expressed in endothelial cells at the BBB play a 

critical role in controlling the substances blood and brain parenchyma (Fig. 4b).  By extruding 

exogenous or endogenous toxins mediated by efflux transporters, cells protect themselves 

from harmful substances. On the other hand, however, these efflux transporters may play 

important roles in the resistance to drug treatment since many of therapeutic drugs are 

substrates for them. In particular, drug efflux transporters that are expressed in endothelial 

cells at the blood–brain barrier (BBB) and epithelial cells at the blood-cerebralspinal fluid (B-

CSF) barrier limit the ability of many drugs to access the brain. The blood–CSF barrier, which 

is formed by the epithelial cells of the choroid plexus, protects the CNS by facilitating the 
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elimination of xenobiotics, including drugs, from the CSF to prevent their accumulation in the 

CNS (Löscher and Potschka, 2006).  

 
Fig. 4. Multidrug transporter in blood-brain barrier (adapted from Löscher and 
Potschka, 2005) 
 

The major drug efflux transporters in endothelial cells at BBB include P-glycoprotein (P-gp, 

ABCB1), Multidrug resistance proteins (Mrps, ABCCs) like Mrp5, breast cancer resistant 

protein (Bcrp, ABCG2). P-gp is a most widely studied 170kDa transmembrane glycoprotein 

which confers the multidrug resistance in many diseases and has strong affinity to cationic or 

highly lipophilic substrates. P-gp encoded by MDR1 in human and mdr1a/mdr1b gene in 

rodents has been identified in the luminal surface of brain microvascular endothelium, 

isolated brain capillary endothelial cells and astrocytes end feet (Golden and Pollack, 2003). 

Enhanced transcription of mdr1a and mdr1b mRNA was observed 4 hours after both by 

hydrogen peroxide and hypoxia/reoxygenation treatment in cultured rat brain endothelial 

cells, suggesting oxidative stress may affect movement of P-gp substrates in and out of the 

brain by regulating P-gp expression (Felix and Barrand, 2002). Mrps are expressed in brain 

capillary endothelium, neonatal rat choroid plexus cell cultures and primarily transport anionic 
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compounds, like glutathione S-conjugates and oxidized glutathione. After ischemic 

reperfusion injury to mouse kidney, it was reported that the mRNAs of Abcb1, Abcb11, Abcc4 

were increased whereas that of Abca3, Abcc2, and Abcg2 were decreased seven days after 

ischemia. Expression of all transporters returned to baseline after 14 days, except for 

abcb11, which was reduced (Huls et al., 2006). Expression of functional Bcrp proteins also 

has been localized in the endothelial cells of rat brain capillaries and its transport activity is 

upregulated by astrocyte-derived soluble factor (Hori et al., 2004). Organic anion transporting 

polypeptide 2 (Oatp2) is one of uptake transporters was shown to be expressed in 

basolateral membrane of choroid plexus epithelium and capillary endothelium of brain (Gao 

et al., 1999). 

Annexins 
Annexins are calcium dependent phospholipid-binding proteins expressed in eukaryotic cells, 

but they are absent in yeasts and prokaryotes. Since the first annexin was discovered 

approximately 25 years ago, more than 1000 proteins of annexin superfamily have been 

identified. Annexins common to mammals were classified to family A which contains 12 

subfamilies, though the number of annexins may vary in other classes of vertebrates as 

genes have been gained and lost. Structurally, all annexins have a highly conserved core 

domain which consists of four annexin repeats, each approximately 70 amino acids long. The 

core domain is α-helical and forms a compact, slightly curved disc that has a convex surface 

harboring the Ca2+ and membrane binding sites and a concave side that points away from 

the membrane is diverse in sequence and length. Binding of Ca2+/membrane to core domain 

of annexin can trigger exposure of the N-terminal region of concave side, making it available 

for additional interactions or activities (Rosengarth and Luecke, 2003). Therefore, 

Ca2+/membrane binding regulates the activity of annexin through controlling the N-terminal 

domain. 

In the resting state, where intracellular free Ca2+ concentrations are low, annexins exist 

primarily in the soluble, unaggregated state. During cell stimulation, where Ca2+ 

concentrations rise subadjacent to the membrane, annexins bind to components of 

cytoskeleton or membrane proteins that mediate interaction between the cell and 

extracellular matrix. Membrane-bound annexins can form lateral self-assemblies that affect 

the mobility and organization of membrane lipids, which in turn probably regulate membrane-

related processes like membrane-domain organization and membrane transport in 

endocytosis and exocytosis.  

The development of annexin knockout mice revealed the largely independent function of 

these proteins. Upon glucocorticoid stimulation, annexin A1 translocated from cytosol to the 

cell surface (Solito et al., 1994). On the other hand, loss of annexin A1 diminished the 

inflammatory response and the effects of glucocorticoids, indicating an anti-inflammatory 
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function for annexin A1 (Hannon et al., 2003). The annexin A2 knockout mouse has reduced 

capacity to create new vessels and fibrin homeostasis (Ling et al., 2004), whereas lack of 

clear phenotypes of the annexin A5 and ANXA6 knockout mice revealed little in the way of 

functional insights (Brachvogel et al., 2003; Hawkins et al., 1999). Two independently derived 

ANXA7 null mutant mouse strains are either embryonic lethal (Srivastava et al., 1999) or 

show changes in calcium homeostasis (Herr et al., 2001). 

Interfering with intracellular annexin function, by overexpressing mutants or by using RNA-

interference-mediated downregulation, has different effects depending on the annexin being 

targeted. These include effects on actin assemblies at cellular membranes, the organization 

of endosomal subcompartments, Ca2+-regulated exocytosis and midbody formation during 

cytokinesis.  

Some annexins can also occur extracellularly and can have functions outside cells. Their 

release is not fully understood, but probably follows non-classical secretion pathways. 

Mechanisms of extracellular annexin function may be similar except that exposure of certain 

phospholipids, particularly acidic, is likely to be the trigger rather than a rise in free Ca2+. 

Extracellular annexin functions that have been substantiated by mouse knockout models are 

anti-inflammatory and fibrinolytic activities. These are probably mediated through specific 

cell-surface interactions with chemoattractant receptors on cells of the immune system and 

key enzymes of the fibrinolytic cascade, respectively. 

Aging and focal cerebral ischemia 

Normal aging 
Aging is characterized by the irreversibly declined physiological function, loss of regenerative 

capacity and significantly increased vulnerability to cancer and other neurodegerative 

diseases (Knapowski et al., 2002). Early studies from tissue or organ level demonstrated 

aged individuals differ from young in many bodily functions like decreased perception of 

environmental stimuli, impaired motor and sensory function, loss of memory and alteration of 

cardiovascular, endocrine, respiratory, gastointestinal, renal, musculoskeletal, skin and 

immune system. The Study of aging at the cellular level began in the first half of last century. 

However, it has not been convincingly demonstrated until Hayflick, in a series of 

experiments, reported that normal human fibroblasts displayed a limited proliferative capacity 

in vitro (Shay and Wright, 2000). Interestingly, human fibroblasts derived from fetuses are 

able to double 70-80 times, while fibroblasts isolated from elderly divide only few times. 

Furthermore, Fibroblast cells obtained from old donors decreased significantly in the rate of 

migration, onset of cell culture senescence, in vitro lifespan, cell population replication rate, 

and cell number at confluency when compared to parallel cultures from young donors  

(Schneider and Mitsui, 1976). Moreover, intracellular changes like telomeres shorten at 
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each division might ultimately lead to cellular death (Hayflick et al., 1998). Although the 

molecular mechanisms of aging are still poorly understood, with the progress of science, it 

has been postulated that cumulative DNA damage, oxidative damage, epigenetic alteration, 

non-enzymatic glycation of proteins, apoptosis and decline of proteosome activity lead to cell 

senescence and aging, eventually causing death (Stadtman et al.,  1992; Sitte et al., 2000a; 

Sitte et al., 2000b;  Knapowski et al., 2002; Zhang and Herman 2002; Zhang et al., 2007). 

In addition, old individuals showed evidence of age-related neurochemical changes in the 

brain including the levels of dopamine, glutamate and nerve growth factor (Freeman and 

Gibson, 1987; Arai and Kinemuchi, 1988; Dawson et al.,1989; Gómez-Pinilla et al., 1989). 

Besides, anatomical changes also occur in the aged brain, such as blood-brain barrier 

alterations, vessel wall thickening with aggregation of β-amyloid and deposition of lipofuscin 

in neurons (Mooradian, 1988; Amenta et al., 1988). These age-related changes at cellular 

and molecular levels pave the way to pathology and account for the vulnerability of old 

individuals to diseases. 

Aging and Ischemic Stroke 
The ischemic stroke is a disease that preferentially afflicts older adults. Marini et al. (2001) 

reported that the risk of stroke doubles every decade after age 55. In the past, most of 

studies addressing aging-associated human cerebrovascular disease have been conducted 

in young animals, because attempts to produce ischemic stroke in aged animal have been 

unsuccessful (Hachinski et al., 1992). Although many drugs designed to help recovery have 

been promising in animal models of stroke, clinical trials in patients have been so far failed. 

One of interpretation for the failure of clinical trials is that most animal models of stroke rely 

on young adults to evaluate neuropathological, neurological, or behavioural outcome (Harris 

and Rumbaut, 2001). As a result, it is of major clinical interest to explore whether the aged 

animals retain the capacities for repair, regeneration and reorganization, and how the old 

animals differ from young with regard to physiology, neurochemistry, and behaviour, and 

pathophysiological features. 

The aged brain is more sensitive to the damaging effect of neurotoxicity, free radicals, DNA 

damage, apoptosis and inflammation, which exacerbates endogenous neural repair function. 

In a study using Domoate, a glutamate analog, Wozniak et al. (1991) showed that the 

sensitivity to excitotoxic damage, precipitous death increases with age. In normal 

physiological condition, a low synaptic concentration of glutamate must be maintained 

through a rapid reuptake process. However, a reduced glutamate uptake rate and 

significantly prolonged glutamate clearance time, which is due to significant reduction of 

glutamate transporter GLAST, were observed in the striatum of the aged Fischer rat brain 

(Nickell et al., 2006). In human ischemic stroke patients, a prolonged increase of glutamate 

in plasma has been reported, which might presumably be linked to altered platelet functions, 
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such as excessive release of the amino acid or impaired uptake (Aliprandi et al., 2005). 

Therefore, these age-related alterations in extracellular glutamate regulation may be key 

contributors to the increased susceptibility of the aged brain to excitotoxic insults such as 

stroke and hypoxia, leading to the decreased recovery after ischemic stroke. 

Focal Cerebral Ischemia 

 
Fig. 5. Aging accelerates oxidative stress induced cell death after focal cerebral 
ischemia 
 

In elderly individuals, an increased rate of free radical generation and decreased efficiency of 

the reparative mechanisms could contribute to age-related elevation in the level of oxidative 

and nitrosative stress, and eventually lead to aging and brain damage (Fig. 5). Transgenic 

animals overexpressing antioxidants live longer than control, supports the view that oxidative 

damage causes aging (Orr and Sohal, 1994; Parkes et al., 1998). Oxygen free radicals 

have pronounced and wide-ranging effects, such as DNA damage, protein denaturation , 

lipid peroxidation, release of calcium ion from intracellular stores, damage to cytoskeleton, 

chemotaxis and isoprostanes formation by free radicals attack on arachidonate (Harman, 

1992; Harman, 1993; Hoffman et al., 1997). On the other hand, NO may mediate its DNA 

damage effects through an interaction with superoxide anion by forming peroxynitrite. In turn, 

damaged DNA activates poly[adenosine diphosphate (ADP)-ribose] synthetase (PARS), 

which rapidly depletes energy stores and leads to cell death. 

Aging is associated with a significant decline in cerebral mitochondrial function with 

impairment of the activities of complexes I. II and IV. The individual respiratory chain 

complexes also exhibited selective vulnerability to a focal cerebral ischemic lesion, with 

significant impairment of complex I activity in the lesioned hemisphere of both age groups. 

The age related decline in complex I activity may be important in the enhanced susceptibility 
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of the aging brain to ischemic neuronal damage (Davis et al., 1997). Increased damage to 

the mitochondrial DNA and decreased efficiency of mitochondrial BER-glycosylases might 

contribute to a slow accumulation of mitochondrial DNA mutations (Simonetti et al., 1992; 

Imam et al., 2006). DNA mutations, in turn, could trigger an age-related decrease of 

respiration and ATP-synthase activity. Consequently, damaged respiratory chain leads to 

increased production of ROS and energy failure. Therefore, cellular energetic dysfunction 

and cumulative damage exerted by ROS may exceed repairing potential of cellular 

machinery which might explain the link between the impaired tolerance to ischemia and 

aging. 

During normal aging, apoptosis has been reported to be involved in neuronal death. In aged 

Fisher 344 rats, Taglialatela et al. (1996) demonstrated the existence of fragmented DNA in 

the hippocampus, the frontal cortex and basal forebrain. In aged stroke brain, altered 

mechanisms of ischemic cell death and blunted ischemic tolerance were observed. He et al. 

(2005) reported that although caspase-3 active peptide immunopositive cells are greater in 

hippocampal CA regions of aged post stroke animals, degenerating neurons as assessed by 

Fluoro Jade C were higher in young stroke animals. In another study, these authors 

observed a delayed caspase-3-dependent apoptotic cell death in the CA1 region of the 

hippocampus after global cerebral ischemia, indicating age-induced resistance to apoptosis 

(He et al., 2006). In focal ischemia, aging brain showed an increased cellular degeneration 

and apoptosis in the infarcted area (Popa-Wagner et al., 2006). 

Aging brain is associated with a reduced neutrophil function including chemotaxis, 

phagocytosis, bacterial killing, cytokine release, mobilization from bone marrow, protease 

release, in vitro adherence to endothelium and oxidant production. As mentioned above, the 

free radical theory of aging suggests that oxidative damage is the direct cause of many 

ailments of the elderly and the aging process, as a result of age-related reduction of 

antioxidants. Studies have demonstrated that fish oil and vitamin E supplementation have 

augmented neutrophil elastase reponse and phagoctytosis by neutrophils of elderly (Cannon 

et al., 1995; Baehner et al., 1977). Glucocorticoid is found to increase significantly in aged 

rats whereas glucocorticoid supplementation and adrenalectomy attenuates the circadian 

rhythm of circulating neutrophils, and inhibits postcapillary leukocyte-endothelial cell 

adhesion (House et al., 1997; Suzuki et al., 1995). Glucocorticoids also alter the ability of 

polymorphonuclear (PMN) leukocytes to penetrate the venular basement membrane by 

inhibiting synthesis and/or release of a proteinase in PMN granules, which would normally 

degrade the basement membrane (Oda and Katori, 1992). Therefore, overproduction of 

glucocorticoids may be another explanation for impaired neutrophil function with aging. In 

senescent-accelerated prone mice, the intracerebral hemorrhage-induced injury is 

exacerbated as evidenced by elevated number of isolectin B4-positive amoeboid 
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microglia/macrophages around and inside the hemorrhagic lesions (Lee et al., 2006). 

Transgenic mice overexpressing 751-amino acid isoform of human amyloid precursor protein 

(APP) have increased neuronal vulnerability to focal brain ischemia when compared with 

age-matched wild-type mice, that is due to enhanced inflammation and the p38 mitogen-

activated protein kinase pathway (Koistinaho et al., 2002). Thus, inflammatory reaction 

following ischemic stroke could delay the recovery process in aged brain. 

With increasing age, characterized by loss of neurons and the reduced numbers of neural 

progenitor and stem cells in the subventriclar (SVZ) and subgranular (SGZ) zones, the 

regenerative capacity of aged animals is decreased. Even though both SVZ and SGZ 

regions react to stroke with increased formation of new neurons, the number of stroke-

generated granule cells and basal neurogenesis in the dentate subgranular zone were lower 

in old compared with young animals. Also, the ability of newly formed cells to differentiate 

into neurons was impaired in the aged dentate gyrus (Darsalia et al., 2005), suggesting a 

compromised endogenous neuronal recovery in old as compared to young animals. The 

attenuation of stroke-induced hippocampal neurogenesis in old animals could be explained 

by the impaired signaling of brain derived neurotrophic factor (BDNF) which is necessary for 

the phosphorylation of cAMP-response element– binding protein (CREB) and the survival of 

the newly generated neurons (Darsalia et al., 2005). It was demonstrated that MCA occlusion 

leads to activation of CREB which in turn increases the stroke-induced hippocampal 

neurogenesis (Zhu et al., 2004). There is a marked reduction of both CRE-binding activity 

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

hippocampus. A few number of newly generated hippocampal cells and age-related decline 

in dentate granule cell apoptosis cast doubt particularly on the functional significance of 

hippocampal neurogenesis in the aged brain under normal conditions (Heine et al., 2004). 

In a rat model of reversible ischemia, it has been shown that the regenerative potential of the 

brain appears to be competent in older rats, although attenuated, at least with respect to 

MAP1B and MAP2 expression up to 20 months of age (Popa-Wagner et al., 1998; Popa-

Wagner et al., 1999). However, at the same time the presence of ßAPP and Aß 

immunoreactivity in the infarct core and penumbra indicates that cerebral ischemia promotes 

conditions that are favourable to the focal accumulation of neurotoxic factors such as Aß, 

especially in the aged brain (Popa-Wagner et al., 1998; Popa-Wagner et al., 1999; Badan et 

al., 2004).  In addition, the aged brain does not simply have a reduction in growth-associated 

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

sprouting. Li and Carmichael (Li and Carmichael, 2006) have found that  myelin-associated 

glycoprotein and ephrin A5 are uniquely induced in the aged brain; chondroitin sulfate 

proteoglycans and oligodendrocyte myelin glycoprotein are induced at earlier time points; 

and Nogo-A, semaphorin IIIa and NG2 decline in aged vs. young adult after stroke. 
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Moreover, exogenous factors like fibroblast growth factor-2 (FGF-2) and phosphodiesterase 

type 5 inhibitor augmented neurogenesis in the SVZ of aged ischemic rats (Jin et al., 2003; 

Zhang et al., 2006).  

Although many of major laboratory discoveries that has been developed to reduce the 

eventual size of infarction and improve recovery by limiting the time of ischemia and the 

intracellular Ca2+  and Na+ concentration,  lowering free radicals and the temperature of the 

tissue, blocking the primary or secondary effects of glutamate and white cell division, 

inhibiting caspase and PARP activity and changing membrane fluidity have led to phase I–III 

human clinical trials,  only a few trials have been successful (Smith, 2004). Among others, 

the relevance of animal model to human disease especially effect of age might play critical 

role in developing new drug treatment for stroke patients. 
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Results and Discussion 

Comparison of pathway specific gene expression in young and aged rat brains 
following focal cerebral ischemia (paper I) 

(1) Stem cell-related gene array 

Post-ischemic stem cell-related gene expression in periinfarct 
Focal cerebral ischemia stimulates neural stem cells to generate neurons as well as glial 

cells. Although numerous studies have reported neurogenesis in the brain, they have 

focused mainly on the known neurogenic areas including SVZ and SGZ. The new generated 

cells from SVZ migrate toward injury sites, even though vast majority of these cells are dead 

as they reach the periinfarct area. One of reason may be the growth factors which are 

necessary for the survival of these cells are lacking in periinfarct area. On the other hand, 

periinfarct area accumulates variety of proliferating cells which also contribute to 

reorganization and the generation of glial scar. Third, local cells in periinfarct area influenced 

by the surrounding environment may dedifferentiate and redifferentiate into neural cells. In 

order to understand these changes from gene expression level, we have used mouse stem-

cell related gene expression arrays to explore genes which might implicate in the neural cell 

genesis and proliferation in periinfarct area of post-ischemic rat brain. In particular, we have 

studied the differences in post-ischemic gene expression between young and old rats. 

Interestingly, in the first week post-ischemia, we have observed approximately 50% fewer 

number of upregulated stem cell-related genes in the periinfarct area of aged as compared 

with young rats (Fig.2A, paper I). The fewer number of regulated genes indicated that aged 

brains are less active, which might limit the number of newly generated neural cells from 

neural progenitor and stem cells, influencing post-ischemic regenerative capacity. Moreover, 

in aged rats, the number of upregulated stem cell-related genes increased gradually from 

day 3 to day 14, indicating a delayed regeneration process. Gene regulation in young rats is 

more active and regenerative capacities are higher at day 3 after ischemic stroke as 

evidenced by almost double number of upregulated genes as compared with aged. By day 

14, the number of regulated genes was kept at 3 days level. In young rats, we have found a 

group of genes related to stem cell differentiation including NK2 transcription factor related, 

locus 2 (Nkx2-2), Glial cell missing homolog 2 (Gcm2) and growth including insulin-like 

growth factor-1 receptor (Igf1r), fibroblast growth factor 22 (Fgf22), nerve growth factor beta 

(Ngfb) and frizzled homolog 8 (Fzd8) were strongly increased (Table 1, paper I).  

Both in young and aged rats, there are several downregulated stem cell-related genes in 

periinfarct areas (Table 1, paper I). At 3 days post ischemia, however, the number of 

downregulated genes is almost two fold more in young rats than in aged. Several of these 
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decreased genes implicated in cell adhesion are catenin alpha, intercellular adhesion 

molecule 5 and integrin beta 5. Decreased expression of adhesion molecules signals the 

dissociation of cell-cell adhesion, which is believed to precede cell proliferation and migration 

(Birchmeier and Behrens, 1994). If this is the case, early cell mobilization and proliferation 

are enabled, producing conditions for repair and reorganization in periinfarct. By day 14, the 

number of downregulated genes increased in aged rat brain whereas it decreased slightly in 

young. Interestingly, two adhesion molecules (Icam5 and cadherin 5) are upregulated in this 

late time point in aged rats, indicating a stabilization of cell-cell interaction and cell 

differentiation. Cadherins mediate calcium-dependent cell-cell adhesion which plays 

important role in the formation and maintenance of cell structure, cell signaling as well as 

migratory cells. The intracellular domains of cadherins interact with beta catenin, gamma 

catenin and alpha catenin to form the cytoplasmic cell adhesion complex. Alpha catenin from 

this complex then indirectly links to actin cytoskeleton which is mediated by vinculin and 

alpha-actinin (Fig.6).   

 
Fig. 6. Adhesion molecules in cell-cell interaction 

In addition, we have found a stronger up-regulation (starting from 3 days up to 14 days) of 

fatty acid binding protein 7 (Fabp7)  in aged rats (Fig. 3, paper I). Fabp7 plays a key role in 

long chain fatty acid uptake, transport and metabolism. Also, it has been demonstrated that 

Fabp7 is a downstream gene of Pax6 transcription factor in the early cortical development 

and has essential roles in the maintenance of proliferation of neuroepithelial cells (Arai et al., 

2005). Moreover, we observed a late up-regulation (at 14 day) of insulin-like growth factor-2 

(Igf2) after ischemic stroke both in young and aged rats, while messenger RNA expression 

was undetectable at 3 day (Table 1, paper I). Under normal physiological condition, the Igf2 
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expression is restricted to choroids plexus and meninges. Between 1-7 days post lesion, Igf2 

and Igf2R protein, but not messenger RNA, were colocalized, with Igf-I, Igf-IR, and IgfBP-1, -

2, -3, and -6, to neurons, macrophages, astrocytes, and microglia within the damaged tissue. 

However, between 7- 14 days post CNS injury, messenger RNA and protein expression of 

Igf2 were increased in the marginal area of the wound (Walter et al., 1999). Therefore, Igf2 

may help reestablish and maintain tissue homeostasis. 

According to the stem cell-related gene array performed in periinfarct area, the post-ischemic 

recovery may depend on the function of specific groups of genes, while the balance between 

up- and downregulated genes may not be important. The active gene regulation especially 

transcription factors, growth factors and adhesion molecules seen in early time points may 

be implicated in the better recovery of young rats. 

Reorganization in contralateral hemisphere of young but not aged rats 
Most stroke patients show some degree of functional recovery over time, which is believed to 

be associated with brain plasticity (Weiller, 1998; Johansson, 2000; Hallett, 2001). During 

recovery phase after injury, the structural reorganization of both ipsilateral and contralateral 

brain has been reported in stroke patients and in animal stroke models (Nudo and Friel, 

1999; Dijkhuizen et al., 2003). There is evidence from human studies that the contralateral 

hemisphere plays a role in functional recovery after stroke. Although  the effect of age on 

cerebral ischemia has been recently at the focus of several reports (He et al., 2005; Badan et 

al., 2004; Jin et al., 2004; Canese et al., 2004; Ohta et al., 2003), the contribution of the 

contralateral hemisphere to neurorestoration has not been  addressed at gene expression 

level. Therefore, we have compared the transcriptional activity between ipsi- and 

contralateral hemisphere as well as between young and aged rat brain. 

We found that unaffected contralateral hemisphere in young rats is more active at 

transcriptional level than aged rats as early as 3 days post ischemia (Fig. 2B, paper I). The 

activation of transcripts may account for the reorganization of unaffected hemisphere and 

partly the better recovery. In young rats at this time point, a group of genes related to 

oligodendrocytes regeneration, remyelination and communication were upregulated. These 

genes are oligodendrocyte transcription factor 1 (Olig1), NK2 transcription factor related 

locus 2 Drosophila (Nkx2-2_predicted), gap junction membrane channel protein beta 

1(Gjb1). Both Nkx2-2 and Olig1 are transcription factors which play an important role in the 

differentiation of oligodendrocyte progenitor cell (OPC) into remyelinating oligodendrocytes, 

myelinogenesis and axonal recognition (Fancy et al., 2004; Xin et al., 2005). Gap junction 

membrane channel protein beta 1 (Gjb1), component of gap junctions, were strongly 

upregulated at 3 days post ischemia, but not in aged rats. Rash et al. (2001) showed that 

Gjb1, also named as Cx32, expressed in oligodendrocytes and facilitated cell-cell 

communication. Ohta et al. (2003) demonstrated that in the focal ischemic rat brain, the 
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number of NG2 positive OPC cells was significantly greater in the young than the aged 

brains, and the processes of NG2 positive OPC cells were enlarged and highly branched in 

the young than the aged brains. They suggested that the young brain showed a higher 

potential of proliferation and process branching of OPCs than the aged brains. From our and 

others results, we assume that increased activity and number of oligodendrocytes in young 

rats than aged may contribute to the brain reorganization and may explain why recovery of 

young is better than aged. In addition to stem cell-related gene expression changes, there 

are several hypoxia signaling pathway-related genes were upregulated in contralateral of 

young rats but not in aged at 3 days post ischemia.  

Reorganization of remote and unaffected hemisphere occurs in response to brain injury, the 

greater the damage to the intracortical pathway, the greater the plasticity in the intact area 

(Frost et al., 2003). The authors emphasized that reorganization may play a critical role in 

post-injury functional recovery. This injury-induced neural restructuring can be dramatically 

influenced by post-injury behavioral experience with the "good" (contralesional) forelimb 

(Jones and Schallert, 1994; Jones, 1999). A functional consequence of this is that the "good" 

forelimb develops a paradoxical enhancement in the acquisition of new skills after the injury 

(Bury and Jones, 2002; Luke et al., 2004; Hsu and Jones, 2006).  They have recently found 

that behavioral experience using the "good" forelimb can exacerbate deficits in the impaired 

forelimb and hypothesized that this is related to an experience-dependent suppression of 

neural plasticity in the periinfarct cortex (Allred et al., 2005). Driving greater structural 

plasticity in the perilesional cortex using combinations of motor training and other therapy 

may be useful for promoting functional improvements in the impaired forelimb (Adkins et al., 

2006).  

(2) Hypoxia signaling pathway and apoptosis gene arrays 

Decreased expression of anti-oxidative enzyme genes in aged rats 
In our study, we have found that expression changes of several anti-oxidant enzyme genes, 

namely catalase (Cat), glutathione peroxidase 1 (Gpx1) and superoxide dismutase 2 (Sod2), 

were reduced in aged as compared with young rats after focal cerebral ischemia (Table 2 

and Fig. 4). The Sod2 gene encodes an intramitochondrial free radical scavenging enzyme 

that defends against superoxide produced as a byproduct of oxidative phosphorylation. Sod2 

protein binds to the superoxide and converts it to hydrogen peroxide and diatomic oxygen. 

Gpx1 protein is one of the most important antioxidant enzymes, which functions in protection 

against oxidants and protects neurons from hydrogen peroxide by converting it to water. 

Also, catalase functions as hydrogen peroxide reductase which catalyzes H2O2 to water and 

oxygen. 
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Although both young and aged rats have tended to downregulate the expression of Sod2 and 

catalase at 3 day post ischemia, by day 14, young rats recovered to sham-operated control 

level or increased, but not aged. From 3 to 14 day, stronger up-regulation of Gpx1 was 

observed in young rats. One of cell survival mechanisms after cerebral ischemia is to 

counteract reactive oxygen species (ROS)-induced damage by upregulating the antioxidant 

enzymes. From our study, Aged rats showed an attenuated increase of anti-oxidant enzymes 

that may increase the sensitivity to oxidative stress and ultimately contribute to poor recovery 

after cerebral ischemia. 

Focal cerebral ischemia with reperfusion produces excessive ROS which deteriorates the 

post-ischemic recovery by influencing inflammation, apoptosis and cell survival. The role of 

Sod2, Gpx1 and catalase has been intensively studied with respect to ischemic stroke. In a 

heterozygous Sod2 knockout mice, rapid progression of ischemic injury resulted in 

exacerbation of infarction and hemisphere enlargement, indicating that ROS play an 

important role in stroke-induced infarction development (Murakami et al., 1998). In another 

study, Nishi T et al. (2005) revealed, using Sod1 overexpressing transgenic mice that 

monocyte chemoattractant protein 1 (MCP-1) and macrophage inflammatory protein-1 alpha 

(MIP-1 alpha) immunopositive cells were reduced, suggesting that the expression of 

proinflammatory cytokines and chemokins is influenced by ischemic/reperfusion(IR)-induced 

oxidative stress after transient focal stroke. Mice with a homozygous null mutation for Gpx1 

showed an increased susceptibility to oxidants paraquat and hydrogen peroxide (de Haan et 

al., 1998). In addition, it has been reported that the protein encoded by this gene inhibits 

CD95-induced early ROS generation and apoptosis in cultured breast cancer cells (Gouaze 

et al., 2002) and inhibits 5-lipoxygenase in blood cells (Straif et al., 2000). In an 

ischemic/reperfusion model, transgenic mice overexpressing human Gpx1 showed 

significant reduction of necrotic and apoptotic cell death and preservation of tissue structure 

and decreased infiltration of acute inflammatory cells, indicating that ROS play an important 

role in regulation of cell death during cerebral Ischemic/reperfusion as well as in brain 

inflammatory reactions (Ishibashi et al., 2002). To evaluate the effectiveness of salen-

manganese complexes against ROS, Baker K et al. (1998) administered a synthetic 

SOD/catalase mimetic at 3 hours after MCA occlusion  and found significantly reduced brain 

infarct size, with the highest dose apparently preventing further infarct growth.  

In contrast, we found that uncoupling protein 2 mitochondrial (Ucp2) which catalyzes a 

proton leak across the inner mitochondrial membrane to uncouple oxidative phosphorylation 

was strongly induced in aged rats, indicating that aged rats might produce more ROS and 

are more sensitive to oxidative stress. Indeed, studies demonstrated that Ucp2 knockout 

mice were less sensitive to ischemia as assessed by reduced brain infarct size, decreased 

densities of deoxy triphosphate nick end-labelling (TUNEL)-labelled cells in the periinfarct 
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area and lower levels of lipid peroxidation compared with wild-type mice (de Bilbao et al., 

2004).  

Increased DNA damage and apoptotic gene expression in aged rats 
In aged rats at 3 days post ischemia, we found that a group of DNA damage-related genes 

were upregulated. They were growth arrest and DNA-damage-inducible 45 alpha (Gadd45α), 

Hus1 homolog (S. pombe) (Hus1_predicted) and transformed mouse 3T3 cell double minute 

2 (Mdm2) (Table 3 and Fig. 5, paper I). Compared to young rats, Gadd45α is significantly 

increased in aged brain starting from 3 days post ischemia up to 14 days, indicating a 

vulnerability of aged rats to ischemia-induced damage. Aging is associated with an elevated 

free radical generation which in turn exacerbates ischemia-induced DNA damage. In 

response to DNA damage stimulated by focal cerebral ischemia, Gadd45α is predominantly 

expressed in neuronal cells of penumbral areas and accelerates DNA excision repair, 

suggesting a neuroprotective role (Jin et al., 1996). Increased expression of Mdm2 in the 

periinfarct of aged rats may be a component of a repair response in injured neurons. It has 

been proposed that Mdm2 could be an indicator of DNA damage in the brain early after an 

ischemic insult in a similar way to Gadd45α (Tu et al., 1998). By day 14, we have observed 

up-regulation of ataxia telangiectasis mutated homolog (human) (Atm_mapped), a DNA 

damage-related gene, in both young and aged rats. 

The role of Hus1 and ATM in the post stroke rat brain are not known. The protein encoded by 

Hus1 gene forms a heterotrimeric complex with checkpoint proteins RAD9 and RAD1. In 

response to DNA damage, the trimeric complex interacts with another protein complex 

consisting of checkpoint protein RAD17 and four small subunits of the replication factor C 

(RFC), which loads the combined complex onto the chromatin. The DNA damage induced 

chromatin binding has been shown to depend on the activation of the checkpoint kinase 

ATM, and is thought to be an early checkpoint signaling event (Roos-Mattjus et al., 2002).   

In addition, our results showed an early up-regulation of apoptosis-related genes in aged 

rats. In particular, tumor necrosis factor receptor superfamily, member 7 (Tnfrsf7, also called 

CD27), which plays an important role mediating CD27-binding protein induced apoptosis 

(Prasad,et al., 1997), and caspase 7, a proapoptotic gene, were strongly increased only in 

aged brain. In patients with traumatic brain injury, caspase 7 was induced in several different 

brain cell types including neurons, glial cells and infiltrated inflammatory cells, suggesting a 

role in neuronal cell death and inflammatory responses (Zhang et al., 2006). The altered 

apoptotic behavior in aging brain may be associated with the declined regulation of 

apoptosis, contributing to the development of disease and blunting the brain response to the 

ischemic stroke (He et al., 2005). 

In our study, considering pathway-specific small scale array availability during conduction of 

this experiment, cost and homology between mouse and rat we have used mouse arrays to 
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study the gene expression after ischemic stroke in rats.  The lack of sequence similarity of 

some genes in these two species certainly influences the experimental outcome. However, 

the expression of majority of genes was consistent with quantitative PCR results indicates 

the credibility of our findings. 

In conclusion, we have showed a reduced transcriptional activity in the healthy, contralateral 

cortex in conjunction with an early up-regulation of proapoptotic genes and a decreased 

expression of genes with anti-oxidative capacity in the ipsilateral cortex of aged rats may 

contribute to diminished recovery in post-stroke old rats. 

Comparison of Annexin A3 expression in young and aged rat brains following 
focal cerebral ischemia (paper II) 

Most of therapeutic strategies successfully developed in animal models encountered 

drawback or completely failure in clinical trials with elder human. One explanation is that data 

obtained from young animals may not fully resemble the effects of ischemia on neural tissues 

in aged animals. It is known that aged brain develops bigger infarct and is more vulnerable to 

the ischemic attack than young brain, suggesting a different molecular response might exist. 

To investigate these differences with regard to age, we have used proteomics to identify 

differentially expressed proteins. Among others, Annexin A3 (AnxA3) was found strongly 

upregulated in response to the ischemic stroke and further studies with respect to its 

expression, localization and possible function in young and aged rats were performed. 

AnxA3, also known as “lipocortin 3” or “placental anticoagulant protein 3” (PAP-III), is a 

member of the Annexin family, which binds to phospholipids and membranes in a calcium-

dependent manner. AnxA3 has been shown to have anticoagulant and anti-phospholipase 

A2 properties in vitro and to promote the calcium-dependent aggregation of isolated specific 

granules from human neutrophils. However, its physiological functions have been completely 

unknown. Anxa3 has been detected in lung, spleen, placenta, and adrenal medulla and liver, 

but not in brain. 

AnxA3 is a novel microglial cell marker  
We demonstrated that AnxA3 is expressed in ramified resident microglial cell body as well as 

long processes in normal brain (Fig. 5, paper II). In addition, we observed that activated and 

phagocytic microglial cells in infarct core and periphery to the injury sites also expressed 

AnxA3 upon focal cerebral ischemia. Induction of AnxA3 in activated microglia was also 

reported using nerve-injured hypoglossal nuclei of rat (Konishi et al., 2006). Therefore, 

AnxA3 as a novel brain microglia marker is suitable to study microglial cells during normal 

aging and neurological diseases. Frequently, the cell bodies of neuronal cells and microglial 

cells are closely localized and occasionally the processes of microglia enclose neuronal cell, 

indicating an intimate interaction among these two types of cells. Indeed, microglia have 
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been shown to act neuroprotectively by eliminating excess excitotoxins in the extracellular 

space (Nakajima and Kohsaka,  2004). 

AnxA3 expression in periinfarct  
In our study, the increased expression of AnxA3 in periinfarct areas in first and second 

weeks after focal cerebral ischemia is obvious both in young and aged rats (Fig. 1-3, paper 

II). This is in line with a recent study which showed that up-regulation of AnxA3 was 

implicated in the microglial response to motor nerve injury (Konishi et al., 2006). Microglia is 

believed to be sensor cells of central nervous system since they are the first cells respond to 

brain injury and disease. Activation and proliferation of microglial cells in periinfarct plus 

migration of these cells from surrounding areas toward periinfarct probably contributed to the 

strong up-regulation of AnxA3 after focal ischemic stroke. Surprisingly, we have not seen 

significant age associated differences in the temporal expression pattern of AnxA3 in 

periinfarct while there is qualitatively increase of AnxA3 in aged versus young rats at 14 day 

post ischemia. Interestingly, at this time point, microglia in aged rats incorporated more 

proliferating cell marker BrdU in periinfarct area, indicating a less regulated proliferative 

responses (Conde and Streit, 2006) (Fig. 6, paper II). The increase of AnxA3 which is 

implicated in the response of microglia to the brain injury was probably not sufficient to 

counteract the greater damage caused by ischemic stroke in aged brain. Unable to further 

upregulate the number of microglia measured by the expression of AnxA3 might interpret the 

deteriorated recovery in aged animals, because there is accumulating evidence that 

microglia produce neurotrophic and/or neuroprotective molecules. In particular, it has been 

suggested that they promote neuronal survival in cases of brain injury. The region what we 

studied is an area of cortex periphery to the core of infarct determined by the TTC staining. In 

this area, cells expressing AnxA3 are exclusively microglia because there are rarely 

infiltrated macrophages at 3 day and macrophages are undetectable at 14 day post 

ischemia. In addition, since infiltrated macrophages first appear in the proximate of core, they 

possibly are excluded through TTC staining. Therefore, our results from day 3 and 14 post 

stroke reflected the expression of AnxA3 mostly in microglia, but not in macrophages. Based 

on the quantification of macrophagic maker ED1 positive cells, earlier studies from our lab 

showed that the number of microglial cells was increased in aged animals (Badan, 2003; 

Popa-Wagner et al., 2006). Results from these studies probably indicated the increase of 

macrophagic cells since the majority of ED1 positive cells are blood born macrophages. As a 

result, the increase of blood born macrophages might also add to the worsened recovery of 

aged rats after ischemic stroke. As expected, the expression of Anxa3 in contralateral 

hemisphere after ischemic stroke kept in sham-operated control level in all the time points.  
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AnxA3 expression is delayed in infarct core of aged rats  
Most of studies paid very little attention to the infarct core where cells die by necrosis shortly 

after MCA occlusion. The necrotic tissues which still contain few degenerating cells gradually 

start to appear newly proliferating and invaded cells which then initiate consumption of dead 

cells and debris. However, visible loss of tissue is not seen until 3 days after ischemic stroke. 

In our study, we found a strong up-regulation of AnxA3 in infarct core of young rats at 3 days 

post ischemia, and hypertrophic microglia with short processes heavily stained with AnxA3 

(Fig. 4, paper II). Conversely, the expression of AnxA3 was sporadic and very faintly stained 

at 3 days post ischemia in aged rats. Microglial cells with discontinued processes were 

barely visible.  By day 14, however, the up-regulation of AnxA3 was significantly 

strengthened in infarct core of aged rats as compared to young. At this time point, ameboid 

microglia with intensified AnxA3 staining covered almost entire infarct core area of aged rat 

brain. The delayed increase of AnxA3 positive microglia seen in aged rats might exacerbate 

their recovery processes by hindering the dead cells and debris cleaning and prolonging the 

inflammatory process. The continually strengthened long inflammatory duration endangers 

the surrounding viable but vulnerable tissues, ultimately enlarges the infarct core and causes 

big damage to the brain. The cell senescence may explain the age-related slow response 

and death of microglia in infarct core (Conde and Streit, 2006). In aging human brain, the 

accumulation of dystrophic microglia strongly suggests that this cell population is undergoing 

progressive deterioration. The drop of microglia probably results from a combination of 

diminished replacement and increased cell vulnerability due to various factors that might 

include presence of β-amyloid protein. Based on the notion that microglia are inherently 

beneficial for maintaining normal brain function, deterioration of this cell population could be 

crucial for the development of aging-related neurodegenerative disease (Streit, 2006). On the 

contrary, the early activation of microglia in infarct core may benefit the recovery not only by 

limiting the spread of inflammation but also by producing neurotrophic factors. It is possibly 

one of reason why young rats recover early and much better than aged rats (Badan et al., 

2003).  

Accumulation of Anxa3 in  membranes  
In our study, we have noticed accumulation of AnxA3 in the plasma as well as nuclear 

membrane of microglia both in periinfarct and infarct core, suggesting a role in cell protection 

probably through enhancing membrane integrity and controlling the intra- and extracellular 

exchanges (Fig. 6, paper II). However, the physiological function of AnxA3 is poorly 

understood. Ischemic stroke stimulates the strong elevation of intracellular calcium level 

which in turn mediates the binding of AnxA3 to the phospholipids. This indicates that AnxA3 

may also play an important role in the cell integrity by stabilizing the phospholipids bilayer 

from breaking down. (Konishi et al., 2006), though this function that AnxA3 stabilizes 
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phospholipids through inhibiting phopholipase A2 has been put in question (Kim et al., 2001). 

Moreover, AnxA3 may mediate the binding of F-actin to the phospholipids in a Ca2+-

dependent manner, suggesting its involvement in the cell motility. Furthermore, AnxA3 may 

also exhibit cell protective role by modulating calcium channel activity and limiting entry of 

calcium (Chen et al.,1993). In addition to calcium, ATP and phorbol 12-myristate 13-acetate 

were able to recruit AnxA3 to plasma or phagosome membrane of microglia, neutrophils and 

monocytes (Konishi et al., 2006; Le Cabec and Maridonneau-Parini, 1994). Several growth 

factors including hepatocyte growth factor, epidermal growth factor were indicated in the 

regulation of AnxA3 (Harashima et al., 2006). Interestingly, AnxA3 was reported to be a 

novel angiogenic factor by inducing vescular endothelial growth factor through hypoxia 

inducible factor-1 pathway (Park et al.,  2005).  

In conclusion, we identified for the first time the up-regulation of AnxA3 in periinfarct of both 

young and aged post-ischemic rats.  Moreover, using AnxA3 as a novel microglial marker, 

we found a delayed and prolonged activation of microglia in infarct core coupled with 

significantly enhanced proliferation in periinfarct of aged rats, contributing to the 

exacerbated post-stroke recovery. 

Transport protein expression in ischemic-stroke rat brain (paper III)  

ATP-binding cassette (ABC) family proteins are widely distributed in organ barriers and 

protect organs from harmful substances. In brain, some proteins from this family are found to 

be expressed in the blood-brain-barrier (BBB) and function as transmembrane efflux pump. 

Although these transport proteins are critical to maintain the integrity of brain, but the 

expression of these transport proteins following focal brain ischemia has been rarely studied. 

Therefore, we have investigated the expression and distribution of several selected transport 

proteins including P-glycoprotein, Breast cancer resistance protein, Multidrug resistance 

protein 5 and Organic anion-transporting polypeptide and their possible roles in the recovery 

after ischemic stroke. 

P-glycoprotein (P-gp, ABCB1) 
Both from transcriptional (Fig. 1, paper III) and protein levels, we have not found significant 

expression changes of P-gp starting from 1 day up to 28 days post ischemia. P-gp is 

encoded by mdr1a and mdr1b two isoforms in rodent brains. It has been reported in previous 

studies that these two isoforms expressed and distributed differently in rat brain (Croop et al., 

1989; Devault and Gros, 1990). The mdr1a is localized only in brain capillaries of mice and 

rats whereas mdr1b is present only in the brain parenchyma. However, we showed an 

antibody which recognizes both isoforms stained exclusively capillaries before and after MCA 

occlusion. Therefore, using proper antibodies to discriminate these two isoforms may further 
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our understanding with regard to the expression, localization and function of P-gp. In 

addition, we don´t know from this study if the expression of P-gp has any changes within 24 

hours post ischemia. 

The P-pg proteins were detected exclusively in capillaries throughout the brain. As early as 1 

day post ischemia, we have observed the colocalization of P-gp with vessel marker von 

Willenbrand Factor (vWF) in periinfarct area, suggesting the early expression of P-gp in 

injured vessels may be protective by removing intracellular harmful chemicals and 

metabolites. Moreover, P-gp positive vessels in periinfarct areas were enclosed by the end 

foot of astrocytes, suggesting possible involvement of astrocytes in the production of P-gp. 

This is in line with a previous study by Samoto et al. (1994) which also indicated the 

activation of endothelial cell restoration and P-gp expression by astrocytes. In a recent study, 

the up-regulation of P-gp was reported on capillary endothelium after focal cerebral ischemia 

in mice. Deactivation of P-gp by pharmacological inhibition or genetic knockout preferably 

enhanced the accumulation and efficacy of two neuroprectants known as the P-gp substrates 

in ischemic brain (Spudich et al., 2006). 

 

 
Fig. 7. Regulation of P-gp expression by CNTF (Monville et al. 2002)

The regulation of P-gp is not yet known. One hypothesis suggested that injured brain 

stimulates the release of proinflammatory cytokines including IL-6 which might regulate the 

expression of P-gp through the up-regulation of intracellular ciliary neurotrophic factor 

(CNTF) (Fig.7) (Monville et al., 2002). P-gp has been shown to transport Interleukin-2 and 

Interleukin-4 through membrane. However, whether P-gp can transport CNTF out of 

astrocytes needs to be further studied. There are other studies suggested that a number of 

xenobiotics such as rifampin, phenobarbital, statins, and St. John’s wort can induce the 

MDR1 gene through activation of the nuclear pregnane X receptor (PXR) (Klaassen and Slitt, 

2005; Kullak-Ublick and Becker, 2003). 
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Breast cancer resistance protein (Bcrp, ABCG2) 
We have observed a significant up-regulation of Bcrp mRNA (Fig. 1, paper III) and protein 

(Fig. 3, paper III) expression in periinfarct as early as 3 days post ischemia. Its expression 

was peaked at 14 day and decreased thereafter. Bcrp displays resistance to a spectrum of 

potentially harmful xenobiotics in various tissues, and shares similarity with that of P-gp. In 

mdr1a knock out mice, the expression of Bcrp was increased 3 times more in brain 

capillaries, indicating an up-regulation of Bcrp to compensate for the lack of P-gp in the BBB 

(Cisternino et al., 2004). It is not known whether the increase of Bcrp in our study was due to 

the inactivation of P-gp in periinfarct of post-ischemic brain. However, the increased 

expression of Bcrp from 3 days to 14 days and its neuronal distribution indicated that Bcrp 

may play an important neuroprotective role by extruding harmful compounds from neuronal 

cells in periinfarct.  

Another valuable finding in our study is that ependymal cells lining the lateral and 3rd 

ventricles expressed considerable amount of Bcrp, suggesting Bcrp may have a protective 

role by keeping compounds away from brain parenchyma. On the other hand, it has been 

demonstrated that Bcrp is a marker for side population (SP) stem cells, a rare fraction of 

bone marrow defined by their ability to efflux fluorescent Hoechst 33342 dye (Goodell et al., 

1996). With the maturation and differentiation of hematopoietic SP stem cells, Bcrp 

expression is downregulated or not detectable (Scheffer et al., 2000). Recently, several 

studies indicated, that BCRP is related to growth and cellular division in cell culture (Ifergan 

et al., 2005; Clayton et al., 2004) and is essential for the survival of progenitor/stem cells in 

the human mammary gland (Clayton et al., 2004) and murine heart (Martin et al., 2004). 

Therefore, stimulated by cerebral ischemia, ependymal cells expressing Bcrp may be able to 

proliferate and differentiate, contributing to repair and regeneration of injured brain. 

Surprisingly, our findings that Bcrp distributed in surviving neuronal cells in periinfarct and 

ependymal cells of lateral and 3rd ventricles are different from those studies which identified 

BCRP in luminal surface of capillary endothelial cells of  pig, mice and human brains 

(Eisenblatter et al., 2003.; Cisternino et al., 2004; Cooray et al., 2002).  

Few studies have tackled the regulation of Bcrp. In a study, Mogi et al. (2003) reported that 

Akt signaling modulates the SP cell phenotype by regulating the expression of Bcrp. 

Moreover, in connection with differentiation processes, it was recently demonstrated that 

epidermal growth factor (EGF) induces BCRP via the MAP kinase cascade (Meyer zu 

Schwabedissen et al., 2006). In addition, expression of BCRP has also been shown to be up-

regulated by hypoxia-inducible transcription factor complex HIF-1, suggesting the 

cytoprotective role of Bcrp during hypoxia (Krishnamurthy et al., 2004). 
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Multidrug resistance protein 5 (Mrp5, ABCC5) 
Multidrug resistance protein 5 (Mrp5, ABCC5), a member of ABCC subfamily of ABC 

transporter family, has been detected in smooth muscle cells of the genitourinary tract (Nies 

et al., 2002), in cardiomyocytes and cardiovascular smooth muscle and endothelial cells 

(Dazert et al., 2003), human placenta (Meyer zu Schwabedissen et al., 2005) and human 

brain (Nies et al., 2004; Vogelgesang et al., 2004). Mrp5 may mediate the export of cyclic 

purine nucleotides and nucleotide analogs from cells and may affect the signal transduction 

of cGMP by reducing its intracellular content and provide extracellular cGMP for paracrine 

function. However, the expression, distribution and function of Mrp5 after brain injury have 

not been described. 

Focal cerebral ischemia induced a significant up-regulation of Mrp5 messenger RNA (Fig. 1, 

paper III) in the second week as compared with sham or first week post stroke. In addition, 

although a tendency to increase at day 14 was observed, semi-quantification of Mrp5 

proteins stained immunohistochemically showed no significant increase (Fig. 3, paper III). By 

day 28, the messenger RNA expression recovered to unaffected contralateral hemisphere 

level. From these results, we assume that a delayed and weak surge of Mrp5 after stroke as 

seen in this study may pose great danger to the neuronal survival, since without sufficient 

Mrp5 abnormal accumulation of intracellular cyclic nucleotides may occur and interfere cell 

signaling. An intensified Mrp5 staining was predominantly detected in vesicular like structure 

in nuclear periphery of neurons in periinfarct as compared with contralateral hemisphere or 

sham control brain, indicating a role for neuronal protection. These observations are in line 

with previous studies in the human brain, in which Mrp5 was detected in the capillary 

endothelium, but also in pyramidal neurons and in astrocytes suggesting a role in cell 

signaling in addition to barrier functions (Vogelgesang et al., 2004; Nies et al., 2004).  

Upon ischemia in human heart, the Mrp5 expression in cardiomyotes or vascular smooth 

muscle cells was reported to be upregulated (Dazert et al., 2003). These authors 

hypothesized that the increase of Mrp5 may be related to the elevated tissue levels of cGMP, 

a substrate of Mrp5 (Fig.8). Ishemia induces nitric oxide synthase (NOS) which converts L-

arginine into NO in endothelial cells. Sequentially, the diffusible NO activates intracellular 

soluble guanylyl cyclase (sGC) which then catalyzes GTP to cGMP in vascular smooth 

muscle cells or cardiomyocytes. NO and cGMP have been shown to regulate expression of 

several genes including cGMP-dependent protein kinases (PKGs), cGMP-gated ion 

channels, as well as cGMP-regulated cAMP phosphodiesterases (PDEs) through cGMP-

dependent protein kinase (PKG)-mediated activation of transcription factors such as AFT-1 

and NF-kappaB. The signal is terminated either by metabolic degradation of cGMP by PDEs 

or by ATP-dependent export of cGMP from the cell mediated by MRP5. Alternatively, MRP5 
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could be up-regulated together with other membrane transporters through a more general 

protective response. Data from human MRP5 construct experiments suggest that MRP5 

could be induced by the glucocorticoid receptor activators dexamethasone and prednisolone 

(Neo et al., 2006).  

 

 
Fig. 8. Regulation of Mrp5 expression (Dazert et al., 2003) 
 

Organic anion- transporting polypeptide 2 (Oatp2, Slc21a5) 
Except efflux pumps like P-gp, Bcrp and Mrp5 mentioned before, which protect brain from 

toxics by sending them back into blood, there are a group of proteins belonging to solute 

carrier (SLC) family behave as uptake pumps. Of these, we observed an increase of Oatp2 

messenger RNA in penumbra at 14 days post stroke (Fig. 1, paper III). The up-regulation is 

significant when compared with contralateral hemisphere or first week post stroke. By day 

28, it recovered toward contralateral level. In addition, ischemic stroke induced Oatp2 protein 

expression while it was virtually absent in control animals. Co-localization experiments 

showed that Oatp2 was expressed in vessels and upregulated by the time vasculogenesis 

was initiated at the second week after MCA occlusion, indicating a role in post ischemic 

vascular reorganization. Our observation is consistent with reports that Oatp2 is strongly 

expressed on the choroids plexus epithelia of blood-cerebralspinal fluid barrier and capillary 

endothelia of BBB of human and animal brains (Gao et al., 1999; Sun et al., 2003).  

Organic anion-transporting polypeptides (Oatps) mediate the uptake of bile acids, estrogen 

conjugates, ouabain and digoxin. In addition, it has been showed that Oatps including human 

OATP-A and rat Oatp1 and Oatp2 involved in the uptake of opioid peptides in brain (Gao et 

al., 2000). A recent study showed that thyroid hormone thyroxine (T4) was uptaked into brain 

by Oatp14 (Tohyama et al., 2004). Moreover, by transporting prostaglandin E2 across BBB 

(Taogoshi et al., 2005), Oatp2 may engage in the regulation of inflammatory reaction after 
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ischemic stroke. However, the functions of Oatps in brain after ischemic stroke are still need 

to be defined. 

The regulation of Oatps is not known, but the involvement of farnesoid X receptor (FXR) in 

the transcriptional regulation of Oatp and other transporters in a tissue-specific manner has 

been suggested (Maeda et al., 2004). In addition, Activation of the pregnane X receptor 

(PXR) by polycyclic aromatic amine, 2-acetylaminofluorene (2-AAF) induced transport 

proteins including Oatp2 expression, indicating a role for PXR in the regulation of Oatp2 

(Anapolsky et al., 2006). 

In this study, we analyzed the impact of focal cerebral ischemia on the expression and 

localization of selected transport proteins possibly involved in the maintenance of the BBB as 

well as in neuronal function. Overall, the results show that after stroke there is a delayed up-

regulation of transport proteins with a maximum of expression occurring at day 14, a time 

point that coincides with up-regulation of brain plasticity factors, vasculogenesis and 

behavioral recuperation (Badan et al., 2003). The temporal delay in the up-regulation of 

export pumps as P-gp and BCRP in the brain capillaries after stroke suggests that drug 

distribution to the brain in the affected area is not limited by these transporters in the first 

days resulting in an increased permeability of the BBB. Two weeks post stroke, however, 

compounds may be expelled more extensively in the newly formed blood vessels 

overexpressing these export pumps. In addition, some transporters like BCRP and MRP5 

may play a role in neurogenesis. 

Drug delivery to the brain remains one of the most challenging problems of 

pharmacotherapy. Therefore, further knowledge about the differential regulation of transport 

proteins in brain, particularly in aging brain may help to understand the pharmacokinetics of 

brain-targeted drugs especially under pathophysiological conditions.  

In conclusion, after stroke the transport proteins were up-regulated with a maximum at day 

14, a time point that coincides with behavioral recuperation. The study further suggests Bcrp 

as a pronounced marker for the regenerative process and a possible functional role of Mrp5 

in surviving neurons. 
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INCREASED APOPTOSIS IN THE IPSILATERAL SENSORIMOTOR 
CORTEX AND PESISTENT DOWNREGULATION OF STEM CELL- 
AND HYPOXIA SIGNALING-RELATED GENE EXPRESSION IN THE 
CONTRALATERAL SENSORIMOTOR CORTEX OF AGED RATS 
AFTER STROKE 
 
YALIKUN SUOFUa, IVONA DINCAa, MARKUS GRUBEb, CHRISTOFF KESSLERa 
and AUREL POPA-WAGNERa* 
 
aMolecular Neurobiology Laboratory, Clinic of Neurology, Ernst-Moritz-Arndt-University, Greifswald, 
Germany; b Department of Pharmacology, Research Center of Pharmacology and Experimental 
Therapeutics, Ernst-Moritz-Arndt-University, Greifswald, Germany.
 
Abstract: Aged rats recover poorly whereas young rats recover readily from stroke, possibly 
with the help from the contralateral, healthy hemisphere. In this study we tested the 
hypothesis that following stroke, the contralateral hemisphere of aged rats is transcriptionally 
less active than that of young rats and therefore may have a lower contribution to 
recuperation after stroke. Using categorized cDNA array containing genes related to stem 
cells, hypoxia and apoptosis we analyzed gene expression in the periinfarct and contralateral 
areas of 3 mo- and 18 mo-old Sprague Dawley rats. The results have been validated by real 
time quantitative PCR. The major transcriptional effects in the ipsilateral sensorimotor cortex 
of aged rats were, (i) persistent up-regulation of pro-apoptotic and inflammatory reaction-
related genes up to 14 days post stroke; ii) a 50% reduction in the number of transcriptionally 
active stem cell-related genes; (iii) decreased expression of genes with anti-oxidative 
capacity. Our study also shows that at day 3 post-stroke, the contralateral, healthy 
hemisphere of young rats is much more active at transcriptional level than that of the aged 
rats, especially at the level of stem cell- and hypoxia signaling associated genes.  
Conclusion: Reduced transcriptional activity in the healthy, contralateral sensorimotor cortex 
in conjunction with an early up-regulation of proapoptotic genes and a decreased expression 
of genes with anti-oxidative capacity in the ipsilateral sensorimotor cortex of aged rats may 
contribute to diminished recovery in post-stroke old rats. 
Key words: rat; aging; stroke; macroarrays; gene expression 

INTRODUCTION 

Studies of stroke in experimental animals have demonstrated the neuroprotective efficacy of 
a variety of interventions, but most of the strategies that have been clinically tested failed to 
show benefit in aged humans. One possible explanation for this discrepancy between 
laboratory and clinical investigations is the role that age plays in the recovery of the brain 
from insult. Although it is well known that aging is a risk factor for stroke (Barnett, 2002), the 
majority of experimental studies of stroke have been performed on young animals, and 
therefore may not fully replicate the effects of ischemia on neural tissue in aged subjects 
(Wang et al, 1995; Davis et al, 1995; Sutherland et al, 1996; Popa-Wagner et al, 1998). In 
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this light, the aged post-acute animal model is clinically most relevant to stroke rehabilitation 
and cellular studies (Lindner et al, 2003; Brown et al, 2003; Badan et al, 2003; Markus et al, 
2005).  
Young rats recover much better than aged within 2 weeks from stroke (Badan et al, 2003) 
and it has been proposed that brain plasticity may underlie the rapid recovery from ischemic 
damage. However, most growth processes are initiated in the first 2 weeks post-stroke 
questioning the role of brain plasticity in supporting tissue repair and functional recovery. 
Alternatively, activation of the contralateral hemisphere that does occur after lesions to the 
ipsilateral cortex may help recovery also (Werhahn et al, 2003; Serrien et al, 2004). Similarly, 
in humans it has been hypothesized that the contralateral hemisphere plays an active role in 
functional recovery after stroke (Jang et al, 2005; Kim et al, 2006). However, other 
investigators suggest that activation in the contralateral cortex is negatively correlated with 
functional recovery and may actually contribute to functional impairments as a result of 
unbalanced rivalry between hemispheres (Calautti and Baron, 2003; Ward and Cohen, 2004; 
Murase et al, 2005). 
In animals, progressive brain damage accelerated axonal sprouting in the healthy 
contralateral side (Scheff et al, 1977). After focal unilateral damage to the forelimb 
representation region in the sensorimotor cortex (SMC) in adult rats, the cortex contralateral 
and homotopic to unilateral SMC lesions, undergoes a major restructuring of dendrites and 
synapses (Jones et al, 1998; Jones TA, 1999).  
DNA array technology provides insight into the underlying mechanisms of brain repair and 
regeneration after stroke. Using focal cerebral ischemia as a model, key molecular events 
and several genes have been described (Soriano et al, 2000; Schmidt-Kastner et al, 2002; 
Kim et al,2002; Roth et al, 2003; Kim et al, 2004; Kury et al, 2004). These studies provided 
evidence that focal cerebral ischemia induces transcriptional activity of a variety of genes 
related to stress response, inflammation, acute- and delayed cell death. Although the 
contralateral hemisphere could play a pivotal role in recovery after stroke, these studies do 
not provide data on genes that are regulated following stroke in the contralateral, healthy 
hemisphere of young and aged rats. 
In the present study we used defined cDNA gene arrays consisting of stem cell, hypoxia 
signaling pathway including DNA damage- and anti-inflammatory-related genes, and 
apoptosis to identify changes in gene expression, with an emphasis on the contralateral 
hemisphere, in young and aged rat brains that undergone middle cerebral artery occlusion.  

MATERIALS AND METHODS 

Animals 
All experiments were carried out in accordance with the statement regarding the care and 
use of animals and were approved by a federal animal care committee. Eighteen hours prior 
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to surgery, male 3-month-old (young) and 18-month-old (aged) Sprague-Dawley rats were 
fasted but allowed free access to water to minimize variability in ischemic damage that can 
result from varying plasma glucose levels. Time points of study were: 3 days (n=8 young; 
n=7 aged rats), 14 days (n= 10 young; n=10 aged rats) and age-matched sham-oprated 
control rats (n=8 for young; n=8 for aged rats). 

Reversible occlusion of the middle cerebral artery 
Blood flow through the middle cerebral artery was transiently interrupted in deeply 
anesthetized rats as previously described (Badan et al, 2003; Popa-Wagner et al, 1998). The 
right middle cerebral artery was slowly lifted with a tungsten hook attached to a 
micromanipulator until blood flow through the vessel was completely stopped. Both common 
carotid arteries were then occluded by tightening prepositioned thread loops. The sharply 
decreased blood flow was monitored with a Laser Doppler (Periflux 5000, Perimed, Sweden) 
by positioning optic tube on the temporal bone of rat skull. After 90 minutes, the middle 
cerebral artery and the common carotid arteries were re-opened, allowing full reperfusion of 
the brain. Subsequent to survival times of 3 and 14 days, the rats were deeply anesthetized 
and perfused with buffered saline followed by buffered, 4% freshly depolymerized 
paraformaldehyde. The brain was removed, post-fixed in 4% buffered paraformaldehyde for 
24 h, cryoprotected in 20% sucrose prepared in 10 mmol/L phosphate buffered saline, flash-
frozen in isopentane and stored at -70°C until sectioning. For real time PCR the brains were 
perfused with buffered saline, cut into 2mm slices that were dipped in 2% 
triphenyltetrazolium chloride (TTC) to visualize the infarct core. This procedure allowed us to 
dissect the perinfarcted (periphery of core, right hemisphere) area of cortex and the 
corresponding cortex area of contralateral healthy hemisphere (left hemisphere) from both 
MCA occluded young and aged rats, separately. In addition, the corresponding ipsilateral 
cortex (right hemisphere) of sham-operated age-matched control rats was also dissected. 
Immediately after dissection, the tissues were then stored at -70°C until use. Tissues derived 
only from cortex including some fractions of corpus callosum were used for subsequent 
experiments whereas striatal infarction was excluded. 

RNA isolation 
Total RNA was isolated using TRIzol reagent (Invitrogen life technologies, Germany) as 
described by the manufacturer, followed by DNase 1 (Ambion) digestion and further purified 
using RNeasy Mini extraction kit (Qiagen, Hilden, Germany). Purified total RNA were used 
for cDNA array assay and real time PCR quantification.  

cDNA Array Assay 
To analyze gene regulation, we employed commercially available defined GEArray S series 
mouse stem cell (MM-601.2), GEArray Q series mouse hypoxia signaling pathway (MM-032) 
and mouse apoptosis (MM-002) cDNA arrays corresponding to 258, 96 and 96 known mouse 
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genes respectively (SuperArray, Bethesda, MD) according to the manufacturer’s instructions. 
Given the high degree of homology between the two species, the results did not differ. In 
addition, each individual array contains four house keeping genes and one negative control. 
Housekeeping genes were included to confirm the integrity of RNA and correct loading of 
different samples. Briefly, three micrograms of total RNA were annealed with a random 
primer at 70°C for 3 minutes, reverse transcribed at 37°C for 25 minutes and amplified by 
Linear Polymerase Reaction (LPR kit, Cat#: L-03; SuperArray)  with gene-specific primers 
and presence of [α-32P]-dCTP to produce labeled double-strand cDNA. The PCR program 
was 85°C for 5 minutes; 30 cycles (85°C, 1 minute; 50°C, 1 minute; 72°C, 1 minute); 72°C 
for 5 minutes. After one hour prehybridization, membranes were hybridized with denatured 
[α-32P]-dCTP-labeled cDNA overnight, washed and exposed to X-ray film. X-ray films were 
scanned with HP scan Jet 2100 scanner. The scanned images were processed using web 
based GEArray Expression Analysis Suite (Superarray, 
http://www.superarray.com/support_software.php) software, data were extracted and gene 
expression profiles were analyzed.  

Data is given as fold change which is calculated as the ratio of experiment to control after 
they were normalized to house keeping genes. The gene expression fold change was 
expressed as the mean of at least two experiments. Only those genes whose expression is 
equal to or more than 1.5 fold change were considered as differentially regulated. 

Real Time Quantitative PCR 
For real-time PCR, 2µg of total RNA was reverse-transcribed using random hexamers and 
the reverse transcription reagents (Superarray, Bethesda, MD).  PCR reaction was set up by 
mixing 10ng of cDNA, rat primers (Superarray), Master mix (Superarray), SYBR Green I 
(Molecular Probes) and real time PCR amplification was performed as follows: one cycle of 
15min at 95°C and 45 cycles in three steps each (95°C for 30s, 55 °C for 30 s, 72 °C for 30 
s) using a real-time PCR cycler (SDS 7700, Applied Biosystems). At the end of amplification 
cycles, primer specificity was checked by appearance of single bands of PCR products in a 
1% agarose gel. A standard curve was generated by plotting the log10 [target dilution] of 
template on the X-axis against the Ct value from serial dilutions of target DNA on the Y-axis. 
The relative expression level of genes of interest and house keeping gene was determined 
based on the standard curve equation generated for each individual gene. To normalize, the 
relative expression level of gene of interest was divided by the relative expression level of the 
house keeping gene from the same sample. Finally, the fold change of individual gene was 
calculated through dividing the normalized gene expression level of this gene from 
experimental sample by the normalized gene expression level of this gene from sham 
control.  Fold change= [(gene of interest/house keeping gene)experiment]/ [(gene of interest / 
house keeping gene)sham]. Up-regulation was considered when the fold change is equal or 
higher than 1.5 while equal or lower than 0.66 was considered downregulation. 

  



Paper I 66

RESULTS 

General observations 
We studied a total of 442 genes representing stem cells (250 genes), hypoxia signaling 
pathway (96 genes) and apoptosis arrays (96 genes). We found sixty one genes (13.8%) that 
were differentially regulated in the post-ischemic rat brain. Of these, 28 genes which 
correspond to 6.1% of the total number of genes, were upregulated. Within the upregulated 
genes, 9 genes were specifically increased in young rats and 8 genes were restricted to 
aged rats, while 11 genes were increased in both age groups (Fig. 1). Twenty genes 
representing 4.5% of the regulated genes, were decreased. Thirteen genes showed both up 
and down regulation in the two age groups (Fig.1). 
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Differentially regulated genes in the post-ischemic rat brain 
Young rats, ipsilateral sensorimotor cortex Major transcriptional events included (i) up-
regulation of genes coding for fibroblast growth factor 22 (Fgf22), nerve growth factor beta 
(Ngfb), Frizzled homolog 8 (Fzd8) (Table 1; Fig.2a), (ii) reduction of energy availability by 
upregulating the uncoupling protein 2 (Ucp2) and modulation of genes coding for proteins 

implicated in transport like fatty acid binding protein 7 and extracellular matrix like 
procollagen type I alpha I (Table 2). Young rats also increased locally the anti-oxidative  

 
Fig. 2. Temporal changes in the numbers of up- and down-regulated genes in post ischemicbrain. 
The numbers of genes up- and down-regulated more than 1,5-fold in the periinfarct (a) or 
contralateral area (b) at two time points of young or aged rats were presented in the form of bar 
graphs. Stem cell, Hypoxia signaling pathway and apoptosis-related genes are presented as black, 
empty and grey boxes, respectively. 

capacity by upregulating gluthathione peroxidase 1 and catalase (Table 2). Downregulated 
genes were mostly stem cell-associated genes (Fig. 2a) and included genes implicated in 
cell adhesion like catenin, intercellular adhesion molecule 5 and integrin beta 5. Genes 
related to apoptosis were not upregulated at day 3. By day 14, however, the number of 
genes involved in apoptosis began to increase in young rats (Table 3; Fig. 2a). 
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Aged rats, ipsilateral sensorimotor cortex 
The total number of genes that were regulated in response to hypoxia was lower in aged rats 
as compared to young rats, but the difference was, nevertheless, not significant (Fig. 1B). 
However, if the data was analyzed by array type there were significant differences between 
young and aged animals in apoptosis- and stem cell-related genes.  
 
Table 1. List of expressed “stem cell array” genes in the post-ischemic rat brain 

Fold change 
3 months old rat 18 months old rat 

Day 3 Day 14 Day 3 Day 14 

Gene 
name 

Genbank  
Accession 
no. 
 

Description 

pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl 
Stem cell related genes          
Fabp7* NM_021272 fatty acid binding protein 7, brain 3,40  4,17  7,48  8,07  
Fgf22 NM_023304 Fibroblast growth factor 22 2,28 2,15       
Fzd8 NM_008058 frizzled homolog 8 (Drosophila) 4,61 2,37      0,61 
Gata2 NM_008090 Gata binding protein 2 2,17   0,36   0,44 0,40 
Igf1r* NM_010513 Insulin-like growth factor 1 receptor 2,70  0,56  0,62    
Ngfb  NM_013609 Nerve growth factor, beta 2,09 2,03 2,00      
Nkx2-2* NM_010919 NK2 transcription factor related, 

locus 2 (Drosophila) 
1,59 2,98 2,82      

Oligo1 NM_016968 oligodendrocyte transcription factor 
1 

2,38 1,65 1,81  1,86  1,51  

Gjb1* NM_008124 Gap junction membrane channel 
protein beta 1 

 2,35 3,12    0,38  

Ptch1 NM_008957 Patched homolog 1  1,81 0,36      
Cst3 NM_009976 cystatin C   3,11    5,27 1,67 
Gcm2 NM_008104 Glial cells missing homolog 2 

(Drosophila) 
  2,04 2,21     

Igf2 NM_010514 insulin-like growth factor 2   7,38    14,61  
Cdh5* NM_009868 Cadherin 5     1,59  2,30  
Ptprc  NM_011210 protein tyrosine phosphatase, 

receptor type, C 
    3,67  5,73  

Ptges3 NM_019766 prostaglandin E synthase 3 
(cytosolic) 

    2,60 1,56 2,09 0,66 

Tgfbr1 NM_009370 transforming growth factor, beta 
receptor I 

    7,41  6,78  

Cdkn1b NM_009875 Cyclin-dependent kinase inhibitor 
1B 

     3,97   

Bmpr2* NM_007561 Bone morphogenetic protein 
receptor, type 2 

0,51      0,60  

Ctnna2 NM_009819 Catenin,alpha 2 0,41 0,41 0,17    0,35  
Ctnnd2 NM_008729 Catenin,delta 2 0,50 0,33 0,27  0,26 0,57 0,17  
Fgfr1* NM_010206 fibroblast growth factor receptor 1   0,34  0,57  1,77  
Icam5* NM_008319 Intercellular adhesion molecular 5, 

telecephalin 
0,43 0,66     1,55  

Inhbb* NM_008381 inhibin beta-B 0,58  2,30  0,65  0,60 0,53 
Itgb5* NM_010580 Integrin beta 5 0,40        
Myh6 NM_010856 myosin, heavy polypeptide 6, 

cardiac muscle, alpha 
0,66 0,29 0,30      

Nefl  NM_010910 neurofilament, light polypeptide 0,30 0,54   0,66  0,41  
Shh  NM_009170 Sonic hedgehog 0,22 0,22 0,22 0,22    0,51 
Foxg1 NM_008241 forkhead box G1       0,49 0,62 
Mtap2 XM_894407 microtubule-associated protein 2       0,64  
Table 1. Stem cell-related gene expression profiles. Fold change is calculated as the ratio of 
experiment to sham control after they were normalized to house keeping genes obtained from two 
independent experiments. The genes are listed according to the following criteria; First, the genes 
whose average fold induction was equal to or higher than 1,5 (upregulated) and equal or lower than 
0,66 (downregulated) were selected. Second, the genes were listed according to up (black) or down 
(red) regulation and alphabetic oder. Third, * represents the genes  were validated using real time 
quantitative PCR. pi, periinfarct, lesional hemisphere; cl, contralateral, healthy hemisphere; ctrl, sham 
control. 

 
In contrast to young rats, at day 3, DNA damage-, cell cycle arrest- and apoptosis-related 
genes were upregulated in the aged rats (Fig. 2a). In particular, aged rats rapidly upregulated 
genes like growth arrest and DNA-damaged inducible 45 alpha (Gadd45α), a DNA damage 
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related gene, telangiectasis mutated homolog (human) (Atm_mapped), Hus1 homolog (S. 
pombe) (Hus1_predicted) and transformed mouse 3T3 cell double minute 2 (Mdm2) and 
tumor necrosis factor receptor superfamily member 7 (Tnfrsf7, also called CD27) (Table 3). 
In addition, inflammatory-related genes like prostaglandin E synthase 3 (Ptges3) and 
Interleukin 6 (Il6) were also increased in the aged brain. Particularly, increased expression of 
Ptges3 persisted in the second week after stroke (Table 2).  
The number of regulated stem cell-related genes increased gradually from day 3 to day 14 in 
the aged rats (Fig. 2a). Similar to young rats, aged rats also upregulated genes to increase 
oxidative capacity by upregulating gluthathione peroxidase I(Gpx1) and reducing the energy 
availability by upregulating the uncoupling protein 2 (Table 2). 
 
Table 2. List of Hypoxia signaling pathway array genes in the post-ischemic brain 

Fold change 
3 months old rat 18 months old rat 

Day 3 Day 14 Day 3 Day 14 

Gene 
name 

Genbank 
Accession 
no. 

Description 

pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl 
Hypoxia  related gene          
Col1a1 NM_007742 procollagen, type I, alpha 1 3,69  7,02  4,44  17,18  
cstb NM_007793 cystatin B 1,52 1,52   1,56    
Gpx1* NM_008160 glutathione peroxidase 1 5,38  5,18  3,07  3,01  
Mmp14 NM_008608 matrix metallopeptidase 14 

(membrane-inserted) 
1,55        

Ucp2* NM_011671 uncoupling protein 2 (mitochondrial, 
proton carrier) 

2,20 2,20 3,86  3,86  4,39  

Rps2 NM_008503 ribosomal protein S2  2,43  0,65 2,47  1,93  
Sod2* NM_013671 superoxide dismutase 2, mitochondrial  1,63   0,66  0,38 0,63 
Cat* NM_009804 catalase   2,39      
Sssca1 NM_020491 Sjogren's syndrome/scleroderma 

autoantigen 1 homolog (human) 
  2,12      

Tgfb1 NM_011577 transforming growth factor, beta 1   2,33 2,33     
Pea15 NM_011063 phosphoprotein enriched in astrocytes 

15 
   1,57     

IL6 NM_031168 Interleukin 6     2,13    
Prpf40a NM_018785 PRP40 pre-mRNA processing factor 

40 homolog A (yeast) 
      2,25 2,65 

Chga* NM_007693 chromogranin A 0,44    0,39  0,33  
Gap43* NM_008083 growth associated protein 43 0,65      0,61  
Vegfa* NM_009505 vascular endothelial growth factor A 0,64 1,50   0,56    
Bhlhb2 NM_011498 basic helix-loop-helix domain 

containing, class B2 
  0,23      

Gpi1 NM_008155 glucose phosphate isomerase 1   0,57 0,61 0,54  0,42  
Npy NM_023456 neuropeptide Y   0,30  0,50  0,39  
Camk2g NM_178597 calcium/calmodulin-dependent protein 

kinase II gamma 
   0,41     

Plod3 NM_011962 procollagen-lysine, 2-oxoglutarate 5-
dioxygenase 3 

      0,41  

Tuba1* NM_011653 tubulin, alpha 1       0,59  

Table 2. Hypoxia signaling pathway-related gene expression profiles. Fold change calculation and 
criteria are similar like Table 1. pi, periinfarct, lesional hemisphere; cl, contralateral, healthy 
hemisphere; ctrl, sham control 
 
Young rats, contralateral sensorimotor cortex 
In the contralateral sensorimotor cortex, there were 12 (2.7%) upregulated and 6 (1.3%) 
downregulated genes at day 3 post ischemia in young rats. By day 14, the number of 
upregulated genes decreased from 12 to 3 (0.7%) while the number of down-regulated 
genes did not change (Fig.2b). 
Specifically, a group of genes related to oligodendrocytes regeneration, remyelination 
and communication like oligodendrocyte transcription factor 1 (Olig1), NK2 transcription 
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factor related locus 2 Drosophila (Nkx2-2_predicted) and gap junction membrane 
channel protein beta 1(Gjb1) were upregulated. Besides reducing the energy availability 
by upregulating the uncoupling protein 2, the major genetic event was to increase the 
number of downregulated genes. Among them there were genes coding for brain 
plasticity like growth associated protein 43 and tubulin alpha 1 (Table 2).  
 
Aged rats contralateral sensorimotor cortex 
Generally, the healthy contralateral sensorimotor cortex of the aged rats was transcriptionally 
inactive in post-stroke aged rat brains, especially in the first week poststroke.Compared to 
young rats at day 3, aged rats had six-folds fewer upregulated genes (Fig. 2b). By day 14, 
the number of upregulated genes had no change while the number of downregulated genes 
increased to 8 (1.8%). Nevertheless, aged rats showed a robust increase in the expression 
of cyclin- dependent kinase inhibitor 1B (Cdkn1b) which inhibits the activity of cyclin-CDK 
complexes and plays a role in cell cycle control. 
 
Table 3. List of Apoptosis array genes in the post-ischemic brain 

Fold change 
3 months old rat 18 months old rat 

Day 3 Day 14 Day 3 Day 14 

Gene 
name 

Genbank 
Accession no. 

Description 

pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl pi/ctrl cl/ctrl 
Apoptosis related gene          
Atm NM_007499 ataxia telangiectasia mutated 

homolog (human) 
  2,64    1,97  

Gadd45a* NM_007836 growth arrest and DNA-
damage-inducible 45 alpha 

  1,81  3,56  3,84  

Hus1 NM_008316 Hus1 homolog (S. pombe)   1,52  2,78  1,64  
Mdm2 NM_010786 transformed mouse 3T3 cell 

double minute 2 
    2,67    

Tnfrsf7 NM_001033126 tumor necrosis factor receptor 
superfamily, member 7 

    4,60    

Casp7* NM_007611 caspase 7   0,49 0,22   3,34  
Traf1 NM_009421 Tnf receptor-associated factor 1     0,29 0,39 0,49 0,43 
Traf4 NM_009423 Tnf receptor associated factor 4       0,50  
Trp53 NM_011640 transformation related protein 

53 
    0,62    

Table 3. Apoptosis-related gene expression profiles. Fold change calculation and criteria are similar 
like Table 1 described. pi, periinfarct, lesional hemisphere; cl, contralateral, healthy hemisphere; ctrl, 
sham control 

Verification of microarray data by real-time quantitative PCR 
To confirm the microarray data, real-time quantitative PCR was performed. We have 
randomly selected bone morphogenetic protein receptor type 2, brain fatty acid binding 
protein, cadherin 5 , fibroblast growth factor 1 receptor, inhibin beta, insulin-like growth factor 
1 receptor, integrin beta 5 and intercellular adhesion molecular 5 from stem cell related 
cDNA array (Fig. 3), chromogranin A, uncoupling protein 2, glutathione peroxidase1, 
superoxide dismutase 2, catalase, growth associated protein 43, tubulin alpha1, vascular 
endothelial growth factor A from hypoxia signaling pathway (Fig. 4), caspase 7 and growth 
arrest and DNA-damage-inducible 45 alpha from apoptosis array (Fig. 5). The expression 
pattern of these genes from real-time PCR matched well with the expression profile obtained 
from microarray analysis. 
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DISCUSSION 

It has been hypothesized that the ipsilateral and the contralateral hemisphere work in 
synergy and help functional recovery after stroke in young rats. Using categorized DNA 
arrays we found faulty gene regulation in response to stroke both in the ipsilateral and the 
contralateral hemisphere of aged rats. 
We (Badan et al., 2003) and others (Kharlamov et al, 2000; Brown et al, 2003; Gong et al, 
2004) found that behaviourally, aged rats were more severely impaired by stroke and 
showed diminished functional recovery as compared with young rats. Therefore, in the 
following discussion we will assume that the time course of gene changes occurring in the 
brains of young rats represent the appropriate response to stroke. 
The first week post-stroke is crucial for successful recovery in humans and animals, and is 
associated with both immediate and late neuronal death that will determine the extent of cell 
death in the periinfarct area. Our results indicate that one genetic event that may lead to 
increased cellular death in the periinfarct area in aged rats is apoptosis and included a group 
of genes related to DNA damage, cell cycle arrest and apoptosis. In particular, aged rats 
rapidly upregulated genes like Gadd45α, a DNA damage-related gene, Atm_mapped, 
Hus1_predicted, Mdm2 and Tnfrsf7. 
It has been proposed that Mdm2 could be an indicator of DNA damage in the brain early 
after an ischemic insult in a similar way to Gadd45α (Tu et al, 1998). The roles of Hus1 and 
ATM in the post stroke rat brain are not known. The protein encoded by Hus1 gene forms a 
heterotrimeric complex with checkpoint proteins RAD9 and RAD1. In response to DNA 
damage the trimeric complex interacts with another protein complex consisting of checkpoint 
protein RAD17 and four small subunits of the replication factor C (RFC), which loads the 
combined complex onto the chromatin. The DNA damage induced chromatin binding has 
been shown to depend on the activation of the checkpoint kinase ATM, and is thought to be 
an early checkpoint signaling event (Roos-Mattjus et al, 2002). Tnfrsf7 plays an important 
role mediating CD27-binding protein induced apoptosis (Prasad, et al, 1997). Interestingly, 
we found a strong up-regulation of Caspase 7 (Casp7) gene expression at 14 days post 
stroke in aged rats. In young rats, however, Casp7 was downregulated at this time point. 
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Fig. 3. Validation of altered stem cell-related gene expression by real-time quantitative PCR. Selected 
genes identified from the macroarray analysis were further confirmed by realtime PCR. The 
expression profiles are presented in the form of column graphs. The numbers on the vertical axis 
represent the average fold change. The horizontal axis denotes the post stroke time points. 
Abbreviations: pi, periinfart; cl, contralateral; 3d, post stroke day 3; 14d, post stroke day 14. 
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Fig. 4. Validation of altered stem cell-related gene expression by real-time quantitative PCR. Selected 
genes identified from the macroarray analysis were further confirmed by realtime PCR. The 
expression profiles are presented in the form of column graphs. The numbers on the vertical axis 
represent the average fold change. The horizontal axis denotes the post stroke time points. 
Abbreviations: pi, periinfart; cl, contralateral; 3d, post stroke day 3; 14d, post stroke day 14. 

 
Counteracting oxidative stress through up-regulation of mitochondrial anti-oxidants is one of 
cell survival mechanisms operating shortly after cerebral ischemia. Failure to increase the 
expression of anti-oxidant systems may increase the sensitivity to oxidative stress (Kim et al, 
2004; Van Remmen et al, 2004) and may contribute to poor recovery after cerebral ischemia. 
While glutathione peroxidase 1 (Gpx1) was increased both in the young and aged animals, 
superoxide dismutase 2, mitochondrial (Sod2), another component of the anti-oxidant 
system, was rather downregulated in the perinfarcted area of aged rats. In addition, catalase, 
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which has been intensively studied as an antioxidant, was increased only in young but not in 
aged rats. Taken together these data suggest that the anti-oxidative system is not fully 
operational in aged rats. 
 

 
Fig. 5. Validation of altered apoptosis-related gene expression by real-time quantitative PCR. The 
selected genes identified from the microarray analysis were further confirmed by real-time PCR. The 
expression profiles are presented in the form of column graphs. The numbers on the vertical axis 
represent the average fold change. The horizontal axis denotes the post stroke time points. 
Abbreviations: pi, periinfart; cl, contralateral; 3d, post stroke day 3; 14d, post stroke day 14. 

 
Capacity to regulate energy production is crucial in the first hours post-stroke. We found that 
the uncoupling protein 2, mitochondrial (Ucp2) is strongly induced in aged rats as compared 
with young rats. This indicates that aged rats have less available energy to counteract the 
damaging effects of the oxidative stress. This hypothesis is in accordance with a recent study 
showing that at three days post-stroke, there was a massive induction of UCP2 mRNA in the 
periinfarct area of the wild type mice (de Bilbao et al., 2004). Ucp2 knockout mice, however, 
were less sensitive to ischemia as assessed by reduced brain infarct size, decreased 
densities of apoptotic cells in the periinfarct area and lower levels of lipid peroxidation as 
compared with wild type mice (de Bilbao et al., 2004). 
Inflammation is a major cause of poor recovery after stroke and persistent expression of 
inflammatory genes is likely to prevent successful post-stroke recovery. Indeed, we found a 
persistent up-regulation of inflammatory reaction related gene, prostaglandin E synthase 3 
(cytosolic) up to 14 days post ischemia in aged rats. Increased expression of IL-6 mRNA, 
another inflammatory gene, was also seen at 3 days post ischemia in aged rats, but not in 
young rats. This is in line with a study which found that IL-6 recovered to control level at 3 
days in young rats (Berti et al, 2002). IL-6 is an inflammatory mediator that is increased in the 
acute phase of stroke as compared with healthy controls (Waje-Andreassen et al., 2005).  
After the infarct area stabilized, repair mechanisms involving stem cells may become active. 
Our data on upregulated genes related to stem cell suggest that in the first week post stroke 
there were 50% less transcriptionally active stem cell-related genes in the ipsilateral 
sensorimotor cortex of aged rats as compared with young. 
The time course of gene expression in the second week was similar in both age groups with 
one notably exception: the inflammatory gene Ptges3 persisted in the brains of aged rats 
also in the second week after stroke. Ptges3 may contribute to production of prostaglandin 
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E2 from arachidonic acid. It was found to be significantly increased in the rat brain after 
challenge with LPS (Tanioka et al, 2000). 
Downregulated genes also could play a role in the overall genetic response underlying 
recovery. Again, assuming that the response of young rats to ischemia is the “good” one, in 
aged rats the number of downregulated genes mirrored the number from young rats for 
genes related to stem cells and hypoxia signaling suggesting that downregulation of genes in 
the first week post-stroke is faulty in aged rats. 
There is evidence from human studies that the contralateral hemisphere plays a role in 
functional recovery after stroke. In squirrel monkeys, it has been reported that reorganization 
of remote and unaffected hemisphere occurs in response to brain injury, the greater the 
damage to the intracortical pathway, the greater the plasticity in the intact area (Frost et al., 
2003). The authors emphasized that reorganization may play a critical role in post-injury 
recovery of function. This injury-induced neural restructuring can be dramatically influenced 
by post-injury behavioral experience with the "good" (contralesional) forelimb (Jones, 1999). 
A functional consequence of this is that the "good" forelimb develops a paradoxical 
enhancement in the acquisition of new skills after the injury (Bury et al, 2002; Hsu and Jones, 
2006).  
Although the effect of age on cerebral ischemia has been recently at the focus of several 
reports (Jin et al, 2004; Badan et al, 2004; He et al, 2005), the contribution of the 
contralateral hemisphere to neurorestoration has not been addressed at gene expression 
level. Our study shows that the contralateral, healthy hemisphere in young rats is much more 
active at transcriptional level than that of the aged rats at day 3 post ischemia, especially at 
the level of stem cell and hypoxia signaling coding genes. However, at this time point, tissue 
in the hypoperfusion region still struggles with survival, so it is unlikely that brain plasticity 
could contribute to tissue and function recovery. Rather we hypothesize that activation of 
genes involved in stem cell and hypoxia signaling in the contralateral sensorimotor cortex 
may contribute to functional recovery and may be necessary to take over some function of 
the damaged hemisphere. If so, it seems that oligodendrocyte activity in the contralteral 
hemisphere is required for the take over action. We found a number of genes implicated in 
re-myelinization like NK2 transcription factor related, locus 2 (Nkx2-2), oligodendrocyte 
transcription factor 1 (Olig1) that were upregulated in the contralateral hemisphere of young 
rats at 3 days post ischemia, but not in the aged rats. Both Nkx2-2 and Olig1 are 
transcription factors which play an important role in the differentiation of oligodendrocyte 
progenitor cells (OPC) into remyelinating oligodendrocytes, myelinogenesis and axonal 
recognition (Fancy et al., 2004; Xin, at el., 2005). Gap junction membrane channel protein 
beta 1 (Gjb1), a component of gap junctions, was strongly upregulated at 3 days post 
ischemia, but not in aged rats. Previous work showed that Gjb1, also known as Cx32, is 
expressed in oligodendrocytes and facilitated cell-cell communication (Rash et al, 2001). 
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Conclusions: Reduced transcriptional activity in the healthy, contralateral hemisphere in 
conjunction with an early up-regulation of DNA damage related genes and the early induction 
of proapoptotic genes in the periinfarct area of aged rats are likely to account for poor 
neurorehabilitation after stroke in aged rats. 
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Abstract:  To investigate proteins involved in functional recovery following cerebral 
ischemia, brains of young (3 months) and aged (18 months) rats subjected to middle cerebral 
artery (MCA) occlusion were harvested at 3 (3d) and 14 day post ischemia (14d) separately. 
Proteins were extracted from periinfarct (pi), corresponding contralateral area (cl) and cortex 
of sham-operated control rats (sham), followed by two-dimensional polyacrylamide gel 
electrophoresis separation and mass spectrometry analysis. Annexin A3 (AnxA3) was 
identified as an upregulated protein in post-ischemic rat brain. Using real-time PCR, western 
blotting and immunohistochemistry, we confirmed a gradual increase of AnxA3 in periinfarct 
area from day 3 to 14 both in young and aged rats.  In contrast, we observed a delayed 
AnxA3 up-regulation in infarct core of aged rats. Expression of AnxA3 in contralateral 
hemisphere kept in sham level. Double staining of Iba1 and AnxA3 has shown that AnxA3 is 
expressed by activated microglial cells in periinfarct area as well as resting microglia in 
contralateral hemisphere and sham brain. At day 14, cluster of AnxA3 positive proliferating 
microglial cells were observed in periinfarct area. Interestingly, aged rats had more 
proliferating cell marker BrdU positive microglial cells than young rats in periinfarct at this 
time point. In periinfarct area and infarct core, Anxa3 was mainly accumulated to nuclear and 
cytoplasmic membranes while lysosomal membrane protein (recognized by ED1 antibody) 
started to be produced in cytoplasma. These results suggest that delayed and prolonged 
activation of Anxa3 positive microglia in infarct core of aged rats exacerbate the post-
ischemic recovery. 
Keywords: annexin A3, brain ischemia, microglia, aging 

INTRODUCTION 

Studies using animal model of ischemic stroke have suggested that the response 
mechanisms, ischemic consequences, and histological changes are different in terms of age 
(Canese et al., 2004; Rosen et al., 2005). In aged animals, ischemic stroke induced larger 
infarction, stronger microglia reaction, severe brain swelling and neurological deficit (Davis et 
al., 1995; Sutherland GR et al., 1996; Kharlamov et al., 2000; Gong Y et al., 2004; Canese et 
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al., 2004). Similarly, in human, the ischemic stroke incidence, severity and the conversion of 
ischemic tissue into infarction were higher in aged than young (Ay et al., 2005; Rothwell et 
al., 2004; Thorvaldsen et al., 1999). As compared to aged rats, however, the recovery 
process started earlier in young rats and reached control level at the second week as 
compared to aged rats (Badan et al., 2003). Thus, the different responses to cerebral 
ischemia with respect to age might indicate that young and aged animals apply different 
intrinsic cellular and molecular mechanisms during recovery.  
Decreased plasticity in aging brain impedes the recovery of neural function and structure 
after ischemic stroke (Badan et al., 2003; Badan et al., 2004; Popa-Wagner et al., 2006). 
Age-related decrease of cortical and hippocampal neuronal density and number, and 
deficiency in the handling of toxic free radicals may provide possible explanations for a 
poorer outcome of cerebral ischemia in the aged (Landfield et al., 1981; Knox, 1982; 
Anderson et al., 1983; Miller et al., 1984; Yao et al., 1991). Furthermore, it has been 
proposed that aging-related changes in morphology in conjunction with a less regulated 
proliferative response in the aged facial nucleus may be a reflection of microglial senescence 
which may precede neuronal death (Conde and Streit, 2006). Therefore, the regenerative 
capacity of aged brains is not as high as young brains.  
Recovery after stroke is often hindered by further neurologic deterioration caused by post-
ischemic inflammation and scar formation (Tan KT, 2003; Badan et al., 2003; Popa-Wagner., 
2006). Respond to the signals released by damaged neural cells, the brain resident 
microglial and astroglial cells are activated (Nakajima and Kohsaka, 2004). The accelerated 
and dense scar tissue formation in aged rats was correlated to reduced functional outcome 
(Badan et al., 2004). It was reported in animal models of cerebral ischemia that microglia 
activation by free radicals in the late phase of ischemic damage is the main cause of 
secondary cell death in penumbra areas that surround the ischemic core (Dirnagl et al., 
1999; Danton and Dietrich, 2003; Gehrmann, 1995; Price et al., 2006). However, 
accumulating evidences showed that microglial cells are neuroprotective and contributed to 
the neuronal survival and regeneration by delimitating injured tissue from surrounding 
healthy tissue and producing various neurotrophic factors (Lai  and Todd, 2006; Nakajima 
and Kohsaka, 2004).  
To gain insight into the underlying mechanisms of different recovery responses to cerebral 
ischemia between young and aged, we have employed proteomics. Proteomics, a study of 
more than one protein at a time using two-dimensional electrophoresis combined with mass 
spectroscopy, made it possible to uncover the important proteins involved in brain repair. 
However, the repairing phase of cerebral ischemia in young and aged brains, however, has 
largely not been explored using proteomic tools. Among the several identified proteins, 
AnxA3 was strongly upregulated in post-ischemic rat brain. Increased expression of mRNA 
and protein has been detected from 3 day to 14 day post ischemia in both age groups, but 
the effect of age was not significant in periinfarct. However, translocation of AnxA3 to plasma 
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and nuclear membranes and clusters of proliferating AnxA3 positive microglia cells have 
been observed in periinfarct area of both age groups.  

MATERIALS AND METHODS 

Animals 
In house breed male Sprague-Dawley rats maintained on a 12h light/dark cycle were used 
for this experiment. Young and aged rats weighed around 300-400 g and 600-700g 
separately. Table 1 listed groups and the number of rats for each group according to different 
purpose. Eighteen hours prior to surgery, rats were fasted but allowed free access to water 
to minimize variability in ischemic damage that can result from varying plasma glucose 
levels. The ethical approval of all experiments was granted by the university animal 
experimentation ethics board according to the requirements of the German National Act on 
the Use of Experimental Animals.  

Table 1. List of rat groups 
Age Group Sectioning (n= rat number) RNA extraction (n= rat number) 

sham 5 8 

3 dpi 8 7 

 

Young 

14 dpi 10 8 

sham 6 8 

3 dpi 6 5 

 

Aged 

14 dpi 7 8 

 
Reversible occlusion of the middle cerebral artery 
Blood flow through the middle cerebral artery (MCA) was transiently interrupted in deeply 
anesthetized rats as previously described (Dazert et al., 2006; Badan et al., 2003). The right 
MCA was slowly lifted with a tungsten hook attached to a micromanipulator (Maerzhaeuser 
Precision Micro-manipulator Systems, Fine Science Tools) until blood flow through the 
vessel was completely stopped. Both common carotid arteries were then occluded by 
tightening prepositioned thread loops. The sharply decreased blood flow was monitored with 
a Laser Doppler (Periflux 5000, Perimed, Sweden) by positioning optic tube on the temporal 
bone of rat skull. After 90 minutes, the middle cerebral artery and the common carotid 
arteries were re-opened, allowing full reperfusion of the brain. Subsequent to survival times 
of 3 and 14 days, the rats were deeply anesthetized and perfused with buffered saline 
followed by 4% freshly depolymerized paraformaldehyde. The brain was removed, post-fixed 
in 4% paraformaldehyde for 24 h, cryoprotected in 20% sucrose prepared in 10 mmol/L 
phosphate buffered saline, flash-frozen in isopentane and stored at -70°C until sectioning. 
For total RNA and protein isolation, the rats were perfused with buffered saline only,  and 
brain was cut into 2mm slices that were dipped in 2% 2,3,5-triphenyltetrozolium chloride 
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(TTC) solution to visualize the infarct core (Isayama et al., 1991). This procedure allowed us 
to dissect the periinfarct area (right hemisphere) as well as corresponding contralateral 
hemisphere (left hemisphere). Corresponding area (right hemisphere) from sham-operated 
control rat was also dissected. All dissected tissues were only from cortex and they were 
then stored at -70°C until use. 

Bromo-deoxyuridine (BrdU) Administration 
To label proliferating cells, rats were intraperitoneally injected bromodeoxyuridine (BrdU; 
50mg/kg body weight; Sigma). For 3 day post-ischemic group, rats were received BrdU daily 
for 2 consecutive days. For 14 day post-ischemic group, rats were intraperitoneally given 
BrdU daily for 12 days starting from the 2nd of post-ischemia until the 13th day. Similar to 14 
day group, sham operated control group rats were daily administrated BrdU for 12 days. Rats 
were transcardially perfused 24 hours after the last injection.  

Total RNA and protein isolation 
Dissected tissues from periinfarct area, corresponding contralateral area and sham control 
were homogenized in TRIzol reagent (Invitrogen, Germany). Sequential isolation of total 
RNA and protein were described in the manufacturer´s protocol. Total RNA was then 
digested by DNase 1 (Applied Biosystems, Darmstadt, Germany) and further purified using 
RNeasy Mini extraction kit (Qiagen, Hilden, Germany). Purified total RNA were used for 
cDNA array assay and real time PCR quantification. Total proteins were precipitated, washed 
and vacuum-dried.  Finally, the vacuum-dried protein pellet was dissolved in sample buffer 
containing 8 M urea, 2 M thiourea, 4 % CHAPS, 65 mM DTT and 40 mM Tris. Protein 
amounts were quantified by the Bradford method (Bradford, 1976). Purified total proteins 
were used for two dimensional gel electrophoresis and western blotting. 

Real Time Quantitative PCR 
For real-time PCR, 2µg of total RNA was reverse-transcribed using random hexamers and 
the reverse transcription reagents (Superarray, Bethesda, MD). PCR reaction was set up by 
mixing 10ng of cDNA, primers (Superarray), Master mix (Superarray), SYBR Green I 
(Molecular Probes) and real time PCR amplification was performed as follows: one cycle of 
15min at 95°C and 45 cycles in three steps each (95°C for 30s, 55 °C for 30 s, 72 °C for 30 
s) using a real-time PCR cycler (SDS 7700, Applied Biosystems). At the end of amplification 
cycles, primer specificity was checked both by melting curve analysis and by appearance of 
single bands of PCR products in a 1% agarose gel. A standard curve was generated by 
plotting the log10 [target dilution] of template on the X-axis against the Ct value from serial 
dilutions of target DNA on the Y-axis. The efficiency of PCR amplification is 77%. The 
relative expression level of Anxa3 and 18srRNA as house keeping gene was determined 
based on the standard curve equation generated for each individual gene. To normalize, the 
expression level of Anxa3 was divided by the expression level of the house keeping gene 
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from the same sample. Finally, the fold change of individual gene was calculated through 
dividing the normalized gene expression level of this gene from experimental sample by the 
normalized gene expression level of this gene from sham control.  Fold change= 
[(AnxA3/18srRNA)experiment]/ [(AnxA3 / 18srRNA)sham]. 

Two dimensional gel electrophoresis and Western blotting 
Samples were applied to IPG strips (pH 3-10NL, GE Healthcare, Germany) by in gel 
rehydration. A total of 300-750 µg protein was filled to a volume of 450 ml with rehydrating 
buffer (8 M urea, 2 M thiourea, 2 % CHAPS, 15 mM dithiothreitol and 0,5 % IPG buffer pH 3-
10NL). After rehydration overnight, isoelectric focusing (IEF) was carried out at 20°C on the 
PROTEAN IEF Cell (Bio-Rad) for a total of 55 000 Vhr. Subsequently the IPG strips were 
stored at -20°C or immediately soaked twice in a solution containing 6 M urea, 2% SDS, 375 
mM Tris-HCl (pH 8,8), 20 % glycerol and 1 % dithiothreitol for the first, and 2,5 % 
iodoacetamide for the second step of equilibration. As tracking dye a few grains of 
bromophenol blue were added. Strips were placed on vertical SDS-PAGE gels and fixed with 
1 % agarose. SDS-PAGE was carried out using the PROTEAN plus Dodeca Cell (Bio-Rad) 
on 12,5 % acylamide gels. After electrophoresis gels were fixedin a solution of 15 % acetic 
acid and 40 % methanol and subsequently stained with colloidal Coomassie blue (Roth, 
Karlsruhe, Germany) followed by destaining of the background with 20 % methanol. 
The gels from at least two repeats were then scanned and processed by Delta2D 
(DECODON, Greifswald, Germany), a 2-DE gel analyzing and spot matching software. Using 
this software, the images from the periinfarct (pi, blue) and sham-operated 
control/contralateral area (sham/cl, orange) gels were arbitrarily assigned different color and 
matched. After matching, equal volumes of blue and orange spots appears black which 
indicates that the protein represented by these spots has no expression change. Otherwise, 
it is believed to be differentially expressed and marked as candidate protein, and further 
analysis of spot volume and identification of spot were conducted.   
For Western blotting, 20µg protein were separated by 12% SDS-PAGE and transferred to 
PVDF membrane by semi-dry blotting. The membrane was blocked 2 hours in 5% non-fat 
dry milk (BIO-RAD) dissolved in TBS buffer, and incubated with a polyclonal rabbit anti-
annexin A3 antibody (a generous gift from Prof. Russo-Marie) for 2 hrs, followed by washing 
and binding of secondary peroxidase conjugated donkey anit-rabbit IgG (H+L) (Jackson 
Immunoresearch Laboratories) for 1hr, finally the antigen-antibody complex was visualized 
by exposing the chemo-luminescent signal to X-ray film.  

Mass spectrometry 
In-gel digestion was performed as described by Eymann et al. (2004), with minor 
modifications.  
The protein spots were washed with 200 µl of 20 mM NH4HCO3/ 50% (v/v) ACN and dried by 
adding 100 % ACN. Trypsin solution containing 20 ng/µl trypsin (Promega, Madison, WI, 
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USA) in 20 mM ammonium bicarbonate was added until the gel pieces stopped swelling and 
digestion was allowed to proceed for 16 to 18 hours at 37 °C. For peptide extraction gel 
pieces were covered with 20 µl 50% (v/v) ACN/ 0.1% (w/v) acetic acid and incubated for 30 
min at 37 °C. The peptide containing supernatant was transferred into a micro vials and the 
extraction was repeated with 20 µl of the same solution. The volume of the supernatants 
were reduced to 10 µl for mass spectrometric analysis.  
High pressure Liquid Chromatography separation was performed on an UltimateTM system 
(LC Packings, Amsterdam, Netherlands). The system was coupled via a nanoLC inlet (New 
Objective, Woburn, MA, USA) to the Q-TOF mass spectrometer (Q-Star Pulsar i, Applied 
Biosystems, Foster City, CA, USA) equipped with a nano-electrospray source (Protana, 
Odense, Denmark). Peptides were loaded and desalted on a reversed phase pre-column (µ-
Precolumn, PepMapTM, C18, 300 µm i.d. x 5 mm, LC Packings, Amsterdam, Netherlands) 
with a flow rate of 40 µl/min using 0.05% (v/v) acetic acid as solvent. The separation was 
performed via a reversed phase nano column (PepMapTM, C18, 75 µm i.d. x 15 cm, LC 
Packings, Amsterdam, Netherlands). As solvents 0.05% (v/v) acetic acid (solvent A) and 
90% (v/v) ACN/ 0.05% (v/v) acetic acid (solvent B) were used with a linear gradient from 5 to 
50% of solvent B over 30 min. The eluted peptides were analyzed by MS/MS. The instrument 
was running in automatic mode, allowing switching from MS to MS/MS mode. 
The resulting MS/MS data were analysed with the BioanalystTM Software (Applied 
Biosystems, Foster City, CA, USA) and the integrated Mascot script. Peak lists were 
compared with the SwissProt database using the Mascot search engine (Matrix Science Ltd, 
London, UK). Peptide mixtures that yielded a mowse score of at least 59 were regarded as 
positive identifications. 

Immunohistochemistry  
Frozen brain embedded in Tissue-TeK OCT compound (Sakura Finetek USA Inc., Torrance, 
CA, USA) was sectioned 25µm thickness at -30°C in a freezing cryotome. The 
immunohistochemistry was conducted as previously describled (Dazert, 2006; Schmoll et al., 
2006). Briefly, the sections were blocked for 2 hours in 10mM phosphate-buffered saline 
containing 5% donkey serum, 0,3% Tween-20, 0,005% hydrogen peroxide followed by 
overnight incubation at 4°C with rabbit anti-annexin A3 (1:1000, a gift from Prof. Russo 
Marie) antibody in blocking solution without hydrogen peroxide. After three washes with 
10mM PBS solution containing 0,3% Tween 20, sections were then incubated overnight at 
4°C with biotinylated donkey anti-rabbit IgG (H+L) secondary antibody (Jackson 
ImmunoResearch Laboratories, West Grove, PA) diluted 1:2000 in blocking solution with 3% 
donkey serum. After the unbound secondary antibody was washed away, sections were 
incubated for 2 hrs at room temperature in ABC Elite reagent (Vector laboratories, 
Peterborough, England) diluted 1:100 in PBS containing 0,3% Tween 20. The antigen-
antibody complex was then visualized with 0,025% 3',3'-diaminobenzidine in 100 mM Tris 
buffer (pH 7,5) for 5-10 min. Finally, the sections were mounted onto slides, air-dried, and 
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coverslipped using a xylene based mounting medium. Nikon Eclipse microscope 
(Duesseldorf, Germany) was used and images were captured electronically using a CCD 
camera (Optronics).  

 Triple immunofluorescence 
Similar to immunohistochemistry, sections were blocked, incubated overnight at 4°C with 
following antibodies: rabbit anti-annexin A3 (1:500, a gift from Prof.Russo Marie), mouse 
anti-ED1 (1:500, Serotec, UK) and rat anti-BrdU (1:2000, Serotec, UK) or goat anti-Iba1 
(abcam, Germany), visualized by adding fluorochrome labeled secondary antibodies: 
Rhodamine-conjugated donkey anti-rabbit IgG (H+L) (1:3000), FITC-conjugated donkey anti-
mouse IgG (H+L) (1:3000) and Alexa 647-conjugated donkey anti-rat IgG (H+L) (1:2000) or 
Alexa 647-conjugated rabbit anti-goat IgG (H+L) (1:2000). To detect BrdU marked cells, free-
floating sections were incubated in 2 M HCl at 37°C for 30 min, and rinsed in 0,1 M borate 
buffer (pH 8,5) at room temperature for 10 min. After neutralization, sections were blocked 
and followed by procedures as described. Fluorescence signals detection and 3D 
construction were described previously (Dazert et al., 2006; Popa-Wagner et al., 2006).  

Quantification 
To quantify AnxA3 immunoreactive signals, images with same settings were taken from 5 
randomly selected regions of infarct core in each section using a Nikon epifluorescent 
microscope under 20x magnification. Digital images obtained from 3 sections per animal 
located in anterior, middle and posterior of infarction were then imported in Adobe 
Photoshop and changed into grayscale without compression. Subsequently the individual 
image was processed and AnxA3 immunopositive signal area was calculated using Image J 
software (http://rsb.info.nih.gov/ij/).  The average signal area per field from each animal was 
computed, followed by the statistical analysis.  
In order to quantify proliferating AnxA3 positive microglial cells in periinfarct, we have 
labelled AnxA3 together with BrdU using immunofluorescent method. The images at 3 
different locations in periinfarct from each section taken by a Nikon epifluorescent 
microscope were counted. The ratio of the average number of double labelled cells to total 
AnxA3 positive cells from 3 sections per animal was computed and statistical analysis was 
performed.  

 

  

http://rsb.info.nih.gov/ij/


Paper II 86

 
Fig. 1. Upregulation of AnxA3 in post-ischemic rat brains.  A. Coomassie blue stained, matched partial 
2-DE gels of periinfarct area, corresponding contralatelal region and sham control of young rat brain at 
day 3 and 14 post ischemia. Isoforms of AnxA3 were labeled on panel e and f. B. Quantification of 
AnxA3 spot intensities using Delta2D software. pi: periinfarct; cl: contralateral  
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Statistics 
The average signal area per field between young and aged rats at day 3 and 14 was 
compared by one way ANOVA followed by pair-wise multiple comparison procedure (Holm-
Sidak method) using SPSS SigmaStat 3.0 software (SPSS Inc., Chicago, Illinois). The 
graphics were processed using SPSS SigmaPlot 8.0 software (SPSS Inc., Chicago, Illinois). 
P < 0.05 was considered significant. All data are presented as mean ±SD as indicated.  
 
 
 

 
Fig. 2. Detection of ANXA3 by western blot analysis in rat brain. A. 20µg proteins from sham control, 
periinfarct area and contralateral hemisphere were loaded and blotted with anti-AnxA3 antibody. 
Samples from young and aged rats were analysed separately. Beta-tubulin was used as the loading 
control. B. Relative quantification of AnxA3 expression. Calculation of band intensities was carried out 
by using the Kodak 1D software (Kodak Image Station 440). pi: periinfarct; cl: contralateral  
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Fig. 3. Expression profiles of ANXA3 mRNA in young and aged rat brains at day 3 and 14 post 
ischemia. A, B. Conventional PCR using mRNA extracts from sham control, periinfarct area (pi) and 
contralateral (cl) hemisphere of young (A) and aged rat (B) brains. C, D. Quantitative real-time PCR 
from same mRNA extracts as above, C (young), D (aged). The fold changes are expressed as the 
ratio of experiment to sham control after normalization to 18S rRNA.  

RESULTS 

Up-regulation of AnxA3 in periinfarct regions of post-ischemic rat brain  
To identify proteins implicated in functional recovery, we have analyzed protein expression 
profiles at days 3 and 14 post-ischemic stroke in young and aged rats using a proteomic 
approach. Fig.1A is shown enlarged regions of matched 2D gel images derived from young 
rats. The spots on the gels were arbitrarily assigned different colors (blue and orange) and 
matched using Delta2D (DECODON, Greifswald, Germany), a 2D gel analysis and spot 
matching software. The candidate spot volumes were then measured, proteins were picked 
up and mass spectrometry analysis was conducted. Among others, two spots (labeled with 
arrows, Fig.1A e,f) were identified as AnxA3, with a molecular weight of 36 kDa. The 
quantified spot volumes (spot 1 only) revealed that already at day 3 post ischemia the AnxA3 
expression is up-regulated in periinfarct area of young rats. At day 14, the increase of AnxA3 
was strengthened as compared to day 3. Fig. 1B is shown the expression level of the AnxA3 
spot in periinfarct and contralateral area compared to sham operated control or contralateral 
area respectively. The second spot (number 2) appeared weaker and has a more acidic 
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isoelectric point than the spot 1. The similar temporal expression pattern of AnxA3 has been 
found in periinfarct of both age groups (images from aged rats not shown). To validate these 
results, we performed Western blot analysis. As shown in Fig.2A, two closely migrated bands 
located around mass 36 kD were apparently detected as AnxA3. The upper band appeared 
to be unaffected while the lower band was increased in periinfarct area (pi) in both age 
groups. This corresponds with 2-D gel result suggesting that the additional band result from 
different isoforms of AnxA3. As supposed, the expression of AnxA3 in contralateral 
hemisphere (cl) kept in sham operated control level in all the groups (see Fig.1 and 2). The 
similar expression pattern of AnxA3 in periinfarct area of both age groups was further 
confirmed from mRNA expression level by conventional (Fig. 3A, B) and quantitative real-
time PCR (Fig. 3C, D). Compared to young rats (Fig. 3A, C), the aged rats (Fig. 3B, D) 
showed a qualitatively attenuated mRNA increase at 3 day post ischemia. However, the up-
regulation is strengthened in periinfarct at 14 day post ischemia in aged rats. From 3 day to 
14 day, AnxA3 expression in contralateral hemisphere kept sham operated control level. 

Delayed expression of AnxA3 in infarct core of aged rats  
In order to study spatial expression pattern of AnxA3, we performed immunohistochemistry 
on free-floating sections from both young and aged rats (Fig. 4A, a-d). At day 3, activated 
AnxA3 positive hypertrophic microglial cells aggregated in the periphery of infarct core while 
the staining of AnxA3 was appeared sporadic in infarct core of aged rats (Fig. 4A, b). In 
young rats, however, AnxA3 positive hypertrophic microglial cells distributed heavily in core 
area (Fig. 4A, a).  
Compared to aged rats, at day 3 the expression of AnxA3 in infarct core of young rats was 
more pronounced (Fig. 4C, P<0,001). At day 14, both young and aged rats expressed AnxA3 
in very narrow strip of periinfarct area, but the still stronger microglial reaction was clearly 
shown by the dense and intensive staining of AnxA3 in infarct core of aged rats (Fig. 4A, c, 
d). As compared to day 3, AnxA3 expression was significantily (P<0,001) up-regulated at day 
14 in infarct core of aged rats (Fig. 4C). Interestingly, endothelial cells which are involved in 
vascularisation of infarct core have shown AnxA3 expression in aged rats only (Fig. 4A, d, 
red arrows). In contrast, slowed increase of AnxA3 was evident in infarct core of young rats 
as compared with aged, although there are numerous AnxA3 positive cells at this time points 
(Fig. 4A, c). Immunohistochemically detected AnxA3 expression was quantified by 
measuring positive signal areas it covered using ImageJ as described in materials and 
methods. Clearly, the aged rats formed stronger delayed microglia activation in infarct core 
than young animals (Fig. 4C). Fig. 4B is shown ramified resting microglial cells in 
contralateral hemisphere. The close interaction between neurons and microglial cells (Fig. 
4B, arrows) is obvious. 
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Fig. 4. Immunohistochemical staining of AnxA3 in infarct core of both age groups at 3 and 14 post 
ischemia. Young rats has shown stronger immunostaining at day 3 (Fig. 4A, a).  However, AnxA3 
antibody weakly stained disintegrated cells in infarct core of aged rats at 3 dpi (Fig. 4A, b). Compared 
to young rats (Fig. 4A, c), more intensive AnxA3 staining was observed in aged rats at 14 dpi (Fig. 4A, 
d). A few number of endothelial cells expressed AnxA3 in infarct core of aged rats at this time point 
(red arrows). Fig. 4B is shown the AnxA3 positive ramified microglia cells in contralateral hemisphere 
(magnification 40 x). Arrows indicated the close relation of microglial cells to neuronal nuclear which is 
counterstained with cresyl violet. The results of quantification are shown in Fig. 4C. note that *** 
indicates very significant (P<0.001); Bar code is 0.1mm except otherwise stated; Young and old in 
Fig.4C mean young (3 months) and aged rats (18 months old) separately. 
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AnxA3 is expressed by resting as well as activated microglia cells 
To confirm the phenotype of AnxA3 positive cells, we applied double immunofluorescent 
staining using microglia specific marker Iba1. Iba1, ionizing calcium-binding adaptor 
molecule 1, is a calcium binding protein known as a microlgial marker (Ito, et al., 2001). Fig.5 
illustrates representative images of rat brain slices at 14 days post stroke, double stained 
with anti- AnxA3 antibody and anti-Iba1 antibody, respectively. In contralateral (Fig. 5A) 
hemisphere and periinfarct area (Fig.5B), overall co-localization of AnxA3 with microglial 
marker Iba1 demonstrated that Anxa3 immunostained cells are microglia. The number of 
microglial cells, which are immunostained for both AnxA3 and Iba1, is increased in periinfarct 
area at 14 day post ischemic stroke. The AnxA3 positive cells were not astrocytes as 
confirmed by double staining with a cell type specific marker, GFAP (Glial fibrillary acidic 
protein) (data not shown).  
 

 
Fig. 5.  Triple-immunofluorescence from pi and cl demonstrated that AnxA3 postive cells are microglial 
cells. A. Co-localization of AnxA3 and Iba1 in contralateral hemisphere at 14 dpi. There is no ED1 
positive cell. B. Increased amount of AnxA3 expressing microglial cells, co-stained with microglial cell 
marker Iba1 and activated microglia/macrophagic marker ED1 in periinfarct area. 

 
Activated AnxA3 positive proliferating microglial cells in periinfarct regions 
Already 3 days post ischemia in both age groups, there are few AnxA3 positive cells co-
expressing ED1 (an activated microglia and macrophage marker) in periinfarct region. 
Expression of ED1 was not detectable in contralateral area, but the strong expression of 
AnxA3 was evident by increased number of microglial cells in periinfarct region (Fig.6 A and 
B). At this time point, AnxA3 positive microglial cells appeared hypertrophic and some of 
them are started to incorporate proliferating cell marker BrdU in periinfarct (Fig. 6A a-d; Fig. 
6B, a-d), but not contralateral hemisphere (not shown). On day 14, however, most of AnxA3 
positive cells in periinfarct areas of both age groups expressed macrophagic marker ED1 
(Fig.6A, e-h; Fig.6B, e-h), but again not in contralateral hemisphere (not shown). Although 
both age groups had numerous AnxA3 positive proliferating microglia cells, the aged rats had 
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tendency to incorporate significantly (P<0.05) more BrdU as compared with young rats at 14 
day (Fig. 6C). In contrast, the contralateral hemisphere of young rat brain had more 
proliferating AnxA3 positive microglial cells in this time point (data not shown). Compared to 
the AnxA3 expression in sham brain or contralateral hemisphere, we found that AnxA3 in 
periinfarct as well as infarct core (not shown) is accumulated in cell and nuclear membrane 
(Fig. 6D). Membrane accumulation of AnxA3 is accompanied by the deposit of ED1 positive 
vesicles in cytoplasma of activated microlgia. 

DISCUSSION 

Using various methods, we demonstrated a gradual increase of AnxA3 expression in 
periinfarct region during the recovering phase of cerebral ischemia in rats. This increase was 
peaked at day 14 and recovered toward sham-operated control level 4 weeks after brain 
ischemia in young rats (real-time PCR, data not shown). In a recent study using hypoglossal 
nerve injured rat model, Konishi et al (2006) reported that AnxA3 expression was 
dramatically up-regulated at day 3 and abruptly decreased toward control level after 14 days 
in response to axotomy. The divergence between above mentioned study and our study 
regarding the temporal expression of AnxA3 may result from rat strains, models, injury 
locations, and duration of inflammatory reactions, but not from antibody used. The specificity 
of anti- AnxA3 antibody, in particular cross-reactivity among family members, was 
extensively examined in previous articles (Le Cabec et al., 1992; Niimi et al, 2005; 
Harashima et al, 2006; Konishi, 2006). 
AnxA3 belongs to a structurally related annexin protein family which binds to negatively 
charged phospholipids in the presence of calcium and contains conserved annexin domain. 
Each annexin has a divergent N-terminal "head" which is variable and modulates protein 
binding (Hofmann et al., 2000; Sopkova  et al., 2002), and a conserved C-terminal protein 
core which forms the calcium and membrane binding sites. Annexins have been implicated in 
stabilization of membrane, ion channel activity (Eskesen et al., 2001), mediation of 
membrane-membrane and membrane-cytoskeleton interaction (Diakonova et al.,1997), 
exocytosis and membrane trafficking, anti-inflammation and calcium signaling mediators. 
However, the physiological function of AnxA3 is unclear and controversial. It is believed that 
AnxA3 functions as the inhibitor of phospholipase A2, but Kim et al (2001) reported that 
ANX-I, DeltaANX-I, and ANX-II(2)P11(2) inhibited cytosolic phospholipase A2 (cPLA2), 
whereas inhibition by ANX-II and ANX-III was negligible. Previously, AnxA3 has been 
identified as inositol 1,2-cyclic phosphate 2-phosphohydrolase (EC 3.1.4.36) (Ross et al., 
1990), an enzyme of inositol phosphate metabolism. Later, Sekar et al (1996) demonstrated 
that cyclic inositol phosphohydrolase and annexin III are two different proteins. AnxA3 as a 
novel angiogenic factor that induces VEGF production through the HIF-1 pathway have been 
reported (Park et al., 2005). Furthermore, it was proposed that AnxA3 may be a Ca2+-
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dependent mediator between phospholipids and F-actin in microglia stimulated by peripheral 
nerve injury (Konishi, 2006). 
 

 
Fig. 6. Triple immunofluorescent staining of AnxA3 in periinfarct area. The triple labeling of AnxA3, 
ED1 and BrdU in young (Fig. 6A) and aged rats (Fig.6B) is shown. Quantification of AnxA3 and BrdU 
positive cells at 14 dpi revealed that aged rats had significant (p<0.05) more AnxA3 and BrdU co-
localized microglial cells (Fig. 6C). Note ratio means AnxA3 and BrdU colocalized cells divided by total 
AnxA3 positive cells per field. Magnification: 40x. Fig. 6D is shown that AnxA3 is closely associated 
with cell membranes whereas lysosomal protein ED1 was mainly located in cytoplasma. Note these 
images are enlarged.  

 
We have shown that AnxA3 is, co-expressed with microglial cell marker Iba1 (Ito et al., 
2001), in ramified resting and activated microglia. Our result is in line with a recent study 
(Konishi, 2006) which reported, using nerve-injured hypoglossal nuclei of rat, that AnxA3 
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expression was induced specifically in activated microglia. Therefore, AnxA3 as a novel brain 
microglia marker is suitable to study microglial cells during normal aging and neurological 
diseases. Although AnxA3 was detected in human lymphocytes, polymorphonuclear cells 
and in cytoplasmic granules of monocytes (Comera et al., 1989; LeCabec and Maridonneau-
Parini, 1994), the contribution of these cells to the up-regulation of AnxA3 in periinfarct area 
and infarct core of our model is doubtful. Hematogenous macrophages were able to acquire 
a ramified morphology indistinguishable from resident microglia while microglial cells could 
develop into a phagocytic phenotype indistinguishable from infiltrating macrophages. Thus, 
differentiation between phagocytic microglia and infiltrated macrophages has been 
problematic due to a lack of discriminating cellular marker. At 3 dpi, we observed a fewer 
number of AnxA3 positive hypertrophic microglial cells co-expressing macrophagic marker 
ED1 which probably indicates that activated microglia started to function as phagocyte. 
Indeed, the transformation of resting microglial cells into phagocytes is under strict control in 
vivo (Gehrmann J., 1996). By day 14 post ischemia, the number of AnxA3 expressing ED1 
positive phagocytic microglial cells was greatly increased in our study. However, 
hematogenous macrophages were rarely observed on day 2, reached peak on day 7, and 
decreased thereafter (Schilling et al., 2003). Therefore, it is unlikely that these AnxA3 
expressing ED1 positive microglial cells are invaded macrophages from peripheral blood 
through damaged blood-brain-barrier.  
To gain insight into the responses to ischemic stroke in terms of age, we compared the 
temporal expression pattern of AnxA3 in aged with that of young rats. In both young and 
aged rats we observed up-regulation of AnxA3 but a delayed expression in aged rats. 
Especially when we analysed the infarct core the damaged AnxA3 positive microglial cells 
were clearly seen in aged rats. The cell senescence may explain the age-related delay and 
death of microglia activation in infarct core (Conde and Streit, 2006). The dying cells release 
substances which attract microglia and periphery blood cells, these cells can take up the 
debris of dead cells and limit the spread of harmful agents in injury sites. However, the delay 
of those processes will greatly prolong the harmful substances release, initiate exaggerated 
systemic immune response, endanger the surrounding surviving cells and change the 
penumbra into infarct. Thus, the early activation of microglia in infarct core may benefit the 
recovery as shown in young rats which recover early and much better than aged rats (Badan 
et al., 2006). The role of microglia in ischemic stroke has been described as double-edged 
sword, detrimental and beneficial. The neuroprotective role of microglia starts immediately 
after injury when microglia rapidly and autonomously established a potential barrier between 
healthy and injured tissue by converging their processes on the site of injury without cell 
body movement (Davalos et al., 2006). Also, microglia has been shown to act 
neuroprotectively by eliminating excess excitotoxins in the extracellular space. Moreover, 
there is accumulating evidence that microglia produce neurotrophic and/or neuroprotective 
molecules. In particular, it has been suggested that they promote neuronal survival in cases 

  

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


Paper II 95

of brain injury. Therefore, the ability of control the inflammatory not to spread plays a pivotal 
role in post-ischemic recovery.  
Clearly, in periinfarct and core areas, AnxA3 was translocated to plasma as well as nuclear 
membrane. Upon stimulated by phorbol 12-myristate 13-acetate or opsonized zymosan, both 
33 kD and 36 kD proteins of Anxa3 were translocated to plasma or phagosome membrane of 
neutrophils and monocytes (Le Cabec et al., 1994). In ischemic stroke, the tremendous 
elevation of intracellular Ca2+ level will activate all calcium-dependent pathways (Lipton P, 
1999). Consequently, increased cytosolic calcium mediates the binding of AnxA3 to the 
phospholipids membrane and F-actin (Konishi, 2006). Therefore, AnxA3 may strengthen the 
integrity of cell by stabilizing the phospholipids bilayer from breaking down. AnxA3 may 
exhibit cell protective role by modulating calcium channel activity and limiting entry of calcium 
(Chen et al.,1993).  
Two spots on the 2-DE gel turned out to be AnxA3 protein with different isoelectric point. 
Similarly, two close related bands around 36 kD appeared on western blot while the lower 
mass band expressed predominantly in brain. It has been reported that the 36 kDa AnxA3 
protein expression increased along monocytic differentiation whereas only the 33-kD AnxA3 
accumulated in neutrophils (Le Cabec et al., 1992; Le Cabec and Maridonneau-Parini, 1994). 
Therefore, we speculated the two AnxA3 spots probably are isoform according to mass 
spectrometry and western blotting from our study.   
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Abstract : Members of various transport protein families including ATP-binding cassette 
transporters and solute carriers were shown to be expressed in brain capillaries, choroid 
plexus, astrocytes or neurons, controlling drug and metabolite distribution to and from the 
brain. However, data are currently very limited on how the expression of these transport 
systems is affected by damage to the brain such as stroke. Therefore, we studied the 
expression of four selected transporters, P-glycoprotein (Mdr1a/b; Abcb1a/b), Mrp5 (Abcc5), 
Bcrp (Abcg2), and Oatp2 (Slc21a5) in a rat model for stroke. Transporter expression was 
analyzed by real-time RT-PCR in the periinfarct region and protein localization and cellular 
phenotyping were done by immunohistochemistry and confocal immunofluorescence 
microscopy. After stroke, P-gp staining was detected in endothelial cells of desintegrated 
capillaries and by day 14 in newly generated blood vessels. There was no significant 
difference, however, in the Mdr1a mRNA amount in the periinfarct region compared with the 
contralateral site. For Bcrp, a significant mRNA up-regulation was observed from day 3-14. 
This up-regulation was followed by the protein as confirmed by quantitative 
immunohistochemistry. Oatp2, located in the vascular endothelium, was also up-regulated at 
day 14. For Mrp5, an up-regulation was observed in neurons in the periinfarct region (day 
14).  
In conclusion, after stroke the transport proteins were up-regulated with a maximum at day 
14, a time point that coincides with behavioral recuperation. The study further suggests Bcrp 
as a pronounced marker for the regenerative process and a possible functional role of Mrp5 
in surviving neurons. 
Key words: blood-brain barrier, stroke ischemic, disease model animal, drug therapy 
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INTRODUCTION 

The tight junctions between adjacent brain capillary endothelial cells restrict the entry of 
compounds by paracellular diffusion from the blood to the brain and vice versa, forming the 
blood-brain barrier (BBB). The transcellular transport of compounds through the membrane 
bilayer of the brain endothelial cells is controlled by transport proteins expressed in these 
cells, including transmembrane efflux pumps belonging to the ATP-binding cassette protein 
(ABC) superfamily (De Boer et al., 2003; Sun et al., 2003). P-glycoproteins (P-gps) encoded 
by MDR1 (ABCB1) in human and mdr1a and mdr1b (abcb1a/abcb1b) genes in rodents have 
been shown to be physiologically expressed and located at the luminal membrane in 
capillary blood vessels of the brain (Thiebaut et al., 1987; Croop et al., 1989). P-gps actively 
expel a wide range of bulky lipophilic neutral or cationic compounds from the brain into the 
blood, leading to a decrease in their uptake by the brain (Schinkel, 2001; Dagenais et al., 
2001). The lack of P-gp in mdr1a/b knock-out mice affects drug transport into the brain more 
than in any other peripheral organs (Schinkel, 2001). Another member of the ABC 
superfamily, which was first called breast cancer resistance protein (BCRP) or mitoxantrone 
resistance protein (MXR) and is now designated ABCG2, confers resistance to a spectrum of 
compounds overlapping with P-gp substrates (Haimeur et al., 2004). BCRP/ABCG2 was 
recently identified in human, porcine, and mice brain capillary endothelial cells (Cooray et al., 
2002; Eisenblatter et al., 2003; Zhang et al., 2003; Cisternino et al., 2004) raising the 
question of how it influences the efflux of drugs at the BBB. MRPs, members of the C-branch 
of the ABC transporter family, mediate the export of organic anions from cells. Conjugates of 
lipophilic compounds with glutathione, glucuronate, or sulfate are preferred substrates of 
MRP1-3 (Haimeur et al., 2004; Konig et al., 1999), while cyclic purine nucleotides and 
nucleotide analogs have been identified as substrates for MRP4 and MRP5 (ABCC4 and 
ABCC5) (Ritter et al., 2005). The physiological functions of MRP5 remain still to be defined, 
however, the finding that it extrudes cGMP from cells, suggests that it can affect the signal 
transduction role of cGMP by reducing its intracellular content and provide extracellular 
cGMP for paracrine function. MRP5 protein could be detected preferentially in smooth 
muscle cells of the genitourinary tract (Nies et al., 2002), in cardiomyocytes and 
cardiovascular smooth muscle and endothelial cells (Dazert et al., 2003) and human 
placenta (Meyer zu Schwabedissen et al., 2005). Furthermore, MRP5 protein could be 
detected in human brain and was shown to be localized not only in the capillary endothelium 
but also in pyramidal neurons and in astrocytes indicating a role in cell signaling (Nies et al., 
2004; Vogelgesang et al., 2004).  
Among the uptake transporter of the organic anion-transporting polypeptide 
(OATPs/SLC21A) transporter family, Oatp2 (Slc21a5), albeit most highly expressed in liver, 
was also shown to be expressed in the rat brain, on the basolateral membrane (blood side) of 
choroid plexus epithelium and in brain capillary endothelia (Gao et al., 1999; Sun et al., 
2003). 
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Focal cerebral ischemia of particular intensity and duration may change the expression of 
transport proteins both in capillary endothelial cells and in neurons and glial cells of the 
affected brain areas and may thus alter the permeability properties of the blood-brain barrier 
and neural function. Consequences of the expression of drug efflux transporters include 
limiting the distribution of compounds administered to treat the brain damage. (De Boer et al., 
2003; Sun et al., 2003) However, so far only few studies have addressed changes in the 
expression levels and protein localization of transporters after stroke. An effect of ischemia 
on P-gp activity was early published by the group of Tsuji (Sakata et al., 1994; Ohnishi et 
al.,1995). The authors investigated the effects of ATP depletion on the transport of 
Cyclosporin A and doxorubicin across the BBB using transient brain ischemia in rats to 
deplete brain ATP content. They found the estimated permeability coefficients of Cyclosporin 
A and doxorubicin increased. However, regarding the presence of other ABC transporters 
with similar substrate specificity as Bcrp at the BBB, it is critical to conclude from ATP 
dependency on P-gp activity.  
In this study, focal cerebral ischemia was produced by reversible occlusion of the 
right middle cerebral artery in 3-month-old male Sprague–Dawley rats. At different 
time points after stroke the mRNA expression levels and protein localization of four 
selected transport proteins were analyzed in the border zone of the infarcted area 
and compared with the contralateral site: the uptake transporter/solute carrier Oatp2, 
which has been shown to contribute to the active exchange of a variety of amphiphilic 
compounds between blood and brain interstitium, and the two most prominent drug 
efflux pumps P-gp and Bcrp, as well as Mrp5, which may mainly function in the 
transport of endogenous signaling molecules (Ritter et al., 2005). 

EXPERIMENTAL PROCEDURES 

Animals 
Eighteen hours prior to surgery, male 3-month-old Sprague-Dawley rats were deprived of 
food to minimize variability in ischemic damage that can result from varying plasma glucose 
levels. The experiments reported in this study were conducted in accordance with the 
statement regarding the care and use of animals and were approved by a federal animal 
care committee. Every effort was made to minimize the number of animals used and their 
suffering. 

Reversible occlusion of the middle cerebral artery 
Blood flow through the middle cerebral artery was transiently interrupted in deeply 
anesthetized rats as previously described (Badan et al., 2003; Popa-Wagner et al., 1998). 
The right middle cerebral artery was slowly lifted with a tungsten hook attached to a 
micromanipulator until blood flow through the vessel was completely stopped. Both common 
carotid arteries were then occluded by tightening pre-positioned thread loops. After 70 
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minutes, the middle cerebral artery and the common carotid arteries were re-opened, 
allowing full reperfusion of the brain. Subsequent to survival times of 3, 7, 14, or 28 days, the 
rats were deeply anesthetized and perfused with buffered saline followed by buffered, 4% 
freshly depolymerized paraformaldehyde. The brain was removed, post-fixed in 4% buffered 
paraformaldehyde for 24 h, cryoprotected in 20% sucrose prepared in 10 mmol/L phosphate 
buffered saline, flash-frozen in isopentane and stored at -70°C until sectioning. For real time 
polymerase chain reaction (PCR) the brains were perfused with buffered saline, cut into 2 
mm slices that were dipped in 2,3,5-triphenyltetrazolium (TTC) to visualize the infarct core. 
This procedure allowed us to microdissect the perinfarcted area (see figure 1a) that was 
then stored at -70°C until use. 

Immunohistochemistry and quantification 
Sections (25 µm-thick) were cut on a freezing microtome and processed for 
immunohistochemistry as free-floating material. Using the automated staining device (PCT, 
Device assembly for preparing and analyzing tissue for microscopic examinations; patents: 
DE 199 45 621 A1 and WO 01/22052 A1, 2001), immunohistochemistry was conducted as 
previously described (Popa-Wagner et al., 1999). Briefly, after incubation with blocking 
solutions containing 3% donkey serum/10 mmol/L PBS/0.3% Tween 20, tissue sections 
were exposed overnight at 4°C to mouse monoclonal antibodies against P-gp and Bcrp 
(C219, 1:200, and BXP-21, 1:500, Alexis Biochemicals, Gruneberg, Germany), mouse anti-
NeuN monoclonal antibody (1:1000, Chemicon, Pittsburgh, PA, USA), rabbit polyclonal anti-
MRP5 antibody AMF, (kindly provided by Prof. D. Keppler, Deutsches 
Krebsforschungszentrum, Heidelberg, Germany), and characterized before (Dazert et al., 
2003; Jedlitschky et al., 2000; Nies et al., 2002) (1:2000), and rabbit anti-Oatp2 serum 
(kindly provided by Dr. B. Stieger, Division of Clinical Pharmacology and Toxicology, Zürich, 
Switzerland) (Reichel et al., 1999), all diluted in PBS containing 3% normal donkey serum 
and 0.3% Tween 20. After extensive washing in PBS containing 0.3% Tween, sections were 
incubated overnight at 4°C with the respective biotinylated donkey secondary antibody 
(Jackson ImmunoResearch Laboratories, West Grove, PA) diluted 1:400 in PBS containing 
1% normal donkey serum and 0.3% Tween 20. After washing in PBS, sections were 
incubated for 2 h at room temperature in ABC Elite reagent (Vectastain Elite Kit, Vector, 
Burlingame, CA, USA) diluted 1:100 in PBS containing 0.3% Tween 20. The antibody 
complex was then visualized with 0.025% 3',3'-diaminobenzidine and 0.005% hydrogen 
peroxide in 100 mmol/L Tris buffer (pH 7.5) for 5-10 min. Finally, the sections were mounted 
onto slides, air-dried, and coverslipped using a xylene-based mounting medium.  
A quantitative estimate of the number of transporter immunopositive cells was obtained by 
counting the cells in systematic random series of area units measuring 250 x 250 µm, in 
every 10th section throughout the infarcted volume using the NIH software PC Image for 
particle counting (NIH, Bethesda, MD, USA). The diameter of the cell was chosen in a range 
covering the smallest and the largest cells. The counting area covered 30% of the total area 
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of interest. The amounts of transporter protein in the penumbra in relation to the intact 
hemisphere were compared by Mann–Whitney U-test using GraphPad prism 3.0 software; P 
< 0.05 was considered significant. All data are presented as mean ±SD as indicated. 

Immunofluorescence microscopy 
P-gp: Sections were incubated overnight at 4°C with the C219 antibody (see 
Immunohistochemistry). After one day, sections were washed and donkey anti-mouse FITC-
conjugated antibodies (1:2000) in 3% donkey serum were added. After a short fixation step, 
sections were incubated with the GFAP-specific antibodies (1:2000, Chemicon), in 5% 
donkey serum. Positive cells were detected by incubating tissue sections with donkey anti-
rabbit rhodamine-conjugated antibodies, 1:3000. For co-localization with blood vessels we 
used rabbit von Willenbrandt-specific antibodies (1:2000, Chemicon) followed by anti-rabbit 
rhodamine-conjugated antibodies, 1:3000. 
Oatp2: Sections were double-immunolabeled with rabbit Oatp2 anti-serum (1:4000), followed 
by mouse anti-rat endothelial cell-specific antibodies (RECA) (1:400, Serotec, Oxford, UK). 
The antigen-antibody complexes were visualized with donkey anti-rabbit Cy3-conjugated 
antibodies (1:2000) and donkey anti-mouse Cy2-conjugated antibodies (1:1000), 
respectively. 
Mrp5: Sections were double-immunolabeled with the MRP5-specific polyclonal antibody 
AMF (1:2000) followed by mouse NeuN-specific antibodies (1:1000, Chemicon). The 
antigen-antibody complexes were visualized with donkey anti-rabbit Cy3-conjugated 
antibodies (1:2000) and donkey anti-mouse FITC-conjugated antibodies (1:1000), 
respectively. 
Bcrp: Sections were double-immunolabeled with BXP-21 (1:1000) and rat anti-BrdU 
antibodies (1:2000; Serotec, UK). The antigen-antibody complexes were visualized with 
donkey anti-mouse Cy3-conjugated antibodies (1:3000) and donkey anti-rat FITC-
conjugated antibodies (1:2000) respectively.  
All secondary antibodies were from the Jackson Laboratories (Dianova, Hamburg, 
Germany). Fluorescence signals were detected using a Nikon E800 microscope at 
excitation/emission wavelengths 490/508 nm (FITC, green), 570/590 nm (rhodamine, red), 
and 650/668 nm (Cy5, blue). Results were recorded with a Visitech Systems (Munich, 
Germany) digital camera. For a group of micrographs, the camera setting for exposure, gain, 
and contrast enhancement was the same. Confocal analysis of sections was done using a 
Nikon Eclipse microscope equipped with a laser device from Visitech. 
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Fig. 1. Expression of transport proteins in the periinfarct area after cerebral ischemia in rats. (a, A) 
TTC staining of the brain slicing from stroke animals was used to help dissecting the periinfarct area 
(shown in the enclosed area), used for biochemical analysis. (B) The infarct core was also visualized 
by NeuN immunostaining. Note that the infarct core was devoid of NeuN-like immunoreactivity. The 
inset shows an enlargement of NeuN immunoreactivity in viable neurons in the periinfarct region. 
Abbreviations: HC, hippocampus; IC, infarct core; PI, periinfarct. Scale bars_500 µm (B) and 22 µm 
(inset). (b) Relative mRNA amount of the transport proteins normalized to 18S rRNA. (A) mdr1a, (B), 
bcrp, (C), mrp5, (D), oatp2. RNA was prepared from the stroke penumbra (black bars) and the 
contralateral hemisphere (open bars) and analyzed by quantitative real-time PCR (at least six animals 
in each group). * Statistically significant difference between penumbra and contralateral site with 
P<0.05 (** P<0.01) by Mann-Whitney U test. 
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Real-time RT-PCR 
Total RNA was isolated from frozen tissue homogenate using a RNeasy Mini extraction kit 
(Qiagen, Hilden, Germany). For real-time PCR, 200 ng of total RNA was reverse-transcribed 
using random hexamers and the TaqMan reverse transcription reagents (Applied 
Biosystems, Weiterstadt, Germany). Real-time PCR were set up with 8 ng of reverse-
transcribed RNA for mdr1a, mrp5 (Abcc5), bcrp (Abcg2), oatp2 (Slc21a5), vWF and 
18srRNA. Intron-spanning primers and the FAM-labeled probes were as follows: Mdr1a 
(AF257746) FP-CCCATGGCCGGAACAGT; RP-ATGGGCTCCTGGGACACA; Probe-
TGGCTCCGCGCCCACCTG; Mrp5 (AB020209) FP-ATGGTCCTCTTCATGCTCAATGT; 
RPGTCCCTCATGCTGTCACTCACA; Probe-TGATCCAGTAGCTTAGCCACCAGGT-GCT; 
oatp2 (Slc21a5) (NM_131906) FP-ggctctgcctgtctgagtacctt ; RP- atagttggtgctgaaccccttc; 
Probe- aattttccagtggcaggcttaacaac-ctctta. Amplification reactions of 18SrRNA and Abcg2 
were performed using the predeveloped TaqMan assay reagent kit (Applied Biosystems, 
Weiterstadt, Germany). PCR products were amplified with the TaqMan universal PCR 
mastermix (50°C, 2 minutes; 95°C, 10 minutes; followed by 40 cycles of 95°C for 15 seconds 
and 60°C for 1 minute) and analyzed on a real-time PCR cycler (SDS 7700, Applied 
Biosystems). For vWF mRNA analysis, PCR reaction was set up by mixing 10ng of cDNA, 
primers (Superarray), Master mix (Superarray), and SYBR Green I (Molecular Probes, 
Eugene, OR, USA) and real time PCR amplification was performed as follows: one cycle of 
15min at 95°C and 45 cycles in three steps each (95°C for 30s, 55 °C for 30 s, 72 °C for 30 
s). At the end of amplification cycles, primer specificity was checked by appearance of single 
bands of PCR products in a 1% agarose gel.  
A standard curve was generated by plotting the log10 [target dilution] of template on the X 
axis against the Ct value from serial dilutions of target DNA on the Y axis. Copy numbers of 
vWF and 18srRNA were determined based on the standard curve equations. The relative 
copy number of vWF transcript was normalized to 18srRNA. 

RESULTS 

Time course of the P-glycoprotein expression  
Focal cerebral ischemia was produced by reversible occlusion of the right middle cerebral 
artery in 3-month-old rats. After 1, 3, 14 and 28 days of reperfusion, brains were removed, 
cut into 2 mm thick slices and the periinfarct area was dissected after TTC staining as 
indicated in Fig. 1a (A). Using NeuN, a sensitive marker of neuronal degeneration, we found 
that the areas most affected by stroke were the parietal cortex and, to a lesser extent, the 
posterior frontal cortex (Fig. 1a (B)). RNA was prepared from the stroke penumbra and the 
contralateral site (Fig. 1b). The expression of mdr1a was analyzed by real-time PCR and 
normalized to 18S rRNA (Fig. 1b-A). mdr1a mRNA was detectable in all samples. However, 
no significant difference was detected for the mRNA amount in the periinfarct region 
compared with the contralateral site and throughout the time course.  
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Protein localization was analyzed by immunohistochemistry and confocal 
immunofluorescence microscopy using the monoclonal antibody C219, detecting all Mdr/P-
gp isoforms (Fig. 2A–C). In control animals, P-gp expression was restricted to the relatively 
compact and intact capillaries of the contralateral, control side (Fig. 2A). In the first week 
after the ischemic event, a disintegration of blood vessels, concomitant with an invasion of 
the infarct core by astrocytes, was noted (Badan et al., 2003). Thus, at 1 day post-stroke, 
blood vessels were fragmented, and some P-gp immunoreactivity that co- localized with that 
of von Willebrand factor (vWF), staining blood vessels, was detected (Fig. 2B). By day 14, P-
gp immunoreactivity was found in newly generated brain capillaries in close contact with 
reactive astrocytes (Fig. 2C). 

Time course of Bcrp/Abcg2 expression 
We found a significant up-regulation of the Bcrp (Abcg2) mRNA at days 3 and 14 in the 
periinfarct region compared with the contralateral hemisphere and day 1 (4.6-fold and 5.0-
fold, respectively, Fig. 1b-B). By day 28, the Bcrp expression returned to control levels. The 
protein amount followed the increased transcription as indicated by the quantitative 
evaluation of the immunohistochemical staining (5.7-fold enhanced staining on day 14; 
P_0.004; Fig. 2M–P; Fig. 3A;). In control animals, Bcrp was localized along the wall of the 
lateral and 3rd ventricle (Fig. 2M). Although an ischemic insult does not significantly change 
the expression of Bcrp in the ventricular wall, some Bcrp positive cells are in close contact 
with BrdU-positive, proliferating cells (Fig. 2N, green color) suggesting that new Bcrp-positive 
cells (Fig. 2N, red color) may have arisen. In the lesioned hemisphere, moderate Bcrp 
expression was detected in surviving neurons in the periinfarct area at days 3–7 (Fig. 2O). 
Bcrp expression in recovering neurons in the periinfarct region reached a maximum at day 
14 post-stroke (Fig. 2P, and the inset). 
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Fig. 2. Time course of expression and phenotyping of transport proteins across the infracted 
hemisphere. (A–C) Immunofluorescence localization of P-gp in Bvs from control animals (A) and in 
fragmented capillaries (green) along with the vWF (red) at day 1 in post-stroke animals (B). By day 14, 
P-gp immunofluorescence (green) was found in newly formed Bvs in close contact to astrocytes (red) 
(C). (D–G) Mrp5 was seen sporadically in the cortex of control rats as small, perinuclear small dots 
(green). The nuclei were visualized with NeuN (red). After stroke Mrp5 expression (green) was 
upregulated in surviving neurons (NeuN, red) in the periinfarct region. The inset shows a higher 
magnification of the Mrp5-NeuN co-localization. (H–L) Oatp2 was practically absent in the Bv of 
control animals. After stroke the Oatp2 expression (red) was gradually upregulated in the periinfarct 
area and became maximum at day 14 along with that of RECA (green), a marker of Bvs. The inset 
shows a 3D-reconstruction of Oatp and RECA. (M–P) Immunohistochemical detection of Bcrp. The 
protein was well expressed along the ventricular wall of both hemispheres at all time points. (N) Some 
of the Bcrp-positive cells are in close contact with the marker of proliferation, BrdU (green). By day 7, 
post-stroke Bcrp began to be expressed in neurons in the periinfarct area (O) to reach a maximum at 
day 14 (P). The inset shows a higher magnification of a Bcrp-positive neuron. Abbreviations: Bv, blood 
vessel; PI, periinfarct; VgA, vasculogenetic area. Bars 25 µm (C); 100 µm (P). For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article. 
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Time course of Mrp5 expression 
The mrp5 mRNA expression did not change significantly in the first week post-stroke. 
However, on day 14 we noted a 2.4-fold increased transcription compared with the control 
(2.0-fold compared with day 1; P<0.05; Fig. 1b-C). Mrp5 localization was analyzed in the 
immunofluorescence microscopy using the polyclonal antibody AMF, which has been 
characterized before (Dazert et al., 2003; Nies et al., 2002) (Fig. 2D–G). Mrp5 was mainly 
detected in neurons in the nuclear periphery, possibly in intracellular vesicles. In control 
animals, Mrp5 stained dot-like structures having a perinuclear localization (Fig. 2D). 
Following an ischemic event, Mrp5 expression was up-regulated with considerable delay 
(day 14) and co-localized with the neuronal marker NeuN, in surviving neurons in the infarct 
periphery (Fig. 2E–G, and the inset). Semi-quantitative evaluation of the AMF staining in the 
immunohistochemistry (Fig. 3B) indicated also a trend to a overall higher Mrp5 protein 
expression on day 14 compared with the control and to day 1, which was, however, 
statistically not significant. 
 
 

 
Fig. 3. Semi-quantitative evaluation of Bcrp (A) and Mrp5 (B) protein in the penumbra and intact 
hemisphere. Quantitative estimation of the number of transporter-expressing cells, 
immunohistochemically stained with the primary antibodies Bxp-21 (A) and AMF (B), respectively, was 
obtained by counting the immunoreactive cells in systematic random series of defined area units in the 
penumbra (black bars) and contralateral site (open bars) as described in the methods section. * 
Statistically significant difference with P<0.01. 

Time course of Oatp2 (Slc21A5) expression 
The oatp2 mRNA levels did not change significantly in the first 7 days post-stroke. 
Thereafter, a significant difference in the amount of oatp2 mRNA was detected in the 
penumbra at day 14 as compared with the control hemisphere and day 1 (2.3-fold and 3.6-
fold, respectively, P<0.01). By immunohistochemistry, Oatp2 protein expression in control 
animals was virtually absent (Fig. 2H). However, after the ischemic event Oatp2 expression 
began to be upregulated by the time vasculogenesis was initiated, i.e. day 14. By 
immunofluorescence, Oatp2 co-localized with the endothelial cell marker, RECA, at 14 and 
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28 days poststroke, shown both in two-dimensional confocal microscopy (Fig. 2I–L) and by 
3D-reconstruction of sections taken serially along the z axis (Fig. 2L, inset).  

Time course of vWF expression  
To determine the proportion of capillaries in the RNA samples used, we performed in 
addition quantitative real-time PCR of vWF, as a marker for vascular endothelium. As shown 
in Fig. 4, an increase of the proportion of blood vessels was observed in our samples at day 
3 and day 14 (171±29% and 186±8%, respectively) comparing penumbra to the control 
contralateral site. 
 

 
Fig. 4. vWF expression in the penumbra RNA samples. RNA was prepared from the stroke penumbra 
and the contralateral hemisphere (control) and analyzed by quantitative real-time PCR (at least six 
animals in each group). Data are expressed as percent of control. * Statistically significant difference 
between penumbra and contralateral site with P<0.05 by Mann-Whitney U test. 

DISCUSSION 

The integrity of the BBB and the functionality of the transport systems localized at the BBB 
are crucial to the proper functioning of the CNS. Little is known about the expression of 
transport systems following damage to the BBB, such as stroke. In this study, we analyzed 
the impact of focal cerebral ischemia on the expression and localization of selected transport 
proteins possibly involved in the maintenance of the BBB as well as in neuronal function. 
Overall, the results show that after stroke there is a delayed up-regulation of transport 
proteins with a maximum of expression occurring at day 14, a time point that coincides with 
up-regulation of brain plasticity factors, vasculogenesis and behavioral recuperation (Badan 
et al., 2003). A pronounced up-regulation was especially observed for Bcrp/Abcg2 on the 
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mRNA as well as on the protein level already from day 3 on. Recently, several studies 
indicated, that BCRP is related to growth and cellular division in cell culture (Ifergan et al., 
2005; Clayton et al., 2004) and is essential for growth of hematopoietic stem cells (Nakauchi, 
2004) as well as survival of progen- itor/stem cells in the human mammary gland (Clayton et 
al., 2004) and murine heart (Martin et al., 2004). Localization of Bcrp in brain has been 
examined before (Cooray et al., 2002; Zhang et al., 2003), indicating localization in the 
luminal membrane of capillaries (Cisternino et al., 2004) and thus involvement in brain-to-
blood efflux of compounds. In our analysis, Bcrp was localized along the wall of the lateral 
and 3rd ventricle but also in surviving neurons in the periinfarct area, an observation that 
deserves further attention.  
To examine, if the increase in transporter mRNA not only reflects an increase of the 
proportion of blood vessels in the samples, we determined the expression of the endothelial 
marker vWF and found an approximately twofold increase at day 3 and day 14. The increase 
in Bcrp expression followed the same time course, however, was quantitatively significantly 
more pronounced with a factor of about 5. 
P-gp was detected mainly in newly formed capillaries in close contact with astrocytes. This is 
in line with a previous study by Samoto et al. (1994) which also indicated the activation of 
endothelial cell restoration and P-gp expression by astrocytes. In the rat brain, previous 
studies also described a different expression and localization of the P-gp isoforms Mdr1a and 
Mdr1b (Croop et al., 1989; Devault and Gros, 1990). It should be noted that the antibody we 
used in the immunofluorescence microscopy detects both proteins, while we have detected 
only the mdr1a mRNA by real-time PCR.  
The localization and possible function of MRP5 are different from that of P-gp and BCRP. In 
previous studies in the human brain, MRP5 was detected in the capillary endothelium, but 
also in pyramidal neurons and in astrocytes indicating a role in cell signaling in addition to 
barrier functions (Vogelgesang et al., 2004; Nies et al., 2004). This is in line with the 
observations of this study detecting Mrp5 especially in surviving neurons in the infarct 
periphery. MRP5 may be involved in the release of nucleotide mediators or other substances 
involved in the development of newly generated vascular or neuronal cells after lesions. The 
immunofluorescence images also suggest a localization of Mrp5 in intracellular vesicular 
structures, which could represent transmitter storage vesicles. This needs to be clarified in 
further investigations.  
Besides the abundance of ABC efflux pumps, the expression of transport proteins of the SLC 
family is likely to influence function of the BBB. Among these transporters,the expression of 
organic anion transporting polypeptides like the human OATP-A or the rat Oatp1 and 2 is of 
special interest, because these transport proteins are probably involved in the uptake of 
opioid peptides like DPDPE and deltorphin II (Kakyo et al., 1999; Gao et al., 2000). While the 
expression of Oatp1 in rat brain is controversially discussed (Kusuhara et al., 2003; 
Choudhuri et al., 2003; Gao et al., 1999), the expression of Oatp2 (Slc22a5), which is also 
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expressed in other tissues like liver or kidney, has been described for the BBB and choroid 
plexus (Gao et al., 1999). However, nothing is known so far about the regulation of the 
expression of these proteins. In our study, Oatp2 expression was virtually not detectable in 
the control tissue. However, after the ischemic event, Oatp2 expression began to be 
significantly up-regulated in the newly formed blood vessels at a time point that is coincident 
with initiation of vasculogenesis. (Schroeder et al., 2003; Badan et al., 2003, 2004). 
 Drug delivery to the brain remains one of the most challenging problems of 
pharmacotherapy. Therefore, further knowledge about the differential regulation of transport 
proteins in brain may help to understand the pharmacokinetics of brain-targeted drugs 
especially under pathophysiological conditions.  
There are in part controversial studies on the regulation of P-gp expression at the nuclear 
receptor level. A number of xenobiotics as rifampin, phenobarbital, statins, and St. John’s 
wort can induce the MDR1 gene through activation of the nuclear pregnane X receptor (PXR) 
(recently reviewed in Klaassen and Slitt, 2005; Kullak-Ublick and Becker, 2003). PXR can 
also regulate Oatp2 expression (Kullak-Ublick and Becker, 2003). Furthermore, the effect of 
pro-inflammatory cytokines as TNFα, IL1β, IL6 and INFγ, has been investigated in several in 
vitro and in vivo models. The data differ dependent on the model, however, there is a general 
trend toward decreased P-gp expression and functionality. Several transcription factors and 
nuclear receptors are probably involved in this regulation (reviewed in Fernandez et al., 
2004). In connection with differentiation processes, we could recently demonstrate that 
epidermal growth factor (EGF) induces BCRP via the MAP kinase cascade (Meyer zu 
Schwabedissen et al., 2006). Little is known so far about the regulation of MRP5 expression. 
We found an up-regulation of MRP5 upon ischemia before in human heart (Dazert et al., 
2003). This up-regulation could be related to the enhanced tissue levels of the MRP5 
substrate cGMP accompanied with ischemia. NO and cGMP have been shown to regulate 
expression of several genes through cGMP-dependent protein kinase (PKG)-mediated 
activation of transcription factors as AFT-1 and NF-kappaB. Alternatively, MRP5 could be up-
regulated together with other membrane transporters through a more general protective 
response. Data from human MRP5 construct experiments suggest that MRP5 could be 
induced by the glucocorticoid receptor activators dexamethasone and prednisolone (Neo et 
al., 2006).  
The temporal delay in the up-regulation of export pumps as P-gp and BCRP in the brain 
capillaries after stroke suggests that drug distribution to the brain in the affected area is not 
limited by these transporters in the first days resulting in an increased permeability of the 
BBB. Two weeks poststroke, however, compounds may be expelled more extensively in the 
newly formed blood vessels overexpressing these export pumps. In addition, some 
transporters like BCRP and MRP5 may play a role in neurogenesis. 
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