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Abbreviations used in the text: 

AIF: apoptosis inducing factor; AJ: adherens junction; AP-1: activator protein-1; BBB: 

blood-brain barrier; CBF: cerebral blood flow; CNS: central nervous system; EB: Evans 

Blue; EC: endothelial cell; eNOS: endothelial nitric oxide synthase; 5-HD: 5-

hydroxydecaonic acid; HIF: hypoxia inducible factor; ICAM: intercellular adhesion 

molecule; I/R: ischemia/reperfusion; KO: knock out; LD: laser Doppler; MAP: mean 

arterial pressure; MCA(O): middle cerebral artery (occlusion); mitoKATP: mitochondrial 

ATP-dependent potassium channel; MMP: matrix metalloproteinase; MPO: 

myeloperoxidase; Na-F: sodium fluorescein; NfκB: nuclear factor kappa B; nNOS: 

neuronal nitrix oxide synthase; NO: nitric-oxide; 3-NP: 3-nitropropionic acid; OGD: 

oxygen glucose deprivation; PA: plasminogen activator; PARP: poly(ADP-ribose) 

polymerase; PBS: phosphate buffered saline; PC: preconditioning: PCR: polymerase 

chain reaction; PKC: protein kinase C; ROS: reactive oxygen species; SDH: succynil-

dehidrogenase; SDS: sodium-dodecyl sulfate, SOD: superoxide dismutase; TJ: tight 

junction; TMRE: tetramethylrhodamine ethyl ester; TNF-α: tumor necrosis factor-α; 

VEGF: vascular endothelial growth factor; ZO: zonula occludens 
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Summary 

In our studies we have investigated (a) the permeability of the blood brain barrier (BBB) 

in different hipoperfusion disorders (hemorrhagic shock, global cerebral 

ischemia/reperfusion), (b) the possible alterations of the structural elements of the 

endothelial tight junction complex, which can be responsible for the leakage of the 

barrier, and (c) possible protective mechanisms against the barrier disturbance by 

studying the effect of two different drugs. 

We have found the opening of the BBB for a low molecular weight tracer during the 

decompensated phase of the hemorrhagic shock. At the same time, the expression of 

both, the tight junction protein, occludin and the adherens junction protein, cadherin 

significantly decreased in the walls of the cerebral microvessels. Our study revealed the 

first time in the literature that the blood-brain barrier disturbance in the decompensated 

phase of hemorrhagic shock affects mainly the paracellular route and diminished 

occludin and cadherin contents could be responsible for it.  

We have observed increased blood-brain barrier permeability for low, as well as, for high 

molecular weight tracers during the early phase of reperfusion following severe global 

cerebral ischemia and the development of cerebral edema. After a less severe ischemia 

we have demonstrated delayed blood-brain barrier opening during reperfusion (24h and 

48h) accompanied by considerable cerebral edema. Occludin contents were significantly 

reduced during late reperfusion.  

The mitoKATP channel opener diazoxide used in a preconditioning protocol reduced the 

extent of the permeability increase of the barrier and the adjacent cerebral edema. To the 

best of our knowledge, this is the first study in the literature in which chemical 

preconditioning resulted in blood-brain barrier protection.  

The poly (ADP-ribose) polymerase (PARP) enzyme inhibitor PJ34 used in a pre- and 

post-treatment protocol reduced the barrier permeability and the brain edema seen in late 

reperfusion. PJ34 treatment hindered the decline of the tight junction protein occludin. 

The increase of protein degradation is a possible mechanism behind the decreased 

occludin levels deduced from the negative correlation between occludin and its byproduct 

in reperfusion.  We have demonstrated the inhibition of inflammation after PJ34 
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treatment in reperfusion: the transcription of the pro-inflammatory adhesion molecule 

ICAM-1 and the leukocyte infiltration in the cerebral cortex were both decreased. The 

permeability of the blood-brain barrier proportionate to the leukocyte infiltration after 

reperfusion, suggesting a major contribution of the inflammation processes in the barrier 

disturbance. The results of our studies indicate that the activation of the PARP enzyme in 

ischemia/reperfusion contributes to the increased BBB opening, to the disintegration of 

the endothelial tight junction complex and its effect is mainly driven by the augmentation 

of the inflammatory pathway.  
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Összefoglalás 

Kísérleteink célja a (a) vér-agy gát permeabilitás vizsgálata volt vérzéses sokkban és 

globális agyi ischémiát követő reperfúzióban, (b) az endotheliális réskapcsoló struktúrák 

lehetséges változásainak vizsgálata, melynek szerepe lehet a vér-agy gát 

áteresztőképességének a fokozódásásban, valamint (c) két különböző módszerrel 

kíséreltük meg a vér-agy gát károsodásának mérséklését.  

A vérzéses sokk dekompenzált fázisában a vér-agy gát áteresztővé vált kis molekulasúlyú 

anyagokra. Ugyanakkor a réskapcsoló struktúrák fehérjéinek, a tight junction fehérje, 

occludin-nak és az adherens junction fehérje, cadherin-nek a mennyisége lecsökkent az 

agyi mikroerekben. Vizsgálatainkkal így az irodalomban elsőként igazoltuk, hogy a 

vérzéses sokk dekompenzált fázisában fellépő vér-agy gát károsodás elsősorban kis 

molekulasúlyú anyagokra növekszik, amiben az endotheliális réskapcsoló struktúrák 

dezintegrációjának lehet szerepe.  

Emelkedett vér-agy gát permeabilitást észleltünk mind kis, mind nagy molekulasúlyú 

anyagokra súlyos globális agyi ischémiát követő reperfúzió korai fázisában, valamint 

agyödéma kialakulását. Kevésbé súlyos ischémiát követő reperfúzióban a vér-agy gát 

késői károsodását (24h, 48h) és az agyödéma késleltetett kialakulását igazoltuk. Az 

occludin tartalom szignifikánsan csökkent a reperfúzió késői fázisában.  

Az ATP szenzitív K csatorna nyitó diazoxid-dal végzett prekondicionálás csökkentette a 

reperfúziós vér-agy gát károsodás mértékét és az agyödémát, így elsőként sikerült kémiai 

prekondicionálással a vér-agy gát védelmét elérni.  

A poly(ADP-ribóz) polimeráz (PARP) gátló PJ34-gyel végzett elő- és utókezelés 

csökkentette a globális agyi ischémiát követő késői reperfúziós vér-agy gát permeabilitás 

növekedést és agyödémát. PJ34 kezelés hatására mérséklődött a tight junction fehérje, 

occludin mennyiségének csökkenése.  Az occludin mennyiségének csökkenését a fehérje 

bomlása okozhatja, mivel egy bomlási termékének az emelkedett mennyiségét figyeltük 

meg. A gyulladásos folyamatok gátlását tapasztaltuk PJ34 kezelést követően 

reperfúzióban:  mind a pro-inflamatorikus adhéziós molekula, ICAM-1 transzkripciója, 

mind az agykérgi fehérvérsejt infiltráció csökkent. A reperfúziós vér-agy gát 

permeabilitás és a fehérvérsejt infiltráció között észlelt összefüggés a gyulladásos 
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folyamatok fontos szerepét sejteti a megfigyelt reperfúziós vér-agy gát károsodásban. 

Tehát eredményeink igazolták, hogy a PARP enzim aktiválódásának fontos szerepe van 

az agyi ischémiát követő reperfúziós vér-agy gát megnyílásban, az endotheliális 

réskapcsoló struktúrák károsodásában és hatását a gyulladásos folyamatok felerősítése 

révén fejtheti ki.   
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1. Introduction 

1. 1. Initial observations of the Blood-Brain Barrier 

The first experimental evidence of the BBB was described by Paul Ehrlich in 1885. He 

noted that water soluble dyes injected into the systemic circulation stained all organs 

except the brain and spinal cord (Ehrlich1885). Ehrlich attributed this observation to a 

low affinity of the nervous tissue to the dye (Ehrlich1904). His student, Goldmann, 

showed that injection of trypan blue into the cerebrospinal fluid stained the brain but 

failed to penetrate into the periphery. Both of these observations supported the view, that 

a barrier exists between the CNS and the peripheral circulation (Goldmann1913). Latter, 

there was a debate whether the anatomical structure forming the barrier was the capillary 

endothelium itself, the astrocytic processes that ensheathe the capillaries, or the basal 

lamina. Electronmicroscopic studies by Reese and Karnovsky (Reese and Karnovsky 

1967) demonstrated that horseradish peroxidase administered via the vasculature did not 

pass the lumen of the vessels. Furthermore, they reported the presence of epithelial-like  

tight junctions (TJ) in the interendothelial cleft. In addition, latter studies showed that 

horseradish peroxidase injected into the brain could diffuse through gaps between the 

astrocytic end-feet to the abluminal surface of the endothelium. Thus it was proposed that 

the endothelial cells bridged by TJs form the primary anatomical substrate of the BBB 

and astrocytes do not significantly contribute to the physical barrier (Brightman and 

Reese 1969). 

 

1.2. Anatomy and function of the BBB 

The central nervous tissue is the most sensitive system in the human body. Its proper 

functioning necessitates a highly regulated extracellular environment, wherein:  

- the concentration of ions such as Na+, K+, and Ca++ must be maintained within very 

narrowranges. 
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– a wide range of chemicals occuring readily in the circulation and are potentially 

neurotoxic have to be excluded from the CNS 

- the considerable metabolic demand of the CNS (accounts for approximately 20% of 

oxygen consumption of the human body) has to be satisfied. 

 

It is therefore essential that the interface between the CNS and the peripheral circulatory 

system functions as a dynamic regulator of ion balance, a facilitator of nutrient transport 

and a barrier to potentially harmful molecules. 

The BBB exists primarily as a selective diffusion barrier at the level of the cerebral 

microvascular endothelium, characterized by the presence of tight cell-cell junctions and 

by the lack of fenestrations. The capillary lumen is enclosed by a single endothelial cell 

layer. Pericytes are attached at irregular intervals to the abluminal membrane of the 

endothelium. Pericytes and endothelial cells are ensheathed by the basal lamina. The 

basal lamina is continuous with the plasma membranes of astrocyte end-feet, which cover 

large percentage of the capillary surface. 

 

1.2.1. Anatomy and Physiology of the Cerebral Capillary Endothelia 

The endothelial cells of the BBB are distinguished from those in the periphery by several 

unique features: the presence of TJ (Kniesel and Wolburg 2000), minimal pinocytotic 

activity (Sedlakova et al. 1999), specific transport and carrier molecules and increased 

mitochondrial content (Oldendorf 1977).  

(1) Cerebral capillary endothelial cells contain tight junctions, which seal cell-to-cell 

contacts between adjacent endothelial cells forming a continuous blood vessel. The TJs 

are part of the junctional complex occluding the interendothelial space (Kniesel and 

Wolburg 2000). They are elaborate structures that span the apical region of the 

intercellular cleft. They function both as a separation of the apical and basolateral cell 

membranes, enabling asymmetric distribution of membrane constituents and a fence that 

limits paracellular permeability (Romero et al. 2003). The tight junctions between BBB 

endothelial cells lead to high endothelial electrical resistance, a measure of paracellular 
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solute diffusion, in the range of several 1000 Ω  cm
2
 ,as compared to 3-33 Ω  cm

2
 in other 

tissues (Crone and Christensen 1981; Butt et al. 1990). TJs are composed of 

transmembrane proteins that form the primary seal linked via accessory proteins to the 

actin cytoskeleton (Vorbrodt and Dobrogowska 2003).  

(2) The cytoplasm of the endothelial cell of the BBB contains very few pinocytotic 

vesicles compared to systemic endothelium and lacks fenestrations. Pinocytosis or bulk-

phase endocytosis is the nonspecific uptake of extracellular fluids and occurs at a 

constitutive level within the cell via mechanisms, which are independent of ligand 

binding. It is the non-specific transcellular route of solute movement through the 

endothelium. In a comparative morphometric analysis of cerebral vs. muscle capillary 

endothelial cells, the number of pinocytotic vesicles of the muscle capillaries was seven 

times greater than those associated with the cerebral capillaries (Coomber and Stewart 

1985). In agreement with these findings bulk-phase endocytosis occurs to a very limited 

degree in the endothelial cells of the cerebral microvasculature (Pardridge et al. 1995). 

(3) Specific, receptor-mediated transport systems, both passive (i.e. energy independent) 

and active (i.e energy dependent), are responsible for providing nutrients and other 

important molecules to satisfy the high metabolic demands of the CNS.  

Another significant transport mechanism at the BBB is carrier-mediated efflux, which 

serves rather the restrictive role of the cerebral endothelium. This mechanism is involved 

in extruding drugs from the brain and is a major obstacle for many pharmacological 

agents, with the ATP binding cassette (ABC) transporter P-glycoprotein being the 

principal efflux mechanism of these agents (Cordon-Cardo et al. 1989). Efflux 

transporters are also exist for organic anions, via multidrug resistance associated protein 

(MRP) (Kusuhara et al. 1998) 

(4) There is a greater number and volume of mitochondria in BBB endothelial cells 

compared to the peripheral endothelia in rat (Oldendorf 1977). 5-6 times more 

mitochondria exist per capillary cross-section in rat cerebral capillaries than in rat skeletal 

muscle capillaries (Oldendorf and Brown 1975). This increase in mitochondria, and 
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increased energy potential, is thought to be required for active transport of nutrients to the 

brain from the blood. 

5) There is also an enzymatic barrier at the cerebral endothelia, capable of metabolizing 

drugs and nutrients (Brownlees and Williams 1993; Brownson et al. 1994; Minn et al. 

1991). These enzymes are principally directed at metabolizing neuroactive blood-borne 

solutes. Enzymes, such as  -glutamyl transpeptidase (  -GTP), alkaline phosphatase, and 

aromatic acid decarboxylase are in elevated concentration in cerebral microvessels, yet 

often in low concentration or absent in non-neuronal capillaries.  

 

1.2.2. The junctional complex: its basic elements and proteins 

The two basic elements of the junctional complex are the tight junctions and the adherens 

junctions. The main protein components of the TJs are occludin, claudins and zonula 

occludens proteins.  

Tight junction 

Occludin, a 60-65 KDa protein brings opposing cell leaflets into contact. It has four 

transmembrane domains with the carboxyl and amino terminals oriented to the cytoplasm 

and two extracellular loops that span the intercellular cleft (Furuse et al. 1993). It is 

highly expressed and consistently stains in a distinct, continuous pattern along the cell 

margins in the cerebral endothelium, whereas it is much more sparsely distributed in non-

neural endothelia (Hirase et al. 1997). Recently, transcription factors were identified, 

which interact in a different way with the occludin promoter of cerebral and systemic  

edothelial cells, causing the tissue specific amplification and inhibition of occludin 

transcription accordingly (Sade et al. 2009).  It is essential for the low permeability as 

decreased expression of occludin is associated with disrupted barrier function.  

Claudins comprise a multigene family of transmembrane proteins and to date there are 

more than 20 claudin isomers, which form dimers that bind homotypically to claudins on 
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adjacent endothelial cells. It is hypothesized that claudins form the primary seal of the TJ 

and occludin acts as an additional support structure (Furuse et al. 1999).  

Zonula occludens proteins (ZO-1/2/3): ZOs belong to the MAGUK family of proteins 

(membrane associated guanylate kinase-like proteins) and have a number of binding sites 

for cytoskeletal proteins, signal transduction molecules, and kinases. ZO-1 

(MW:220kDa) links transmembrane proteins of the TJ to the actin cytoskeleton (Fanning 

et al. 1998). This interaction is likely critical to the stability and function of the TJ, 

because dissociation of ZO-1 from the junctional complex is often associated with 

increased permeability (Abbruscato et al. 2002; Fischer et al. 2002).  

Adherens junction 

The other part of the junctional complex is the adherens junction (AJ). While the area 

composing the TJ is essentially completely occluded, the area of the adherens junction is 

around 200 Å wide. Although it is primarily the TJ that confers the low paracellular 

permeability, the disruption of the AJ can lead to increased permeability as well 

(Abbruscato and Davis 1999). In contrast to the TJs they are ubiquitous in the vasculature 

and mediate the adhesion of endothelial cells to each other. The primary component of 

AJ is vascular endothelial (VE) cadherin, a Ca++ regulated transmembrane protein that 

mediates cell-to-cell adhesion via homophilic interactions (Vincent et al. 2004), but 

interestingly brain endothelial cells, with barrier properties, express cadherin-10, which is 

absent in leaky vessels (Williams et al. 2005).  The cytoplasmic tail binds to b-catenin 

and plakoglobin which, in turn bind to the actin cytosceleton, stabilizing the AJ complex 

(Watabe-Uchida et al. 1998).  

 

1.3. The neurovascular unit 

Although the cerebral endothelium is mainly responsible for the unique morphology and 

functionality of the microvasculature of the CNS, it became obvious that the surrounding 

tissue is responsible for the induction of the barrier phenotype. When nonvascularized 
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brain tissue was transplanted from embryonic quails into the coelomic cavity of chick 

embryos, it was found that the brain grafts were vascularized by the chick embryo, but 

unlike the capillaries of the surrounding tissue the endothelial cells of the graft were of 

the barrier phenotype (Stewart and Wiley 1981). Since the nervous tissue has such a great 

impact on its vasculature, the functionality of the BBB can not be restricted to the 

endothelium alone. It has to be seen as a result of the interaction of the surrounding 

elements, the astrocytes, perycites, neurons and the basal lamina which together with the 

endothelial cells constitute a neurovascular unit. The concept of the neurovascular unit 

establishes a framework for an integrative approach to understanding the multpile 

pathways by which cerebral microvascular permeability could be regulated in health and 

in disease. 

Astrocytes 

Given the close anatomical association of astrocytes and brain capillaries, it has long 

been thought that astrocytes are critical in the development and maintenance of BBB 

characteristics (Davson and Oldendorf 1967). Culture of brain endothelial cells with 

astrocytes or with astrocyte-conditioned media has been shown to improve BBB 

characteristics in vitro (Maxwell et al. 1987; Neuhaus et al. 1991). In vivo following a 

temporary focal loss of astrocytes, the loss, and latter the restoration of the BBB integrity 

was documented as well (Willis et al. 2004). 

Pericytes 

Less is known about the involvement of pericytes at the BBB. However, the addition of 

pericytes to coculture of endothelial cells and astrocytes seemed to stabilize the formation 

of capillary-like structures (Ramsauer et al. 2002). 

 Neurons 

Anatomical evidence has been found for direct innervation of the cerebral endothelium 

by noradrenergic, cholinergic, serotoninergic, GABAergic neurons as well as others 

(Kobayashi et al. 1985). Alfa-, beta-adrenergic, cholinergic and histaminergic receptors 
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linked to adenylate cyclase were found on cerebral endothelial cells. Cyclic-AMP 

formation was found to be important in the regulation of the macromolecular transport of 

albumin in the endothelial cells (Joo 1996). Chemical lesion of the locus coeroleus, from 

which the noradrenergic projections to the vasculature originate, increases the 

vulnerability of the BBB to acute hypertension (BenManachem, 1982). Whether neurons 

are critical in the development of the BBB phenotype has not yet been demonstrated but 

it is apparent that they can regulate critical aspects of the BBB function. 

The basal lamina 

Disruption of the extracellular matrix is strongly associated with increased BBB 

permeability in pathological states ( Rosenberg et al. 1993; Rascher et al. 2002). The 

basal lamina serves as an anchor for the endothelium via the interaction of laminin and 

other matrix proteins with endothelial integrin receptors (Hynes, 1992). Such cell-matrix 

interactions can stimulate a number of intracellular signalling pathways (Tilling et al. 

2002). Indeed, matrix proteins can stimulate the expression of endothelial TJ proteins, 

indicating that proteins of the basal lamina might be involved in their maintenance. Basal 

lamina degradation, followed by tyrosin phosphorylation of TJ proteins and consequent 

increase in BBB permeability were shown recently (Maorah, 2007).  

Basal lamina can serve as a physical barrier after opening the TJs for some agents as 

well. The electrostatic charge of the particles will influence this mechanism (Muldoon et 

al. 1999). 

 

1.4. The BBB in pathological processes: mechanisms and consequences 

Many CNS diseases and injuries such as stroke, brain tumors, inflammatory diseases, 

seizures, subarachnoid hemorrhage and traumatic brain injury are accompamied by BBB 

disruption, resulting in the aggravation of the condition. Due to the increased 

permeability, the non-specific flux of ions, proteins and other blood born substances can 

cause a metabolic challenge in the highly controlled millieu of the nervous system and 
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allow acces of possibly neurotoxic compounds into the CNS neurons. Furthermore, 

molecules with osmotic and oncotic properties traversing the barrier will initiate the 

development of extracellular edema. Restoration of BBB function is thus one strategy 

during therapy of CNS diseases. 

In some cases increased BBB permeability is a consequence of the pathology such as 

with traumatic brain injury or ischemia. In other cases BBB opening may be a 

precipitating event such as with multiple sclerosis (DeVries 2004) or Parkinson disease  

(Rite et al. 2007).  

 

1.4.1. Mechanisms of BBB opening 

1.4.1.1. Intracellular signalling pathways in endothelial cells 

Several intracellular signalling pathways activated by the release of different mediators 

have been elucidated that can affect the properties of the BBB. The proteins of the TJ, the 

main paracellular barrier, are subject to changes in expression, subcellular localization 

and post-translational modifications under the influence of:  

(1). Ca++ household: both EC depletion and increased IC Ca++ could lead to disruption 

of BBB TJ (Nagy et al. 1985). 

(2). Phosphorylation: Permeability dysfunction caused by oxidants and inflammatory 

mediators can be blocked by tyrosin kinase inhibitors and reproduced by inhibition of 

tyrosin phosphatases (Alexander and Elrod 2002). After transient focal cerebral ischemia 

tyrosin phpsporylation of occludin was associated with BBB permeability increase and 

treatment with a tyrosin kinase inhibitor was beneficial (Takenaga et al. 2009). Serine 

and threonine phosphorylation has been theorized to stabilize occludin in its membrane 

bound location (Witt et al. 2003). 
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(3). G-proteins: G-proteins are also involved in the modulation of BBB function, among 

others as regulators of vesicle trafficking and have been implicated in targeting TJ 

proteins to the junctional complex (Stevenson and Keon 1998). 

 

1.4.1.2. Proteolytic degradation of barrier structures 

Many of the permeability changes caused by the activation of intracellular signalling 

pathways are reversible, mirroring the dynamic nature of the barrier. In contrast, the 

release of different proteases can cause the degradation of barrier elements causing 

sustained changes in permeability that would require new synthesis of these proteins to 

restore normal functioning.  

Neutrophil elastase proteolyse VE-cadherin that is correlated with increased endothelial 

permeability (Carden et al. 1998). In a model of sepsis adherens junctions were 

proteolysed by caspases (Bannermann, 1998). After cerebral ischemia the activity 

increase of plasminogen activators, cathepsins and matrix metalloproteinases were 

shown, causing basal lamina protein degradation and microvascular damage (Fukuda et 

al. 2004, Hamann et al. 2004, Trinkl et al. 2006). The Zn+ dependent matrix 

metalloproteinases have long been regarded solely as proteinases that degrade 

extracellular matrix components. Latter MMPs have been reported to proteolyse both 

VE-cadherin and occludin two junctional targets, suggesting a new explanation for the 

increased microvascular permeability (Partridge et al. 1993).  

 

1.4.2. Consequences of BBB opening 

1.4.2.1. Homeostatic alterations 

The homeostatic alterations due to the uncontrolled inflow of substances from the blood 

into the CNS may cause functional disturbances and have possible toxic effects on the 

elements of the nervous system. However data are quite scarce in this regard. In multiple 
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sclerosis, BBB disruption may be the precipitatory event, rather then the consequence of 

the disease as mentioned earlier (DeVries 2004). In an ischemic model of mice MMP-9 

inhibition reduced the extent of brain infarction which was thought to be the result of the 

simultaneously observed BBB protection. Experimental opening of the BBB showed 

regional correlation with the presence of dying dopaminergic neurons in the substantia 

nigra, suggesting a possible causative role of BBB disturbance in Parkinson-disease (Rite 

et al. 2007). 

 

1.4.2.2. Cerebral edema 

A more obvious and possible life threatening consequence of the disturbed barrier is the 

development of brain edema. The two main types of edema in the CNS are the cytotoxic 

and the vasogenic edema, the latter emerging through the leaky blood vessels.  

Cytotoxic edema is the cause of cellular swelling. The perturbation of ion transport 

perhaps plays the most important role in the pathophysiology of cellular swelling. When 

the cell is in energy demand, the inhibition of energy-dependent ion transporters and a 

fall in pH are consequences of ATP depletion. Reduced Na+,K+-ATPase activity is 

accompanied by a steep increase in intracellular concentation of Na+ and Cl- mainly, 

with the subsequent osmotic movement of water. Increased production of cytosolic 

solutes due to the breakdown of macromolecules may contribute to the osmotic swelling 

as well.  

Vasogenic edema occurs as a result of the movement of water from the intravascular to 

the extravascular compartment. Perturbation of the physiological barrier function of 

microvessels causes uncontrolled leaks of fluid from vessels to the surrounding 

parenchyma. It has been documented that brain edema formation correlates with 

endothelial pinocytosis and opening of the endothelial tight junctions (Dietrich et al. 

1991). Vasogenic edema is an ultimate cause of brain volume increase after ischemic 

stroke, which may result in clinical deterioration by its mass effect.  
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1.5. Hypoperfusion disorders affecting cerebral blood supply 

The number of experimental studies on the ischemia induced microcirculatory changes of 

the brain are relatively low compared to those examining the different aspects of 

neuroprotection, although there is an evident connection and overlap between these two 

topics. It is evident that protection of the normal microcirculatory mechanisms of the 

brain results in neuroprotection and both processes may be mediated by several basic 

mechanisms in common (Takahashi and Macdonald 2004). From the many kinds of 

pathologic processes which are accompanied with BBB opening, we have decided in our 

investigations to focus on the BBB changes caused by different types of cerebral 

hypoperfusion disorders. Beside investigating the ischemia induced functional alterations 

of the BBB we tried (1). to reveal the structural and compositional changes, occuring in 

the junctional complexes and (2). to find possible protective methods against the BBB 

damage in the investigated hypoperfusion disorders, such as hypovolemic shock and 

global cerebral ischemia/reperfusion. 

 

1.5.1. Cerebral ischemia 

Ischemic damage results from a transient or permanent occlusion or constriction of a 

brain artery, with a consequent reduction of the cerebral blood flow in a definite region of 

the brain. The metabolism of the brain tissue is characterized by high oxygen and glucose 

consumption and depends almost exclusively on oxidative phosphorylation for energy 

production. Focal impairment of cerebral blood flow restricts the delivery of substrates, 

particularly oxygen and glucose, and impairs the energetics required to maintain ionic 

gradients. The inhibition of energy-dependent ion transporters and a fall in pH are 

consequences of ATP depletion. Reduced Na+,K+-ATPase activity is accompanied by a 

steep increase in intracellular Na+, Cl-,  and Ca2+ and a decrease in K+ (Heo et al. 2005). 

Membrane potential is lost and neurons and glia depolarize. Consequently, 

somatodendritic as well as presynaptic voltage-dependent Ca++ channels become 

activated and excitatory amino acids are released through the synapses. At the same time, 

the energy dependent processes, such as presynaptic reuptake of excitatory amino acids, 
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are impeded, which further increases the accumulation of glutamate in the extracellular 

space. Activation of NMDA and metabotropic glutamate receptors then contribute to 

Ca++ overload. 

An increase in the universal second messenger Ca++ is thought to initiate a series of 

cytoplasmic and nuclear events that impact the development of tissue damage 

profoundly. Activation of proteolytic enzymes will degrade cytosceletal proteins, as well 

as extracellular matrix proteins. Activation of phospholipase A2 and cyclooxygenase 

generates free-radical species that overwhelm endogenous scavenging mechanisms, 

producing lipid peroxidation and membrane damage. Lactacidosis, caused by an 

intracellular accumulation of lactic acid due to anaerobic metabolism, follows brain 

ischemia. Acidosis triggers the release of iron from its binding site, which in turn 

enhances further free radical formation (Heo et al. 2005). 

Nitric oxide (NO) synthesized by the Ca++ dependent enzyme, neuronal nitric oxide 

synthase (nNOS) reacts with superoxide anion to form the highly reactive species, 

peroxynitrite that promotes tissue damage. Oxygen free radicals also serve as important 

signaling molecules that trigger inflammation and apoptosis. 

Core and penumbra 

The haemodynamic, metabolic and ionic changes do not affect the ischemic territory 

homogeneously. In the centre (core) of the perfusion deficit anoxic depolarization 

develops seconds after the onset of ischaemia. Cells will be fatally damaged by lipolysis, 

proteolysis, the disaggregation of micotubules that follows total bioenergetic failure and 

the ensuing breakdown of ion homeostasis rapidly. Between this lethally damaged core 

and the normal brain lies the penumbra, an area of constrained blood flow with partially 

preserved energy metabolism. Initially it retains its morphological integrity even if its 

functions are temporally lost. However, given time the penumbra can progress to 

infarction owing to ongoing excitotoxicity or to secondary deleterious phenomena, such 

as post-ischemic inflammation or apoptosis. Therefore, the prime goal of neuroprotection 

is to salvage the ischemic penumbra. 
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1.5.2. Hemorrhagic shock 

Hemorrhagic shock is a life threatening pathologic syndrome of the peripheral 

circulation, caused by severe hemorrhage. Serial blood loss induces, in addition to 

negative feedbacks also fatal positive feed-back mechanisms. Tissue blood flow to 

different organs (including the heart and the brain) is steadily reduced and after the first, 

compensated phase of the shock this process leads to the death of the patients in spite of 

all medical efforts. The hemorrhage, in general, is a frequent consequence of injuries and 

surgical procedures when severe and uncontrolled exsanguination occurs. Severe 

hypovolemic shock followed by blood and fluid replacement can be viewed as „„whole 

body‟‟ ischemia/reperfusion, resulting in a hyperactivity of the sympathetic nervous 

system with consequent peripheral vasoconstriction and in the activation of cytokines, 

oxygen free radicals, arachidonic acid metabolites (Peitzman et al. 1995). In the early 

stage of hemorrhagic shock, blood flow of the most important organs like heart and brain 

are kept at an appropriate level by redistribution of the cardiac output. By effective 

autoregulation, heart and cerebral vasculature are able to maintain local flow in contrast 

with other organs such as gut, kidney, skin, or skeletal muscle. This first phase of the 

acute hypovolemia, adequately compensated by neuroendocrine responses is termed 

compensated shock. When the compensatory mechanisms are exhausted, it turns into a 

decompensated phase, when tissue blood flow is more and more reduced, and finally 

organ and cellular dysfunction occurs. Organ and cellular dysfunction – to a certain point 

- can be reversed by sufficient and appropriate blood and fluid volume control. After a 

time even when fluid replacement is adequate, a vicious circle develops and the 

irreversible tissue and organ failure lead to death (Kovach and Sandor 1976).  

Experimental data suggest BBB damage during hemorrhagic shock (Gunnar et al. 1988). 

However, to the best of our knowledge, there is no report available in the literature with a 

systemic investigation of the dynamics of the BBB changes during the course of the 

progrediating standardized experimental hemorrhagic shock and the possible mechanisms 

of these alterations.  
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1.5.3. Cerebral ischemia and reperfusion  

The only real treatment for the cessation of the blood flow is reperfusion. With 

reperfusion the restored supply of nutrients and mainly of oxygen will provide energy for 

the maintenance of cellular metabolism and can stop the further damage of the affected 

tissue. Cellular ATP levels rise soon and physiologic ionic equilibriums reappear again. 

Although reperfusion is welcomed and necessary for the salvation of ischemic nervous 

elements it carries the risk of dangerous adverse effects, which will attenuate the 

expected protection or, in worse case, can even augment the damage. The adverse effects 

of reperfusion are mostly caused by the burst like production of free radicals that usually 

follows the rapid restoration of the oxygen supply of a formerly ischemic tissue. The cell 

is defending itself from free radicals by different scavenging mechanisms but when the 

radicals overwhelm the scavenging capacity they will damage the cellular elements. 

Lipids, proteins and nucleic acids all can be injured. 

 

1.6. The blood brain barrier in cerebral ischemia/reperfusion 

Cessation of the blood flow causes energy crisis that affects first the most vulnerable 

neurons but latter other cell types are involved as well, including the elements of the 

blood-brain barrier. The endothelial cells are relatively resistant to energy deprivation as 

showed in oxygen-glucose deprivation experiments, where cell cultures of different cell 

types are exposed to aglikemia and hypoxia. Endothelial cells can survive much longer 

this challenge than astrocytes or especially neurons. But barrier properties can be lost 

even without cell damage, the decrease of cellular ATP is correlated with the 

permeability increase of confluent endothelial cell cultures (Brillault, 2004). In vivo the 

BBB permeability increases before the endothelial cell death as well. In gerbils, focal 

ischemia causes increased albumin and horseradish peroxidase (common macromolecular 

markers in permeability experiments) leakage associated with raised intracytoplasmatic 

vesicle content without any signs of endothelial cell damage on electron microscopy 

(Westergood, 1976). During reperfusion the opening of the BBB is biphasic. The first 

phase occurring just after the reflow and the second latter (12-24h) after a period of 
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restored barrier function. The first phase is thought to represent a functional disturbance 

or response of the endothelium. For example, after focal cerebral ischemia tyrosin 

phosporylation of the TJ protein occludin was shown to be responsible for the increased 

permeability of the BBB (Takenaga et al. 2009). The second phase is more complicated 

with secondary inflammation and structural degeneration. Excess free radical production 

is a hallmark of reperfusion and free radical depletion can attenuate both phases 

indicating a common mechanism (Kahles et al. 2007).  In the first phase of barrier 

disturbance other factors such as the depressed energy state from the preceding ischemic 

period, the hemodynamic effect of the restoration of blood flow inside the vasculature 

contributes to the BBB opening as well. The role of mast cell degranulation and the 

release of proteolytic enzymes, vasoactive compounds (histamine, bradykinin) were 

proven in the early opening as well (Strbian et al. 2006). The most important contributor 

to the second phase of BBB opening is inflammation. After reperfusion neutrophils start 

to accumulate within hours (Strbian et al. 2006). Redox sensitive transcription factors like 

AP-1, NfκB activated by free radicals facilitate the transcription of pro-inflammatory 

mediators (TNFalfa, IL-1), adhesion molecules, chemotactic factors, vasoactive and 

proteolytic enzymes. This altered proinflammatory phenotype and the consequent 

leukocyte infiltration of the reperfused tissue can give rise to a more pronounced 

disturbance with structural degradation in the vasculature.  

 

1.7. Possible mechanisms of BBB protection 

Most investigations on the mechanism of cerebral ischemia/reperfusion and the quest for 

protective treatments pay attention mainly to neuronal injury. However it is becoming 

clear that in order to obtain appropriate recovery not only neurons but all cell types of the 

neurovascular unit should be rescued (Moroni et al. 2009). Damage to the blood-brain 

barrier participates significantly in the deterioration. Extravasation of proteins into 

extracellular spaces correlates with the development of vasogenic edema (Kuroiwa et al. 

1985), which causes increased intracranial pressure, one of the main life-threatening 

complications of ischemia/reperfusion injury. In addition, there are several evidences 

about the link between barrier damage and neuronal loss. Dietrich and al. found a spatial 
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correlation between increased vascular permeability and neuronal death showing the 

close interrelationship between neuronal injury and microvascular defects (Dietrich et al. 

1991). Experimental opening of the BBB by VEGF showed regional correlation with the 

presence of dying dopaminergic neurons in the substantia nigra, suggesting even the 

possible causative role of BBB disturbance in the evolution of Parkinson-disease (Rite et 

al. 2007). Since increased BBB permeability could worsen the outcome after 

ischemia/reperfusion in several ways, searching for treatments for barrier protection is 

especially important.  

 

In our experiments we have tried two different methods to achieve barrier protection after 

ischemia reperfusion: (1) we have used drug induced preconditioning and (2) we have 

applied an inhibitor of the DNA repair enzyme, poly(ADP-ribose) polimerase. 

 

1.7.1. Ischemic preconditioning 

Preconditioning (PC) is an effective way to induce ischemic tolerance in different organs. 

This phenomenon was first described by Schurr et al. (Schurr et al. 1986) in adult brain 

tissue as the ability of a short anoxic period to induce greater resistance to a subsequent, 

longer lasting anoxic insult. In the same year Murry et al. (Murry et al. 1986) introduced 

the term “preconditioning” when they demonstrated a similar effect in the heart. PC has 

been reported to be associated with two windows of protection: an early phase occurring 

immediately after the triggering stimulus and lasting 1–3 h, and a late phase providing a 

second window of protection 12–24 h latter and lasting for 2–3 days (Marı´n-Garcı´a 

2005). The increasing amount of investigations about the preconditioning phenomenon 

revealed several mechanisms for the observed protection. The early phase is dominated 

by post-translational modifications, like altered protein phosphorylation, ion channel 

permeabilities which render the preconditioned cells for increased anoxic tolerance. 

However the late phase is dominated by gene activation and de novo protein synthesis. 

Diverse families of genes are activated and, in turn, encode proteins that serve to enhance 

the brain‟s resistance to ischaemia.  
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Although brief cerebral ischaemia serves as prototypical preconditioning stimulus, 

ischaemic tolerance can be induced by exposing animals or cells to diverse types of 

stressfull stimuli (for example: oxidative stress, heat shock). Several studies have 

demonstrated that the tolerance to ischemia/reperfusion (I/R) injury can be increased also 

by chemical, metabolic PC, for example triggered by the temporary inhibition of the 

mitochondrial electron transfer chain (Riepe and Ludolph 1997; Horiguchi et al. 2003; 

Kis et al. 2003) . The sheer variety of stimuli capable of inducing an ischaemia-resistant 

phenotype in the brain indicates that the signaling pathways activated by these different 

triggers converge downstream on some common, fundamental mechanisms that 

ultimately account for the protection. Among others, evidence supports the role of NO 

and reactive oxygen species in the transduction of the preconditioning stimulus into a 

protective phenotype by altering intracellular signaling and gene transcription (Bolli 

2000).  

1.7.1.2. The mitochondrial ATP sensitive potassium channel 

Diazoxide, a drug once used against acute hypertension or hypoglycemia, is the most 

widely used mitoKATP channel opener. Activation of mitochondrial ATP-sensitive 

potassium (mitoKATP) channels has been proposed to play a pivotal role in 

preconditioning, both as a trigger and as a mediator of this process (Oldenburg et al. 

2002). Pharmacological agents that open mitoKATP channels  may induce preconditioning 

(Garlid et al. 1997; Szewczyk and Wojtczak 2002), blockade of the mitoKATP channels 

may prevent physiological or chemical preconditioning (Bolli 2000). The beneficial 

effects of the prototype mitoKATP channel opener diazoxide have been well demonstrated 

in the heart and in other organs and have been shown in experimental neurological 

preparations by our laboratory (Domoki et al. 1999; Rajapakse et al. 2002; Shimizu et al. 

2002) and by others (Liu et al. 2003).  

 

 

 

 



 27 

1.7.2. Inhibition of the poly(ADP-ribose) polymerase (PARP) enzyme 

One of the main aim in our studies was to examine the possible contribution of PARP 

activation to the increased permeability of the BBB after reperfusion. PARP-1 is the 

major isoform of the PARP enzym family in intact cells and is commonly termed as 

PARP. It is one of the most abundant proteins of the nucleus. It functions as a DNA 

damage sensor binding to both single-and double-stranded DNA breaks. It has functions 

in DNA repair and transcriptional regulation but overactivation of PARP represents an 

important mechanism of tissue damage in various pathological conditions (including 

myocardial infarction, stroke, circulatory shock and diabetes mellitus).  

Upon binding to damaged DNA, PARP forms homodimers and catalyzes the cleavage of 

nicotinamide adenine dinucleotide (NAD
+
) into nicotinamide and ADP-ribose and uses 

the latter to synthesize branched nucleic acid-like polymers of poly(ADP-ribose) 

covalently attached to nuclear acceptor proteins. Due to its high negative charge, 

covalently attached ADP-ribose polymer dramatically affects the function of target 

proteins. In addition to itself, histones are considered as major acceptors of poly(ADP-

ribose). Several transcription factors, and signaling molecules (NfκB , AP-1, p53) have 

also been shown to become poly(ADP-ribosyl)ated by PARP.  

Overactivation of PARP can lead to cell death via a variety of pathways (Pacher and 

Szabo 2005). Under pathophysiological conditions, reactive species trigger DNA single-

strand breakage and PARP activation. When activated by DNA single strand breaks, 

PARP initiates an energy-consuming cycle by transferring ADP ribose units from NAD
+
 

to the nuclear proteins. Peroxynitrite is considered a key trigger of DNA strand breakage 

because (as opposed to hydroxyl radical, for instance) it can travel significant distances 

and readily crosses cell membranes. NAD
+
 serves as a co-factor for glycolysis and the 

tricarboxylic acid cycle, thus providing ATP for most cellular processes. Thus, one cause 

of cellular injury and necrosis following PARP activation is the rapid depletion of 

cellular NAD
+
 and ATP (Szabo 2006). This slows the rate of glycolysis and 

mitochondrial respiration and eventually leads to cellular dysfunction and cell death. An 

additional consequence of PARP activation is cell death through the activation of 

apoptosis by releasing the pro-apoptotic factor, apoptosis inducing factor (AIF) from the 



 28 

mitochondria. Finally, augmented development of the proinflammatory phenotype by 

polyADP-ribosylation of histones, transcription factors and signaling molecules, can 

indirectly affect cellular function (Chiarugi 2005).  

In the cascade of events that leads to ischemic neurodegeneration, PARP is localized 

downstream to DNA damage, induced by reactive oxygen and nitrogen species. 

Repression of its activity provides impressive protection from ischemic brain injury. In 

the first studies on PARP KO mice brain infarcts were 80% smaller compared to wild 

type animals 22h after 2hMCAO. Likewise, OGD-induced neuronal death was highly 

reduced in cortical cultures from PARP-1 KO mice with respect to that occurring in 

cortical cultures from wild type counterparts. Many studies showing the neuroprotective 

effects of chemical inhibitors of PARP-1 in in vitro and in vivo models of brain ischemia 

have been reported as well (Chiarugi 2005). PJ34 ( the drug we used in our experiments) 

decreased infarct volume after 20min MCAO (Park et al. 2004) as well as after 1h 

MCAO (Haddad et al. 2006) in mice, and resulted in an improvement of the neurological 

deficits. 

The mechanisms involved in BBB function alterations following brain insults are 

incompletely understood but several recent peripherial circulatory studies suggest that 

PARP may play a prominent role. Activation of PARP and beneficial effect of various 

PARP inhibitors have been demonstrated in endothelial dysfunction, measured as 

impaired endothelium dependent vasodilatation, associated with circulatory shock, 

hypertension, atherosclerosis, diabetes mellitus and aging. In experimentally induced 

diabetes the inhibition of PARP protected against capillary loss and injury of the retina, 

demonstrating that microvessels from neuronal tissues are not exceptions in PARP 

mediated dysfunction either (Pacher and Szabo 2005). 

The well documented role of PARP activation in neuronal and vascular diseases raised 

the possibility, that it can have a profound effect on the function and pathology of the 

BBB. However, the possibility of contribution of PARP to BBB damage has been raised 

only in two pathological situations so far, in pneumococcal meningitis and in 

experimental allergic encephalitis (Koedel et al. 2002; Scott et al. 2004). In cerebral 

endothelial culture PARP activation and PARP dependent cell death after hypoxia-

reoxygenation were found underscoring the potential for ischemic microvascular 
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protection by inhibiting the action of PARP (Zhang, 2005). However, we are unaware of 

any previous studies which have directly assessed the role of PARP activation in 

disruption of the BBB after I/R.  
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2. The aim of our investigations 

 

The main goal of our investigations was to reveal new aspects about BBB changes during 

and after cerebral hypoperfusion states, such as haemorrhagic shock and global cerebral 

ischemia/reperfusion. We wanted to elucidate the possible mechanisms of the opening of 

the barrier, especially concerning possible alterations in the structure of the 

interendothelial tight and adherent junctions. Furthermore, we wanted to test possible 

protective mechanisms of the BBB, proved to be efficient against parenchymal damage 

in cerebral ischemia/reperfusion, but only sparsely or not at all tested against the injuries 

of the cerebral microvasculature and the BBB.  

 

The aim of our investigations was: 

 

1. to determine the opening of the BBB for low and high molecular weight 

tracers during cerebral hypoperfusion states, namely in different phases of 

hemorrhagic shock and in global cerebral ischemia/reperfusion. 

 

2. to determine the development of cerebral edema in reperfusion 

 

3. to determine the possible changes in the expression and localization of 

cerebral endothelial junctional proteins in hemorrhagic shock and in global 

cerebral ischemia/reperfusion. 

 

4. to test the hypothesis that diazoxide preconditioning would reduce BBB 

permeability and decrease brain water content following global cerebral I/R 

and that mitoKATP channel opening is involved in its action. 

 

5. to determine whether or not diazoxide have direct effects on cerebral 

endothelial cells, namely depolarizes the mitochondria of cultured 

endothelial cells. 
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6. to determine the effect of pre- and post-ischemic treatment with the PARP 

enzyme inhibitor, PJ34, on functional and structural BBB alterations and on 

the brain water content changes after global cerebral ischemia/reperfusion. 

 

7. to test the role of the anti-inflammatory effect of PARP inhibition in the 

supposed BBB protection in reperfusion 

 

 

 

To reach our goals three sets of experiments were conducted: 

 

 1.       In a hemorrhagic shock model we investigated the BBB permeability changes and 

the structural alteration of the junctional komplex. 

 

2.   In a severe global cerebral ischemia/reperfusion model we checked early 

reperfusional BBB permeability alterations and the effect of diazoxide preconditioning on 

the BBB damage. 

 

3.     In a less severe global cerebral ischemia model we investigated late reperfusional 

BBB permeability alterations as well, tight junctional protein changes and the effect of 

PARP inhibition on the reperfused BBB.  
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3. Methodology 

3.1. Experimental animal models  

3.1.1. Hemorrhagic shock model  

The experiments were carried out in male Wistar rats, weighing 290 to 390g (n = 42). 

The animals were anesthetized intraperitoneally with urethane (1.3 g/kg, Sigma). The rats 

were spontaneously breathing and their body temperature was kept constant at 37 ºC. 

Systemic mean arterial blood pressure (MAP, mmHg) was continuously measured and 

recorded via the left femoral artery. The right femoral artery was cannulated for arterial 

pressure reduction by blood withdrawal. A cannula was inserted to the left femoral vein 

for peripheral drug administration. The skull was fixed in a stereotaxic frame for opening 

a cranial window over the left parietal hemisphere. After a midsagittal skin incision, a 

rectangular window was exposed over the left parietal hemisphere with the dura mater 

left intact. The dura mater was rinsed continuously with normal saline at 37.0 ºC. The 

cranial window was used for laser-Doppler flowmetry.  

Differentiation between different shock phases (compensated, decompensated, and 

irreversible phases) is of utmost importance. Transition of the shock from the progressive 

decompensatory phase to the irreversible phase of the shock is often defined in retrospect 

(Peitzman et al. 1995). This condition occurs late in the „„uptake phase‟‟ of the Wigger‟s 

model when the whole shed blood had to be returned to the animal in order to sustain the 

blood pressure at the set point of the hemorrhagic shock model, and even massive 

volumes of the retransfused blood and extra fluid fail to keep anymore the MAP at this 

pressure level. In order to produce hemorrhagic shock in our studies, systemic MAP of 

the rats was decreased from the normotensive control values to 40 mmHg by a 

standardized method of blood withdrawal from the femoral artery to a pressurized 

reservoir system. Heparin was injected intravenously in a dose of 200 IU/kg to prevent 

blood clotting. Experiments were performed in three groups: Group 1: control, 

normotensive rats; Group 2: 40 mmHg MAP was kept constant for 15 min to achieve the 

compensated phase of hemorrhagic shock; and Group 3: 40 mmHg MAP was maintained 
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until one-half of the total amount of the shed blood returned from the reservoir to the 

animal‟s systemic circulation spontaneously. This signaled the achievement of the 

decompensated phase of the shock. Constancy of the normal CBF (Group 1), as well as 

the reduction of the CBF during the compensatory phase (Group 2) and during the 

decompensatory phase (Group 3) of the shock were followed in each groups by laser-

Doppler flowmetry (LD flux). A laser-Doppler probe (laser-Doppler flowmeter MBF3D; 

Moor Instruments, Axminster, Devon, England) was placed with a stereotaxic 

micromanipulator over the cranial window. The CBF (represented as LD flux) was 

measured continuously throughout the experiments. CBF samples were taken for the 

evaluation of the flow changes in both shock group at the beginning as well as at the end 

of the achieved shock state. Arterial blood gas values were also monitored over these 

experimental procedures.  

 

3.1.2. Global cerebral ischemia/reperfusion models  

We used the global cerebral ischemia model for studying the reperfusional BBB changes 

and the effect of possible protective mechnanisms. Our first global ischemia protocol was 

more severe; we measured BBB changes after 30min and 4h reperfusion in this model 

and tested diazoxide preconditioning. In the second model, the ischemia was less severe, 

animals survived longer after reperfusion. We used this model to measure BBB changes 

after 40min, 24h and 48h reperfusion and testing the effect of PARP inhibition on BBB 

damage. 

In both model, experiments were carried out in male Wistar rats, weighing 270–320 g. 

Prior to the surgical procedures, food was deprived for 3 h with free access to water. 

Anesthesia was induced with 3.5% halothane in a mixture of 72% nitrous oxide and 28% 

oxygen and maintained on 1.2% halothane in the spontaneously breathing animals. The 

femoral artery and vein were cannulated for monitoring of arterial blood pressure, for 

infusion of drugs and for blood withdrawal. Via a midline cervical incision, both 

common carotid arteries were isolated from the adhering tissues and nerves, and silk 

threads (3-0) were placed loosely around them. Arterial blood pressure was monitored 

continuously, and arterial blood gases and pH were measured serially. The animals were 



 34 

exposed to global cerebral ischemia by using combined bilateral common carotid artery 

occlusion and hemorrhage induced arterial hypotension. In the severe ischemia protocoll 

(this was used in the experiments testing the supposed BBB protection by diazoxide 

preconditioning), following administration of heparin (500 IU/kg iv.), mean arterial blood 

pressure was lowered to 35–40 mmHg by blood withdrawal (1.7–2.4 ml/100 g body 

weight) through the femoral vein, and both common carotid arteries were occluded by 

placing microaneurysm clips around the vessels for 30 min. Reperfusion (30min, 4h) was 

achieved by removing the clips and giving back the shed blood with a speed of 1.2 

ml/min. In the less severe ischemia protocoll (this was used in the experiments testing the 

supposed BBB protection by PARP inhibition) mean arterial blood pressure was lowered 

to 45–50 mmHg by blood withdrawal (1.5–2.2 ml/100 g body weight), and the carotid 

arteries were occluded for 20min. This ischemic protocoll allowed much longer survival 

than the previous one but it was still accompanied by easily detectable pathologic 

changes of our measured variables. Reperfusion was achieved by removing the clips and 

giving back the shed blood with a speed of 1.2 ml/min. Reperfusion was allowed for 

different durations (40min, 24h, 48h). Body temperature was measured and maintained at 

37.5 ± 0.2 ºC in both ischemic protocoll. In sham animals, the carotid arteries were 

exposed but no ischemia was produced.  

 

 

3.2. Drug treatments 

 

3.2.1. Diazoxide preconditioning 

 

We tested the effect of diazoxide preconditioning on reperfusional BBB damage, using 

our severe global cerebral ischemia model. Diazoxide was administered to the animals 

intraperitoneally in a dose of 6, 20, or 40 mg/kg on three consecutive days, respectively. 

The final diazoxide or vehicle injection was given 24 h before the global cerebral 

ischemia. Diazoxide was diluted in 0.2 M NaOH solution prior to further dilution in 

physiologic saline for intraperitoneal injection. Two groups of animals were treated by 
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the mitoKATP channel antagonist 5-hydroxydecanoic acid (5-HD) in a dose of 40 or 100 

mg/kg 20 min before the diazoxide (40 mg/kg) injection as well.  

We investigated the differences between the vehicle and diazoxide treated animals in 

reperfusional BBB permeability and brain edema and tried to diminish the 

preconditioning by the inhibition of the mitoKATP channel.  

 

 

3.2.2. Inhibition of the PARP enzym  

 

We tested the effect of the inhibition of the PARP enzym on reperfusional BBB damage, 

using our less severe global cerebral ischemia model. In each reperfusion group (40min, 

24h, 48h), animals were treated with saline or PJ34 (Sigma-Aldrich, Inc., St. Louis, MO) 

(10mg/kg, i.v.) 40min before the start of ischemia. One set of animals was treated with 

the drug at the start of reperfusion and 6h latter again (10mg/kg, i.p.). PJ34 was dissolved 

in saline (6 mg/ml). The effect of the post-treatment was checked only after 24h of 

reperfusion. The pre-treatment dose of PJ34 that was chosen on the basis of Abdelkarim‟s 

data, who found this dose to be effective against cerebral ischemia in rats (Abdelkarim et 

al. 2001; Park et al. 2004). Mortality was 5/17 in the saline treated and 3/15 in the PJ34 

pre-treated rats when 48h reperfusion was allowed. There were no mortalities in the other 

groups.  

We investigated the differences between the vehicle and drug treated animals in 

reperfusional BBB permeability, brain edema, cerebral neutrophil cell infiltration, pro-

inflammatory gene transcription and in the endothelial tight junction protein, occludin, 

expression.  

 

3.3. Quantitation of BBB opening and tissue sampling 

In the hemorrhagic shock model 30 min before the end of the experiments the animals 

received an intravenous injection of 5 ml/kg 2-2 % Evans Blue albumin (molecular 

weight of 67,000) and sodium fluorescein (molecular weight of 376). At the end of the 

studies, the rats were perfused with 250 ml isotonic saline, the brains were removed, 
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samples were taken from different brain regions. The samples were homogenized in 15% 

trichloroacetic acid and were centrifuged at 10,000g. Evans Blue concentration was 

determined from the supernatant by absorbance measurements with a plate reader at 620 

nm, and fluorescein concentration was measured with a fluorometer with 440 nm 

excitation while reading the emission intensity at 516 nm.  

In the global cerebral ischemia/reperfusion studies BBB permeability was assessed by 

measurement of EB and Na-F content in brain similarly, but with some modification of 

sample processing for increasing sensitivity (Abraham et al. 2002; Belayev et al. 1998). 

Normal saline containing EB (2%) and Na-F (2%); (4 ml/kg) were administered 

intravenously 30min before the end of the reperfusion period. In the 24 and 48h 

reperfusion groups the rats were re-anesthetized and the left femoral artery and vein were 

cannulated for physiological monitoring and infusion of the dye. At the end of the 

reperfusion period the animals were transcardially perfused with ice-cold, heparinized 

PBS at 100 mmHg pressure for 4min. The brains were removed and rinsed with PBS, and 

two 4 mm wide coronal slices were made, starting at bregma levels +1.80 mm and -2.20 

mm. After removing the meninges, the cerebral cortex above the rhinal fissure from the 

first slice and both hippocampi from the second slice were dissected as shown in Fig. 1. 

in the more severe ischemia group and the cerebral cortex from both slices were dissected 

in the less severe group. In the later, the samples from the rostral coronal slice were used 

for the BBB permeability assay and for protein or total RNA isolation, the samples from 

the caudal slice for the myeloperoxidase assay.   
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The samples necessary for the BBB permeability measurements were homogenized in 10 

times volume of 50% trichloroacetic acid to precipitate protein and centrifuged for 10 

min at 13,600g. For the EB measurement, the supernatant was diluted with ethanol (1:3), 

and its fluorescence was determined (excitation at 620 nm and emission at 680 nm). For 

the Na-F measurement, the supernatant was diluted with 5 M NaOH (1:0.8) and its 

fluorescence was determined (excitation 440 nm and emission at 525 nm). A microplate 

spectrophotometer (BMGFLUOstar Optima) was used for the fluorescence 

measurements. Calculations were based on external standards in the same solvent (10–

200 ng/ ml). The tissue contents of the dyes were quantified from linear standard curves 

derived for each of the dyes and was expressed per gram of tissue. 

 

3.4. Determination of brain water content 

Cortical water content was determined by the dry–wet weight method in the global 

cerebral ischemia/reperfusion experiments (Dzialowski et al. 2004). In the more severe 
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model reperfusion was allowed for 4h, in the less severe model for 40min, 24h and 48h. 

After decapitation, cortical samples were obtained, as described and weighed 

immediately to obtain the wet weight. The tissue was then dried in an oven at 100 ºC for 

24 h and reweighed to obtain the dry weight. Brain water content was calculated as (wet 

weight-dry weight) / wet weight x 100%. 

 

3.5. Isolation of cerebral microvessels 

In the hemorrhagic shock experiments, prior to Western blot analysis of selected 

microvascular proteins, microvessels were isolated according to Tontsch and Bauer 

(Tontsch and Bauer 1989), with minor modifications. Briefly, anesthetized animals were 

perfused with physiological saline, and brains were removed and homogenized in sucrose 

buffer (SB; 0.32 M sucrose and 3 mM Hepes, pH 7.4). Homogenates were centrifuged at 

4ºC for 10 min at 1000g, and the pellet was homogenized again in SB. The homogenate 

was centrifuged at 4ºC for 10 min at 1000g, and the pellet was resuspended in SB (5–6 

mL). The suspension was centrifuged at 4ºC for 30 s at 100g. The supernatant was 

transferred to another tube on ice and the pellet was resuspended in SB. The suspension 

was centrifuged at 4ºC for 15 s at 100g. The resulting supernatant was mixed with the 

supernatant obtained from the previous centrifugation and was centrifuged at 4ºC for 1 

min at 200g. The pellet was washed twice in SB, and once in phosphate-buffered saline 

(PBS). The purity of the microvessel fraction was checked using a phase contrast 

microscope.  

 

3.6. Western blot analysis 

3.6.1. Western blot in hemorrhagic shock experiments 

Isolated capillaries were homogenized in a buffer containing 20 mM Tris-HCl (pH 7.5), 

150 mM NaCl, 0.5% Triton-X-100, 0.5% NP-40, 2 mM CaCl2, 1mM Na orthovanadate, 

and 1 mM Pefabloc (Roche, Basel, Switzerland). Homogenates were centrifuged at 

10,000 rpm and the supernatants were used for further experiments. Protein concentration 
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was determined using the bicinchoninic acid method (Pierce, Rockford, IL). Proteins 

were electrophoresed using standard SDS-PAGE procedures and blotted onto 

polyvinylidene difluoride membranes (Pall Life Sciences, Ann Arbor, MI). Membranes 

were incubated with rabbit anti-cadherin, b-catenin, and occludin (Zymed Laboratories, 

San Francisco, CA) antibodies. The immunoreaction was visualized by a 

chemiluminescence detection kit (Pierce). Densitometrical analysis was performed using 

the Quantity One software (Bio-Rad, Hercules, CA).  

 

 

3.6.2. Western blot in the less severe global cerebral ischemia/reperfusion and PARP 

inhibition experiments 

 

Cortical samples from the rostral coronal slice were first homogenized in 5X volume of 

PBS compared to tissue weight and proteinase inhibitors
 
(1 µg/ml aprotinin, 50 µg/ml 

phenylmethylsulfonyl
 
fluoride, and 1µg/ml leupeptin) were added. Next, SDS buffer (1% 

SDS, 10mM Tris, pH 7.6) was added in the amount of the homogenate and sonicated. 

Equal amounts of protein for each sample were separated by 4-20% SDS-PAGE, 

transferred onto a polyvinylidine difluoride membrane and blocked for one hour at room 

temperature with Tris-buffered saline containing 5% skimmed milk powder, 0.1% Tween 

20. Blots were incubated overnight at 4°C with a polyclonal anti-occludin antibody 

(1:1000, Zymed Laboratories, San Francisco, CA, USA). The membranes were then 

washed three times in Tris-buffered saline containing 0.1% Tween 20 and incubated for 1 

hour in the blocking buffer with anti-rabbit IgG conjugated to horseradish peroxidase 

(1:50000; Jackson Immuno-Research, West Grove, PA, USA). The bound antibodies 

were visualized using enhanced chemiluminescence. (SuperSignal West Pico; Pierce, 

Rockford, IL, USA) and recorded on X-ray film. The bands were scanned and the 

densities of the bands were quantitated by using FOTO/Analyst PC Image and Image J 

(Fotodyne Inc., Hartland, WI, USA).  
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3.7. Immunofluorescence 

At the end of the hemorrhagic shock experiments, the animals were perfused with 4% 

paraformaldehyde in PBS. Brains were removed and postfixed for 24 h in 4% 

paraformaldehyde in PBS and cryoprotected in 30% sucrose. 10 to 20 µm thick sections 

were cut on a Leitz 1720 cryostate. After three washes with PBS, the slices were 

permeabilized with 0.2% Triton X-100 in PBS for 15 min. After blocking with 3% 

bovine serum albumin for 30 min, sections were incubated with primary antibodies 

against occludin ( kindly provided by M. Furuse). The staining was visualized using Cy3-

conjugated secondary antibodies (Sigma). Sections were mounted in antifading 

embedding medium (Biomeda EMS, Hartfield, PA), and the distribution of the signal was 

studied using an Eclipse TE2000-U microscope (Nikon, Melville, NY) connected to a 

Spot digital camera. 

 

3.8.  Rat cerebral endothelial cell culture 

Primary rat cerebral endothelial cells (CECs) were isolated as previously described (Kis 

et al. 1999) and were seeded onto collagen type IV and fibronectin-coated glass cover 

slips. The endothelial culture medium consisted of Dulbecco‟s Modified Eagles medium 

(DMEM) supplemented with 20% fetal bovine plasma derived serum (Animal 

Technologies Inc., Tyler, TX), 2 mM glutamine, 1 ng/ml basic fibroblast growth factor, 

100 Ag/ml heparin, 5 Ag/ml vitamin C and antibiotics. Confluent cultures (4–5th day in 

vitro) consisted of more than 95% of RCECs verified by positive immunohistochemistry 

for von Willebrand factor and negative immunochemistry for glial fibrillary acidic 

protein (GFAP) and smooth muscle actin. 

 

3.9. Analysis of mitochondrial membrane potential (DWm ) 

DCm was monitored using the DCm-sensitive dye, tetramethylrhodamine ethyl ester 

(TMRE, Molecular Probes, Eugene, OR, USA), as described previously (Kis et al. 2003). 

CEC cultures were loaded in the dark at 37 ºC in a 5% CO2 incubator with 1.75 AM 
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TMRE in DMEM for 1 h. After loading, the cells were washed three times with PBS. 

Experiments were carried out at 22 ºC in PBS. Confocal images of cellular TMRE 

fluorescence were acquired on a Zeiss LSM 510 laser scanning microscope using a 63x 

water immersion objective (Zeiss, Jena, Germany). Fields of cells were randomly 

selected. The cells were treated with diazoxide, and fluorescent images were recorded 

every 20 s for 5 min after treatment (kex = 543, kem > 560 nm). The average pixel 

intensity in individual cell bodies was determined using the software supplied by the 

manufacturer (Zeiss). 

 

3.10.  Myeloperoxidase activity assay 

Inflammatory cell infiltration was determined at the end of the less severe global cerebral 

ischemia/reperfusion, PARP inhibition experiments using an assay for myeloperoxidase 

(MPO), an enzyme found within the azurophilic granules of neutrophil leukocytes 

(Bradley et al. 1982). The MPO activity assay has been found to be a reproducible and 

objective method to reliably estimate neutrophil infiltration and it correlates well with 

other estimations of neutrophil movement into inflammed tissues (Bradley et al. 1982; 

Matsuo et al. 1994). The cortical samples from the second, caudal lying coronal sections 

were used for the biochemical determination of MPO activity. Each sample was 

homogenized in 5 mmol/L potassium phosphate buffer (pH 6.0, 4°C) using a glass 

homogenizer and centrifuged at 30,000 g (30min, 4°C). The supernatant was discarded 

and the pellet was suspended in 0.5% hexadecyltrimethylammonium bromide in 50 

mmol/L potassium phosphate buffer (pH 6.0, 4°C) at an original tissue wet weight-to-

volume ratio of 1:5. The samples were frozen immediately and subjected to three freeze-

thaw cycles, after which sonication was repeated between cycles. After the last 

sonication, the samples were incubated at 4°C for 20min and centrifuged at 12,500 g 

(15min, 4°C). Supernatant MPO activity was assayed as described by Bradley et al. 

(1982). In brief, 20μl of supernatant was mixed with 180μl of 50 mmol/L potassium 

phosphate buffer, pH 6.0, containing 167 mg/L o-dianisidine dihydrochloride and 

0.0005% hydrogen peroxide. The rate at which a colored product formed during the 

MPO-dependent reaction of o-dianisidine dihydrochloride was measured. The change in 
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absorbance at 460 nm was recorded at 15s intervals over 2min using a spectrophotometer 

(FLUOstar Optima, BMG, Durham, NC, USA). The MPO activity of each sample was 

expressed as a relative value compared to the average MPO activity of the sham operated 

control animals. 

 

3.11.  Real-Time PCR 

Total cellular RNA was extracted from homogenates of the cortical samples, derived 

from the less severe global cerebral ischemia/reperfusion, PARP inhibition experiments, 

using an SVtotal RNA
 
isolation system (Promega, Madison, WI, USA). Real-time

 
reverse 

transcription-polymerase chain reaction (RT-PCR) was performed using an ABI Prism
 

7700 Sequence Detection System and Taqman probe and primer set for ICAM-1 

(Applied Biosystems, Foster City, CA, USA). PCR products were detected using probes 

labeled with reporter dye FAM (6-carboxy-fluorescein)
 
at the 5' end and quencher dye 

TAMRA (6-carboxy-tetramethyl-rhodamine)
 

at the 3' end. Specificity of the PCR 

products was verified
 
by agarose gel electrophoresis. The 2

-ΔΔCt
 method was used to 

analyze the results. In
 
brief, the Ct (threshold cycle) value of a gene was subtracted

 
from 

the Ct value of a reference housekeeping gene (β-actin) to standardize for the amounts
 
of 

RNA template and efficiencies of reverse transcription. The
 
resulting change in Ct values 

was then converted to a linear
 
form using 2

-ΔCt
 and used in subsequent statistical analysis. 

 

3.12. Statistical analysis 

Data are presented as means ± SEM. Group differences were determined by one way 

ANOVA followed by pair-wise comparisons using the Student–Newman–Keuls test or 

by one way ANOVA on Ranks if the normality test failed. We used Pearson's correlation 

analysis to determine how the different findings independently related to each other. In 

all cases a p-value of < 0.05 was considered statistically significant.  
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4. Results 

4.1. Physiological parameters 

4.1.1. Hemorrhagic shock 

The initial systemic arterial pressure, blood gas and pH values of the normotensive 

control group, compensated, and decompensated hemorrhagic shock group were not 

statistically different (Table 1). Using Wigger‟s standardized shock model, the MAP was 

kept constantly at 40 mmHg in the compensated as well as in the decompensated shock 

groups. No changes in blood pH were observed during the compensated phase of the 

hemorrhagic shock. In contrast, a statistically significant decrease in pH values was 

observed during the decompensated phase of hemorrhagic shock, compared to the initial 

phase. SBE was significantly changed during compensated and decompensated phases, 

highlighting the development of acidosis. A decreased PaCO2 and an increased PaO2 of 

the spontaneously breathing animals during hemorrhagic shock reflect the direct 

consequence of blood loss and the activated compensatory mechanisms of acidosis. 

 

Table 1.: Physiological parameters of normotensive control animals and of rats suffered 

compensated or decompensated hemorrhagic shock. 

 

  

control 

 

compensated shock 

 

decompensated shock 

 before end before end 

MAP(mmHg)  94±14 107±17 40±0* 106±15 40±2* 

pH 7.28±0.03 7.3±0.03 7.31±0.03 7.35±0.15 7.23±0.14* 

PaCO2(mmHg) 49±8 47±3 38±5* 49±8 34±6* 

PaO2(mmHg) 91±10 93±12 109±12* 89±8 101±11* 

SBE(mmol/l) -3.21±3.01 -2.73±1.78 -6.37±2.02* -2.66±3.03 -11.26±6.61* 

n 9 12 12 14 14 
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Note: In the shock groups physiological parameters were measured both before the start 

of blood withdrawal and at the end of the experiment. Data given as mean ± SEM.; * 

p<0.05 different from the data measured before the shock phase. (MAP: mean arterial 

pressure, SBE: standard base excess) 

 

4.1.1.1.  Cerebral blood flow in hemorrhagic shock 

The regional blood flow of the parietal cortex (represented as LD flux) was measured 

continuously with laser-Doppler flowmetry. The LD flux sampling in both shock groups 

was repeated at the beginning and at the end of the achieved shock state. Our data show 

that CBF was significantly reduced in the compensated shock and was further reduced in 

the decompensated phase of the shock, compared to the normotensive rats (Fig. 2). The 

slight increase of the cortical blood flow at the end of the compensated shock phase may 

indicate the start of a decreased resistance of the cerebrocortical microvessels. 

 

Fig. 2.: Laser Doppler flow values of the parietal cortex in normotensive, control state, 

in compensated hemorrhagic shock and in decompensated hemorrhagic shock. In our 

experimental protocol, the total duration of compensated shock was 15 min. LD flux data 



 45 

for statistical analysis were collected at the beginning („start”) and at the end („end”) of 

the achieved compensated shock phase. In the decompensated phase, data for statistical 

analysis were collected 20 to 25 min after the start of the decompensation. MAP of 40 

mmHg was maintained until one-half of the total amount of the shed blood was 

withdrawn spontaneously by the animals in order to maintain the set 40 mmHg blood 

pressure level. Spontaneous blood withdrawal signaled the achievement of 

decompensated phase („end”). Values represent mean ± SEM. *p < 0.05 compared to 

the normotensive control. 

 

4.1.2.  Severe global cerebral ischemia/reperfusion, diazoxide preconditioning 

Rectal temperatures, blood gases and pH and plasma glucose levels showed no 

significant differences among groups (Table 2). Mean arterial blood pressure was 

significantly elevated after 40 mg/kg diazoxide pretreatment compared to vehicle, but 

there was no difference among the sham, vehicle, 6 mg/kg diazoxide or 20 mg/kg 

diazoxide groups. In the 100 mg/kg 5-HD group, the standard base excess and the 

hematocrit were slightly elevated compared to the diazoxide group.  

 

Table 2.: Physiological parameters of vehicle or diazoxide pretreated rats, before 

ischemia or sham operation. 

 

 control 6 mg/kg 20 mg/kg 40 mg/kg 

n 18 (7+11) 5 9 8 

blood glucose  95.3±15.7 98.5±4.4 89.3±8.4 90.4±18.8 

MAP(mmHg) 90.9±5.1 88.4±8.1 92.6±3.8 101.7±5.6* 

pH 7.39±0.03 7.40±0.02 7.40±0.02 7.40±0.03 

PaCO2(mmHg) 46.1±3.5 45.6±3.5 45.0±1.6 46.4±5.2 

PaO2(mmHg) 132.9±7.6 129.0±3.7 131.7±7.9 126.8±6.5 

SBE(mmol/l) 2.9±1.4 3.1±2.3 2.3±1.2 3.0±1.4 

Hct 40.2±2.4 42±2.3 41±1.1 41.8±2.9 

 

Note: Data given as mean ± SEM.; * p<0.001 different from control (control includes the 

jointed data of the sham and vehicle treated ischemic groups). Blood glucose in mg/dl. 

(MAP: mean arterial pressure, SBE: standard base excess, Hct: hematocrit)  
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4.1.3. Less severe global cerebral ischemia/reperfusion, PARP inhibition  

The values of the invastigated physiological variables in this set of experiments were 

measured approximately 10 min before the induction of ischemia and during the ischemic 

period. As shown in Table 3, there were no significant differences in these values among 

the different subgroups within the same treatment (saline; PJ34 pre-treatment; PJ34 post-

treatment), so these values were pooled. PJ34 administration 40min before ischemia 

caused a slight decrease in the basal heart rate compared to saline treatment and a small 

increase of the arterial blood pressure during ischemia. However, the observed difference 

is close to the limit of accuracy of our blood pressure registration system and probably 

has no biologically significant effect on the level of ischemia. This small increase 

probably is a side effect of the observed resistance of the blood pressure to blood 

withdrawal in the PJ34 pre-treated animals. During ischemia the blood pressure was 

initially reduced to 45 mmHg by blood removal. Blood pressure was allowed to increase 

to 50 mmHg, and then it was reduced to 45 mmHg again by further blood removal. The 

PJ34 treated animals required 15% more blood to be removed because of the more 

frequent pressure increases from 45 to 50 mmHg during the ischemic period. This could 

account for the somewhat higher average pressure. As far as the other parameters 

concerned, there were no statistically significant differences among the treatment groups. 

 

Table 3.: Physiological variables, arterial blood gases and acid-base parameters of 

saline treated, PJ34 pre-treated and PJ34 post-treated animals before and during 

ischemia. 

     saline PJ34 pre PJ34 post 

weight(g)   294 ± 3 293 ± 4 301 ± 8 

blood glucose(mg/dl) 100 ± 2.7 101 ± 3.1 91 ± 2.2 

blood withdrawal(ml/100g) 1.75 ± 0.04 2.01 ± 0.04* 1.74 ± 0.06 

    10min before ischemia 

MAP(mmHg) 85 ± 1 86 ± 1 86 ± 1 

heart rate(beat/min) 388 ± 5 363 ± 5* 378 ± 8 

pH   7.38 ± 0.01 7.37 ± 0 7.39 ± 0.01 

pCO2(mmHg)   47 ± 1 49 ± 1 46 ± 1 

pO2(mmHg)   115 ± 1 116 ± 1 117 ± 2 

SBE(mmol/l)   2.83 ± 0.26 2.86 ± 0.25 2.56 ± 0.40 

    during ischemia 

MAP(mmHg) 47.5 ± 0.1 48 ± 0.1.* 47.5 ± 0.1 

heart rate(beat/min) 279 ± 3 286 ± 4 280 ± 6 

pH   7.36 ± 0.01 7.36 ± 0.01 7.34 ± 0.01 
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pCO2(mmHg)   42 ± 1 43 ± 1 45 ± 2 

pO2(mmHg)   125 ± 2 125 ± 2 121 ± 1 

SBE(mmol/l)   -1.32 ± 0.33 -1.24 ± 0.29 -1.56 ± 0.46 

n     47 (38) 35 16 

 

Note: The data of the different reperfusion groups are pooled. Data are expressed as 

mean±SEM, *: p<0.05 compared to saline treatment. Since sham operated animals 

(n=9) had no ischemia, they are not included in the ischemic data. (MAP: mean arterial 

pressure, SBE: standard base excess, PJ34 pre: PJ34 pre-treatment, PJ34 post: PJ34 

post-treatment) 

 

 

4.2. BBB permeability changes  

4.2.1. Hemorrhagic shock 

 

We used two dyes for evaluating the properties of the BBB. EB binds to albumin 

(molecular weight: 67000 Da) in the blood and thus gives an estimate of protein 

extravasation into brain. The leakage of the macromolecules may happen through 

pinocytotic vesicles and the damaged interendothelial clefts and endothelial cells 

(Dietrich et al. 1991). The other tracer was Na-F (molecular weight: 376 Da) with a 

molecular weight in the range of glucose. Small molecules may pass the BBB through the 

interendothelial cleft, on the paracellular route (Nakagawa et al. 1990; Pluta et al. 1994). 

BBB permeability studies using sodium fluorescein (molecular weight of 376) as a tracer 

substance have revealed a 2–3-fold increase in the extravasation of the tracer substance in 

the decompensated stage of hemorrhagic shock in all brain areas investigated 

(mesencephalon, frontal cortex, occipital cortex, and parietal cortex). No significant 

changes in the BBB permeability for sodium fluorescein were observed during the 

compensated phase of the hemorrhagic shock. Under similar experimental conditions, the 

extravasation of Evans Blue albumin (molecular weight of 67,000) did not change either 

in the compensated or in the decompensated phase of the shock (Fig. 3). 
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Fig. 3.: Effect of compensated and decompensated hemorrhagic shock on the 

permeability of the BBB. Permeability for Evans Blue albumin and Na-fluorescein was 

determined in the mesencephalon, frontal, occipital, and parietal cortex of animals from 

the control group (n = 5), the compensated hemorrhagic shock group (n = 5), and the 

decompensated hemorrhagic shock group (n = 5). Extravasations are represented in 

arbitrary units modified for different tracer concentrations in the plasma of each test 

animal. Each value presented is a mean ± SEM. * p < 0.05 compared to controls. 

 

4.2.2.  Severe global cerebral ischemia/reperfusion 

As mentioned earlier, in this set of studies a global cerebral ischemia protocoll was 

applied with bilateral common carotid artery occlusion accompanied with mean arterial 

blood pressure reduction to 40mmHg for 30 min followed by 30 min reperfusion. BBB 

permeability was measured in reperfusion. In the cortical tissue, relatively little EB was 

present in the sham operated rats (Fig. 4). However, the amount of EB increased 

dramatically following ischemia/reperfusion in the vehicle treated animals. Similar 
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results were obtained for Na-F (Fig. 5). Similarly to the cortex, EB and Na-F contents 

increased in the hippocampus following ischemia from levels observed in sham animals 

(438.9 ± 105.3 vs. 107.6 ± 14.4 ng/mg for EB and 850.3 ± 60.5 vs. 447.6 ± 31.2 ng/mg 

for Na-F).  

 

 

Fig. 4.: Evans Blue content in the cerebral cortical tissue after sham operation and 

following ischemia/reperfusion in vehicle or diazoxide pretreated animals. Data are 

shown as mean±SEM, * p<0.05 compared to the vehicle treatment; ##<0.001, #<0.05 

compared with sham. 
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4.2.2.1.  Effect of diazoxide preconditioning on the BBB permeability  

Diazoxide administration reduced the amount of the extravasated EB in a dose-dependent 

manner (Fig. 4). Qualitatively similar results were obtained for Na-F, but the magnitude 

of the effects of diazoxide was not as great as with the EB, in spite of the statistically 

significant difference (Fig. 5). In the hippocampus diazoxide, even at the highest 

concentration, did not significantly reduce levels of either dye (419.9 ± 154.9, 321.7 ± 

153.9 and 379.4 ± 92.8 ng/mg for EB at 6, 20 and 40 mg/kg diazoxide doses and 867.7 ± 

103.4, 840.7 ± 87.1 and 804.7 ± 48.1 ng/mg for Na-F respectively). 5-HD, a mitoKATP 

channel blocker, administered before diazoxide treatment failed to increase either EB or 

Na-F permeability in the cortex (Fig. 6). 

 

 
 

Fig. 5.: Sodium fluorescein content in the cerebral cortical tissue after sham operation 

and following ischemia/reperfusion in vehicle or diazoxide pretreated animals. Data are 

shown as mean±SEM, * p<0.05 compared to the vehicle treatment. All groups are 

significantly different from the sham group, p<0.001. 
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Fig. 6.: Evans Blue and sodium fluorescein concentrations in the cerebral cortex after 

ischemia/reperfusion. Pretreatment with diazoxide (40mg/kg) or diazoxide (40mg/kg) 

following 5-hydroxydecanoic acid(5-HD) (40mg/kg or 100mg/kg). Data are shown as 

mean±SEM. All groups are significantly different from the sham operated group, 

p≤0.001. 

 

4.2.3. Less severe global cerebral ischemia/reperfusion 

The severity of ischemia was reduced in these sets of experiments and we were 

able to measure BBB permeabiltiy alterations in late reperfusion as well. Bilateral 

common carotid artery occlusion was accompanied with a blood pressure reduction to 45-

50 mmHg for 20 min, thereafter BBB permeability of the cortex was assessed at different 

reperfusion times by the amount of extravasated EB and Na-F dyes during a 30 min 

period at the end of the given reperfusion. EB extravasation showed a tendency towards 

higher values at 40min reperfusion although the difference was not significant in this 

case. However, extravasation of EB measured at 24 and 48h after ischemia/reperfusion 

increased dramatically compared to the sham operated animals (Fig. 7). Na-F 
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extravasation was higher in all examined reperfusion time points and showed an increase 

with the elapsed time (Fig. 8). 

4.2.3.1. Effect of PARP inhibition on the BBB permeability 

PJ34 treatment in our less severe global cerebral ischemia/reperfusion protocoll 

significantly lowered EB extravasation in the 48h group (Fig. 7). Pre-treatment with PJ34 

significantly decreased Na-F permeability 48h after reperfusion and post-treatment with 

PJ34 resulted in a significant reduction of the Na-F permeability 24 hours after 

reperfusion as well (Fig. 8). At 40min the permeability of the barrier in the cortex was 

almost identical in the saline and PJ34 treated groups. 

 

Fig. 7.: Evans Blue content in the cerebral cortical tissue after sham operation and 

40min, 24h and 48h after reperfusion following the less severe global cerebral ischemia, 

in saline treated, PJ34 pre-treated and PJ34 post-treated animals. Data are shown as 

mean±SEM, *: p<0.05 compared to saline treatment in the same reperfusion group; #: 

p<0.05 compared to the Evans Blue content of the sham operated rats. Number of 

animals in the different groups: sham(n=9), 40min(n=8-9), 24h(n=15-17), 48h(n=12-

12). 
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Fig. 8.: Na-fluorescein content in the cerebral cortical tissue after sham operation and 

following 40min, 24h and 48h reperfusion after the less severe global cerebral ischemia 

in saline treated, PJ34 pre-treated and PJ34 post-treated animals. Data are shown as 

mean±SEM, *: p<0.05 compared to the saline treatment at the same time of reperfusion; 

#: p<0.05 compared to the Na-fluorescein content of the sham animals. Number of 

animals in the different groups: sham(n=9), 40min(n=8-9), 24h(n=15-17), 48h(n=12-

12). 

 

4.3. Water content 

4.3.1.    Severe global cerebral ischemia/reperfusion, diazoxide preconditioning 

After ischemia/reperfusion, the water content of the cortical brain tissue elevated both in 

the vehicle and diazoxide-treated animals. However, diazoxide pretreatment significantly 

decreased the cortical edema (Fig. 9). 
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 Fig. 9.: Water content of cortical brain tissue in the sham, vehicle pretreated or 20mg/kg 

diazoxide pretreated ischemic groups. Water content is given as percentage of the wet 

weight. Data are shown as mean±SEM, * p<0.05 compared to the vehicle treated 

ischemic group. Cerebrocortical water content of both ischemic groups are significantly 

different from that of the sham group, p<0.001. 

 

4.3.2.    Less severe global cerebral ischemia/reperfusion, PARP inhibition 

After I/R, there was no statistically significant difference in the brain water content to the 

sham animals at 24h. However, the water content of the brains was elevated after 48h 

reperfusion. In the PJ34 pre-treated animals the water content increase was significantly 

smaller after 48h reperfusion (Fig. 10). 
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Fig. 10.: Water content of the brains in the sham, 24h and 48h reperfusion groups after 

the less severe ischemia. Water content given as percentage of the wet weight. Data are 

shown as mean±SEM, * p<0.05 compared to the saline treatment in the same reperfusion 

group; #: p<0.05 compared to sham. Number of animals in the different groups: 

sham(n=5), 24h(n=5-6), 48h(n=6-8). 

 

4.4. Expression of junctional proteins 

4.4.1.   Hemorrhagic shock 

The finding that the permeability of the BBB increases for tracers of low-molecular 

weight markers during the decompensated phase of the shock led us to study the 

expression of junctional proteins by Western blot analysis in brain capillaries isolated 

from experimental animals. Our results show that the expression of the transmembrane 

tight junction protein occludin is reduced in response to hemorrhagic shock, and the 

decrease of occludin is more pronounced in the decompensated phase. A similar 
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expression pattern is shown by the transmembrane AJ protein cadherin as well. However, 

no changes in the expression of the AJ protein β-catenin could be observed (Fig. 11).  

 

Fig. 11.: Western blot analysis of the expression of occludin, cadherin, and β-catenin in 

isolated brain microvessels in response to compensated and decompensated hemorrhagic 

shock. One representative of four independent experiments is shown. Densitometrical 

analysis of four independent experiments. *p < 0.05 compared to controls. 

 

Our results obtained by Western blot analysis of the expression of occludin in isolated 

brain microvessels were confirmed by immunofluorescent studies. The characteristic 

continuous vascular staining observed in the control animals became disrupted after 

decompensated hemorrhagic shock (Fig. 12). 
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Fig. 12.: Immunofluorescent localization of occludin in response to decompensated 

hemorrhagic shock. Arrows indicate the discontinuous occludin staining. Bar = 50 μm. 

 

 

4.4.2. Less severe global cerebral ischemia/reperfusion 

We tried to reveal possible structural alterations of the barrier in reperfusion as well, 

leading to the permeability increase. On the basis of our previous study in hemorrhagic 

shock, in concert with the findings of others, we determined the occludin content of the 

cortex at different reperfusion time points. 

The amount of the endothelial tight junction protein occludin did not change at 40min 

reperfusion but significantly decreased to less than half of the original amount at 24h 

reperfusion and was still lower at 48h reperfusion (Fig. 13a). The occludin content 

correlated well with EB and Na-F extravasation at 48h reperfusion (r: -0.718, p= 0.02 and 

r: -0.689; p= 0.03). 
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4.4.2.1. Effect of PARP inhibition on reperfusional occludin expression 

 

Pre-treatment with PJ34 resulted in a trend for higher occludin content at 24h (not 

significant), but on the second day the occludin content was significantly higher in the 

drug treated animals. The post-treatment protocol protected against the loss of occludin at 

24h reperfusion (Fig. 13a, b and c).  
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Fig. 13.: a) Densitometric analysis of the 65kDa occludin band from Western-blots of 

cortical samples of the sham, 40min, 24h and 48h reperfusion groups after the less severe 

cerebral ischemia in saline or PJ34 treated animals. The densities are expressed as a 

relative value compared to the average density measured in the sham cortices. Data are 

normalized to β-aktin for the individual animals. Data are shown as mean±SEM, * 

p<0.05 compared with saline treatment in the same reperfusion group; #: p<0.05 

compared with sham. Sham(n=6), 40min(n=8-9), 24h(n=10-10), 48h(n=10-10). 

Representative gels from the 24h (b) and 48h (c) reperfusion groups. S:sham, prePJ: 

PJ34 pre-treatment, postPJ: PJ34 post-treatment. 

 

 

 

 

In the 24h reperfusion group there was a prominent band on the Western-blots detected at 

~25 kDa which was inversely related to the occludin band located at ~65 kDa (r: -0.537; 

p= 0.0022) (Fig. 14).  
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Fig. 14.: Relationship between the optical densities of the 65 and 25kDa bands on the 

Western-blots for occludin in the 24h reperfusion group. The densities are expressed as a 

relative value compared to the average density of the bands from the sham animals. Data 

are normalized to β-aktin for the individual animals. r=-0.537, p<0.05. 

 

 

The amount of the 25 kDa protein was elevated only at 24h reperfusion in the saline and 

PJ34 pre-treated groups (3.1±0.41 vs. 3.0±0.23 times increase in optical density 

compared to sham, p<0.05), but the PJ34 post-treatment protocol significantly decreased 

its amount (1.8±0.22, p<0.05 compared to saline treatment). 

 

4.5. Mitochondrial membrane potential in cultured endothelial cells  

We have hypothesized, that preconditioning of the endothelial cells by diazoxide may 

result in the protection of the BBB. Direct effects of diazoxide on the cerebral endothelial 

cells, however, have not yet been demonstrated.  
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Diazoxide depolarizes the mitochondria of cells sensitive to its effect. TMRE is a 

fluorescent dye and the intensity of its fluorescence is proportional to the mitochondrial 

membrane potential. Fluorescent intensity at the starting point was regarded as 100%. 

250 μM diazoxide resulted in a significant reduction of the mitochondrial membrane 

potential in cultured primary rat endothelial cells (Fig. 15). 

 

Fig. 15.: Effect of diazoxide on mitochondrial membrane potential in cultured rat 

cerebral endothelial cells. Representative confocal images showing 

tetramethylrhodamine ethyl ester (TMRE) fluorescence in cultured rat cerebral 

endothelial cells treated with vehicle or diazoxide (250μM). The graph demonstrates 

TMRE fluorescence in cultured rat cerebral endothelial cells measured by a confocal 

microscope after exposure to vehicle or 250 M diazoxide. Mean pixel light intensity in 

stohastically chosen cellular fields is shown. Numbers on the horizontal axis indicate the 

elapsed time after diazoxide application. Data are shown as mean±SEM, the 

corresponding values of each time point were significantly different from each other from 

20 s till the end of the experiment (5 min).  
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4.6.    Myeloperoxidase levels  

The enzym MPO is found within the azurophylic granules of neutrophil leukocytes and 

MPO activity assay is a reliable method to estimate neutrophil infiltration. We measured 

cerebral MPO activity in reperfusion after the less severe ischemia and following PARP 

inhibition, which is known to have anti-inflammatory properties. At 40min reperfusion 

there were no MPO activity changes. The MPO activity was significantly elevated in the 

saline treated ischemic animals at 24 and 48h of reperfusion. While the reduction in MPO 

at 24h for both pre- and post-ischemia treatment was not statistically significant, pre-

treatment with PJ34 signficantly reduced MPO to near baseline values at 48h reperfusion 

(Fig. 16). 

 

Fig. 16.: MPO activity in the cortices after the less severe global cerebral ischemia in 

relation to the average MPO activity measured in the sham operated rats. The MPO 

activity was measured 40min, 24h and 48h after the start of reperfusion in saline and 

PJ34 pre- and post-treated animals. Data are shown as mean±SEM, *: p<0.05 compared 

with saline treatment in the same reperfusion group; #: p<0.05 compared with sham. 
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Number of animals in the different groups: sham(n=9), 40min(n=8-9), 24h(n=15-17), 

48h(n=12-12). 

 

In saline treated rats MPO activity correlated well with the extravasation of EB 

(Fig. 17) and Na-F (Fig. 18) at both 24h (r: 0.668, p= 0.003 and r: 0.650, p= 0.005) and 

48h reperfusion (r: 0.833, p:< 0.001 and r: 0.902, p< 0.001). Occludin content was in 

inverse relation to MPO activity at 48h as well (r: -0.656; p=0.04). 

 

 

Fig. 17.: Correlation of Evans Blue content and relative MPO activity in the cortical 

samples of saline treated rats after 24h and 48h reperfusion. r24h=0.668 and r48h=0.833., 

p<0.05 in each cases  

 

Fig. 18.: Correlation of Na-fluorescein content and relative MPO activity in the cortical 

samples of saline treated rats after 24h and 48h reperfusion. r24h=0.650 and r48h=0.902, 

p<0.05 in each cases 
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4.7.   Real-Time PCR 

In our less severe global cerebral ischemia/reperfusion experiments we checked 

the transcription of the endothelial adhesion molecule ICAM-1 in the cortex. ICAM-1 is a 

transmembrane protein and mediates leukocyte adhesion to and emigration through the 

vascular wall (Danton and Dietrich 2003). The transcription of the endothelial adhesion 

molecule ICAM-1 markedly increased at 24 and 48h after the start of reperfusion in the 

cortical samples compared to the sham operated animals. PJ34 pre-treatment decreased 

the changes at both time points (Fig. 19). ICAM-1 transcriptional activity correlated with 

MPO activity at 48h reperfusion in the saline treated rats (r: 0.596, p= 0.04) but not at 

24h.  
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Fig. 19.: Amount of the mRNA of the endothelial adhesion molecule, ICAM-1 found in 

the cortices after 40min, 24h and 48h reperfusion after the less severe ischemia in saline 

and PJ34 pre-treated animals. The RNA content is expressed in relation to the average 

RNA amount expressed in the sham cortices. Data are shown as mean±SEM, * p<0.05 

compared with saline treatment in the same reperfusion group; #: p<0.05 compared with 

sham. Sham(n=4), 40min(n=6-6), 24h(n=12-12), 48h(n=12-12) 
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5. Discussion 

 

The most important function of the BBB is to protect the fragile physiological 

equilibrium of the brain from blood-borne substances and to ensure the supply of 

nutrients via specific transport systems. These functions may be compromised under 

pathological conditions.  

Since disruption of the BBB can be a relatively major part of the pathology of cerebral 

ischemia, we examined the possibility of such BBB changes during different phases of 

the progrediating experimental hemorrhagic shock and in reperfusion following global 

cerebral ischemia.  

Disruption of the BBB causes extravasation of albumin and other high molecular weight 

compounds ( Maeda et al. 1992; Kitagawa et al. 1992; Fagan et al. 2004), and passage of 

low molecular weight substances is increased as well (Nakagawa et al. 1990). We used 

two dyes for evaluating the properties of the BBB. EB, which binds to albumin in the 

blood (molecular weight: 67000 Da) and Na-F (molecular weight: 376 Da).  

In our hemorrhagic shock model, using the standardized withdrawal of blood, MAP was 

kept constantly at 40 mmHg after the beginning of hemorrhage. Regional blood flow 

changes of the parietal cortex were followed by laser-Doppler flowmetry during the 

whole course of hemorrhage. LD flux values decreased significantly to approximately 

75% of the pre-bleeding steady state value during the compensated phase, and to 65% 

during the decompensated phase of the hemorrhagic shock. The relative flow values 

obtained by the laser-Doppler flowmetry in the present study are in good accordance with 

the absolute flow values determined previously by the H2 gas clearance method under 

similar conditions (Komjáti et al. 1997).  

In the compensated phase of the shock, there were no significant changes in the 

permeability of the BBB either for the low-molecular weight marker or for the high-

molecular weight marker. However, during decompensated shock, an increase of the 

permeability for sodium fluorescein was detected. This increase of the permeability was 

observed in all brain regions studied.  
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In reperfusion after cerebral ischemia BBB opens in a biphasic fashion. There is an early 

phase of the opening, just after the start of reperfusion, followed by an intermediate 

period and a second, re-opening phase, 6-24h after the start of reperfusion. The biphasic 

opening is observed for small as well as for large molecular weight tracers ( Pluta et al. 

1994; Haqqani et al. 2005;). In our severe global cerebral ischemia studies we focused on 

the early period of BBB disruption after global cerebral ischemia because the survival 

time was not enough for the late testing. We found significant opening of the barrier for 

the low (Na-F) as well as for the high (EB-albumin) molecular weight markers in early 

reperfusion as it was found in similar studies.  

In the less severe global cerebral ischemia/reperfusion experiments the depth of the 

ischemia was reduced, allowing the evaluation of the effects of longer reperfusion 

periods. We found increased extravasation for Na-F at 40min in early reperfusion, similar 

to our previous study, but the magnitude of this permeability increase seemed less than 

what we saw after the more severe ischemia and the increase in EB extravasation did not 

even reach statistical sigificance. However, there was a more pronounced BBB opening 

following 24h and 48h reperfusion for both dyes. Interestingly, Na-F permeability 

increased from 24h to 48h but EB did not, emphasizing further the possible differences in 

the opening mechanisms of the barrier for the different tracers. 

One of the most important consequence of BBB opening in central nervous system 

pathologies is the evaluation of vasogenic edema and the resultant brain swelling. 

Although, cytotoxic edema due to the swelling of cellular elements contributes to the 

total brain edema as well. In severe global cerebral ischemia we found brain edema after 

early reperfusion. In the less severe ischemia, serious brain swelling was observed only 

after 48h reperfusion. The mass effect of the extravasated water results in increased 

intracranial pressure, which decreases cerebral perfusion and results in brain herniation, 

leading to death. In our less severe ischemia protocol mortality was observed only 

between 24h and 48h reperfusion suggesting the role of the increasing edema in the death 

of the animals.  

The leakage of the macromolecules may happen through pinocytotic vesicles, which can 

be seen in increased number in brain endothelial cells following ischemia, but they can 

diffuse through the damaged interendothelial clefts and endothelial cells as well 
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(Dietrich et al. 1991). Small molecules such as Na-F may pass through the entire 

interendothelial cleft, on the paracellular route into the extracellular space (Nakagawa et 

al. 1990; Pluta et al. 1994). The significantly increased extravasation of the low-

molecular weight tracer during the decompensated phase of shock indicated that the 

permeability increase occured most likely via increased paracellular diffusion between 

brain microvascular endothelial cells. This suggests a dysfunction of the interendothelial 

junctional complex. To investigate the possible role of junctional proteins in the BBB 

damage elicited by cerebral hypoperfusion disorders, we performed Western blot analysis 

of junctional proteins. A significant change in the expression of the transmembrane TJ 

protein occludin and AJ protein cadherin was detected in hemorrhagic shock. Based on 

these results, we tested occludin levels in our less severe global cerebral 

ischemia/reperfusion model as well, to reveal possible morphological explanations in the 

observed permeability increase of the BBB. Expression of occludin in the reperfused 

cortices was significantly lower at 24 and 48h compared to the sham animals.  

These findings are in line with previous results showing that TJ proteins of cerebral 

microvessels are down-regulated in response to different pathological conditions such as 

inflammatory pain, an increase in osmotic pressure, and hypoxia/aglycemia (Brown and 

Davis 2005). Occludin (~65kDa) is believed to be directly involved in the barrier 

function. Its protein level has been shown to be an appropriate marker for the 

permeability properties of endothelial cells in vitro and in vivo (Wachtel et al. 1999; 

Koedel et al. 2002; Romero et al. 2003). The mechanisms of occludin down-regulation 

under these pathological conditions are poorly understood. Occludin can be degraded 

through proteosomal mechanisms, internalization or through proteolysis (Giebel et al. 

2005).  

Nevertheless, occludin content was not smaller in early reperfusion following global 

cerebral ischemia in spite of the increased Na-F permeability. However, not only 

quantitative changes, but functional alterations can alter BBB properties, like for example 

the phosphorilation of occludin on tyrosin residues in reperfused brains, which causes 

BBB leakage (Takenaga et al. 2009) and of course other elements of the BBB can be 

damaged as well. An important contributor to BBB damage in reperfusion is the 

proteolytic degradation of basal lamina proteins by activated proteinases shown in several 
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publications (Hammann et al. 2004, Trinkl et al. 2006). In addition to occludin, the drop 

in the level of cadherin, the principal transmembrane protein of the AJ, could further 

contribute to the dysfunction of the junctional complex, which was not investigated in our 

global cerebral ischemia experiment, but we detected in hemorrhagic shock.  

In summary, we demonstrated that the decompensated phase of hemorrhagic shock is 

associated with disturbances of the BBB. The permeability of the BBB increases for 

small molecules, which suggests the opening of the paracellular route. This is supported 

further by our findings that the interendothelial junctions are affected, the levels of the 

tight junction protein, occludin and the adherens junction protein cadherin are decreased.   

We found increased BBB permeability in early and late reperfusion after global cerebral 

ischemia for low and high molecular weight compounds and showed the loss of occludin 

in late reperfusion as well. We found the evolution of serious brain swelling in 

reperfusion after global cerebral ischemia, developing earlier in severe and later in less 

severe ischemia.  

Our next purpose was to test possible protective mechanisms against I/R injury induced 

BBB opening. First, we intended to examine the effect of diazoxide induced 

preconditioning. Ischemic preconditioning, a brief exposure to ischemia before a 

subsequent, long period of injurious ischemia, is a powerful method to provide robust 

protection for cells. After preconditioning, tolerance can be observed within 2–3 h (acute) 

or between 24–72 h (delayed tolerance) after the initial conditioning injury (Bolli 2000). 

From a clinical point of view, delayed preconditioning may have additional therapeutic 

benefits because of its greater window of opportunity. Although the concept of 

preconditioning has been widely studied, little attention has focused on the effects of 

preconditioning on BBB disruption. Masada reported BBB protection and decreased 

brain edema formation in permanent MCAO in rats after preconditioning with a brief 

period of ischemia 3 days before the injurious ischemia (Masada et al. 2001), and Ikeda 

showed decreased IgG extravasation after hypoxia–ischemia in newborn rats following 

heat preconditioning (Ikeda et al. 1999).,  The mitoKATP channel opener diazoxide was 

extensively used to exert acute tolerance against ischemia in the heart and in the brain ( 

Garlid et al. 1997; Domoki et al. 1999; Rajapakse et al. 2002; Shimizu et al. 2002; 

Szewczyk and Wojtczak 2002). Moreover, it has been reported to exert delayed 
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protective effects against I/R in heart (Ockaili et al. 1999; Wang et al. 2004) as well as in 

neurons and astrocytes (Kis et al. 2003; Rajapakse et al. 2003; Nagy et al. 2004). In our 

study, we investigated whether pretreatment with diazoxide could elicit delayed 

protection against I/R-induced BBB disruption. Diazoxide pretreatment at the two highest 

doses decreased EB leakage in early reperfusion after severe global cerebral ischemia, 

showing that the BBB was less permeable to albumin after preconditioning. The decrease 

in Na-F permeability was more subtle, perhaps reflecting again the known differences in 

movement of the two dyes through the BBB and different degrees of protection. A major 

concern about diazoxide is that, in addition to its potential effects on the mitoKATP 

channel, diazoxide also inhibits succinate dehydrogenase. Thus, it has been difficult to 

define precisely the role of mitoKATP channel activation and to separate these effects from 

events subsequent to succinate dehydrogenase inhibition. In previous studies, we have 

found that 3-nitropropionic acid (3-NPA), a specific inhibitor of SDH, also protected 

neurons both in vivo (Horiguchi et al. 2003) and in vitro (Kis et al. 2003). To clarify this 

issue, we used the putative mitoKATP channel blocker, 5-HD (Garlid et al. 1997), but, it 

did not inhibit the protective effect of diazoxide in our experiments. However, in contrast 

to previous implications that 5-HD is a selective mitoKATP channel blocker, recent studies 

suggest that 5-HD should no longer be considered as a suitable pharmacological tool to 

selectively inhibit the mitoKATP channels  (Hanley et al. 2003). In this context, it is not 

surprising that 5-HD did not inhibit the BBB protective effect of diazoxide in our 

experiments. We have not investigated the origin of the preconditioning effect of 

diazoxide further. However, there are other potential candidates than the mitoKATP 

channel. For example, in neuronal cell culture similar delayed protection was observed 

against oxygen-glucose deprivation after diazoxide preconditioning, which was attributed 

to superoxide generation and protein kinase C activation (Kis et al. 2003). Although the 

mechanism of protection remains to be elucidated, according to our inquiry, this would 

be the first evidence of BBB tolerance against I/R induced by pharmacological 

preconditioning. In addition, our treatment could attenuate the edema formation in the 

cortex as well, which may be partly due to the decreased extravasation of proteins, but as 

mentioned earlier, because in ischemic brain edema both cytotoxic and vasogenic edema 

are involved, effects on cellular functions can not be excluded. In in vitro, we 
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investigated whether the mitochondria of primary cerebral endothelial cells can be 

depolarized by diazoxide. Endothelial effects of diazoxide on the cerebrovasculature have 

been shown recently. Application of diazoxide before ischemia preserved endothelium-

dependent (hypercapnia) but not independent (iloprost) cerebrovascular dilator responses 

following I/R in newborn pigs (Domoki et al. 2005). The cerebral endothelial cells have a 

very important role in the establishment and maintenance of the BBB as well. In 

cooperation with other cell types, principally with the astrocytes, they are responsible for 

the distinct barrier properties of the cerebrovascular bed (Rubin and Staddon 1999). The 

astrocytes are already proved to be capable of showing ischemic tolerance upon 

diazoxide preconditioning (Rajapakse et al. 2003). One of our important new finding is 

that diazoxide affects mitochondrial membrane potential in the cerebral endothelial cells. 

This observation raises the possibility of direct endothelial protection in the 

cerebrovascular bed by diazoxide preconditioning. This is in good agreement with recent 

findings that primary brain endothelial cells can be preconditioned by short duration 

oxygen-glucose deprivation (Andjelkovic et al. 2003). The direct endothelial protection 

could be especially important in regard to the BBB in the light of new findings that intact 

cerebral endothelial cells can establish a functioning barrier even after selective astrocytic 

damage in vivo (Willis et al. 2004). Cerebral endothelial protection may affect ischemic 

brain damage in several ways, in addition to reduced BBB damage and edema formation. 

For example, favourable postischemic outcome may be due to inhibition of hemorrhagic 

transformation, reduced postischemic inflammation and/or alterations in the release of 

vasoactive substances (Andjelkovic et al. 2003; Moroni 2009).  

In conclusion, delayed preconditioning with diazoxide reduced BBB damage and brain 

edema formation following I/R. Cerebrovascular endothelial cells are susceptible to the 

effects of diazoxide and may be targets of preconditioning.  

 Next we have investigated the contribution of the nuclear enzym PARP to the BBB 

damage, seen during reperfusion after the less severe ischemia. We have applied the 

selective PARP inhibitor PJ34 versus saline and checked the functional and structural 

changes at the three time points (40min, 24h, 48h) after reperfusion. Treatment with PJ34 

had no effect on the extravasation of either dye at 40min reperfusion. There was a 

tendency to lower the values of the extravasation at 24h, but the changes were not 
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significant at this time point. It was an important finding, however, that inhibition of the 

PARP enzyme with this blocking agent resulted in a significant decrease of the BBB 

permeability for both tracers at 48h.  

The characteristic feature of the early phase of reperfusion is the rapid production of free 

radicals. Superoxide generation peaks immediately after reperfusion and subsides during 

the next 2 hours (Fagan et al. 2004). Free radical scavengers like SOD or catalase could 

partially diminish the BBB opening during this period ( Zuckerman et al. 1994; Fagan et 

al. 2004). However PARP activation is a downstream event of free radical production, so 

its inhibition has no effect on radical formation (Koedel et al. 2002). However, other 

factors, like hemodynamic changes, vasoactive substances, and the deterioration of 

cellular metabolism should be taken into consideration as causes of vascular 

pathophysiology as well (Joo 1996; Strbian et al. 2006). Upon metabolic inhibition, the 

electrical resistance of cultured brain endothelial cells decreases rapidly and the 

permeability increases with the decreasing ATP levels ( Olesen 1986; Dehouck et al. 

2002). Overactivation of PARP is known to be capable of decreasing the cellular 

energetics by reducing the NAD
+
 and ATP pool in the process of poly(ADP-ribose) 

production. Evidence demonstrates that inhibition of polyADP-ribosylation in the 

ischemic brain tissue preserves energy dynamics (Chiarugi 2005). PARP inhibition 

protects against the metabolic suppression and death of oxidatively or nitrosatively 

injured endothelial cells as well (Pacher and Szabo 2005). Our hypothesis was that PARP 

inhibition may be protective against the metabolic deterioration of the BBB and thus 

would attenuate the increased permeability in early reperfusion. Supporting this view, a 

close relation to permeability alterations was shown in enterocyte cell monolayers -  a 

model resembling to cerebral endothelial cells in barrier properties  -  where exposure to 

peroxynitrite rapidly induced DNA strand breaks and triggered an energy consuming 

pathway catalyzed by PARP. The consequent reduction of cellular stores of ATP and 

NAD
+
 was associated with the development of hyperpermeability of the epithelial 

monolayer. Pharmacological inhibition of PARP attenuated the decrease in intracellular 

stores of NAD
+
 and ATP and the functional loss of the barrier function (Kennedy et al. 

1998). However, in our case, PARP inhibition had no effect on the early BBB 

permeability increase. Therefore we believe, metabolic impairment of components of the 
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BBB may not have been the decisive factor in the early disturbance or PARP activation 

did not have significant impact on BBB energetics in early time points after I/R.  

The late opening of the barrier at 24h and 48h of reperfusion was more pronounced in our 

experiments and PJ34 pre-treatment could attenuate the changes, suggesting a role for 

PARP activation in this phase. Since pre-treatment with the PARP inhibitor was effective 

at 1-2 days following ischemia, we checked the effectiveness of a post-treatment protocol 

as well. For the post-treatment, PJ34 was given at the start of reperfusion with an 

additional dose administered 6h latter, a dosage that had proved to be effective in other 

experiments (Abdelkarim et al. 2001). EB extravasation seemed to be lower in the post-

treatment group compared to the saline treatment, but the difference was not significant. 

In contrast, the Na-F permeability significantly decreased in the post-treated animals. 

Therefore, we can conclude, that PARP activation during reperfusion significantly 

contributed to the BBB disturbance.  

The brain water content at 24h was not significantly different from control but at 48h the 

water content markedly increased in the saline treated rats. PJ34 pre-treatment resulted in 

significant reduction in edema, although the brain water content was still above sham 

animals. The development of serious edema between 24 and 48h is a good explanation 

for the mortality observed only in the 48h reperfusion groups. 

In the latter phases of I/R induced vascular dysfunction, gene activation plays an 

important role. Proinflammatory genes, transcription factors, are activated in response to 

processes occuring during the acute phase (Fagan et al. 2004). Since inflammation is an 

important mechanism of vascular injury, we checked the neutrophil infiltration in the 

cortices. MPO is an enzyme in the azurophilic granules of neutrophils and the 

measurement of MPO activity has been shown to be a reliable estimate of neutrophil 

infiltration in the brain (Matsuo et al. 1994). The MPO activity in the cortex did not 

increase at 40min, but was significantly higher at 24h and 48h in the saline treated rats. 

At 24h reperfusion in the PJ34 pre- and post-treated animals, the measured mean MPO 

activity was intermediate between the sham and the saline treated animals, but the 

differences were not significant because of the large variability. At 48h the leukocyte 

infiltration of the PJ34 pre-treated rats was significantly lower compared to saline 

treatment. Thus PARP inhibition was accompanied by a reduction of leukocyte 
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infiltration in late reperfusion, an effect possibly responsible for the improved BBB 

function at this time. Leukocyte infiltration is accompanied by increased BBB 

permeability after ischemia/reperfusion (Veldhuis et al. 2003a; Gidday et al. 2005; 

Strbian et al. 2006) and in other inflammatory pathologies of the brain (Koedel et al. 

2002; Veldhuis et al. 2003b). The capability of infiltrated leukocytes to promote tissue 

damage is supported by a study where neutrophil depletion by an anti-neutrophil antibody 

reduced infarct size and brain water content 24h after transient middle cerebral artery 

occlusion (MCAO) (Matsuo et al. 1994). Similarly, in our experiment, the relationship 

between the barrier damage and the infiltrated leukocytes was further strengthened by the 

observed correlation of the extravasated dye contents and the MPO activity in the control 

ischemic cortices at both 24h and 48h. Neutrophil infiltration presumably worsened the 

BBB injury, and so the decreased neutrophil infiltration seen after PARP inhibition could 

have been an important contributor in the vascular protection. PARP inhibition has been 

found to be effective against different types of local inflammation (Mabley et al. 2001), 

neutrophil infiltration after splanchnic, myocardial, and brain ischemia/reperfusion 

(Kaplan et al. 2005; Koh et al. 2005). Strengthening our finding, in a recently published 

study, PJ34, the PARP inhibitor we used, applied in reperfusion reduced inflammation 

after transient bilateral carotid artery occlusion (Kauppinen et al. 2009).  

The mechanisms by which the absence of functional PARP or PARP inhibition protects 

against leukocyte infiltration is thought to be through decreased expression of endothelial 

cell adhesion molecules and proinflammatory cytokines (Mabley et al. 2001). The 

expression of proinflammatory mediators is regulated by redox dependent transcription 

factors like Nf-κB and AP-1. There is strong indication concerning the direct role of 

PARP in Nf-κB and AP-1 dependent transcription. The upregulation of Nf-κB dependent 

inflammatory response genes such as TNFα, IL-6, ICAM-1, P-selectin, iNOS was 

drastically reduced in PARP knock-out mice exposed to inflammatory stimuli (Hassa and 

Hottiger 2002). After ischemia–reperfusion PARP inhibition directly inhibited Nf-κB and 

AP-1 activation and MPO activity decreased as well (Kaplan et al. 2005; Koh et al. 

2005). The PARP inhibitor PJ34 reduced the expression of several proinflammatory 

genes after MCAO  (Park et al. 2004). 
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In our global ischemia model we found maximal expression of the endothelial adhesion 

molecule, ICAM-1 at 24h and PARP inhibition by PJ34 significantly decreased the 

ICAM-1 RNA content in the cortex at both 24h and 48h.  

Therefore, the decreased leukocyte infiltration may have been the cause of the attenuated 

expression of ICAM-1 (and possibly other proinflammatory mediators) after PARP 

inhibition. The detrimental effect of adhesion molecules on stroke outcome has been 

shown by experiments where antibodies, antisense oligonucleotids against ICAM-1, 

given at reperfusion decreased infarct volume and improved neurological outcome 

(Vemuganti et al. 2004).  

In late reperfusion we found diminished amounts of the tight junction protein occludin in 

the cerebral cortex. PJ34 pre-treatment resulted in increased occludin protein content 

after 48h reperfusion and the post-treatment was protective even after 24h compared to 

saline treatment. Thus, the observed changes in occludin expression upon PARP 

inhibition were largely in agreement with the permeability alterations for the dyes at 

given reperfusion times. However, this relationship between occludin and permeability 

does not seem to be true when comparing the 24h and 48h data inside one treatment 

group. Other processes certainly contribute to the BBB derangement and so the overall 

influence of the decreased occludin content can vary with time. However, based on the 

strong relationship of occludin expression and barrier function in different settings ( 

Wachtel et al. 1999; Koedel et al. 2002; Romero et al. 2003)  and our finding of a 

significant correlation of the amount of occludin with the extravasation of both dyes at 

48h, there is a good possibility that the protection against occludin loss is an important 

beneficial factor of PARP inhibition against the permeability increase.  

One possible explanation for the loss of occludin is proteolytic degradation. We believe 

that the 25kDa band that we found at 24h reperfusion may be a degradation product of 

occludin. The densitometric analysis of the 65 and 25kDa bands showed a significant and 

inverse correlation which may suggest a precursor product relationship. We speculate, 

matrix metalloproteinases (MMP) could be a possible candidate for the protein 

degradation. They have been reported to be responsible for occludin proteolysis and loss 

of BBB integrity ( Wachtel et al. 1999; Giebel et al. 2005). Recently, their direct role was 

proved in BBB deterioration, coupled with tight junction protein degradation even after 
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focal I/R (Yang et al. 2006). MMP synthesis is oxidant-dependent and is triggered by the 

activation of redox-sensitive transcription factors like NF-κB and AP-1. PARP activation 

is involved in Nf-κB and AP-1 dependent transcription (Kaplan et al. 2005; Koh et al. 

2005) and inhibition of PARP is accompanied by decreased MMP-9 expression in 

cytokine stimulated microglial cells (Kauppinen and Swanson 2005) as well as after 

cerebral ischemia reperfusion (Koh et al. 2005). Elevation of MMP-9 is temporally and 

spatially correlated with the loss of BBB integrity after stroke and MMP inhibition 

protects the BBB. Post-ischemic MMP-9 expression increases in neurons, glia and 

endothelial cells, but recently, Gidday et al. (2005) proved the importance of leukocyte 

derived MMPs in post-ischemic BBB damage which is in agreement with our finding 

about the remarkable role of neutrophil infiltration on the BBB. While we did not 

measure the activity of MMPs, we speculate, that PJ34 treatment may have been effective 

through their direct or indirect inhibition, the latter by the decreased neutrophil 

infiltration.  

In conclusion, inhibition of PARP decreased the disruption of the BBB after global 

cerebral ischemia in rats. The BBB protection was paralleled by reduced brain edema. 

The possible mechanism of protection is the attenuation of the proinflammatory cascade 

and the resultant decrease in leukocyte infiltration. The improved BBB function is 

partially attributable to the preservation of the TJ protein, occludin, in the reperfused 

tissue.  

Before our study the contribution of PARP activation to BBB damage was shown in 

meningitis, in allergic encephalitis and traumatic brain injury (Koedel et al. 2002; Scott et 

al. 2004, Hoane et al. 2006). Meanwhile an other paper was published, citing our results 

and strengthening our finding about the protective effect of PARP inhibition against 

ischemia induced BBB disruption. In permanent focal ischemia, blocking of PARP 

activity decreased haemorrhagic transformation, an aggravating event in ischemic stroke, 

which can be used as a measure of BBB disturbance. They found diminished MMP-9 

overexpression upon PARP inhibition as well (Haddad et al. 2008). Although the number 

of studies is still small concerning the role of PARP in BBB pathologies, the well known 

role of PARP activation in inflammation, together with the wide range of cerebral 
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diseases with inflammatory pathology, makes PARP inhibition a promising future target 

to improve barrier function in many cases.  
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