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Resumo 

A metanfetamina (MET) é uma droga de abuso psicoestimulante com um 

elevado poder de viciação. A sua popularidade tem crescido por todo o 

mundo, essencialmente devido ao facto de aumentar o estado de alerta, a 

actividade física e diminuir o apetite. Esta droga de abuso é neurotóxica 

causando danos irreversíveis nas células cerebrais, levando por sua vez a 

anomalias neurológicas e psiquiátricas. Estudos recentes demonstraram 

também que a MET é capaz de causar disfunção da barreira 

hematoencefálica (BHE). Devido ao papel crucial que a BHE desempenha 

em manter a homeostase cerebral e proteger o cérebro de substâncias 

tóxicas e organismos patogénicos, a sua disfunção pode ter consequências 

graves. Assim, a ruptura da BHE induzida pela MET tem emergido como 

um outro mecanismo através do qual a MET exerce os seus efeitos 

neurotóxicos. Para tentar compreender melhor os mecanismos através dos 

quais a MET induz disfunção da BHE, administrou-se uma dose aguda 

elevada de MET (30 mg/kg) a murganhos jovens adultos, o que constitui 

um modelo de intoxicação aguda, e os efeitos na permeabilidade da BHE 

foram analisados após 1 h, 24 h ou 72 h da injecção de MET em diferentes 

regiões cerebrais. Observou-se que a MET aumenta a permeabilidade da 

BHE, mas este efeito foi apenas detectado 24 h após a administração e 

apenas no hipocampo, mostrando que este foi um efeito transitório e que o 

hipocampo foi a região cerebral mais susceptível, comparando com o 

córtex frontal e o estriado. Com o objectivo de identificar os mediadores 

celulares envolvidos na disfunção da BHE induzida pela MET, 

investigaram-se possíveis alterações nas proteínas das junções oclusivas e 

na metaloproteinase-9 da matriz (MMP-9). A MET diminuiu os níveis de 
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proteína de zonula occludens (ZO)-1, claudina-5 e ocludina no hipocampo 24 

h após a administração, e aumentou a actividade e a imunoreactividade da 

MMP-9. O pré-tratamento com BB-94 (30 mg/kg), um inibidor das 

MMPs, preveniu o aumento da imunoreactividade da MMP-9 e o 

extravasamento do azul de Evans no hipocampo induzidos pela MET. Em 

conjunto, estes resultados demonstram que a MET aumenta de forma 

transitória a permeabilidade da BHE no hipocampo, o que parece ser 

causado por alterações nas proteínas das junções oclusivas e na MMP-9. 

Para investigar os efeitos directos da MET ao nível da BHE, culturas 

primárias de células endoteliais microvasculares cerebrais (CEMVC) de 

rato foram expostas a MET (1 µM), uma concentração fisiologicamente 

relevante, semelhante à encontrada no plasma sanguíneo de consumidores 

de MET. A permeabilidade a dextranos de massa molecular de 4, 70 e 250 

kDa duplicou em resposta à MET, de forma independente ao seu peso 

molecular. Este aumento na permeabilidade ocorreu sem alterações tanto 

na resistência eléctrica transendotelial como na distribuição das proteínas 

das junções aderentes e oclusivas, nomeadamente da caderina vascular 

endotelial, ocludina, claudina-5 e ZO-1. Além disso, a exposição a MET 

aumentou o transporte vesicular de peroxidase de rábano, mostrando que a 

MET promove o transporte vesicular e não o paracelular em culturas de 

CEMVC de rato. Para além do efeito da MET na permeabilidade endotelial 

a moléculas, a MET também causou um aumento da migração de 

linfócitos-T através de monocamadas de células endoteliais após 30 min e 2 

h. Mais ainda, verificámos que a MET aumentou significativamente a 

activação da sintetase do óxido nítrico endotelial (eNOS) após 30 min. 

Concluímos também que o pré-tratamento das CEMVC com um inibidor 

da NOS, L-NG-Nitroarginina metil ester (L-NAME), preveniu o aumento 
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de permeabilidade e migração de linfócitos induzido pela MET. Em 

conjunto, estes resultados mostram que a MET compromete tanto a 

permeabilidade das células endoteliais a moléculas através da promoção da 

transcitose, como a função de imunidade através do aumento da migração 

de linfócitos. Para além disso, o óxido nítrico derivado da activação da 

eNOS parece ser um mediador chave na resposta da BHE à MET. 
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Abstract 

Methamphetamine (METH) is a psychostimulant drug of abuse highly 

addictive. METH is widely abused for its ability to increase wakefulness 

and physical activity and decrease appetite. This drug of abuse is 

neurotoxic and causes irreversible damage of brain cells leading to 

neurological and psychiatric abnormalities. Recent studies demonstrated 

that METH has the ability to induce blood-brain barrier (BBB) 

dysfunction. Due to the crucial role of BBB in maintaining brain 

homeostasis and protecting the brain from toxic substances and 

pathogenic organisms, its dysfunction can have severe consequences. Thus, 

METH-induced BBB disruption has emerged as another mechanism by 

which METH induces its neurotoxic effects. To better understand the 

cellular mechanisms underlying METH-induced BBB dysfunction, young 

adult mice were administered with an acute high dose of METH (30 

mg/kg), representing an acute intoxication model, and the effects on BBB 

permeability were assessed after 1 h, 24 h or 72 h post-METH injection in 

different brain regions. We observed that METH increased BBB 

permeability, but this effect was detected only at 24 h after administration 

and only in the hippocampus, showing that this was a transitory effect and 

that the hippocampus was the most susceptible brain region to METH, 

comparing to frontal cortex and striatum. In order to identify the key 

players in METH-induced BBB dysfunction, potential alterations in tight 

junction (TJ) proteins and matrix metalloproteinase-9 (MMP-9) were 

analysed. We observed that METH decreased the protein levels of zonula 

occludens (ZO)-1, claudin-5 and occludin in the hippocampus at 24 h 

post-injection, and increased the activity and immunoreactivity of MMP-9. 
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The pre-treatment with BB-94 (30 mg/kg), a MMP inhibitor, prevented 

METH-induced increase in MMP-9 immunoreactivity and Evans blue 

leakage in the hippocampus. Overall, these results demonstrate that 

METH transiently increases the BBB permeability in the hippocampus, 

which seems to be caused by alterations on TJ proteins and MMP-9.  

To investigate the direct effects of METH in the BBB, primary rat brain 

microvascular endothelial cells (BMVECs) were exposed to 1 µM METH, 

a concentration physiologically relevant, i.e. found in the plasma of METH 

abusers. The macromolecular flux of 4, 70 and 250 kDa dextrans across 

the EC monolayers doubled in response to METH, irrespective of the 

tracer size. Interestingly, the increase in the permeability occurred without 

changes in the transendothelial electrical resistance and in the junctional 

distribution of the adherens or tight junction proteins, namely vascular 

endothelial-cadherin, occludin, claudin-5 and ZO-1. In addition, METH 

exposure increased the vesicular uptake of horseradish peroxidase, showing 

that METH promoted vesicular but not junctional transport in primary rat 

BMVECs. Besides the effect of METH on endothelial permeability to 

molecules, METH also enhanced the migration of T-lymphocytes across 

EC monolayers after 30 min or 2 h. We also found that METH 

significantly increased the activation of endothelial nitric oxide synthase 

(eNOS) within 30 min in BMVECs. In addition, the pre-treatment of 

BMVECs with the NOS inhibitor L-NG-Nitroarginine methyl ester (L-

NAME) prevented METH-induced permeability and lymphocyte 

migration. Taken together, these results indicate that METH compromises 

not only the permeability function of endothelial cells to molecules by 

promoting transcytosis, but also the immune function by increasing 
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lymphocyte migration. Moreover, eNOS-derived nitric oxide seems to be a 

key mediator of BBB in response to METH. 
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1.1. Methamphetamine (METH) 

Methamphetamine (METH) is a member of the Amphetamine (AMPH) 

family, a group of synthetic psychomotor stimulants. The AMPH-type 

substances (ATS) comprise the AMPH-group (AMPH, METH and non-

specified AMPH) and the ecstasy-group substances [3,4-

methylenedioxymethamphetamine (MDMA) and its analogues]. METH is 

the most widely manufactured ATS worldwide. The United Nations Office 

on Drugs and Crime estimates that, in 2009, between 13.7 and 56.4 million 

people used AMPH-group substances at least once in the preceding year, 

with a corresponding annual prevalence range of 0.3% to 1.3% of the 

population aged 15 to 64 (UNODC, 2011). METH consumption is 

particularly common in East/South-East Asia, Oceania, North America 

and Central Europe (namely, Czech Republic and Slovakia). METH is 

available in diverse forms and varies in purity, so it can be found in 

powder, tablet, paste or crystalline form. Typical street names for METH 

are “crystal”, “meth”, “speed”, “crank”, and “ice”, among others. The drug 

can be taken orally, snorted, injected intravenously or smoked. At relatively 

low doses, the acute effects of METH include feelings of euphoria, well-

being, alertness, positive mood, behavioural disinhibition, short-term 

improvement in cognitive domains, increased libido and reduced appetite. 

Higher doses of METH may induce acute effects such as anxiety, paranoia, 

hallucinations, aggression, insomnia, tachycardia, hypertension and 

hyperthermia (Cruickshank and Dyer, 2009; Hart et al., 2001; Nordahl et 

al., 2003). The long-term use of METH may lead to non-ischemic 

cardiomyopathy, congestive heart failure, pulmonary hypertension, 

cognitive impairment, and lasting psychosis (Schep et al., 2010). 
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Although METH can be abused, its oral forms are also used for 

therapeutic purposes. Oral METH (Desoxyn, OVATION 

Pharmaceuticals) is approved in the United States of America for the 

treatment of attention-deficit hyperactivity disorder in children and for the 

short-term treatment of obesity (Kish, 2008). 

 

1.1.1. Physico-chemical properties  

METH is part of a class of sympathomimetic drugs denominated 

phenylethylamines, which consist of an aromatic ring with a two-carbon 

side chain leading to a terminal amine group (phenylethylamine structure), 

with attached groups to the amine, the carbons or on the aromatic ring. 

METH possesses a methyl derivative on the alpha carbon of the 

ethylamine side chain and also an additional methyl derivative on the amine 

(Fig. 1.1) (Schep et al., 2010). METH is a small molecule (molecular weight 

of 149.24), and has a relatively high lipophilicity (Schep et al., 2010). There 

are two isomeric forms of METH: (+)-methamphetamine and (–)-

methamphetamine (Fig. 1.1) and their pharmacological profiles are distinct. 

The former enantiomer is the dominant stimulant of central nervous 

system (CNS) and is five times more biologically active than the (–) 

enantiomer (Cho, 1990), which has greater peripheral sympathomimetic 

activity. 
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Fig. 1.1. Chemical structure of phenylethylamine and the stereoisomers of 
methamphetamine (adapted from Schep et al., 2010). 

 

1.1.2. Pharmacokinetics 

METH metabolism occurs predominantly in the liver, mainly involving the 

cytochrome isoenzyme, CYP2D6. In humans, the major metabolic 

pathways are: (i) aromatic hydroxylation, producing 4-

hydroxymethamphetamine, and (ii) N-demethylation to produce AMPH; 

other minor metabolic pathways include (iii) β-hydroxylation to produce 

norephedrine; (iv) oxidative deamination, producing benzyl methyl 

ketoxime; and (v) side chain oxidation to produce benzoic acid (Fig. 1.2) 

(Caldwell et al., 1972; Cruickshank and Dyer, 2009; Lin et al., 1997; Schep 

et al., 2010). Thus, in humans, the major metabolites produced are 4-

hydroxymethamphetamine and AMPH. The metabolites of METH are 

unlikely to contribute significantly to clinical effects. In fact, the plasma 

levels of AMPH arising from the metabolism of 30 mg METH is 
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substantially lower than that of the ingested drug, with peak occurring after 

12 hours, at which time acute effects are minimal (Cook et al., 1993). 

 

Fig. 1.2. Metabolic pathways of methamphetamine. (i) Aromatic 
hydroxylation, (ii) N-demethylation, (iii) β-hydroxylation, (iv) oxidative 
deamination, and (v) side chain oxidation (adapted from Schep et al., 2010). 

 

1.1.3. Molecular pharmacology  

The small molecular size and the lipophilic property of METH enable a 

rapid and extensive transport across the blood-brain barrier (BBB) by 

passive diffusion. Due to chemical structure similarity, METH is an 

indirect agonist at dopamine (DA), noradrenaline (NE) and serotonin (5-

HT) receptors, causing the release of these monoamine neurotransmitters 
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(Fig. 1.3). Thus, METH substitutes for monoamines at membrane-bound 

transporters, namely the DA transporter (DAT), NE transporter (NET), 

serotonin transporter (SERT) and vesicular monoamine transporter-2 

(VMAT-2) (Cruickshank and Dyer, 2009).  

 

 
Fig. 1.3. Chemical structures of methamphetamine and the 
neurotransmitters dopamine, serotonin and noradrenaline. 

 

METH exerts multiple pharmacological effects via different molecular 

processes (Fig. 1.4). METH enters the presynaptic terminals by passive 

diffusion across the lipid membrane and through the DAT, NET and 

SERT (Schep et al., 2010; Sulzer et al., 2005). Within the cytosol, METH 

enters the presynaptic vesicle through VMAT-2, leading to the 

redistribution of the monoamines into the cytosol by reversing the 

function of VMAT-2 and disrupting the pH gradient, which is essential for 

the accumulation of the monoamines into the vesicles (Cruickshank and 
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Dyer, 2009; Sulzer et al., 2005). The increase in the levels of DA, NE and 

5-HT in the cytosol leads in turn to the reverse function of DAT, NET 

and SERT, resulting in the release of monoamines from the cytosol into 

synapses (Fischer and Cho, 1979). The elevated concentrations of 

monoamines within the synapse compete with, and are partially blocked, 

by METH for reuptake through the transporters, thus promoting 

prolonged neuronal activity (Schmitz et al., 2001). In addition, METH also 

decreases the expression of catecholamine transporters at the cell surface, 

increases the activity and expression of the DA-synthesizing enzyme, 

tyrosine hydroxylase, and inhibits the activity of monoamine oxidase, 

attenuating monoamine metabolism (Barr et al., 2006; Cruickshank and 

Dyer, 2009; Schep et al., 2010; Sulzer et al., 2005). With these combined 

mechanisms, METH acts as a highly potent releaser of monoamines, 

mainly DA, from the sympathetic nerve terminals. Major CNS 

dopaminergic (DAergic) circuits include the mesolimbic, mesocortical, and  

nigrostriatal pathways, which are responsible for the emotional motivation 

responses, reward systems, and motor control (Wise, 2004). Noradrenergic 

(NEergic) regions of particular interest include the hippocampus, involved 

in memory consolidation, the prefrontal cortex, which processes cognitive 

functions, and the medial basal forebrain, which mediates arousal (Berridge 

and Waterhouse, 2003). The serotonergic (5-HTergic) neurons are 

involved in the regulation of several functions, like reward, impulsiveness, 

sexual behaviour, higher cognitive functions, anxiety, pain perception, 

hyperthermia and respiration (Hornung, 2003). 
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Fig. 1.4. Mechanisms through which methamphetamine (METH) increases 
dopamine (DA) and other catecholamines release from neuronal terminals 
into the synapse. (i) METH enters the cell by passive diffusion or (ii) via 
membrane-bound DA reuptake transporters. (iii) METH causes the redistribution 
of DA from presynaptic vesicles into the neuronal cytosol and (iv) promotes the 
activity and expression of tyrosine hydroxylase, thereby contributing to elevated 
DA concentrations within the cytosol, (ii) leading to increased movement into the 
synapse via the DA transporter. METH also prolongs monoamine neuronal 
activities by (v) blocking their presynaptic reuptake, decreasing the expression of 
transporters at the cell surface and (vi) inhibiting monoamine oxidase activity. 
Abbreviations: L-DOPA, L-3,4-dihydroxyphenylalanine; MAO, monoamine 
oxidase; VMAT-2, vesicular monoamine transporter-2 (adapted from Schep et al., 
2010).   
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1.1.4. Neurotoxicity of METH 

It is well documented that METH produces long-term damage to DAergic 

and 5-HTergic nerve terminals, such as impairment in the enzyme activity, 

monoamine content, and monoamine transporters (Hotchkiss et al., 1979; 

Wagner et al., 1980). METH produces long-term decreases in the activity 

of tyrosine and tryptophan hydroxylases (DA and 5-HT-synthesising 

enzymes, respectively) (Hotchkiss and Gibb, 1980). Moreover, studies have 

shown that METH induces long-lasting depletions in DA and its 

metabolites, and DA reuptake sites in the striatum, but not in other DA 

rich areas such as the nucleus accumbens and the prefrontal cortex (Eisch 

and Marshall, 1998; Finnegan et al., 1982; Quinton and Yamamoto, 2006; 

Seiden et al., 1976; Wagner et al., 1980). In contrast, METH neurotoxicity 

to 5-HTergic terminals occurred in several brain areas, including prefrontal 

cortex, striatum and hippocampus (Green et al., 1992; Ricaurte et al., 

1980). Several evidences suggest that METH-induced neurotoxicity 

involves the production of reactive oxygen species (ROS) and reactive 

nitrogen species (RNS), leading to oxidative stress (Quinton and 

Yamamoto, 2006). METH also induces brain hyperthermia, which 

contributes for the toxicity to the DAergic and 5-HTergic terminals 

(Kiyatkin, 2005). In addition, there are also pieces of evidence showing 

axonal degeneration after METH administration (Eisch et al., 1998; O'Dell 

and Marshall, 2005; Ricaurte et al., 1982), as well as an increase in the 

reactivity of astrocytes (Miller and O'Callaghan, 1994; Pu et al., 1994; 

Simões et al., 2007), and microglial activation (Sekine et al., 2008; Thomas 

et al., 2004). The excitotoxicity resultant from the increase in the 

extracellular levels of glutamate (Glu) induced by METH has also been 
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implicated in the neurotoxicity of this drug of abuse (Stephans and 

Yamamoto, 1994). Moreover, alterations in energy metabolism via 

mitochondrial function impairment have been suggested to mediate 

METH-induced neurotoxicity (Brown et al., 2005).  

 

1.1.4.1. Oxidative stress 

The production of free radicals and the consequent oxidative stress has 

been pointed as one of the most important causes of METH-induced 

toxicity. This is based on the facts that METH administration leads to the 

production of ROS, RNS and lipid peroxidation products; besides, the 

administration of antioxidants and free radical scavengers attenuates the 

neurotoxic effects induced by METH (Fukami et al., 2004; Quinton and 

Yamamoto, 2006; Wagner et al., 1986; Yamamoto et al., 2010). 

Furthermore, METH decreases the levels of endogenous antioxidants in 

DAergic and 5-THergic terminals (Jayanthi et al., 1998), and oxidative 

stress has also been reported in METH users (Fitzmaurice et al., 2006; 

Mirecki et al., 2004). The excessive intracellular DA concentrations, 

resulting from METH-mediated disruption of vesicular proton gradient 

and vesicular monoamine transport function (Fleckenstein et al., 2007), can 

be oxidized enzymatically and nonenzymatically, leading to the formation 

of reactive dopamine quinones and ROS, thus increasing the oxidative 

stress (Fig. 1.5) (Hanson et al., 2004; Michel and Hefti, 1990; Wrona et al., 

1997). Also, the generation of the highly reactive hydroxyl radicals has 

been reported in rats (Fleckenstein et al., 1997; Giovanni et al., 1995) and 

mice (Imam et al., 2001) administered with METH, demonstrating that 

METH can increase the formation of free radicals in the brain. This drug 
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of abuse also increases the formation of lipid peroxidation products and 

protein oxidation in the striatum of rats (Acikgoz et al., 1998; Gluck et al., 

2001; Yamamoto and Zhu, 1998) and in the striatum and hippocampus of 

mice (Gluck et al., 2001). The neurotoxicity induced by METH can also be 

caused by the production of RNS. In fact, METH increases the levels of 

striatal nitrotyrosine in rodents, an indirect index of nitric oxide (NO) 

synthesis (Quinton and Yamamoto, 2006; Zhu et al., 2009). NO can react 

with superoxide resulting in the formation of the oxidant peroxynitrite 

(Pacher et al., 2007; Radi et al., 1991), which in turn induces the nitration 

of tyrosine residues on various proteins. Moreover, the inhibition of nitric 

oxide synthase (NOS) by 7-nitroindazole and the peroxynitrite 

decomposition catalyst FeTPPS attenuates METH-induced toxicity in the 

mouse striatum (Imam et al., 2000; Itzhak and Ali, 1996). The increase in 

NO and peroxynitrite induced by METH can potentiate the nitration of 

tyrosine residues on various proteins, such as tyrosine or tryptophan 

hydroxylase or monoamine transporters, which are crucial to the correct 

function of DAergic or 5-HTergic terminals (Eyerman and Yamamoto, 

2007; Kuhn et al., 1999; Kuhn and Arthur, 1997; Kuhn and Geddes, 1999; 

Kuhn et al., 2002). In fact, it was shown that METH administration 

induces a rapid nitrosylation of VMAT-2 and a decrease in striatal VMAT-

2 protein levels, and these effects are blocked or attenuated, respectively, 

by the pre-treatment with S-methyl-L-thiocitrulline, a neuronal NOS 

inhibitor (Eyerman and Yamamoto, 2007). So, it is well established that 

protein oxidation and nitration, as well as lipid peroxidation play an 

important role in the toxicity of METH to DAergic or 5-HTergic 

terminals. 
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Fig. 1.5. Mechanisms involved in methamphetamine (METH)-induced 
dopaminergic terminal degeneration and neuronal apoptosis within the 
striatum. After dopamine (DA) release into the cytoplasm by METH, DA rapidly 
auto-oxidizes to form potentially toxic substances, such as DA quinones, 
superoxide radicals, hydroxyl radicals and hydrogen peroxide. The increased 
production of reactive oxygen species can damage lipids, proteins, mitochondrial 
and nuclear DNA, causing the dysfunction of cellular organelles, which can lead to 
terminal degeneration and neuronal apoptosis. Abbreviations: DAT, dopamine 
transporter; DOPAC, 3,4-dihydroxyphenylacetic acid; L-DOPA, L-3,4-
dihydroxyphenylalanine; ER, endoplasmic reticulum; MAO, monoamine oxidase; 
PARP, Poly (ADP-ribose) polymerase; VMAT-2, vesicular monoamine 
transporter-2 (adapted from Krasnova and Cadet, 2009). 
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1.1.4.2. Excitotoxicity  

The excitotoxicity resultant from the increase in the extracellular levels of 

Glu has also been implicated in METH-induced neurotoxicity. The 

excessive extracellular Glu can lead to the overactivation of ionotropic Glu 

receptors [N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methyl-

4-isoxazolepropionic acid receptor (AMPA) and kainate receptors (KA)], 

and group I metabotropic Glu receptors (mGluR1 and mGluR5), resulting 

in the increase of neuronal cytosolic calcium ion (Ca2+). The increased Ca2+ 

levels can lead to the activation of several kinases, proteases, and lipases, 

resulting in the breakdown of cytoskeletal proteins, generation of free 

radicals, and DNA damage, that ultimately can culminate in neuronal death 

(Arundine and Tymianski, 2003; Sattler and Tymianski, 2000). In fact, 

METH administration leads to the increase in the extracellular levels of 

Glu in the striatum and hippocampus (Mark et al., 2004; Rocher and 

Gardier, 2001; Stephans and Yamamoto, 1994). Besides, it was shown that 

the blockade of NMDA Glu receptor attenuated the toxicity to DAergic 

terminals induced by METH (Sonsalla et al., 1989), and the blockade of 

mGluR5 attenuated the DA depletions induced by METH, effect that was 

proven to be independent of the hyperthermic effects of the drug 

(Battaglia et al., 2002). Moreover, METH increases calpain-mediated 

spectrin proteolysis, a cytoskeletal protein, and this effect is blocked by an 

antagonist of AMPA receptors (Staszewski and Yamamoto, 2006). 

The increase of intracellular Ca2+ levels resulting from the excessive 

extracellular Glu, can lead to the formation of ROS and to the increase of 

NO levels via NOS activation, resulting in RNS formation (Kahlert et al., 
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2005; Schmidt et al., 1996). This increase in ROS and RNS can in turn 

aggravate the neurotoxic effects of METH.   

 

1.1.4.3. Hyperthermia 

Brain hyperthermia can occur at normal environment temperatures during 

metabolic neural activation, which is triggered by environmental stimuli, 

and maintained within physiological limits by a compensatory increase in 

heat dissipation to the external environment. However, sometimes it may 

rise to pathological levels (Kiyatkin, 2005). It has been extensively 

described that METH induces hyperthermia, and metabolic neural 

activation seems to be the primary factor for the intra-brain heat 

production (Brown et al., 2003). Prevention of hyperthermia blocked the 

long-term toxicity of METH and prevented ROS formation (Bowyer et al., 

1994; Bowyer et al., 1992; Fleckenstein et al., 1997; LaVoie and Hastings, 

1999; Miller and O'Callaghan, 1994). The increase of brain temperature 

triggered by METH seems to be also correlated with BBB disruption, 

intra-brain water accumulation and shifts in brain ionic homeostasis 

(Kiyatkin et al., 2007; Sharma and Kiyatkin, 2009). Nevertheless, other 

studies demonstrated that some effects of METH are dissociated from 

hyperthermia. For instance, prevention of hyperthermia did not reverse 

METH-induced mitochondrial inhibition (Brown et al., 2005). Moreover, 

inhibition of neuronal NOS protected against METH-induced 

neurotoxicity without affecting the hyperthermic response subsequent to 

METH (Itzhak et al., 2000; Sanchez et al., 2003). Also, potentiation of the 

toxic effect of METH on DA neurons and protective effects of DA uptake 

inhibition were independent of increased temperature (Callahan et al., 
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2001). METH induces DA and tyrosine hydroxylase depletions in 

hypothermic mice, and the blocking of METH neurotoxicity by 

phenobarbital and diazepam occurred without altering the hypothermic 

profile (Bowyer et al., 2001). Additionally, METH-induced damage to DA 

and 5-TH terminals, apoptotic cell death, and reactive gliosis are attenuated 

in interleukin-6 (IL-6) knockout (KO) mice, but animals still develop 

hyperthermia in response to METH (Ladenheim et al., 2000). Similarly, 

KO mice partially deficient of c-Jun are protected against METH-induced 

neuronal apoptosis, which was not dependent on thermoregulation (Deng 

et al., 2002b). These studies demonstrate that brain hyperthermia per se is 

not the only cause of METH-induced toxicity. Although high temperature 

has deleterious effects on neural, glial and endothelial cells, it is also an 

integral physiological index of METH-induced metabolic activation 

(Kiyatkin, 2005), which manifests by an enhancement in oxidative stress 

(Seiden and Sabol, 1996), as well as an increase in arterial blood pressure 

and heart rate (Arora et al., 2001; Yoshida et al., 1993).  

 

1.1.4.4. Mitochondrial dysfunction 

Functional mitochondria are responsible for the maintenance of normal 

cell bioenergetics. Besides the generation of cellular adenosine triphosphate 

(ATP), these organelles also perform critical functions like hosting essential 

biosynthetic pathways, Ca2+ buffering and apoptotic signalling (Tata and 

Yamamoto, 2007). Mitochondrial dysfunction has also been pointed as 

another mechanism by which METH induces its neurotoxic effects. 

METH is a cationic lipophilic molecule, and so it can diffuse into and be 

retained by mitochondria, which can lead eventually to the dissipation of 
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the electrochemical gradient and to the inhibition of ATP synthesis, 

causing energy deficiency and subsequent mitochondrial dysfunction 

(Davidson et al., 2001; Krasnova and Cadet, 2009). Neurotoxic doses of 

METH cause striatal ATP loss that precedes the long-term DA depletions 

in tissue (Chan et al., 1994). Also, METH was shown to decrease the 

activity of complex I (Thrash et al., 2010), complex II (Brown et al., 2005) 

and complex IV of the mitochondrial electron transport chain, which is 

associated with a reduction on ATP stores in the brain (Burrows et al., 

2000). In neuroblastoma cells, METH exposure induces a decrease in 

mitochondrial membrane potential, an increase of ROS production, and 

disturbances in mitochondrial biogenesis (Wu et al., 2007). In addition to 

the involvement of mitochondrial dysfunction in METH-induced terminal 

degeneration, drug-related neuronal apoptosis also involves mitochondria-

dependent death pathways (Deng et al., 2002a; Jayanthi et al., 2001; 

Jayanthi et al., 2004). The release of an essential cofactor of the complex 

IV, the cytochrome c, from dysfunctional mitochondria acts as a pro-

apoptotic factor. In fact, METH-induced cell death involves a cascade, 

which is initiated by the cytochrome c release from mitochondria followed 

by activation of caspases-3 and -9 (Deng et al., 2002a). METH also causes 

an increase in pro-apoptotic proteins, Bax, Bad and Bid, and a decrease in 

anti-apoptotic proteins, namely Bcl-2 and Bcl-XL (Deng et al., 2002a; 

Jayanthi et al., 2001). Such alterations can lead to the formation of 

channels, resulting in mitochondrial membrane potential loss and releasing 

of mitochondrial proteins such as cytochrome c and apoptosis-inducing 

factor (AIF) into the cytosol (Breckenridge and Xue, 2004). 
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1.1.4.5. Neuroinflammation 

Microglia are the resident antigen presenting cells in the CNS, and under 

conditions of insult or disease become activated and migrate to the sites of 

injury (Streit, 2002). When activated, these immune-like cells secrete a 

variety of reactant species, including proinflammatory cytokines, 

prostaglandins, superoxide, and NO, which can cause injury to the 

neuronal tissue (Hanisch, 2002; Kreutzberg, 1996). Microglial activation 

has been detected in the brain of human METH abusers (Sekine et al., 

2008). Also, in rodents, METH administration stimulates microglia 

activation in the striatum (LaVoie et al., 2004; Thomas et al., 2004), cortex 

and hippocampus (Escubedo et al., 1998; Gonçalves et al., 2010; 

Kuczenski et al., 2007). The activation of microglia was shown to precede 

the robust expression of DAergic axonal pathology in the rat striatum after 

METH administration (LaVoie et al., 2004), and a single high dose of 

METH induced microglial activation in the mice hippocampus, also 

accompanied by neuronal dysfunction (Gonçalves et al., 2010). These cells 

might be involved in METH-induced neurotoxicity via increase in the 

release of cytokines such as IL-1β, IL-6, and tumour necrosis factor-α 

(TNF-α), which in turn initiate and promote neuroinflammation (Stoll and 

Jander, 1999; Streit et al., 1999). In fact, mice administered with a single 

dose of METH showed an increase in mRNA levels of IL-1α, IL-6 and 

TNF-α in the brain (Gonçalves et al., 2008; Sriram et al., 2006). 

Additionally, KO mice for IL-6 showed protection against METH-induced 

toxicity to DAergic and 5-HTergic neurons (Ladenheim et al., 2000), 

demonstrating the importance of cytokines in mediating METH toxicity. 

Despite the correlation between microglial response and METH-induced 
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neurotoxicity, studies using anti-inflammatory drugs to block METH 

toxicity are controversial. Although the nonsteroidal anti-inflammatory 

drug ketoprofen was shown to attenuate METH-induced decreases in 

striatal DAT and microglial activation (Asanuma et al., 2003), other study 

showed that this drug had no effect in blocking METH-induced decreases 

in striatal DA content (Thomas and Kuhn, 2005b). Similarly, minocycline 

was able to attenuate METH-induced microglial activation but failed to 

block METH-induced increases in TNF-α or striatal DA toxicity (Sriram et 

al., 2006). Also, the pretreatment with indomethacin prevented METH-

induced glia activation, as well as the increase in both TNF-α and TNF 

receptor 1 protein levels, and the decrease in neuronal-specific class III 

beta-tubulin protein levels in the hippocampus (Gonçalves et al., 2010). 

Astrocytes, the major glial components of the CNS, play an important role 

in rescuing neurons in the injury area and in clearing up excessive Glu at 

the synaptic level. However, they can also play a role in the pathogenesis of 

several CNS diseases (De Keyser et al., 2008), as well as in METH-induced 

neurotoxicity. Reactive astrocytosis was observed in the striatum, cortex 

and hippocampus of rats administered with METH (Pubill et al., 2003). 

Rodents administered with a single high dose of METH also showed an 

increase in astrocyte reactivity in the hippocampus (Gonçalves et al., 2010; 

Simões et al., 2007). Overall, astrocytes can mediate METH-induced 

neurotoxicity through modulation of Glu-mediated excitotoxicity and 

inflammation. In fact, these cells regulate extracellular concentrations of 

Glu mainly by uptake of the neurotransmitter, but, upon activation, the 

intracellular Ca2+ levels increase, leading to the release of Glu by astrocytes 

(Parpura and Haydon, 2000). Under physiological conditions, astrocytes 

may suppress microglial activation by releasing anti-inflammatory cytokines 



Chapter 1 

30 

(Aloisi, 2001; Vincent et al., 1997). Nevertheless, astrocytes can mediate an 

increase in inflammation trough the release of chemokines when 

stimulated by IL-1β and TNF-α (Oh et al., 1999). It is, indeed, the 

crosstalk between the different brain cells, including glial cells and neurons, 

that usually determines the death or survival of neurons after an insult.  

METH consumption can cause neurotoxicity through the mechanisms 

mentioned above. Although each of these mechanisms has a clear role in 

the toxic effects of METH, each process does not occur in isolation. In 

fact, the neurotoxicity induced by this drug is likely to be mediated by the 

convergence of oxidative stress, excitotoxicity, hyperthermia, metabolic 

compromise, and inflammation, among others, which interact with each 

other leading to brain toxicity. 

 

1.2. Blood-brain barrier (BBB) 

The homeostasis of the neural microenvironment is regulated and 

maintained by barrier layers localised at three main interfaces between 

blood and neural tissue or its fluid spaces (Fig. 1.6). In the CNS of mamals, 

the microvascular endothelial cells form the blood-brain barrier (BBB), 

which constitutes the primary interface for the exchanges between the 

blood and the brain (Abbott, 2005). The blood-cerebrospinal fluid barrier 

(BCSFB) is created by the epithelial cells of the choroid plexus facing the 

cerebrospinal fluid (CSF), providing a second interface (Abbott et al., 

2006). Although the choroid plexus epithelium contributes to the 

regulation of brain homeostasis, the endothelium plays a major role in this 

process due to its large surface area (between 12 and 18 m2 in human 
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adult) and short difusion distance between neurons and capillaries (Abbott 

et al., 2010). The arachnoid epithelium, underlying the dura, forms the 

third interface, which constitutes an effective seal between the CNS 

extracellular fluids and that of the rest of the body (Abbott et al., 2010). 

Due to the avascular nature of the arachnoid epithelium and its relatively 

small surface area, the arachnoid barrier does not constitute a significant 

interface for blood-brain exchange (Abbott et al., 2010).  

 

Fig. 1.6. Location of barrier sites in the brain. The barriers in the brain localise 
at three main sites: (A) the arachnoid epithelium, that forms the middle layer of 
the meninges, (B) the brain endothelium forming the blood-brain barrier, and (C) 
the choroid plexus epithelium, which secretes cerebrospinal fluid (CSF) and forms 
the blood-CSF barrier. At each interface, the tight junctions between cells provide 
a physical barrier, reducing flux via the paracellular pathway (adapted from Abbott 
et al., 2006).  
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1.2.1. Functions of the BBB 

The barrier function results from the combination of: (1) physical barrier, 

due to complex tight junctions (TJs) between adjacent endothelial cells 

(ECs) that limit the paracellular flux; (2) transport barrier, due to the 

existence of specific transport systems that regulate the transcellular traffic 

of solutes; and (3) metabolic barrier, given by the presence of extracellular 

and intracellular enzymes responsible for metabolizing molecules in transit 

(Abbott et al., 2010; Abbott et al., 2006).  

The BBB plays several important roles. It supplies the brain with essential 

nutrients, mediates the efflux of several waste products, and protects the 

brain from neurotoxins circulating in the blood (Abbott et al., 2010; 

Abbott et al., 2006). The BBB also provides a combination of specific ion 

channels and transporters that keeps the ionic composition of the 

interstitial fluid optimal for neuronal function, protecting, thus, the brain 

from fluctuations in ionic composition that can occur following exercise or 

a meal, or resulting from several pathological conditions, which would 

disturb the synaptic signalling function (Abbott, 2005). The BBB also helps 

separating the CNS and peripheral nervous system transmitter pools, 

minimising potential “crosstalk” between neurotransmitters used centrally 

and peripherally (Abbott, 2005; Abbott et al., 2010; Bernacki et al., 2008). 

So, the proper function of the BBB is crucial for the optimal neuronal 

function. 
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1.2.2. Neurovascular unit 

The endothelium represents the effective physical, biochemical, and 

metabolic barrier between the blood and the brain. However, its 

specialized phenotype is dependent on interactions between the ECs of the 

microvessels with astrocytes, pericytes, neurons, microglia, and the 

extracellular matrix of the basal lamina (Cardoso et al., 2010; Hawkins and 

Davis, 2005; Hawkins and Egleton, 2008). Altogether these form the 

neurovascular unit (Fig. 1.7). The complex interactions within this unit 

induce, maintain, and regulate the specialized functions of the 

endothelium. 

 
 
Fig. 1.7. Schematic representation of the neurovascular unit composed of 
endothelial cells, basement membrane, astrocytes, pericytes, neurons and 
microglia (adapted from Abbott et al., 2010). 

 

Endothelial cells (ECs) 

The ECs that form the BBB differ from ECs in the rest of the body by (i) 

the absence of fenestrations that is correlated with more extensive TJs, (ii) 
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reduced pinocytic vesicular transport and paracellular diffusion of 

hydrophilic compounds, (iii) a high number of mitochondria, associated 

with a high metabolic activity, and (iv) the polarized expression of 

membrane receptors and transporters which are responsible for the active 

transport of blood-borne nutrients into the brain or the efflux of 

potentially toxic compounds from brain to blood (Petty and Lo, 2002; 

Weiss et al., 2009). The hallmark of BBB endothelium is its highly 

restricted and regulated permeability to plasmatic compounds and ions, 

characterized by a very high transendothelial electrical resistance (TEER) 

(Butt et al., 1990; Petty and Lo, 2002; Weiss et al., 2009). 

 

Pericytes 

Pericytes embrace the abluminal endothelial surface of almost all arterioles, 

venules and capillaries, and their association with blood vessels has been 

suggested to regulate endothelial cell proliferation, survival, migration, 

differentiation, and vascular branching (Lai and Kuo, 2005; Persidsky et al., 

2006). The location of pericytes and the degree of coverage to the vascular 

endothelium differs between microvessel types, and are correlated with the 

degree of tightness of the interendothelial junctions (Cardoso et al., 2010). 

Pericytes have a close physical association with the ECs and communicate 

with each other through gap junctions, TJs, adhesion plaques and soluble 

factors (Cardoso et al., 2010). In addition, the rich expression of a 

contractile protein α-smooth muscle actin in pericytes suggests that they 

may regulate the blood flow (Lai and Kuo, 2005). Pericytes were shown to 

induce up-regulation of the BBB function by significantly reducing the 

paracellular permeability to small molecules in cell monolayers (Dohgu et 
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al., 2005). In addition, pericytes-derived angiopoetin can induce endothelial 

expression of occludin, a component of BBB TJs (Hori et al., 2004). 

Pericytes migrate away from brain microvessels under conditions 

associated with increased BBB permeability such as hypoxia or brain 

trauma (Dore-Duffy et al., 2000; Gonul et al., 2002). Also, the lack of 

pericytes results in endothelial hyperplasia and abnormal vascular 

morphogenesis (Persidsky et al., 2006). These observations suggest that 

pericytes have an important role in the induction and maintenance of 

structural integrity of the BBB. 

 

Astrocytes 

Astrocytes communicate with the other neurovascular cells via their 

numerous “foot processes” (Zlokovic, 2008). In vitro studies have 

demonstrated that astrocytes can upregulate many BBB features, leading to 

tighter TJ (physical barrier), the expression and polarized localization of 

transporters (transport barrier), and specialized enzyme systems (metabolic 

barrier) (Abbott et al., 2006). Astrocytes promote the synthesis of 

proteoglycan, which results in an increase in the charge selectivity of brain 

microvascular ECs, playing thus an important role in the induction of the 

BBB functions (Cardoso et al., 2010). In addition, an in vivo study showed 

that the temporary loss of astrocytes in the inferior colliculus resulted in 

the loss, followed by restoration, of barrier integrity (Willis et al., 2004). 

Studies demonstrated that the secretion of factors by astrocytes contributes 

to the barrier properties of brain microvascular ECs by upregulating TJ 

proteins and decreasing the transendothelial permeability across ECs, thus 
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showing that astrocytes may modulate the BBB phenotype without being 

directly involved in the physical BBB properties (Cardoso et al., 2010).  

 

Neurons 

The high neural activity and the metabolic needs of nervous tissue require 

a tight regulation of the microcirculation of the brain. The microvascular 

endothelium and associated astrocyte endfeet are directly innervated by 

NEergic, 5-HTergic, cholinergic, and GABAergic neurons, among others 

(Hawkins and Davis, 2005). Also, chemical lesion of the locus coeruleus, 

which sends the NEergic projections to the microvasculature, increases the 

vulnerability of the BBB to acute hypertension (Ben-Menachem et al., 

1982). In addition, in Alzheimer’s disease, the significant loss of cholinergic 

innervation of cortical microvessels is associated with impaired 

cerebrovascular function (Tong and Hamel, 1999). Thus, there is multiple 

evidence showing that neurons regulate critical aspects of BBB function. 

 

Microglia 

Microglia plays critical roles in innate and adaptive immune responses of 

the CNS. These cells are found in the perivascular space, suggesting that 

interactions between microglia and ECs can contribute to the BBB 

properties (Choi and Kim, 2008). On the other hand, microglia are a 

source of cytotoxic mediators that can induce disruption of TJs (Poritz et 

al., 2004). Yet, the exact mechanisms how microglia influence the BBB 

integrity remain unknown.   
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Extracellular matrix 

The extracellular matrix of the basement membrane interacts with the 

cerebral microvascular endothelium. Brain ECs, astrocytes and pericytes all 

contribute to the generation and maintenance of the basement membrane 

that is constituted by three apposed laminas (Cardoso et al., 2010), which 

are composed of various types of collagen, glycoproteins and 

proteoglycans (Weiss et al., 2009). The basement membrane not only 

anchors the ECs in place, but also regulates their functions through 

signalling molecules on the abluminal surface of the cells (Carvey et al., 

2009). In fact, multiple basal lamina proteins, such as matrix 

metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases 

(TIMPs), are involved in the dynamic regulation of the BBB in both 

physiological and inflammatory conditions (Weiss et al., 2009). Besides, the 

disruption of the extracellular matrix is strongly associated with increased 

BBB permeability in pathological conditions (Persidsky et al., 2006). 

 

1.2.3. Endothelial cell-cell junctions 

Junctional proteins control paracellular permeability, restrain cell migration, 

inhibit proliferation, and contribute to the maintenance of apical-basal 

polarity. In the endothelium, junctional complexes comprise tight junctions 

(TJs) and adherens junctions (AJs), that are linked to intracellular 

cytoskeletal and signalling partners (Fig. 1.8) (Aghajanian et al., 2008; 

Dejana et al., 2009; Gonzalez-Mariscal et al., 2008). At the BBB, the 

disruption of AJs can lead to an increase in the permeability (Abbruscato 

and Davis, 1999), however, it is primarily the TJs that confer the low 
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paracellular permeability and high electrical resistance (Romero et al., 

2003). The junctions are generally formed by both transmembrane and 

cytoplasmic components. Transmembrane proteins mediate cell-cell 

adhesion, while cytoplasmic proteins function as a bridge between the 

transmembrane proteins and the actin cytoskeleton. 

 
Fig. 1.8. Schematic representation of the junctional complex between 
adjacent endothelial cells. Abbreviations: JAMs, junctional adhesion molecules; 
PECAM, platelet/endothelial cell adhesion molecule; VE-cadherin, vascular 
endothelial cadherin; ZO1, -2, -3, zonula occludens-1, -2, -3 (adapted from Abbott 
et al., 2010).  

 

1.2.3.1. Tight junctions (TJs) 

TJs are well developed in brain vessels, where they play a major role in the 

function of the physical barrier of BBB, and less organized in other organs, 

which are characterized by high rate trafficking (Dejana et al., 2009; 
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Simionescu et al., 1975). TJs are composed by three major transmembrane 

proteins, namely, occludin, claudins and junction adhesion molecules 

(JAMs), and by several cytoplasmic accessory proteins including zonula 

occludens (ZO)-1, ZO-2, ZO-3, and cingulin, among others. Cytoplasmic 

proteins link the transmembrane proteins to actin, the primary 

cytoskeleton protein, for the maintenance of structural and functional 

integrity of the endothelium (Ballabh et al., 2004). 

 

Occludin 

Occludin is the first transmembrane protein of TJs that had been 

identified, and is expressed in both endothelial and epithelial cells (Furuse 

et al., 1993). Occludin is a 60-65 kDa integral membrane protein with four 

transmembrane domains, amino- and carboxy-termini in the cytosol and 

two extracellular loops (Fig. 1.9) (Aijaz et al., 2006; Furuse et al., 1993). 

The cytoplasmic domain of occludin is directly associated with ZO 

proteins (Ballabh et al., 2004). Occludin expression is much higher in brain 

ECs, showing a continuous distribution, when compared to nonneural 

tissues that display a discontinuous pattern, and seems to contribute to 

intercellular adhesion and to be involved in the regulation of paracellular 

permeability (Ballabh et al., 2004; Hirase et al., 1997). Although occludin is 

a component of the TJs, several studies demonstrated that increased or 

reduced expression of occludin or expression of occludin mutants do not 

affect TJ morphology, suggesting that it is not a critical structural 

component of the TJs (Balda et al., 1996; McCarthy et al., 1996; Saitou et 

al., 2000; Yu et al., 2005). Accordingly, Saitou and colaborators (2000) 

showed that occludin deficient mice are viable, and form TJs with no 
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alterations in the barrier function in intestinal epithelium. However, these 

mice display several abnormalities, including brain calcification, defects in 

epithelial differentiation in several tissues, growth retardation, and are 

unable to reproduce (Saitou et al., 2000). 

 

Fig. 1.9. Structure of the transmembrane proteins of the tight junctions. 
Occludin and claudins have four transmembrane domains, two extracellular loops 
and a N- and C-terminal cytoplasmic domain. Junctional adhesion molecule 1 
(JAM-1) has a single transmembrane domain, and its extracellular portion contains 
two domains with intrachain disulfide bonds typical of immunoglobulin-like loops 
of the V-type (adapted from Forster, 2008).  

 

Claudins 

Claudins are small transmembrane proteins with a molecular mass around 

20-27 kDa, and 24 members of this family have been identified so far 

(Cardoso et al., 2010). Similar to occludin, claudins possess four 

transmembrane domains, two extracellular loops, and two cytoplasmic 
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termini, however, claudins do not show any sequence similarity to occludin 

(Fig. 1.9) (Furuse et al., 1998a). The homophilic interactions between the 

extracellular loops of claudins of adjacent ECs form the primary seal of the 

TJs (Petty and Lo, 2002). The carboxy terminal of claudins binds to 

cytoplasmic proteins including ZO-1, -2 and -3 (Furuse et al., 1999). 

Overexpression of claudins in fibroblasts induce cell aggregation and 

formation of TJ-like strands, and recruit occludin to the strands (Furuse et 

al., 1998b). In contrast, occludin expression does not result in TJ 

formation, thus showing that claudins constitute the backbone of TJ 

strands, while occludin acts as an additional support structure, playing a 

role in the regulation of permeability by incorporating into the claudin-

based strands (Forster, 2008). Claudins are not only important for barrier 

formation but are also responsible for the selective permeability of the 

paracellular pathway, showing once again that they are important structural 

components of the TJs (Furuse et al., 1998b; Tsukita et al., 2001; Van 

Itallie and Anderson, 2004). The distribution of some claudins is limited, 

and appears to follow a tissue-specific pattern. Furthermore, the claudin 

repertoire that is expressed in the cells confers the different size and charge 

selectivity properties, and the combination of claudin isoforms results in 

cell- or tissue-type specific barrier function (Forster, 2008). At the BBB, 

the endothelial cells express claudin-1, -3, -5 and -12 (Hawkins and Davis, 

2005; Krause et al., 2008; Lippoldt et al., 2000; Nitta et al., 2003; Persidsky 

et al., 2006). Claudin-1 and -5 are associated with the maintenance of 

normal BBB function (Liebner et al., 2000). Also, claudin-5 KO mice 

exhibited a size-selective loosening of the BBB to molecules smaller than 

800 Da (Nitta et al., 2003), showing the importance of claudin-5 in the 
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regulation of paracellular pathway of BBB. Such mutant mice developed 

normally but died within 10 h after birth.  

 

Junctional adhesion molecules (JAMs) 

JAMs are 40 kDa proteins that belong to the immunoglobulin superfamily, 

and bind directly to ZO-1 (Ebnet et al., 2000). JAMs have a single 

transmembrane domain and its extracellular portion has two 

immunoglobulin-like loops (Fig. 1.9) (Petty and Lo, 2002). Three members 

of this family have been identified, JAM-1, -2 and -3. JAM-1 and -3 are 

expressed in the brain blood vessels but not JAM-2 (Aurrand-Lions et al., 

2001). JAMs are also expressed in circulating monocytes, neutrophils, 

lymphocytes subsets, and platelets (Ueno, 2007). This third type of 

transmembrane TJ proteins is involved in cell-cell adhesion and 

contributes to the control of permeability and monocyte migration through 

the BBB (Palmeri et al., 2000; Vorbrodt and Dobrogowska, 2003). 

 

Cytoplasmic accessory proteins 

Cytoplasmic proteins involved in TJ formation include ZO-1, -2, -3, 

cingulin, 7H6, and AF-6, among others. ZO proteins belong to the family 

of membrane-associated guanylate kinase (MAGUK) proteins, and have 

sequence similarity with each other (Ballabh et al., 2004). MAGUKs 

contain three postsynaptic density-95 protein/Drosophila disc large tumor 

suppressor DlgA/zonula occludens-1 (PSD-95/DlgA/ZO-1; PDZ) 

domains (PDZ1, PDZ2, and PDZ3), one Src homology 3 (SH3) domain, 

and one guanylyl kinase-like (GUK) domain (Fig. 1.10), that function as 
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protein binding domains, playing a role in organizing proteins at the 

plasma membrane (Funke et al., 2005). 

 

 

Fig. 1.10. Schematic representation of the molecular structure of zonula 
occludens proteins. Abbreviations: GUK, guanylyl kinase-like; PDZ, 
postsynaptic density-95 protein/Drosophila disc large tumor suppressor 
DlgA/zonula occludens-1; SH3, src homology 3.     

 

ZO-1, a 220 kDa phosphoprotein, was the first component of TJs to be 

identified (Stevenson et al., 1986). This protein is expressed in endothelial 

and epithelial cells, as well as in many cell types that do not form TJ, such 

as astrocytes, cardiac muscle cells, and fibroblasts (Howarth et al., 1992; 

Itoh et al., 1999b). ZO-1 plays a critical role in the stability and function of 

the TJs by linking the transmembrane proteins of the TJs to the actin 

cytoskeleton (Fanning et al., 1998), and the dissociation of ZO-1 from the 

junctional complex is associated with increased permeability (Abbruscato 

et al., 2002). In addition, ZO-1 may also act as a signalling molecule by 

communicating the state of the TJ to the interior of the cell, or vice-versa 

(Hawkins and Egleton, 2008). Under conditions of proliferation and injury, 

ZO-1 localizes to the nucleus (Gottardi et al., 1996) where it will interfere 

with transcription factors (Balda and Matter, 2000). ZO-2 (160 kDa) like 

ZO-1 binds to transcription factors (Betanzos et al., 2004), localizes to the 

nucleus during stress and proliferation (Islas et al., 2002; Traweger et al., 

2003), and has also been found in non-TJ-containing tissues (Itoh et al., 

1999b). ZO-3 (130 kDa) has been found in some TJ-containing tissues 
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(Inoko et al., 2003), however, while KO mice for ZO-1 and ZO-2 

exhibited embryonic lethality, KO mice for ZO-3 were viable, suggesting 

that ZO-3 is not essential in vivo (Katsuno et al., 2008; Xu et al., 2008). ZO 

proteins bind each other, and specifically, ZO-1 binds ZO-2 or ZO-3, but 

ZO-2 does not bind ZO-3 (Wittchen et al., 1999). Consequently, the ZO 

proteins do not form a ZO-1/ZO-2/ZO-3 trimer, but rather independent 

ZO-1/ZO-2 and ZO-1/ZO-3 dimers (Bazzoni and Dejana, 2004). PDZ1 

domain of ZO proteins binds directly to the carboxyl terminal of claudins 

(Itoh et al., 1999a), while the carboxyl terminal of occludin interacts with 

the GUK domain in ZO proteins (Furuse et al., 1994; Haskins et al., 1998; 

Itoh et al., 1999b; Petty and Lo, 2002). JAM also binds directly to ZO-1 

and other PDZ-containing proteins (Ebnet et al., 2000). The primary 

cytoskeletal protein actin binds to the carboxyl terminal of ZO-1 and ZO-

2, and this complex cross-links transmembrane elements, thus providing 

structural support to the ECs (Fanning et al., 1998; Itoh et al., 1999b).  

Cingulin is a 140 – 160 kDa phosphoprotein localized at the endothelial 

and epithelial cytoplasmic surface of TJs that associates with ZO proteins, 

myosin and AF-6 (Petty and Lo, 2002). Cingulin may function as a scaffold 

at the TJ cytoplasmic face by linking the submembrane plaque domain of 

TJs to the cytoskeleton (Cordenonsi et al., 1999). The phosphoprotein 7H6 

antigen (155 kDa) is found at both epithelial and endothelial cell TJs and it 

likely plays a role in the maintenance of paracellular barrier function (Satoh 

et al., 1996). In response to cellular ATP depletion, 7H6 reversibly 

dissociates from the TJ complex (Mitic and Anderson, 1998). AF-6, a 180 

kDa protein, contains two Ras-associating domains, a PDZ domain, and a 

myosin V-like domain, and has been reported either at the TJ or at the AJ 

(Bazzoni and Dejana, 2004; Hawkins and Davis, 2005). Ras activation 
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inhibits the interaction between AF-6 and ZO-1, indicating that the 

disruption of the ZO-1/AF-6 complex may be critical in the modulation of 

TJs via pathways that involve Ras (Yamamoto et al., 1997). 

 

1.2.3.2. Adherens junctions (AJs) 

AJs are ubiquitously distributed along the vasculature and mediate the 

adhesion of ECs to each other, the contact inhibition during vascular 

growth as well as remodelling, initiation of cell polarity, and the regulation, 

in part, of paracellular permeability (Hawkins and Davis, 2005). AJs are 

composed of cadherins associated with catenin proteins, forming a 

complex that mediates cell-cell adhesion through actin filaments linking. 

 

Cadherins 

Cadherins are Ca2+-regulated membrane glycoproteins and are the major 

transmembrane components of AJs. Cadherins contain a plasma 

membrane-spanning domain and a cytoplasmic domain associated with 

other molecular components of the junctional complex, such as catenins 

(Vorbrodt and Dobrogowska, 2003). ECs express a cell-type-specific 

cadherin, called vascular endothelial cadherin (VE-cadherin), which 

mediates cell-cell adhesion via homophilic interactions between the 

extracellular domains of proteins expressed in adjacent cells (Vincent et al., 

2004). ECs also express neuronal cadherin (N-cadherin), which is present 

in other cell types such as neural cells and smooth muscle cells (Bazzoni 

and Dejana, 2004). Other non-cell-type-specific cadherins, such as 

placental (P)-cadherin and truncated (T)-cadherin, are variably expressed in 

different types of ECs (Ivanov et al., 2001; Liaw et al., 1990).  
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Catenins 

The cadherin complex is anchored to the actin cytoskeleton by catenins. 

VE-cadherin is linked through its cytoplasmic tail to the cytoplasmic 

anchor proteins β-catenin and γ-catenin (plakoglobin). β- and γ-catenin 

bind in turn to α-catenin, which couples the cadherin-catenin complex to 

the actin cytoskeleton (Vincent et al., 2004). In addition to the binding to 

actin filaments, α-catenin also interacts with several actin-binding proteins, 

including ZO-1 (Weis and Nelson, 2006). The expression of α-catenin was 

shown to be required for the cell adhesion activity of cadherins (Nagafuchi 

et al., 1994; Watabe et al., 1994). β-catenin localizes at the cell junctions 

and in the cell nuclei, which parallels its role in cell-to-cell adhesion, in 

signal transduction, and in gene expression associated with morphogenetic 

and histogenetic functions. γ-catenin is closely related to β-catenin and can 

substitute for it in the cadherin-catenin complex (Vorbrodt and 

Dobrogowska, 2003). VE-cadherin and the cadherin binding proteins β- 

and γ-catenin regulate endothelial monolayer permeability and endothelial 

growth rates (Venkiteswaran et al., 2002). An additional VE-cadherin 

partner is p120 catenin, which was originally identified as a Src substrate. 

Unlike β- and γ-catenin, p120 does not appear to link cadherins to the 

cytoskeleton but, rather, appears to regulate cadherin clustering and the 

local organization of actin during the assembly of cadherin-based adhesive 

contacts (Vincent et al., 2004). 
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1.2.4. Transport across the BBB 

The transfer of solutes between the blood and the brain tissue occurs 

through a limited number of mechanisms at the level of ECs of the BBB 

(Fig. 1.11), but the materials transferred include substances as small as 

electrolytes to as large as immune cells. 

 

 
Fig. 1.11. Schematic representation of the transport pathways across the 
blood-brain barrier. (a) The tight junctions restrict the passage of water-soluble 
compounds, including polar drugs. (b) Lipid-soluble molecules can diffuse through 
the lipid membranes of the endothelium. (c) Active efflux carriers (ABC 
transporters) may intercept some of these lipophilic solutes and pump them out of 
the endothelial cells. Pgp and BCRP are strategically placed in the luminal 
membrane of the endothelium, while MRPs 1-5 are inserted into either luminal or 
abluminal membranes. (d) Carrier-mediated influx via solute carriers can transport 
many essential polar molecules such as glucose, amino acids and nucleosides. (e) 
Receptor-mediated transcytosis requires receptor binding of ligand and transport a 
variety of macromolecules such as peptides and proteins across the BBB 
endothelium, while (f) adsorptive-mediated transcytosis is induced in a non-
specific manner by positively charged molecules. Abbreviations: BCRP, Breast 
Cancer Resistance Protein; MRP 1-5, Multidrug Resistance-associated Proteins 1-
5; Pgp, P-glycoprotein (adapted from Abbott et al., 2006).  
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Passive diffusion 

The diffusion of compounds across the BBB is largely determined by the 

physico-chemical properties of the compounds (e.g., molecular weight, 

hydrophilicity, lipophilicity, electrical charge, hydrogen bonding potential). 

The passive transport comprises hydrophilic paracellular and lipophilic 

transcellular transport (de Boer et al., 2003). Passive hydrophilic transport 

is dependent on the size and charge of the molecules, and the possibility to 

form hydrogen bonds, and at the BBB this transport is mainly restricted by 

the narrow TJs between ECs (de Boer et al., 2003). Passive transcellular 

transport of a substance across the BBB depends mostly on its lipid 

solubility. However, other factors that restrict the entry of compounds into 

the brain by passive transcellular diffusion include a high polar surface 

area, and a tendency to form more than 6 hydrogen bonds, a factor which 

greatly increases the free energy requirement of moving from an aqueous 

phase into the lipid of the cell membrane. The presence of rotatable bonds 

in the molecule and a molecular mass above 450 Da also appear to restrict 

the diffusion of the compounds (Abbott et al., 2010; de Boer et al., 2003). 

 

ATP-binding cassette transporters (ABC transporters) 

There is a general correlation between the rate at which a compound 

crosses the BBB and its lipid solubility. However, a large number of solutes 

and drugs have a much lower CNS entry rate than might be expected 

considering their lipophilicity. These substances, and many of their 

metabolites, are actively effluxed from the brain at the BBB endothelium 

by members of the ATP-binding cassette transporter (ABC transporter) 

family (Abbott et al., 2010; Begley, 2004). In humans, the ABC superfamily 
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comprises 48 members, which are grouped into seven major sub-families 

(from A to G; Begley, 2004).  

In the BBB, ABC transporters function as active efflux pumps consuming 

ATP and transport a diverse range of lipid-soluble compounds out of the 

brain capillary endothelium and CNS. So, they play a role in removing 

potentially neurotoxic endogenous or xenobiotic molecules from the brain, 

having therefore a vital neuroprotective and detoxifying function (Dallas et 

al., 2006). The multidrug resistance (MDR) transporter P-glycoprotein (P-

gp) mediates rapid removal of ingested toxic lipophilic metabolites, and is 

the best-known MDR protein (Zlokovic, 2008). In addition to P-gp, 

several multidrug resistance-associated proteins (MRPs) are expressed in 

brain microvessels, such as the breast cancer resistance protein (BCRP), 

and both the members of the organic anion transporting polypeptide 

(OATP) family and the organic anion transporter (OAT) family that 

mediate mainly the efflux of anionic compounds (Zlokovic, 2008). P-gp 

and BCRP are expressed in the luminal membrane of the ECs and their 

function is to transport compounds from endothelium to blood, while 

other MRP isoforms are expressed in either the luminal or the abluminal 

membrane, or sometimes both (Roberts et al., 2008). Although the ABC 

transporters play a crucial role in protecting the brain from neurotoxic 

compounds, these transporters are also responsible for the limited entry of 

potential therapeutic drugs to treat CNS diseases.  

 

Carrier mediated transport 

Hydrophilic and polar nutrients, such as glucose and amino acids, cannot 

diffuse through cell membranes, and thus they are actively transported 
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through the ECs by a variety of membrane transporters, notably the large 

family of Solute Carriers (SLCs) (Abbott et al., 2010). Some of these SLC 

proteins are polarised in their expression and are inserted into either the 

luminal or abluminal membrane, whereas others are inserted into both 

membranes of the ECs (Abbott et al., 2010). Carrier-mediated transport 

systems are specific and facilitate the transport of nutrients as follows: 

hexoses (glucose, galactose); neutral, basic, and acidic amino acids and 

monocarboxylic acids (lactate, pyruvate, ketone bodies); nucleosides 

(adenosine, guanosine, uridine); purines (adenine, guanine); amines 

(choline); and vitamins (Hawkins et al., 2006; Simpson et al., 2007; 

Zlokovic, 2008). Most of these systems are energized directly by the 

hydrolysis of ATP or indirectly by coupling to the cotransport of a 

counterion down its electrochemical gradient (e.g., Na+, H+, Cl-) (Zhang et 

al., 2002).  

 

Transcytosis 

Despite the low levels of pinocytic vesicles present in brain ECs, a range of 

endocytotic processes do occur at the BBB, and transcytosis across this 

barrier is the main route by which macromolecules such as proteins and 

peptides can enter the brain. A variety of large molecules and complexes 

can thus cross the BBB by specific and non-specific transcytotic 

mechanisms (Abbott et al., 2010). Transcytosis describes the vectorial 

movement of molecules within endocytic vesicles across the brain ECs, 

from the luminal cell side to the abluminal side where exocytosis occurs. 

BBB ECs contain two kinds of vesicles that are open to the luminal blood 

capillary space: the caveolae and the clathrin-coated pits/vesicles (Herve et 
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al., 2008). Fluid-phase transcytosis is a constitutive and non-specific 

process in which solutes together with extracellular fluid are caught in the 

lumen of the vesicle that forms at the surface and then enters the cell 

(Hawkins and Egleton, 2008). This transport process is independent of any 

interaction between the transported molecules and the vesicle membrane. 

Solutes that undergo fluid-phase endocytosis at the BBB include 

horseradish peroxidase (Defazio et al., 1997) and Lucifer yellow (Guillot et 

al., 1990). While this transcytotic process is the main route for the 

transendothelial delivery of proteins from blood to underlying tissues in 

the periphery, in a healthy BBB fluid-phase transcytosis occurs to a very 

limited degree, due to the low levels of vesicles in brain ECs (Herve et al., 

2008). 

Adsorptive-mediated transcytosis is a non-specific process that involves 

molecules such as lectins that bind to carbohydrate moieties on the cell 

surface, and positively charged (cationized) molecules that bind to 

negatively charged cell surface components (Ueno, 2007). Solutes that 

undergo this form of transcytosis include wheat germ agglutinin, basic and 

cationized peptides, glycoproteins and glycopeptides, and viruses (Hawkins 

and Egleton, 2008). 

Receptor-mediated transcytosis (RMT) is a specific process that implies the 

binding of a ligand to a cell surface receptor specific for that ligand; the 

binding then triggers the internalization of the receptor-ligand complex 

(Ueno, 2007). The receptor-ligand complex cluster together, and a caveolus 

is formed which pinches off into a vesicle, and then the complex is 

internalised and exocytosed at the opposite side of the cell. The 

dissociation of the ligand and receptor probably occurs during cellular 

transit or during the exocytotic event (Abbott et al., 2010). At the BBB 
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there are several receptors that can carry ligands into and across the ECs 

via RMT, such as the insulin receptor, the low-density lipoprotein receptor, 

and the transferrin receptor, the latest being the best characterized receptor 

system at the BBB (Hawkins and Egleton, 2008). 

To achieve transcytosis of an intact protein or peptide, the primary sorting 

endossomal compartment and its contents need to route away from the 

lysossomal compartment. Routing away from this degradative 

compartment appears not to occur in many peripheral endothelia, and may 

be a specialised feature of the BBB where the intact transcytosis of a 

significant number of macromolecules becomes a necessity for the correct 

brain function (Abbott et al., 2010). 

 

1.2.5. Leukocyte migration across the BBB 

Leukocyte transendothelial migration (TEM), or diapedesis, occurs during 

normal physiologic processes such as immune surveillance, antigen 

recognition, and acute inflammatory responses. The brain acts as an 

immune privileged organ, and so leukocyte TEM into the brain is low 

compared to other tissues (Greenwood et al., 2011; Hickey, 1999). This 

limited diapedesis is mainly regulated by the restricted expression of 

endothelial cell adhesion molecules (CAMs), which are required for 

leukocyte capture from the blood. When TEM is excessive or 

inappropriately localized, it can initiate many pathological processes. For 

instance, leukocyte TEM is involved in the development of atherosclerotic 

plaques and in the pathogenesis of multiple sclerosis (Aghajanian et al., 

2008). Leukocyte TEM can occur by paracellular diapedesis through the 

junctions between adjacent ECs, and by transcellular diapedesis through 



General Introduction  

53 

the body of the EC via pore formation (Greenwood et al., 2011; Muller, 

2011).  

 

Paracellular TEM 

Paracellular TEM involves an elaborate series of rolling, adhesion, and 

locomotion events to bring the leukocyte close to the endothelial border 

(Muller, 2003). Clustering of intercellular cell adhesion molecule 1 (ICAM-

1) and vascular CAM-1 (VCAM-1) on the EC surface occurs as the 

leukocyte approaches the EC border (Barreiro et al., 2002; Carman and 

Springer, 2004). The binding of leukocyte integrin to EC CAMs stimulates 

signalling in the ECs that further support adhesion and the subsequent 

process of TEM (Greenwood et al., 2011). Clustering of ICAM-1 

stimulates phosphorylation of cortactin, enhancing further actin-induced 

clustering of ICAM-1. This process leads to the enrichment of ICAM-1 

around tightly adherent leukocytes, and ICAM-1 multimerization leads to 

increases in cytosolic free Ca2+ and RhoA activation (Muller, 2011). 

Clustering of VCAM-1 also stimulates an increase in cytosolic free Ca2+, 

activation of Rac-1, and production of ROS in ECs (Muller, 2011). The 

result of these events is the loosening of junctional structures. Signalling of 

ICAM-1 and VCAM-1 leads to the phosphorylation of VE-cadherin, 

which dissociates VE-cadherin from its links to the actin cytoskeleton, 

causing weakness of the endothelial junctions. Also, the increase in 

cytosolic free Ca2+ activates myosin light chain kinase (MLCK), which 

leads to actin-myosin fiber contraction that is believed to help endothelial 

cells to contract against weakened junctions, that in turn will promote the 

paracellular TEM (Hixenbaugh et al., 1997). 
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The lateral border recycling compartment (LBRC) is an interconnected 

reticulum of 50-nm vesicle-like structures that resides just beneath the 

plasma membrane of the EC borders (Mamdouh et al., 2008). In resting 

ECs, membrane traffics constitutively between the lateral cell border and 

this compartment, recycling uniformly along the lateral border with a life 

time of roughly 10 min. However, when a leukocyte transmigrates, 

membrane from the LBRC is targeted rapidly and extensively to the site of 

diapedesis to surround the leukocyte (Mamdouh et al., 2003). LBRC 

contains platelet/endothelial CAM (PECAM), CD99 and JAM-1 proteins 

(Mamdouh et al., 2003; Mamdouh et al., 2009). These junctional molecules 

concentrate at EC borders and are required for TEM (Muller, 2011). In 

addition to the loosening of the junctional structures, the targeted recycling 

of the LBRC is necessary for efficient paracellular transmigration. During 

paracellular TEM, the membrane from the interconnected vesicles of the 

LBRC moves to surround the leukocyte, and the recruitment of the LBRC 

continues as the leukocyte crosses the EC border (Fig. 1.12) (Muller, 2011). 
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Fig. 1.12. Schematic representation of the movement of the lateral border 
recycling compartment (LBRC) during paracellular transmigration. (a) 
Constitutive recycling of the LBRC is ongoing as the leukocyte moves toward the 
intercellular border. (b) After reaching the luminal side of the endothelial border, 
leukocyte platelet/endothelial cell adhesion molecule (PECAM) engages 
endothelial cell PECAM, (c) and this interaction triggers a signal (lightning bolt) 
that redirects recycling of the LBRC to the site of leukocyte engagement. In cases 
of PECAM-independent transmigration, some other interaction triggers this 
signal. (d) Membrane from the interconnected vesicles of the LBRC moves to 
surround the leukocyte, and the recruitment of the LBRC continues as the 
leukocyte crosses the endothelial cell border (adapted from Muller, 2011).  

 

Transcellular TEM 

Transcellular migration appears to use the same initial steps as paracellular 

migration, although, for some reason, the leukocytes migrate through the 

cell body rather than the border. During transcellular TEM, ICAM-1 

concentrates at the site of diapedesis and is enriched in the membrane 

channel that surrounds the crossing leukocyte as it goes through the EC 

body (Carman et al., 2007; Carman and Springer, 2004; Mamdouh et al., 
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2009; Millan et al., 2006; Yang et al., 2005). Other molecules normally 

considered restricted to the cell borders, such as PECAM, CD99, and 

JAM-1, are also observed around leukocytes migrating transcellularly 

(Carman et al., 2007; Mamdouh et al., 2009). These molecules appear to be 

functional. In fact, by blocking PECAM and CD99 it is possible to prevent 

transcellular migration, showing that this pathway is dependent on 

PECAM and CD99 (Mamdouh et al., 2009). Moreover, endothelial vesicles 

and vesiculo-vacuolar organelles (VVOs) were observed immediately 

adjacent to the region of transcellular migration (Carman et al., 2007). 

Caveolin-1 was shown to accumulate in the site of transcellular diapedesis, 

suggesting that caveolae might be involved in transcellular migration 

(Millan et al., 2006). However, other studies did not observe any 

enrichment in caveolin-1 at the site of diapedesis (Carman et al., 2007; 

Carman and Springer, 2004; Mamdouh et al., 2009). A recent study showed 

that LBRC is also critical for transcellular migration of leukocytes 

(Mamdouh et al., 2009). During transcellular TEM, as the leukocyte passes 

through the EC, LBRC membrane is recruited to surround the leukocyte, 

forming a transmigration pore lined by molecules that leukocytes need to 

interact with (PECAM, CD99, and JAM-1) (Fig. 1.13) (Muller, 2011). 

Although overexpression of ICAM-1 promotes transcellular migration 

(Yang et al., 2005) and may be a necessary prerequisite, it is not sufficient 

to promote transmigration in the absence of a functional LBRC 

(Mamdouh et al., 2009).  

The factors that determine the preferred route for TEM are not well 

understood. However, if the endothelial cell junctions are particularly tight 

(as in the BBB), or when leukocytes are strongly activated or have difficulty 
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reaching the cell junctions, transcellular migration tends to occur (Muller, 

2011). In inflammatory pathological conditions that can lead to the 

opening of the TJs, leukocytes may enter by both paracellular and 

transcellular routes (Abbott et al., 2010). 

 

 

Fig. 1.13. Schematic representation of the movement of the lateral border 
recycling compartment (LBRC) during transcellular transmigration. (a) 
During transcellular migration, the signal (lightning bolt) that recruits targeted 
recycling to the vicinity of the leukocyte is transmitted while the leukocyte is on 
the luminal surface of the endothelial cell. (b) This process causes targeting of the 
LBRC membrane along cortical microtubules toward the leukocyte. A single 
fusion event may be sufficient to allow the entire interconnected LBRC to come in 
contact with the leukocyte. (c) As the leukocyte passes through the endothelial cell, 
additional LBRC membrane is recruited to surround the leukocyte, forming thus a 
transmigration pore lined by molecules that leukocytes need to interact whith [e.g., 
platelet/endothelial cell adhesion molecule (PECAM), CD99, and junctional 
adhesion molecule (JAM)-1]. (d) At the basal surface, a second fusion event may 
be necessary to allow the leukocyte to complete its migration across the 
endothelial cell (adapted from Muller, 2011).  
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1.2.6. BBB in pathology 

Under physiological conditions, the BBB is relatively impermeable, 

however, in pathologic conditions, a number of chemical mediators are 

released, which increase BBB permeability, compromising the barrier 

function (Ballabh et al., 2004). BBB dysfunction has been claimed to be 

involved in several CNS pathologies, including hypoxia and ischemia (Kaur 

and Ling, 2008), infectious or inflammatory processes (Gaillard et al., 

2003), multiple sclerosis (Correale and Villa, 2007), Alzheimer’s disease and 

Parkinson’s disease (Zlokovic, 2008), epilepsy (Remy and Beck, 2006), 

brain tumours (Papadopoulos et al., 2004), pain (Huber et al., 2001), and 

lysosomal storage diseases (Begley et al., 2008). The dysfunction of BBB 

can range from mild and transient TJ opening to chronic barrier 

breakdown (Forster, 2008). In addition to TJ disruption, changes in the 

transport systems and enzymes in BBB ECs can also occur (Abbott et al., 

2010). Although BBB disruption is implicated in CNS diseases, in most 

cases is difficult to determine whether barrier impairment is responsible for 

the disease onset. Nevertheless, the disruption of BBB has been shown to 

contribute to and exacerbate developing pathology (Persidsky et al., 2006). 

A better understanding of the mechanisms underlying BBB dysfunction is 

important for targeting the brain endothelium to aid recovery from injury 

and to help in the formulation of therapeutic strategies to prevent or/and 

treat many CNS diseases. 
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1.3. Nitric oxide synthase (NOS) and nitric oxide (NO) 

Nitric oxide (NO) is a signalling molecule that regulates several 

physiological processes, such as vascular functions (angiogenesis, blood 

flow, vascular permeability, leukocyte-endothelial interaction, platelet 

aggregation and microlymphatic flow) and neurological functions 

(neurotransmission and development of the nervous system). On the other 

hand, NO can also be involved in cytotoxic functions (cytostasis and 

cytolisis) (Fukumura et al., 2006). NO and its metabolites, such as 

peroxynitrite, nitrate, nitrite, nitrosamines and S-nitrosothiols, mediate 

many of the cytotoxicity associated with NO, like the inhibition of 

mitochondrial respiration, protein and DNA damage, loss of protein 

function, necrosis and apoptosis (Fukumura et al., 2006). NO is 

synthesized from L-arginine, NADPH and oxygen by nitric oxide synthase 

(NOS) (Fig. 1.14). NOS is classified into three major isoforms: neuronal 

NOS (nNOS), endothelial NOS (eNOS), and inducible NOS (iNOS). 

nNOS and eNOS are constitutively expressed (predominantly in neuronal 

cells and vascular ECs, respectively) to produce NO mainly for signalling 

functions, and their activity is dependent on the levels of intracellular Ca2+ 

(Fischmann et al., 1999). However, gene expression of both nNOS and 

eNOS may also be induced under particular physiological conditions such 

as hemodynamic shear stress or nerve injury (Michel and Feron, 1997). 

nNOS-derived NO plays a critical role in the regulation of neurogenesis 

and hippocampal long-term potentiation and memory. However, when in 

excessive amounts it changes from a physiological neuromodulator to a 

neurotoxic factor, playing a role in the pathogenesis of Parkinson’s and 

Alzheimer’s diseases, ischemia, excitotoxicity, and depression (Zhou and 
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Zhu, 2009). Regarding iNOS, this isoform can be expressed in a wide 

range of cells and tissues beeing its expression triggered by inflammatory 

mediators. In addition, iNOS produces higher NO levels than the other 

isoforms, and its activity is independent of Ca2+ concentrations (Fukumura 

et al., 2006). iNOS-derived NO can have beneficial microbicidal, antiviral, 

antiparasital, and antitumoral effects (Bogdan et al., 2000). However, 

abnormal iNOS induction appears to be involved in the pathophysiology 

of human diseases such as asthma, arthritis, neurodegenerative diseases, 

tumour development, transplant rejection or septic shock (Kleinert et al., 

2004). 

 

Fig. 1.14. Schematic illustration of the biosynthesis of nitric oxide (NO) in 
endothelial cells. NO is synthesised from L-arginine by endothelial nitric oxide 
synthase (eNOS), which is activated by the calcium-calmodulin complex (Ca2+-
CaM). NO synthesis can be inhibited by the action of the L-NG-Nitroarginine 
methyl ester (L-NAME), a NOS inhibitor. 

 

1.3.1. Endothelial NOS (eNOS) 

eNOS is expressed not only in ECs, but also in cardiac myocytes, blood 

platelets, erythrocytes, mast cells, leukocytes, and renal epithelium 
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(Dudzinski and Michel, 2007). In physiologic conditions eNOS-derived 

NO regulates vascular permeability, leukocyte-endothelial interaction, 

neurotransmission, and maintains an anti-proliferative and anti-apoptotic 

environment in the vessel wall. However, in pathologic conditions, the 

excessive amounts of NO produced become neurotoxic. In eNOS-

deficient mice, the occurrence of vascular leakage during acute 

inflammation is abolished, suggesting that eNOS-derived NO plays a 

major role in the increase of vascular permeability (Bucci et al., 2005). 

Others also showed that NO causes hyperpermeability in response to pro-

inflammatory agents such as platelet-activating factor (PAF) and vascular 

endothelial growth factor (VEGF) (Fukumura et al., 2001; Hatakeyama et 

al., 2006).  

The functional eNOS, like the other isoforms, is a dimmer comprised of 

two identical subunits, both of which are myristoylated and palmitoylated 

(Fleming and Busse, 1999) and thus can associate with intracellular 

membranes. Functional eNOS is present in at least three membrane 

compartments, the plasma membrane (Hecker et al., 1994), plasmalemmal 

caveolae (Feron et al., 1996), and the Golgi complex (Sessa et al., 1995), 

but is also present in the cytosol. Cell membrane-bound and Golgi-bound 

eNOS have the ability to release more basal NO than cytosolic eNOS. 

However, the location of the enzyme when it releases NO may be more 

important than the amount of NO released for development of an 

extracellular significant function (Duran et al., 2010). NO production must 

be cautiously controlled, and so the eNOS activity is highly regulated by 

post-translational modifications and protein-protein interactions 

(Dudzinski and Michel, 2007).  
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Intracellular Ca2+: calmodulin binding 

The increase in cytoplasmic Ca2+ levels activates calmodulin (CaM), which 

binds to the CaM-binding domain in the eNOS to promote the alignment 

of the oxigenase and reductase domains of eNOS, leading to efficient NO 

synthesis (Sessa, 2004). In addition, binding of CaM simultaneously 

disrupts the inhibitory caveolin-eNOS interaction. The intracellular Ca2+ 

level is a critical determinant of eNOS activation via calmodulin, and many 

pathways converge on the release of Ca2+ from intracellular stores to 

activate eNOS, such as the G protein-dependent signalling pathway 

(Loscalzo and Welch, 1995). In this pathway, phospholipase C (PLC) 

cleaves the membrane component phosphatidylinositol 4,5-triphosphate 

into diacylglycerol and inositol 1,4,5-triphosphate (IP3), which binds to IP3 

receptors that are enriched in caveolae and regulate intracellular Ca2+ 

through pleiotropic effects on ion channels (Fujimoto et al., 1992). 

 

eNOS phosphorylation 

eNOS can be phosphorylated on serine (S), tyrosine (Y), and threonine (T) 

residues. Phosphorylation at S1177, S635, S617 or Y83 stimulates eNOS 

activity, whereas phosphorylation at S116, Y657 or T495 is inhibitory. 

S1177 phosphorylation activates eNOS by inhibition of CaM dissociation 

from eNOS and enhancement of the flux of electrons through the 

reductase domain of eNOS (McCabe et al., 2000). S1177 is phosphorylated 

by several kinases, such as kinase Akt (protein kinase B), cyclic AMP-

dependent protein kinase A (PKA), AMP-activated protein kinase 

(AMPK), PKG, and Ca2+/CaM-dependent protein kinase II (CaM Kinase 

II) (Dudzinski and Michel, 2007). The kinase pathways that lead to eNOS 
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phosphorylation depends on the stimuli applied. S635 is phosphorylated by 

PKA and increases eNOS activity in response to PKA-dependent agonists, 

as well as shear stress (Boo et al., 2002; Michell et al., 2002). 

Phosphorylation at S617 occurs downstream of either PKA or Akt, and 

seems to sensitize eNOS to CaM binding (Michell et al., 2002) and possibly 

to modulate phosphorylation at other eNOS sites (Bauer et al., 2003). 

eNOS can be phosphorylated at S116 by MAPK Erk1/2, which leads to a 

decrease in eNOS activity (Li et al., 2007; Ruan et al., 2011). Src kinase 

phosphorylates Y83 and activates eNOS (Fulton et al., 2005; Fulton et al., 

2008), whereas Y657 is phosphorylated by proline-rich tyrosine kinase 2 

and seems to inhibit eNOS activity (Fisslthaler et al., 2008). Moreover, 

eNOS can be phosphorylated at T495 by PKC and AMPK, which 

attenuates the binding of CaM by eNOS (Chen et al., 1999; Michell et al., 

2001), decreasing the enzyme activity. 

 

eNOS-associated proteins 

Caveolin is the major coat protein of caveolae (Williams and Lisanti, 2004). 

eNOS contains a consensus caveolin binding motif, and is negatively 

regulated by the interaction with caveolin-1 (Fulton et al., 2001). Caveolin-

1 interacts independently with both oxygenase and reductase domains of 

eNOS (Ghosh et al., 1998). However, the binding of caveolin-1 with the 

reductase domain is essential to inhibit eNOS activity, since the binding to 

this domain compromises eNOS ability to bind CaM and to donate 

electrons to the eNOS heme subunit, thereby impairing NO synthesis 

(Ghosh et al., 1998). The reductase interaction is independent of a 

caveolin-1 binding motif. Despite the inhibitory interaction with caveolin, 
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the localisation of eNOS in plasmalemmal caveolae seems to be important 

for eNOS activation by clustering receptors and effector proteins 

downstream of numerous eNOS agonists (Dudzinski and Michel, 2007). 

eNOS interacting protein (NOSIP) binds to the carboxyl-terminal region 

of the eNOS oxygenase domain. NOSIP decreases eNOS activity possibly 

by uncoupling it from plasma membrane caveolae and by promoting the 

translocation of eNOS from caveolae to intracellular compartments (Dedio 

et al., 2001). 

Heat shock protein 90 (Hsp90) is a molecular chaperone responsible for 

the proper folding of proteins such as steroid receptors and cell cycle-

dependent kinases (Pratt, 1997). Hsp90 associates with eNOS, and this 

association seems to be determined by the reversible tyrosine 

phosphorylation of Hsp90 in response to diverse eNOS agonists (Garcia-

Cardena et al., 1998; Harris et al., 2000). Hsp90 binding stimulates eNOS 

activity by enhancing the affinity of eNOS for CaM and balancing the 

output of NO (Pritchard et al., 2001). Hsp90 also stimulates eNOS activity 

by increasing the rate of Akt-dependent phosphorylation, and may also 

function as a scaffold for eNOS and Akt (Fontana et al., 2002; Sato et al., 

2000; Takahashi and Mendelsohn, 2003). 

Dynamin-2 is a large GTPase that is involved in vesicle formation, 

receptor-mediated endocytosis, caveolae internalization, and vesicle 

trafficking in and out of the Golgi (Doherty and McMahon, 2009). 

Dynamin-2 is found in the Golgi and plasma membranes of ECs. 

Dynamin-2 binds directly to eNOS and colocalizes with this enzyme in the 

Golgi membranes (Cao et al., 2001). The association between eNOS and 

dynamin-2 is increased by Ca2+ ionophores, and an increase in dynamin 

levels results in enhanced eNOS catalysis (Cao et al., 2001).  
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1.3.2. eNOS-derived NO and the BBB 

ECs express both iNOS and eNOS, and produce NO in small amounts 

that will control the local blood flow. In addition, constitutive eNOS-

derived NO plays a crucial role as a determinant factor of basal vascular 

permeability by regulating capillary and venular endothelial junctional 

integrity and by controlling the dimensions of interendothelial junctions 

(Predescu et al., 2005). This clearly shows that a restrictive endothelial 

barrier requires a physiological concentration of NO. Nevertheless, in 

pathologic conditions, excessive production of NO and the consequent 

NO redox species increase the BBB permeability (Boje and Lakhman, 

2000; Mayhan, 2000; Parathath et al., 2006). eNOS expression was shown 

to be increased in a rat model of focal cerebral ischemia, which was 

associated with BBB disruption (Kim and Jung, 2011). In addition, 

microsphere embolism-induced BBB disruption in the rat brain was 

attenuated by the inhibition of eNOS activity (Han et al., 2006).  

Caveolae are involved in receptor-mediated endocytosis and transcytosis 

through the BBB, and hydrolysis of guanosine triphosphate (GTP) is 

involved in the fission of the caveolae structures away from the plasma 

membrane (Schnitzer et al., 1996). Futhermore, NO increases endocytosis 

by S-nitrosylation of dynamin, promoting its oligomerization and GTPase 

activity (Wang et al., 2006). Thus, it seems that NO is important in the 

regulation of transendothelial permeability.  
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1.4. Matrix metalloproteinases (MMPs) 

1.4.1. MMP family and functions 

MMPs are a family, with more than 20 members, of zinc-dependent 

endopeptidases that catalyse the proteolysis of a number of extracellular 

matrix and basement membrane proteins, including collagens, laminin, 

glycoproteins and proteoglycans (Milward et al., 2007). MMPs also cleave a 

range of other molecules including growth factors, cytokines and 

chemokines. While some MMPs are secreted into the extracellular space, 

others are expressed on the cell surface, the membrane-type MMPs 

(Milward et al., 2007). The activity of MMPs is regulated by their natural 

inhibitors TIMPs. The MMP/TIMP system is thus involved in the 

modulation of functional and structural remodelling of the cellular 

architecture in the context of pathophysiology. MMPs play an important 

role in developing and normal adult CNS, and during repair of injuries that 

are inflicted upon adult CNS (Fig. 1.15) (Agrawal et al., 2008). 

In the nervous system, the profiles of constitutive and inducible MMP 

expression differ between regions, cell types and species. Some MMPs and 

TIMPs are expressed by all the main CNS cell types including neurons, 

astrocytes, microglia, oligodendrocytes, Schwann cells, vascular ECs, 

choroid plexus epithelial cells and progenitor cells (Milward et al., 2007). 

MMP-2 and MMP-9 (also called gelatinases A and B, respectively) are 

capable of cleaving collagen IV and V, laminin, and chondroitin sulfate 

proteoglycan, which are associated with cell adhesion. MMP-9 is probably 

the best characterised MMP expressed in the CNS. MMP-9 expression has 

been detected in both limbic and non-limbic structures in adult rat brain, 

with preferential expression within the hippocampus (Szklarczyk et al., 
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2002). In contrast, MMP-2 has been found to be uniformly distributed, 

especially within the brain gray matter, and generally expressed at a lower 

level than MMP-9 (Szklarczyk et al., 2002). In the hippocampus, MMP-9 is 

primarily but not exclusively expressed by neurons, while MMP-2 

originates primarily from glial cells (Szklarczyk et al., 2002). Importantly, 

MMP-9 is required for hippocampal long-term potentiation and memory 

(Nagy et al., 2006). MMPs are often secreted in inactive forms, and so 

protein levels do not always correlate with activity. Also, the regulation of 

MMPs activity following secretion allows an additional post-translational 

level of control to these enzymes (Milward et al., 2007).  

Besides the beneficial roles of MMPs in the developing and adult CNS, the 

MMPs can also play a detrimental role by promoting several diseases such 

as multiple sclerosis, spinal cord injury, and infection with human 

immunodeficiency virus (HIV) (Agrawal et al., 2008).  

 
Fig. 1.15. Multiple roles of matrix metalloproteinases (MMPs) in the central 
nervous system (CNS). MMPs play a crucial role in developing and adult CNS, 
as well as in recovery after injury. In CNS injury, infection and inflammation, 
MMPs may lead to degeneration of neurons, axons and myelin, resulting in various 
disease conditions (adapted from Agrawal et al., 2008).  
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1.4.2. MMPs and the BBB 

One mechanism by which MMPs may promote some of the CNS diseases 

is their ability to disrupt the BBB. MMP-9 induction by lipopolysaccharide 

(LPS) increases BBB permeability in rat brain, which is attenuated by 

treatment with the MMP inhibitor, BB-1101 (Mun-Bryce and Rosenberg, 

1998). In addition, both inhibition of MMP-9 and the deletion of MMP-9 

gene attenuate the BBB disruption (Rosenberg et al., 1998; Svedin et al., 

2007). These effects can be explained by the fact that MMPs are able to 

degrade the BBB extracellular matrix of the basal membrane as well as TJ 

proteins. In fact, occludin contains a putative extracellular MMP cleavage 

site (Bojarski et al., 2004). It was previously shown that claudin-5 and 

occludin are proteolytically degraded by MMP-2 and MMP-9 in a rat model 

of focal ischemia (Yang et al., 2007). MMP-3 is also involved in the 

cleavage of claudin-5 and occludin in LPS-induced inflammation model 

(Gurney et al., 2006). In human brain microvascular ECs, activation of 

MMP-1, -2, and -9 by ROS parallels degradation of extracellular matrix 

proteins and the enhancement of TJ protein phosphorylation, namely 

occludin, claudin-5 and ZO-1 (Haorah et al., 2007). These effects are 

prevented by the pre-treatment with an inhibitor of MMPs or an 

antioxidant (Haorah et al., 2007).  

 

1.4.3. MMPs and METH 

METH can activate MMP-2 and MMP-9. Specifically, Mizoguchi et al. 

(2007b) reported that rats treated repeatedly with METH showed an 

increase in the protein levels and activity of MMP-2 and MMP-9 in the 
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nucleus accumbens and frontal cortex. METH also increases MMP-9 gene 

expression in the whole mice brain (Liu et al., 2008). However, MMP-9 

KO mice still exhibited neurotoxicity to METH (Liu et al., 2008). Despite 

the limited studies addressing the role of MMPs in mediating METH-

induced toxicity, a few studies demonstrated that MMPs are involved in 

the rewarding effects of this drug, namely METH-induced behaviour 

sensitization and conditioned place preference (CPP). Mizoguchi and 

colleagues (2007b) reported that MMP-2 and MMP-9 KO mice showed a 

decrease in METH-induced behavioural sensitization and CPP compared 

to wild-type mice. METH-increased DA release in the nucleus accumbens 

was also attenuated in these KO mice (Mizoguchi et al., 2007b). In 

addition, the inhibition of MMP-2 and MMP-9 attenuates the rewarding 

effects of chronic low-dose METH (Mizoguchi et al., 2007a). Since 

learning and memory (MMPs are important mediators of these processes), 

as well as DAergic transmission in the nucleus accumbens are important in 

mediating the rewarding effects of drugs of abuse, these evidences show 

that MMPs may play a crucial role in the reward effects of METH. Several 

mechanisms that mediate the activation of MMP-2 and MMP-9, including 

oxidative stress, metabolic compromise, and inflammation, occur after the 

administration of AMPH-related drugs of abuse (Yamamoto and 

Raudensky, 2008), suggesting that MMP activation after METH 

administration might play a role in METH-induced toxicity. In fact, since 

METH can lead to an increase in the expression and activity of MMPs, and 

MMPs disrupt the BBB, one possible mechanism by which METH could 

induce neurotoxicity is via BBB dysfunction due to TJ proteins cleavage 

mediated by MMPs. 
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1.5. METH and the BBB 

Recently, the disruption of the BBB has emerging as another mechanism 

involved in the toxic effects caused by METH. Several studies showed that 

METH administration increases the permeability of the BBB in rodents 

(Bowyer and Ali, 2006; Kiyatkin et al., 2007; Sharma and Ali, 2006). Mice 

administered with a single high dose of METH showed BBB disruption to 

large molecules in the cerebral cortex (Sharma and Ali, 2006), 

hippocampus and amygdala (Bowyer and Ali, 2006), and in the caudate-

putamen (Bowyer et al., 2008), which was correlated with severe 

hyperthermia and status epilepticus. METH administration to rats also 

increases BBB permeability in the cortex, hippocampus, thalamus and 

hypothalamus, which was enhanced with the occurrence of brain 

hyperthermia (Kiyatkin et al., 2007; Sharma and Kiyatkin, 2009). Recent in 

vitro studies demonstrated that METH is capable of altering the BBB 

properties through direct effects on ECs (Park et al., 2012; Ramirez et al., 

2009). Human primary brain microvascular ECs exposed to METH 

showed a disorganisation and decrease in the protein levels of occludin, 

claudin-5 and ZO-1, as well as the consequent decrease in the TEER 

(Ramirez et al., 2009). These changes were also accompanied by an 

increase in the formation of ROS, activation of MLCK, and an 

enhancement in monocyte migration across METH-treated endothelial 

monolayers. Interestingly, antioxidant treatment attenuated or blocked the 

effects of METH on brain ECs (Ramirez et al., 2009). Park and co-workers 

(2012) also demonstrated that METH exposure can activate a NADPH 

oxidase (NOX) complex, followed by the subsequent activation of 

ERK1/2 signalling and phosphorylation of caveolin-1 at Tyr14 in a human 
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brain microvascular EC line. The events resultant from METH exposure 

leads in turn to the generation of ROS, to a decrease in occludin protein 

levels and immunoreactivity, and to increased monocyte migration across 

EC monolayers (Park et al., 2012). These evidences show that METH can 

compromise the BBB function just through direct effects on brain ECs. 

 

1.6. Objectives 

The neurotoxicity caused by METH consumption is mediated primarily by 

excitotoxicity, mitochondrial dysfunction, oxidative stress, and 

neuroinflammation. METH can also impair the BBB function, and the 

dysfunction of this barrier is known to contribute to and exacerbate many 

CNS diseases. Thus, BBB disruption has recently emerged as an important 

mechanism by which METH could exerts its neurotoxic effects. However, 

the molecular and cellular mechanisms underlying METH-induced BBB 

dysfunction are not well understood.  

Therefore, we first aimed to clarify the time-course effects of METH on 

BBB permeability and the susceptibility of different brain regions to this 

drug in mice administered with a single high dose of METH, 

corresponding to an acute intoxication model. Furthermore, in an attempt 

to understand how METH could induce BBB breakdown in this model, we 

also evaluated changes in TJ proteins and MMP-9 expression and activity.  

In order to unravel the mechanisms by which METH affects the BBB, 

using an in vitro BBB model we investigated the direct effects of METH on 

brain microvascular ECs. METH effects were assessed at concentrations 

physiologically significant, i.e. at levels found in the blood plasma of drug 
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abusers. Given that NO production may play a role in METH-induced 

neurotoxicity, we studied the role of eNOS in the METH-induced EC 

response. Moreover, since BBB dysfunction often results in increased 

leukocyte infiltration, we also addressed the alterations to lymphocyte 

migration in response to METH. 
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2.1. Abstract 

Methamphetamine (METH) is a powerful stimulant drug of abuse that has 

steadily gained popularity worldwide. It is known that METH is highly 

neurotoxic and causes irreversible damage of brain cells leading to 

neurological and psychiatric abnormalities. Recent studies suggested that 

METH-induced neurotoxicity may also result from its ability to 

compromise blood-brain barrier (BBB) function. Due to the crucial role of 

BBB in the maintenance of brain homeostasis and protection against toxic 

molecules and pathogenic organisms, its dysfunction could have severe 

consequences. Thus, in this study, we investigated the effect of an acute 

high dose of METH (30 mg/kg) on BBB permeability after different time 

points and in different brain regions. For that, young adult mice were 

sacrificed 1 h, 24 h or 72 h post-METH administration. We concluded that 

METH increased BBB permeability, but this effect was detected only at 24 

h after administration, being therefore a transitory effect. Interestingly, we 

also found that the hippocampus was the most susceptible brain region to 

METH, comparing to frontal cortex and striatum. Moreover, in an attempt 

to identify the key players in METH-induced BBB dysfunction, we further 

investigated potential alterations in tight junction (TJ) proteins and matrix 

metalloproteinase-9 (MMP-9). METH was able to decrease the protein 

levels of zonula occludens (ZO)-1, claudin-5 and occludin in the 

hippocampus 24 h post-injection, and increased the activity and 

immunoreactivity of MMP-9. The pre-treatment with BB-94 (30 mg/kg), a 

matrix metalloproteinase inhibitor, prevented the METH-induced increase 

in MMP-9 immunoreactivity and METH-induced Evans blue dye leakage 

in the hippocampus. Overall, the present data demonstrate that METH 
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transiently increases the BBB permeability in the hippocampus, which can 

be explained by alterations on TJ proteins and MMP-9. 

 

2.2. Introduction 

Methamphetamine (METH) is a psychomotor drug highly addictive and 

toxic to the brain. Studies with human subjects have shown that METH 

chronic users demonstrate structural abnormalities in the brain, namely lost 

of grey-matter, white matter hypertrophy and altered glucose metabolism 

in specific regions like hippocampus, prefrontal cortex, cingulate gyrus and 

amygdala (Thompson et al., 2004). These findings could explain some of 

the problems identified in METH users, such as behavioural problems, 

recall capacity, and memory and performance deficits observed in verbal 

memory tests and executive functions (Thompson et al., 2004). In an 

attempt to better clarify the molecular and cellular mechanisms responsible 

for these effects, most of the studies have focused on free radical 

production and oxidative stress, excitotoxicity, inflammation and 

mitochondrial dysfunction (Quinton and Yamamoto, 2006; Yamamoto and 

Raudensky, 2008). More recently, a new concept of METH-induced brain 

dysfunction has been raised based on its ability to disrupt the blood-brain 

barrier (BBB) (Bowyer and Ali, 2006; Sharma and Ali, 2006; Silva et al., 

2010). However, the molecular and cellular mechanisms underlying BBB 

breakdown due to METH consumption remains to be fully dissected. In 

vivo studies demonstrate that mice administered with an acute high dose of 

METH show an increase in BBB permeability in the medial and ventral 

amygdala, hippocampus (Bowyer and Ali, 2006) and caudate-putamen 
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(Bowyer et al., 2008), which was correlated with severe hyperthermia and 

extensive seizure activity. Moreover, in vitro studies have suggested that 

METH alters the BBB function through direct effects on endothelial cells 

by modulating the tight junction (TJ) proteins (Mahajan et al., 2008). 

Similarly, Ramirez and collaborators (2009) demonstrated that METH 

decreases the tightness of the BBB not only by decreasing the TJ protein 

levels but also by enhancing the production of reactive oxygen species 

resulting in the activation of myosin light chain kinase (MLCK), which in 

turn can lead to an increase in monocyte migration.  

The matrix metalloproteinases (MMPs) are proteolytic enzymes that can be 

activated by several mechanisms, including oxidative stress (Jian Liu and 

Rosenberg, 2005) and inflammation (Rosenberg, 2002). Multiple evidence 

have suggested the involvement of MMPs in some CNS diseases such as 

multiple sclerosis, spinal cord injury and human immunodeficiency virus 

encephalitis (Agrawal et al, 2008). A plausible mechanism by which these 

enzymes can promote brain dysfunction is their ability to disrupt the BBB 

(Fujimura et al., 1999; Keogh et al., 2003; Yang et al., 2007). In fact, MMPs 

are involved in the degradation of claudin-5 and occludin in a rat model of 

focal ischemia (Yang et al., 2007) and in a mouse model of 

neuroinflammation (Gurney et al., 2006). Moreover, Mizoguchi and 

collaborators (2007a) showed that METH increases the expression of 

MMP-2 and MMP-9 in neurons and glial cells in the rat frontal cortex and 

nucleus accumbens. Another study demonstrated that METH induces the 

release of MMP-1 in mixed human neuron/astrocyte cultures (Conant et 

al., 2004). 

According to very recent findings, it is clear that METH affects negatively 

the BBB function, but many questions remain unanswered. Thus, with the 
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present study we aimed to clarify the time-course effect of METH on BBB 

permeability and the susceptibility of different brain regions to this drug. 

Furthermore, in an attempt to better understand how METH can affect 

BBB, we looked for alterations in TJ proteins and MMP-9 expression and 

activity. 

 

2.3. Material and methods 

2.3.1. Animals  

Male C57BL/6J wild-type mice (20 – 30 g), aged three months (Charles 

River Laboratories, Inc, Barcelona, Spain) were housed under standard 12-

h light/dark cycle with ad libitum access to food and water. In this study we 

used an acute intoxication model, and for that mice were administered 

intraperitoneally (i.p.) with a single dose of METH (30 mg/kg body weight; 

synthesised at Chemistry Department, Faculty of Sciences, University of 

Porto, Portugal) dissolved in a maximum volume of 100 µl of sterile 0.9% 

NaCl, and were then sacrificed 1 h, 4 h, 8 h, 24 h, 48 h or 72 h post-

administration. The control animals were administered with 100 µl of 

sterile 0.9% NaCl (i.p.) and were sacrificed at the same time-points 

abovementioned. Other group of animals was pre-treated with BB-94 

(Batimastat; 30 mg/kg, i.p.; Tocris Bioscience, Bristol, UK), a broad 

spectrum MMP inhibitor, 10 min prior METH administration with a 

maximum volume of 200 µl dissolved in 0.01 M phosphate buffer saline 

(PBS; pH 7.2) with 0.01% Tween-20, being the animals sacrificed 24 h 

after METH injection. A minimum of three animals per experiment was 

used, as specified in the figure legends. All procedures involving 
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experimental animals were performed in accordance with European 

Community guidelines for the use of animals in laboratory (Directive 

2010/63/EU) and the Portuguese law for the care and use of experimental 

animals (DL nº. 129/92). All efforts were made to minimise animal 

suffering and to reduce the number of animals used. 

 

2.3.2. Sample preparation for METH and AMPH quantification 

Mice were anaesthetised with 100 µl of sodium pentobarbital (25 mg/ml, 

i.p.; Sigma, St Louis, MO, USA). Blood was collected from mice jugular 

vein and immediately placed onto sterile K3EDTA tubes (7.5% K3EDTA, 

3 ml; BD VacutainerTM, Plymouth, UK) in order to avoid blood clotting. 

Afterwards, 300 µl of blood sample was centrifuged at 14,100×g for 10 min 

and 200 µl of plasma was added to 2 ml borate buffer, pH 9. Regarding 

brain samples, the mice brains were quickly removed and homogenised at 

4ºC in 4 ml borate buffer, pH 9, in a Precellys® 24 tissue homogeniser. 

Then, brain homogenates were centrifuged at 3,600×g for 10 min at 4ºC. 

Before METH and amphetamine (AMPH) extraction, 100 µl of the 

internal standard consisting of 100 ng/ml AMPH-d5 and METH-d5 

(Cerilliant, Round Rock, TX, USA) was added to the plasma and brain 

samples.  

 

2.3.3. METH and AMPH extraction 

For the detection of METH and AMPH, plasma and brain samples were 

submitted to a solid phase extraction in an Oasis HLB 3cc 60 mg column 

(Waters, Milford, Massachusetts, USA). First, the column cartridges were 
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conditioned with 2 ml methanol and 2 ml water, and samples were directly 

applied into the column. Then, columns were cleaned with 2 ml water with 

5% methanol followed by 2 ml of the solution consisting of 60% water, 

39.5% methanol and 0.5% NH4OH. Cartridges were dried for 10 min and 

then an elution was performed with 2 ml of a solution composed by 75% 

dichloromethane and 25% isopropanol. Afterwards, eluates were 

evaporated to dryness with nitrogen and then reconstituted in 100 µl of the 

following solution: 95% mobile phase (2 mM ammonium formate and 

0.1% formic acid) plus 5% methanol. 

 

2.3.4. Liquid chromatography-tandem mass spectrometry 

Samples containing METH and AMPH (30 µl) were injected into the 

HPLC system (Waters Alliance 2795 Separation Module, Milford, 

Massachusetts, USA) with a Waters Alliance series column heater/cooler 

(Waters) and separated in an Atlantis T3 column (100 × 2.1 mm, 3 µm; 

Waters) using the mobile phase at a flow rate of 0.2 ml/min, in gradient 

mode. Samples were detected on a tandem mass spectrometer Quattro 

MicroTM API ESCI (Waters) with a triple quadrupole, being the 

electrospray operated in the positive ionisation mode (ESI+). Moreover, 

nitrogen was heated at 300ºC and used as nebulisation gas and desolvation 

gas at a flow rate of 600 (l/h), and as a cone gas at a flow of 60 (l/h). 

Capillary voltage was set to 3 kV and source block temperature was set to 

130ºC. Data was acquired by using MassLynx 4.1 software and processed 

with QuantLynx 4.0 software (Waters).  
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2.3.5. Evans blue quantification in the brain 

Evans blue (EB; Sigma) dye was used to detect BBB disruption. EB binds 

to serum albumin (MW of the complex = 65 kDa) and only crosses the 

BBB if there is an increase in BBB permeability. Animals were 

anaesthetised with 100 µl of sodium pentobarbital (25 mg/ml, i.p.; Sigma) 

and injected in the tail vein with 100 µl of 4% EB 30 min before 

transcardial perfusion with 5 ml of 0.05 M sodium citrate with 1% 

paraformaldehyde (PFA) (pH 4.2, 37ºC), followed by 10 ml of 4% PFA in 

0.01 M PBS, pH 7.4. Brains were removed and for some experiments the 

cerebellum and hemispheres were separated, whereas in other studies the 

bilateral hippocampi, frontal cortex and striata were dissected. Each 

hemisphere and the cerebellum were immersed in formamide (6 µl/mg wet 

tissue; Sigma-Aldrich), while the hippocampi and striata were immersed in 

300 µl and the frontal cortex in 1 ml of formamide. The samples were left 

for 24 h at 51ºC. Formamide was then centrifuged at 420,000×g for 20 min 

at 4ºC. The absorbance of each sample was measured at 620 nm and 740 

nm in a Synergy™ HT Multi-Mode Microplate Reader (BioTek, Winooski, 

Vermont, USA). The concentration of the dye in the supernatant was 

calculated by interpolation in a standard curve of EB in formamide (0 – 4 

µg/ml).   

 

2.3.6. Detection of Evans blue extravasation in different brain 

regions 

Mice were manipulated as abovementioned for EB quantification and after 

transcardial perfusion, brains were removed, post-fixed in 4% PFA 
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solution for 24 h at 4ºC, and transferred to 20% sucrose in 0.01 M PBS, 

pH 7.4, for at least 24 h at 4ºC. Then, brains were sectioned from the 

striatum to the hippocampus in coronal slices (14 µm), on a cryostat (Leica 

CM3050S, Nussloch, Germany) and the slices were mounted directly onto 

gelatine-coated glass slides. Slices were rinsed in PBS and then stained with 

10 µg/ml Hoechst 33342 [in PBS containing 0.25% bovine serum albumin 

(BSA)] for 10 min at room temperature (RT). After washing once again, 

slices were coverslipped with Dako fluorescence medium (Dako North 

America, Carpinteria, USA). Images were recorded using an Axiovert 200 

M fluorescence microscope (Carl Zeiss, Oberkochem, Germany). 

 

2.3.7. Western blot analysis 

After the treatments, the animals were sacrificed by cervical dislocation, the 

brain was immediately removed from the skull, placed on an ice-cold 

dissection disc and the bilateral hippocampi, frontal cortex and striata were 

dissected. The isolated tissues were homogenised in RIPA buffer (150 mM 

NaCl, 5 mM EGTA, 50 mM Tris, 1% (v/v) Triton, 0.1% SDS and 0.5% 

sodium deoxycholate), supplemented with protease inhibitor cocktail 

tablets (Roche Applied Sciences, Germany) in the ratio of 1 tablet/10 ml 

RIPA buffer. The homogenates were centrifuged at 14,000×g for 10 min, 

the supernatants were collected and protein concentration was determined 

by the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

Northumberland, UK). Protein samples (25 µg, 100 µg or 200 µg for 

occludin, ZO-1 and claudin-5, respectively) were separated by 

electrophoresis on 6 – 12% SDS-PAGE, and then transferred 

electrophoretically onto a PVDF membrane (Millipore, Madrid, Spain). 



METH transiently increases the BBB permeability in the hippocampus 

83 

Membranes were then blocked for 1 h at RT in blocking solution, PBS 

containing 0.1% (v/v) Tween-20 (PBST) and 5% (w/v) non-fat dried milk, 

and incubated with primary antibodies overnight at 4ºC as follows: ZO-1 

(1:500; Zymed Lab, San Francisco, USA), claudin-5 (1:100; Zymed Lab) or 

occludin (1:250; Zymed Lab). After washing 3×20 min with PBST, the 

membranes were incubated with alkaline phosphatase-conjugated 

secondary antibodies (1:20000; Amersham, GE Healthcare Life Science, 

USA) for 1 h at RT. The assessed proteins were detected using the 

Enhanced Chemifluorescence (ECF) reagent (Amersham) on a Storm 860 

Gel and Blot Imaging System (Amersham, GE Healthcare Life Science, 

Buckinghamshire, UK). The blots were stripped and reprobed with an 

antibody against β-actin, which was used as loading control, (1:2000; 

Sigma-Aldrich, St Louis, MO, USA). Band intensities were quantified using 

the ImageQuant 5.0 software. 

 

2.3.8. Gelatin gel zymography  

Mice were sacrificed by cervical dislocation, brains were quickly removed, 

placed on an ice-cold dissection disc and the hippocampi were dissected. 

Brain samples were homogenised in 250 µl lysis buffer (50 mM Tris-HCl, 

pH 7.4, 0.5% Triton X-100, 1 mM PMSF, 1 mM DTT, and 5 µg/ml 

CLAP, protease inhibitors) on ice. After centrifugation at 14,000×g for 10 

min at 4ºC, the supernatant was collected. Total protein concentration of 

each sample was determined by the Pierce BCA protein assay kit (Thermo 

Fisher Scientific). MMP-9 activity was assessed by gelatin zymography, as 

previously described (Asahi et al., 2000) with some modifications. Briefly, 

protein samples (50 µg) were loaded and separated by 10% acrylamide gel 
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with 0.1% gelatin (substrate). The gel was placed in renaturing buffer for 

30 min and then incubated with developing buffer at 37ºC for 48 h. After 

incubation, the gel was washed with distilled water for 5 min followed by 

staining with 0.5% Commassie Blue R-250 for 30 min. The gel was 

destained in a solution composed of 20% methanol and 10% acetic acid 

until white bands appear in a blue background.   

 

2.3.9. Immunohistochemistry  

Mice were anaesthetised with 100 µl of sodium pentobarbital (25 mg/ml, 

i.p.; Sigma) and transcardially perfused with 10 ml of 0.01 M PBS (pH 7.4), 

followed by 20 ml of 4% PFA in 0.01 M PBS (pH 7.4). The brains were 

removed, post-fixed in 4% PFA solution for 24 h at 4ºC, and then 

transferred to 20% sucrose in 0.01 M PBS for at least 24 h at 4ºC. Then, 

brains were cut from the striatum to the hippocampus in coronal sections 

(30 µm) and the slices were collected in 20% sucrose solution to perform 

free-floating immunohistochemistry. Slices were rinsed in PBS, blocked 

with 3% fetal bovine serum (FBS) + 1% Triton X-100 in 0.01 M PBS for 

30 min at RT, and incubated with anti-MMP-9 antibody (1:1000; Abcam, 

Cambridge, UK). For double-labelling of MMP-9 and CD11b, GFAP or 

NeuN, slices were incubated with anti-CD11b (1:500; AbD Serotec, 

Oxford, UK), anti-glial fibrillary acidic protein (GFAP) conjugated to Cy3 

(1:500; Sigma-Aldrich) or anti-NeuN (1:100; Chemicon-Millipore, Madrid, 

Spain) antibodies. The slices were then incubated with Alexa Fluor 488 or 

Alexa Fluor 568 secondary antibodies (1:200, Invitrogen, Inchinnan 

Business Park, UK), for 90 min at RT. Afterwards, slices were washed, 

incubated with 10 µg/ml Hoechst 33342 (in PBS containing 0.25% BSA) 
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for 10 min at RT in the dark, and mounted with Dako fluorescence 

medium (Dako North America). Images were recorded using an LSM 510 

Meta Confocal microscope (Carl Zeiss, Oberkochen, Germany).  

 

2.3.10. Statistical analysis 

Statistics were performed using one- or two-way ANOVA, followed by 

Dunnett’s or Bonferroni’s post-test, and Student’s t-test, as indicated in the 

figure legends. Results are expressed as mean ± SEM, and the level of 

p<0.05 was accepted as statistically significant.  

 

2.4. Results 

2.4.1. Time course changes of METH and AMPH levels in the 

plasma and brain  

Since the present study aims to clarify the effect of METH on BBB, we 

first characterised our experimental model regarding the levels of METH 

and AMPH in the plasma and brain at different time points (1 h, 4 h, 8 h, 

24 h, 48 h and 72 h) after METH administration (30 mg/kg). Regarding 

blood levels, we found that METH reached its highest levels at 1 h after 

the administration (5584.00±717.00 ng/ml; Fig. 2.1A, p<0.001). After 4 h 

and 8 h, the levels of METH decreased to 357.90±38.89 ng/ml (p<0.001) 

and 59.47±35.15 ng/ml, respectively (Fig. 2.1A). Moreover, at 24 h, 48 h 

and 72 h post-drug injection, the levels of METH detected in the plasma 

were residual (4.07±0.97, 0.68±0.19 and 0.53±0.28 ng/ml, respectively; 

Fig. 2.1A).  
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Regarding AMPH levels, 1 h after METH administration we detected 

780.70±50.58 ng/ml of AMPH in the plasma, which demonstrates that 

METH was already metabolised (Fig. 2.1B, p<0.001). After 4 h the AMPH 

levels were still significantly increased (156.30±26.15 ng/ml, p<0.001), 

whereas at 8 h the levels decreased to 18.93±13.32 ng/ml (Fig. 2.1B). 

Similarly as observed in Fig. 2.1A for METH, at 24 h, 48 h and 72 h after 

drug injection the AMPH levels were only vestigial. 

Regarding brain levels, we concluded that the drug rapidly reached the 

brain because 1 h after administration it was possible to detect 

32335.00±533.90 ng/g of METH (Fig. 2.1C, p<0.001). After 4 h, the levels 

of METH were still significantly increased when compared to the control 

(2179.00±178.40, p<0.001), whereas after 8 h, 24 h, 48 h and 72 h the 

levels were not statistically different from control (318.30±190.40, 

12.70±6.95, 5.25±1.58 and 4.63±2.92 ng/g, respectively; Fig. 2.1C). 

AMPH was also detected in the brain, and its levels were significantly 

increased, comparing to control, after 1 h (3461.00±459.10 ng/g, p<0.001) 

and 4 h (949.10±88.77 ng/g, p<0.01) of METH administration (Fig. 2.1D). 

At 8 h the AMPH levels were 103.10±64.63 ng/g, whereas after 24 h, 48 h 

and 72 h its levels were vestigial in brain samples. 
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Fig. 2.1. Quantification of methamphetamine (METH; A, C) and its 
metabolite amphetamine (AMPH; B, D) by liquid chromatography-tandem 
mass spectrometry in the plasma (A, B) and in the brain (C, D). The levels of 
both drugs were significantly increased in both plasma and brain at 1 h and 4 h 
after an acute dose of METH (30 mg/kg, i.p.). The results are expressed as mean 
± SEM (n=3-4). **p<0.01, ***p<0.001, significantly different when compared to 
control (saline) using Dunnett’s multiple comparison test. 

 

2.4.2. METH increases Evans blue leakage in the right and left brain 

hemispheres 

Evans blue (EB) is a non-toxic dye that binds to serum albumin. Under 

normal physiological conditions this complex does not cross the BBB and 

so, the leakage of albumin into the brain tissue only occurs when there is 

an increase in the permeability of blood vessels. Due to these properties, 
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the conjugate of EB dye-albumin is widely used to study the integrity of 

BBB (Sharma and Ali, 2006; Kiyatkin et al, 2007; Manaenko et al., 2011). 

In the present study, we observed that 1 h after METH administration the 

levels of EB detected in the right (2.15±0.60 µg/g) and left hemispheres 

(2.04±0.58 µg/g) were not statistically different from the values obtained 

in both hemispheres from control animals (1.56±0.30 and 1.41±0.44 µg/g, 

right and left hemispheres, respectively; Fig. 2.2A). However, a significant 

increase in the leakage of EB was detected 24 h after METH injection 

(7.34±0.74 and 7.42±0.87 µg/g, right and left hemispheres, respectively; 

p<0.001), indicating a disruption of barrier integrity at this time point (Fig. 

2.2A). In accordance with these findings, the brains of the mice sacrificed 

24 h after METH administration have a blue colour (Fig. 2.2C), which 

clearly indicates EB extravasation. In contrast, at 72 h post-administration 

no differences were found relatively to control (1.77±0.24 and 1.77±0.24 

µg/g, right and left hemispheres, respectively), which suggests a recovery 

of the BBB permeability (Fig. 2.2A). Moreover, despite our focus in this 

study was to compare potential changes induced by METH in the 

hippocampus, frontal cortex and striatum, it was also possible to observe a 

blue colour in the posterior cortex at 24 h after METH injection (Fig. 

2.2C), as well as an increase in EB leakage in the cerebellum, but only at 24 

h after METH administration (control: 2.02±0.29; METH: 13.16±1.44 

µg/g; Fig. 2.2B). 
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Fig. 2.2. Methamphetamine (METH) induces a transient increase in blood-
brain barrier (BBB) permeability. Quantification of Evans blue dye 
extravasation in the (A) right and left hemispheres, and (B) cerebellum at 1 h, 24 h 
and 72 h after an acute high dose of METH (30 mg/kg; i.p.). (C) Representative 
images of mice brains, where the Evans blue leakage (blue colour) is evident only 
at 24 h following METH injection, without a significant effect at 1 h or 72 h. The 
results are expressed as mean ± SEM (n=3-4). ***p<0.001, significantly different 
when compared to control (saline), 1 h and 72 h post-METH, using Bonferroni’s 
multiple comparison test. 
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2.4.3. Hippocampus, frontal cortex and striatum are differently 

affected by METH 

METH treatment causes neuronal cell death in several brain regions, 

including frontal cortex, striatum and hippocampus (Deng et al., 2001; 

Dietrich, 2009). Thompson and collaborators (2004) also demonstrated 

that human subjects who have used METH chronically presented severe 

grey-matter deficits in the cortex and a reduction in hippocampal volume. 

Thus, since we had observed an increase in the permeability of BBB at 24 

h after METH administration, we then analysed different brain regions at 

this time point, by fluorescence microscopy and EB quantification, to 

clarify if they were differently affected. Interestingly, the hippocampus (Fig. 

2.3) revealed to be the only brain region affected by METH, since at 24 h 

post-administration the EB extravasation was evident in all hippocampal 

subregions analysed (DG, CA3 and CA1) (Fig. 2.3A), whereas in both 

frontal cortex and striatum no EB leakage was detected at 24 h post-

METH injection (Fig. 2.3A). Accordingly, we detected a significant 

increase in EB extravasation in the hippocampus (266.50±26.01% of 

control, p<0.001; Fig. 2.3B), while no differences in the frontal cortex and 

striatum were detected (83.64±20.62% and 109.70±16.26% of control, 

respectively; Fig. 2.3B). 
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Fig. 2.3. Evans blue (EB) extravasation in the hippocampus at 24 h after 
methamphetamine (METH) administration. (A) Fluorescence images show 
the presence of EB (red) in the hippocampus demonstrating that METH induces 
an increase in BBB permeability in this brain region, and not in the frontal cortex 
and striatum. Also, no significant differences were observed among different 
hippocampal subregions, dentate gyrus (DG), cornu ammonis field 3 (CA3) and 
cornu ammonis field 1 (CA1). Total brain sections were also stained with Hoechst 
33342 (blue), a nuclear marker, for visualisation of cellular organization. Scale bar 
= 50 µm. (B) The quantification of EB dye extravasation in the hippocampus, 
frontal cortex and striatum at 24 h after an acute high dose of METH (30 mg/kg; 
i.p.) shows an increase in BBB permeability, but only in the hippocampus. The 
results are expressed as mean ± SEM (n=3-7). ***p<0.001, significantly different 
when compared to control (saline) using Bonferroni’s multiple comparison test.  
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2.4.4. METH induces alterations in the hippocampal tight junction 

protein levels  

TJ proteins confer low paracellular permeability and high electrical 

resistance to the BBB (Bazzoni and Dejana, 2004). In many CNS diseases, 

as multiple sclerosis and encephalitis, the alteration in the content of TJ 

proteins, like ZO-1, claudins and occludin, is linked to the impairment of 

the BBB and to the increase in its permeability (Forster, 2008; Petty and 

Lo, 2002; Zlokovic, 2008). Therefore, we analysed the protein levels of 

ZO-1, claudin-5 and occludin in the hippocampus, frontal cortex and 

striatum to clarify if alterations in the levels of these tight junction proteins 

could be correlated with the increase in the BBB permeability observed. At 

1 h post-METH administration, no changes were observed in the proteins 

analysed (Fig. 2.4). However, there was a significant decrease in 

hippocampal ZO-1 protein levels at 24 h after METH-administration 

(87.14±2.82% of control, p<0.05; Fig. 2.5A), but no differences were 

observed in the frontal cortex and striatum (94.26±2.20% and 

88.94±8.71% of control, respectively; Fig. 2.5A). As observed for ZO-1, 

there was also a decrease in the content of claudin-5 (67.88±5.44% of 

control, p<0.01; Fig. 2.5B) and occludin (75.78±1.05% of control, p<0.01; 

Fig. 2.5C) in the hippocampus. No alterations were observed in the frontal 

cortex and striatum regarding the content of claudin-5 (85.22±3.79% and 

97.20±2.93% of control, respectively; Fig. 2.5B) and occludin 

(95.49±5.18% and 101.06±13.36% of control, respectively; Fig. 2.5C). 
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Fig. 2.4. Acute administration of methamphetamine (METH; 30 mg/kg, 
i.p.) had no effect on protein levels of (A) zonula occludens-1 (ZO-1), (B) 
claudin-5 and (C) occludin at 1 h post-administration in all the three brain 
regions analysed. Above the bars, representative western blots for ZO-1 (225 
kDa), claudin-5 (24 kDa), occludin (65 kDa) and β-Actin (42 kDa) are shown. 
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Fig. 2.5. Acute administration of methamphetamine (METH) decreases the 
protein levels of zonula occludens-1 (ZO-1), claudin-5 and occludin in the 
hippocampus. Quantification of (A) ZO-1 (225 kDa), (B) claudin-5 (24 kDa) and 
(C) occludin (65 kDa) protein levels in the hippocampus, frontal cortex and 
striatum at 24 h after METH administration (30 mg/kg, i.p.). Above the bars, 
representative western blots for ZO-1, claudin-5, occludin and β-Actin (42 kDa) 
are shown. The results are expressed as mean ± SEM (n=3-7). *p<0.05, **p<0.01, 
significantly different when compared to control (saline) using Bonferroni’s 
multiple comparison test.  
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2.4.5. METH increases the activity and immunoreactivity of MMP-9  

Besides TJs, there are other players, such as the MMPs, that can contribute 

to the impairment of the BBB, not only because they can degrade the 

neurovascular matrix, but also because they can degrade the TJ proteins. 

Previous studies showed that some MMP inhibitors are able to block the 

proteolysis of occludin in endothelial cells (Bojarski et al., 2004; Lohmann 

et al., 2004; Wachtel et al., 1999). Since we found that at 24 h post-METH 

administration there was an increase in BBB permeability and a decrease in 

TJ protein levels in the hippocampus, the effect of METH on the activity 

and immunoreactivity of MMP-9 was investigated only in this brain region 

and at this time point. In gelatine zymography analysis (Fig. 2.6), we 

detected the latent (105 kDa) and the active (97 kDa) MMP-9, and we 

found that, after METH treatment, the active form of MMP-9 in the 

hippocampus was increased (1.15±0.01 fold increase, p<0.01; Fig. 2.6).  

 
Fig. 2.6. Methamphetamine (METH) increases matrix metalloproteinase-9 
(MMP-9) activity in the hippocampus. The relative activation of MMP-9 was 
calculated by dividing active MMP-9 proteolysis by total lysis (latent and active 
forms), and it shows that MMP-9 gelatinolytic activity was increased in the 
hippocampus at 24 h after METH injection (30 mg/kg, i.p.), when compared to 
the control. The results are expressed as mean ± SEM (n=3). **p< 0.01, 
significantly different when compared to control (saline) using Student´s t-test. 
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We then analysed the immunoreactivity of MMP-9 in the hippocampus by 

immunohistochemistry, and we observed that at 1 h post-METH injection 

there were no changes in the MMP-9 immunoreactivity, whereas there was 

a significant increase in the MMP-9 immunoreactivity after 24 h (Fig. 2.7). 

Also, we observed a co-localization of MMP-9 with Hoechst, a nuclear 

marker, showing that MMP-9 is localised within the nucleus of cells (Fig. 

2.7). Interestingly, this increase in MMP-9 immunoreactivity induced by 

METH was prevented by the pre-treatment with BB-94, a MMP inhibitor 

(Fig. 2.7). Moreover, at 24 h after METH injection, the MMP-9 

immunoreactivity was similar to the control in the frontal cortex (Fig. 

2.8A) and striatum (Fig. 2.8B), showing that the changes in MMP-9 

expression occur specifically in the hippocampus. Due to the fact that 

several cell types could be the source of MMP-9 (Agrawal et al., 2008), we 

also performed double labelling to identify the cells that were expressing 

MMP-9. We concluded that MMP-9 did not co-localise with microglia (Fig. 

2.9A) and astrocytic cells (Fig. 2.9B) but, in contrast, the double labelling 

with NeuN, a neuronal marker, showed that MMP-9 co-localised with the 

majority of neurons (Fig. 2.9C), indicating that after METH insult MMP-9 

is expressed mainly by this cell type. Interestingly, by inhibiting MMP-9 

with BB-94 it was possible to prevent the increase in permeability induced 

by METH in the hippocampus after 24 h (Fig. 2.10).  
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Fig. 2.7. The immunoreactivity of matrix metalloproteinase-9 (MMP-9) 
increases in the hippocampus at 24 h post-methamphetamine (METH) 
administration. Immunofluorescent labelling for MMP-9 (green) demonstrates 
an increase in its immunoreactivity at 24 h following METH injection, when 
compared to control (saline), without changes at 1 h. The pre-treatment with BB-
94, a MMP inhibitor, prevented the METH-induced increase in MMP-9 
immunoreactivity at 24 h. Total brain sections were also stained with Hoechst 
33342 (blue) to visualise cellular organisation. Co-localisation of Hoechst 
fluorescence with MMP-9 immunoreactivity shows that MMP-9 is mainly localised 
within the nucleus. Scale bar = 50 µm. Representative images were chosen from 
the hippocampal subregion cornu ammonis field 1 (CA1) and were recorded using 
a confocal microscope. 
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Fig. 2.8. Methamphetamine (METH) does not change the 
immunoreactivity of matrix metalloproteinase-9 (MMP-9) in the frontal 
cortex and striatum. Immunofluorescent labelling of MMP-9 (green) 
demonstrates that there were no changes in MMP-9 immunoreactivity at 24 h 
following METH injection (30 mg/kg, i.p.), when compared to the control (saline) 
in both (A) frontal cortex and (B) striatum. Total brain sections were also stained 
with Hoechst 33342 (blue) for nuclei staining. Representative images were 
recorded using a confocal microscope. Scale bar = 50 µm. 
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Fig. 2.9. Neurons are the main source of matrix metalloproteinase-9 (MMP-
9) in the hippocampus. Images of the double-labelling of MMP-9 with (A) 
CD11b, (B) glial fibrillary acidic protein (GFAP), and (C) NeuN, at 24 h after 
METH administration. Scale bar = 50 µm. Representative images were chosen 
from the hippocampal subregion cornu ammonis field 1 (CA1) and were recorded 
using a confocal microscope. Small scale bar = 10 µm. 
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Fig. 2.10. BB-94, a matrix metalloproteinase inhibitor, prevents the 
methamphetamine (METH)-induced increase in Evans blue extravasation 
in the hippocampus after 24 h. Total brain sections were stained with Hoechst 
33342 (blue), a nuclear marker, for visualisation of cellular organization. Scale bar 
= 50 µm.  

 

2.5. Discussion 

METH is a drug of abuse that causes several brain abnormalities (Thomas 

et al., 2004; Thomas and Kuhn, 2005a). However, the molecular and 

cellular mechanisms underlying its effects remain unclear. This drug is a 

lipophilic molecule and a weak base, with low molecular weight and low 

protein binding capacity, allowing an easy diffusion across plasma 

membranes and lipid layers (de la Torre et al., 2004). Due to its 

characteristics, rare are the studies where the drug levels that reach the 

brain were evaluated. Nevertheless, Melega and co-workers (1995) assessed 

plasma and brain kinetics of AMPH and METH from 5 to 60 min after 

administration (1 and 5 mg/kg, i.v.), and concluded that a dose-dependent 

increase in AMPH and METH plasma levels resulted in a proportional 

increase in striatum levels that were also equivalent for both drugs. More 

recently, METH and AMPH levels were determined in the hippocampus 

of C57BL/6J mice after one, three or four injections of 5 mg/kg METH, 

but no differences were detected among the different METH injection 

protocols for both METH and AMPH (Ladenheim et al., 2000). In the 
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present study, we went a step further by characterising the time-course 

changes in the levels of METH and AMPH in the plasma, and particularly 

the levels that reached the brain, in an animal model of METH 

intoxication. We concluded that, within 1 h, METH diffused to the 

circulation and rapidly reached the brain tissue by crossing the BBB. 

Moreover, 4 h after the administration, the levels of METH and AMPH in 

plasma and brain had decreased, but were still significantly increased 

compared to the control, indicating that METH metabolisation was 

occurring.  

Once in the brain, METH leads to several abnormalities (Thomas et al., 

2004; Thomas and Kuhn, 2005a). Very recently, Tobias and collaborators 

(2010) demonstrated that METH abusers show microstrutural 

abnormalities in white matter of the prefrontal cortex, in the genu of the 

corpus callosum, and in the hippocampus, which were associated with 

psychiatric symptoms. Moreover, METH-induced neurotoxicity can be 

caused by oxidative stress, mitochondrial dysfunction, excitotoxicity and 

inflammation (Quinton and Yamamoto, 2006; Yamamoto et al., 2010; 

Yamamoto and Raudensky, 2008). Despite the well documented harmful 

effects of METH in the brain, the impact of this drug on the BBB has 

been overlooked. Only recently, Sharma and Ali (2006) demonstrated that 

an acute high dose of METH (40 mg/kg) increases BBB permeability in 

the mouse cerebral cortex, as well as in the medial and ventral amygdala, 

hippocampus (Bowyer and Ali, 2006) and caudate-putamen (Bowyer et al., 

2008), which was correlated with severe hyperthermia and extensive 

seizure activity. Moreover, in rats injected with a single dose of METH (9 

mg/kg), the EB leakage observed in the nucleus accumbens was 

aggravated by brain hyperthermia (Kiyatkin et al., 2007). Here, we clearly 
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show that an acute high dose of METH increased BBB permeability after 

24 h. Interestingly, among the three brain regions analysed, this effect was 

observed only in the hippocampus. Nevertheless, the reasons for the 

highest susceptibility of the hippocampus in our model remains to be 

further investigated. Also, a new finding was the transient increase of BBB 

permeability since at 72 h post-METH administration no EB leakage was 

detected. Additionally, mice did not develop seizures after METH 

administration, which suggest that seizures are not a prerequisite to 

increase BBB permeability in our animal model. The apparent 

contradiction between our and other results (Bowyer and Ali, 2006; 

Bowyer et al., 2008) can be explained by the use of different doses and 

different rodent species and strains.  

It has been clearly shown that METH damages striatal dopaminergic 

terminals that seems to be preceded by microglia activation (Thomas et al., 

2004; Thomas and Kuhn, 2005a), as well as by a significant increase in the 

reactivity of astrocytes in the striatum, cortex and hippocampus (Narita et 

al., 2008; Pubill et al., 2003; Simões et al., 2007). Indeed, we have also 

demonstrated that an acute high dose of METH induces astrogliosis, 

microglial activation and alterations in the tumour necrosis factor system in 

the hippocampus, without inducing cell death, only neuronal dysfunction 

(Gonçalves et al., 2010). Moreover, significant alterations in the rat 

hippocampal glutamatergic system were shown after administration of an 

acute high dose of METH (Simões et al., 2007). Thus, we can hypothesise 

that these events can be responsible, at least in part, for the specific 

increase of BBB permeability in the hippocampus shown in the present 

study. In fact, the neuroinflammatory events are accompanied by 

microglial activation, astrogliosis, and production of pro-inflammatory 
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cytokines, reactive oxygen species, and nitric oxide (Glass et al., 2010) that 

can lead to the disruption of the BBB (de Vries et al., 1996; Gloor et al., 

1997; Pun et al., 2009; Thiel and Audus, 2001). Zhao and collaborators 

(2007) demonstrated that the increase in BBB permeability observed in 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice or in 

tumour necrosis factor-alpha (TNF-α) knockout mice was attenuated by 

minocycline, an inhibitor of microglia activation. Regarding human studies, 

Thompson and collaborators (2004) showed for the first time the profile 

of structural deficits in the human brain associated with chronic METH 

abuse. Specifically, cortical maps revealed severe grey-matter deficits in the 

cingulate, limbic, and paralimbic cortices of METH abusers, and on 

average, these patients had 7.8% smaller hippocampal volumes than 

control subjects, and significant white-matter hypertrophy. These results 

suggest that chronic METH abuse causes a selective pattern of cerebral 

deterioration that contributes to impaired memory performance. Several 

explanations were raised for this selective damage, such as neuropil 

reduction, cell death and gliosis. In this study, we demonstrated that BBB 

function in the hippocampus is specifically impaired by METH, making 

this brain region highly susceptible to injury, which may justify the 

cognitive deficits showed by METH users. 

In an attempt to clarify the mechanisms underlying the increased BBB 

permeability observed at 24 h after METH administration, we investigated 

potential changes in TJ proteins and MMPs. The TJ complex is the main 

responsible for the restriction of the paracellular transport of molecules 

across the BBB (Persidsky et al., 2006; Romero et al., 2003). It is composed 

by the transmembrane proteins occludin, claudins, and junctional adhesion 

molecules (JAMs) that in turn are connected to the actin cytoskeleton by 
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the intracellular accessory proteins ZO-1, -2 and -3 (Ballabh et al., 2004; 

Bazzoni and Dejana, 2004; Persidsky et al., 2006; Wolburg et al., 2009). 

The decrease or alteration in the arrangement of TJs lead to BBB 

disruption, a feature of many CNS pathologies like Parkinson’s (Carvey et 

al., 2005; Drozdzik et al., 2003) and Alzheimer’s disease, ischemic stroke 

(Lo et al., 2003; Sandoval and Witt, 2008), multiple sclerosis (Correale and 

Villa, 2007; McQuaid et al., 2009), encephalitis (Tunkel and Scheld, 1993), 

and AIDS-related dementia (Kanmogne et al., 2007). However, the 

alterations occurring in TJ and their contribution for brain dysfunction 

induced by drugs of abuse have been less explored. In accordance with the 

EB results, we also observed a decrease in the TJ proteins ZO-1, claudin-5 

and occludin at 24 h post-METH administration only in the hippocampus, 

whereas at 1 h post-METH neither EB extravasation nor decrease in the 

TJ protein levels were observed. This correlation shows that the decrease 

in the TJ protein expression could be one of the causes of the increase in 

the permeability observed only in this brain region. Also, Ramirez and 

collaborators (2009) demonstrated that human brain endothelial cells 

treated with METH show low immunostaining and gap formation for 

occludin and claudin-5, as well as decrease in their protein expression. 

Protein phosphorylation can also interfere with the junctional integrity 

(Aijaz et al., 2006). A study relating the combination effect of METH and 

the viral protein gp120 on TJ proteins demonstrated that the treatment of 

human brain microvascular endothelial cells with gp120 alone decreased 

ZO-1, JAM-2 and claudin-3 gene expression, but had no effect in claudin-5 

and occludin gene expression. However, a combination of METH and 

gp120 induced a higher decrease in the ZO-1, JAM-2, claudin-3, and 

claudin-5 levels while a significant increase in occludin was observed 
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(Mahajan et al., 2008). More recently, Banerjee and collaborators (2010) 

showed that repeated administrations of METH (10 mg/kg) potentiated 

the oxidative-stress induced by the viral proteins Tat and gp120. This 

combination of Tat with gp120 and METH also increased the BBB 

permeability and decreased the protein expression of occludin and ZO-1. 

All these changes were attenuated by the pre-treatment with a thiol 

antioxidant, suggesting a role of oxidative stress in the alteration of BBB 

permeability (Banerjee et al., 2010).  

Besides TJ proteins, we also hypothesised that MMP-9 could be a key 

player in this process. The MMPs constitute a family of proteolytic 

enzymes of more than 20 members that require the binding of Zn2+ for 

their enzymatic activity (Yong, 2005). MMPs are involved in the 

remodelling and cleavage of the extracellular matrix, which have been 

implicated in the regulation of synaptic plasticity, and learning and memory 

(Agrawal et al., 2008). Moreover, the MMPs can be one of the causes of 

BBB disruption, since they can degrade the extracellular matrix of the basal 

membrane and also the TJ proteins (Bojarski et al., 2004; Lohmann et al., 

2004; Wachtel et al., 1999). Based on these multiple evidence, we analysed 

the activity and expression of MMP-9 in the hippocampus, and we 

observed an increase in its activity and immunoreactivity in this brain 

region at 24 h post-METH injection. Accordingly, Liu and collaborators 

(2008) demonstrated that METH (10 and 40 mg/kg) increases the gene 

expression of MMP-9 in whole mouse brain (Liu et al., 2008), and rats 

treated repeatedly with METH (2 mg/kg) showed an increase in MMP-2 

and -9 protein levels and activity in the nucleus accumbens and frontal 

cortex (Mizoguchi et al., 2007b). Different MMPs can be produced 

depending on the stimulus and cell type (Agrawal et al., 2008). Within the 
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hippocampus, MMP-9 is preferentially expressed by granular and 

pyramidal neurons (Szklarczyk et al., 2002). Thus, we also demonstrated 

that MMP-9 co-localised with neurons in the hippocampus. This increase 

in the expression and activity of MMP-9 could lead to the degradation of 

ZO-1, claudin-5 and occludin in the hippocampus, which can be 

responsible for the opening of the BBB observed in this brain region. In 

fact, both the inhibition of MMP-9 and the deletion of MMP-9 gene 

attenuate the BBB disruption (Rosenberg et al., 1998; Svedin et al., 2007). 

In our study, METH induced an increase in hippocampal MMP-9 

immunoreactivity and activity after 24 h, which was correlated with the 

decrease in TJ protein levels and BBB disruption observed at the same 

time point and only in the hippocampus. Moreover, we observed that 

METH-induced increase in MMP-9 immunoreactivity and Evans blue 

leakage in the hippocampus were prevented by BB-94, a MMP inhibitor. 

These observations suggest that the increase in MMP-9 expression and 

activity contribute for the BBB breakdown induced by METH, and so, the 

inhibition of MMP-9 could be used as a target in order to prevent or 

minimise the BBB impairment caused by the consumption of this drug of 

abuse.  

In conclusion, in this study we demonstrate that an acute high dose of 

METH induces a transient increase in the BBB permeability in the 

hippocampus. Moreover, our results suggest that the BBB breakdown is 

caused by the downregulation of the TJ proteins, namely ZO-1, claudin-5 

and occludin, which may be also correlated with the increase in MMP-9 

activity and expression by hippocampal neurons. 

According with our and other recent results, we can speculate about the 

“dark and the bright side” of the effect of METH on BBB. Indeed, it is 
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obvious that the increase of BBB permeability by METH increases the 

probability of brain infection, including by HIV-1 since HIV-infected 

leukocytes can easily enter the brain under such conditions (Toborek et al., 

2005). On the other hand, the transient opening of BBB induced by 

METH can be very useful as a therapeutic approach to allow the entry of 

drugs that do not cross the BBB under physiological conditions, in order 

to treat several brain diseases, such as chronic myelogenous leukaemia and 

glioblastoma (Kast, 2009; Kast and Focosi, 2010). In any case, it is of high 

importance to fully characterise the impact of this drug of abuse in the 

BBB and the present study is a step forward in the understanding of the 

BBB dysfunction induced by METH.  
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3.1. Abstract 

Methamphetamine’s (METH) neurotoxicity is thought to be in part due to 

its ability to induce blood-brain barrier (BBB) dysfunction. Here, we 

investigated the effect of METH on barrier properties of cultured rat 

primary brain microvascular endothelial cells (BMVECs). It was possible to 

conclude that transendothelial flux doubled in response to METH (1 µM), 

irrespective of the size of tracer used. At the same time, transendothelial 

electrical resistance was unchanged as was the junctional distribution of the 

adherens or tight junction proteins VE-cadherin, occludin, claudin-5 or 

zonula occludens-1, suggesting that METH promoted vesicular but not 

junctional transport. Indeed, METH significantly increased the uptake of 

horseradish peroxidase into vesicular structures. METH also enhanced 

transendothelial migration of lymphocytes indicating that the endothelial 

barrier against both molecules and cells was compromised. Importantly, 

barrier breakdown was only observed in response to METH at low 

micromolar concentrations. Moreover, the BMVEC response to METH (1 

µM) involved rapid activation of endothelial nitric oxide synthase and its 

inhibition abrogated METH-induced permeability and lymphocyte 

migration, indicating that nitric oxide was a key mediator of BBB 

disruption in response to METH. This study underlines the key role of 

nitric oxide in BBB function and describes a novel mechanism of drug-

induced fluid-phase transcytosis at the BBB. 
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3.2. Introduction 

The BBB regulates the exchange of nutrients, waste and immune cells 

between the blood and the nervous tissue of the central nervous system 

(CNS) and is the most important component preserving CNS homeostasis 

and neuronal function (Abbott et al., 2010). Barrier function is epitomised 

by the restriction of ionic currents across the BBB, with electrical 

resistance reaching 1500-2000 Ω.cm2 in vivo (Butt et al., 1990). The barrier 

properties of the BBB are essentially conferred by the endothelial cells 

(ECs) of the brain capillary network. However, associated pericytes, 

astrocytes and the basement membrane also play an additional regulatory 

and structural role. Many BBB mechanisms can be modelled in vitro using 

monocultures of brain microvascular endothelial cells (BMVECs) (Perriere 

et al., 2007; Roux and Couraud, 2005). Importantly, such BMVEC models 

retain the features that render the BBB such a formidable barrier, namely a 

full complement of tight junctions (TJs), lack of fenestrations and low 

fluid-phase endocytosis (pinocytosis) (Abbott et al., 2010). At the healthy 

BBB, molecule transport in and out of the CNS is carried out by carrier-

mediated transport systems or receptor- and adsorptive-mediated 

transcytosis. In certain pathological conditions, molecules can also cross 

the BBB endothelium non-specifically via a paracellular pathway. Indeed, 

BBB dysfunction involving transient or even chronic opening of TJs 

contributes to the pathogenesis of many diverse CNS pathologies, such as 

epilepsy, Parkinson’s and Alzheimer’s disease, and multiple sclerosis 

(Forster, 2008; Zlokovic, 2008). Interestingly, fluid-phase endocytosis or 

(macro)pinocytosis, which rarely occurs in the healthy BBB, has been 

reported to be enhanced in BBB ECs in response to hypoxic or ischemic 
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conditions (Kaur and Ling, 2008), indicating that the non-specific transport 

of molecules across the BBB in pathological conditions can also occur via 

the transcellular pathway. 

Methamphetamine (METH) is a highly addictive psychostimulant with 

neurotoxic features. Like other amphetamines and because of its similarity 

to dopamine, METH causes monoamine release at neuronal synapses, 

primarily through the inhibition of plasmalemmal transporters such as the 

dopamine or the serotonin transporters (Cruickshank and Dyer, 2009). 

METH also causes long-term damage to monoaminergic nerve terminals 

by its ability to induce excitotoxicity, mitochondrial dysfunction and to 

increase the production of reactive oxygen and nitrogen species (ROS and 

RNS, respectively) (Quinton and Yamamoto, 2006). Because of its small 

size and lipophilicity, METH readily crosses the BBB by non-specific 

diffusion. In addition, METH can induce BBB dysfunction in rodents 

(Kiyatkin et al., 2007; Sharma and Ali, 2006), in particular in the limbic 

region (Bowyer and Ali, 2006; Martins et al., 2011). Thus, it is now 

assumed that, in addition to direct damage of monoaminergic nerve 

terminals, the deregulation of the BBB in these brain areas potentially 

contributes to widespread METH-induced neurotoxicity.  

Nitric oxide synthases (NOS) convert L-arginine to produce the second 

messenger nitric oxide (NO). Two NOS isoforms exist in ECs: endothelial 

NOS (eNOS), which is expressed constitutively, and inducible NOS 

(iNOS), which is synthesised and utilized during long-term adaptation of 

the vasculature (Michel and Feron, 1997). In vascular ECs, eNOS regulates 

many key functions including angiogenesis, inflammatory and anti-

inflammatory processes, and is the main responsible among all the 

molecules of the NOS system that regulates barrier function and 
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permeability (Fukumura et al., 2001; Schubert et al., 2002). The activity of 

eNOS is primarily regulated by reversible phosphorylation in response to 

various stimuli including VEGF, insulin or shear stress, and 

phosphorylation on S1177 is considered to be a reliable indicator of its 

activation status (Fleming, 2010). The activation and activity of eNOS is 

also intimately linked to that of caveolin-1 and caveolae and thus to fluid-

phase endocytosis (Simionescu et al., 2009). 

The purpose of the present study was to investigate the effect of METH in 

a system of primary BMVECs with very well-preserved TJs and barrier 

function. BMVEC permeability and the underlying mechanism were 

evaluated in response to METH exposure. Since nitric oxide production 

may play an important role in METH-induced monoaminergic 

neurotoxicity (Imam et al., 2000), we tested the role of eNOS in the 

METH-induced EC response. Given that pathophysiological BBB 

breakdown is often associated with enhanced leukocyte infiltration, 

alterations to lymphocyte migration were also studied.   

 

3.3. Material and methods 

3.3.1. Materials 

Unless otherwise stated all materials were from Sigma. METH was 

provided by Drs Nuno Milhazes (Institute of Health Sciences-North, 

Gandra PRD, Portugal) and Fernanda Borges (Faculty of Sciences, 

University of Oporto, Portugal). 
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3.3.2. Brain microvascular endothelial cells (BMVECs) 

Microvessels were isolated from brains of 6-8 week-old female Lewis rats 

(Abbott et al., 1992). The brains were removed and put into working 

buffer [Ca2+- and Mg2+-free Hanks’s balanced saline solution (HBSS), 

buffered with 10 mM HEPES, containing 100 U/ml penicillin and 100 

µg/ml streptomycin, with 0.5% bovine serum albumin (BSA)]. Cortices 

were isolated by removing cerebellum, striatum, optic nerves and brain 

white matter. Outer vessels and meninges were removed by rolling the 

cortices on dry lint. Brain material was then transferred to fresh working 

buffer and chopped with a scalpel into pieces of about 1-2 mm3. The 

suspension was centrifuged at 600×g, at 4ºC for 5 min, and the pellet (from 

three brains) resuspended in 15 ml of digest medium [1 mg/ml 

collagenase/dispase, 20 units/ml DNAse I (deoxyribonuclear-

5’oligonucleotideo-hydrolase) and 0.147 µg/ml TLCK (tosyl-lysine-

chloromethyl-ketone) in Ca2+- and Mg2+-free HBSS containing 10 mM 

HEPES, 100 U/ml penicillin and 100 µg/ml streptomycin]. The cells were 

digested for 1 h at 37ºC, and the suspension was agitated gently every 15 

min. After the digestion, the suspension was triturated with a Pasteur 

pipette and then centrifuged at 600×g for 5 min. The pellet was 

resuspended in 20 ml of 22% (w/v) BSA in PBS, and then centrifuged for 

20 min at 1,000×g. After centrifugation, the top layers were poured off, 

and the capillary pellet was resuspended in working buffer and centrifuged 

for 5 min at 600×g. The pellet was then resuspended in 5 ml of digestion 

medium and incubated for 2h30 at 37ºC. After the incubation, the enzyme 

digest was centrifuged at 600×g for 5 min, the pellet was resuspended in 1 

ml of working buffer and layered onto the pre-equilibrated 50% Percoll 
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gradient, and then centrifuged at 1,000×g for 20 min. The capillary 

fragments were then removed using a Pasteur pipette, suspended in 

working buffer and centrifuged at 600×g for 5 min. Microvessels were 

seeded onto collagen IV/fibronectin-coated tissue culture ware or 12-mm 

Costar Transwells (3460) at high density (vessels from 6 rat brains per 40 

cm2). Cells were grown in EGM2-MV (Lonza, Wokingham, United 

Kingdom) [with 5 µg/ml puromycin during the first 3 days (Perriere et al., 

2007)] for 2 to 3 weeks until their transendothelial electric resistance 

(TEER) plateaued at values above 200 Ω.cm2. The immortalized Lewis rat 

cell line GPNT, which maintains many of the signalling and metabolic 

features of primary BMVECs, but not tight junctions and well-developed 

barrier properties (Martinelli et al., 2009; Roux and Couraud, 2005), was 

maintained in Ham’s F10 supplemented with 10% fetal calf serum, 2 

ng/ml bFGF, 100 U/ml penicillin and 100 µg/ml streptomycin.  

 

3.3.3. Transendothelial flux 

Fluorescein (FITC) or rhodamine B isothiocyanate (RITC)-dextran of 4, 70 

or 250 kDa was added at 1 mg/ml to the apical side of BMVEC grown on 

12-mm Transwell filters. Samples (50 µl) were removed from the basal 

chamber (and replaced by fresh medium) at 20-30 min intervals for 120 

min before and after addition of METH and/or L-NG-Nitroarginine 

methyl ester (L-NAME). Fluorescence of samples was measured in a 

FLUOstar OPTIMA microplate reader (BMG LABTECH, Aylesbury, 

UK), plotted against time and permeability changes were determined from 

linear slope changes before and after addition of compounds. 
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 3.3.4. Transendothelial electrical resistance (TEER) 

TEER of primary brain EC monolayers was measured using STX-2 

chopstick electrodes connected to an EVOM epithelial voltohmmeter 

(World Precision Instruments, Herts, UK). Real time TEER changes 

during METH treatment were monitored by impedance spectroscopy 

using a 1600R ECIS system (Applied Biophysics, Troy, NY, USA). For 

this, ECs were seeded on collagen type IV/fibronectin-coated 8W10E 

electrode arrays (Applied Biophysics). Impedance was measured at 4000 

Hz and 10-min intervals. After the cells reached stable impedance, the ECs 

were either left untreated or treated with 1 or 50 µM METH, and the 

readings were acquired continuously for 4 h. Results were normalised and 

averaged from at least 3 independent experiments. 

 

3.3.5. Immunocytochemistry 

Confluent BMVEC were either left untreated or treated with 1 µM METH 

for 2 or 6 h. ECs were then fixed in 80% methanol, 3.2% formaldehyde, 

0.05 M HEPES, pH 7.4 (-20ºC) for 5 min. After rinsing once with PBS 

and blocking (0.25% BSA in PBS) for 10 min, cells were incubated with 

primary antibodies at 37ºC for 1 h as follows: affinity purified anti-vascular 

endothelial cadherin (VEC) (1:50), anti-claudin-5 (1:100), occludin (1:50) 

and zonula occludens (ZO)-1 (1:50) (Zymed Lab, San Francisco, CA, 

USA). After washing twice with blocking solution, cells were incubated for 

40 min at 37ºC with Cy3-conjugated anti-mouse (1:100; Jackson 

Immunoresearch Laboratories, West Grove, PA, USA) or fluorescein-

conjugated anti-rabbit secondary antibodies (1:30; CAPPEL, MP 

Biomedicals LLC, Illkirch, France). Immunostained preparations were 
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mounted using Moviol 4-88 and analyzed on a confocal laser-scanning 

microscopy LSM 700 system (Carl Zeiss, Hertfordshire, UK). Series of 

overlapping 0.35 µm sections spanning the entire cell thickness were 

recorded.  

 

3.3.6. Horseradish peroxidase transport 

Horseradish peroxidase (HRP, 10 mg/ml) was added with or without 1 µM 

METH to the apical side of confluent primary BMVECs grown on 12-mm 

Costar Transwells filters. After 1 h cells were washed 3 times with warm 

HBSS containing Ca2+ and Mg2+ and new medium was added. Samples 

(100 µl) were removed from the basal chamber (and replaced by fresh 

medium) at 30-min intervals for 120 min. Samples were reacted with 100 µl 

of 1 mg/ml o-phenylenediamine and 1 µl/ml of 30% hydrogen peroxide 

and, after colour appearance, stopped with 100 µl of 1 N HCl. Absorbance 

of each sample was measured in a FLUOstar OPTIMA microplate reader 

(BMG LABTECH, Aylesbury, UK). HRP activity was plotted against time 

and rates determined by linear regression. 

 

3.3.7. Electron microscopy 

Primary ECs were grown to confluence on collagen type IV/fibronectin-

coated polycarbonate filters. HRP (10 mg/ml) was added to the apical side 

of cells, and cells were either left untreated or treated with METH (1 µM). 

Where indicated, ECs were preincubated with L-NAME (1 mM, 1 h) 

before HRP and METH addition. After 1 h of incubation, monolayers 

were washed with Dulbecco's phosphate-buffered saline (DPBS) and then 
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fixed in 2% paraformaldehyde, 2% glutaraldehyde, in 0.05 M cacodylate 

buffer for 30 min. For the diaminobenzide (DAB) reaction, cells were 

incubated with 3% DAB, 30% hydrogen peroxide and imidazole in the 

dark for 30 min at RT. Cells were then incubated with 1.5% potassium 

ferricyanide, 1% osmium tetroxide for 1 h in the dark at 4°C, followed by a 

dehydration step, and finally embedded in Epon resin. The specimens were 

sectioned at 70 nm with no post-staining and visualised on a JEOL 1010 

transmission electron microscope. The area and number of HRP-

containing structures from METH treated-cells were normalised to the 

control values from non-treated cells, and represented as average per 1000 

µm2 of cytoplasm. 

 

3.3.8. Western blot analysis 

Primary or GPNT ECs were grown on collagen I-coated 35-mm dishes, 

and, at confluence, cultured in serum-free medium overnight. Cells were 

treated as detailed in the figures legends and then lysed in boiling 50 mM 

Tris/Cl, pH 6.8, 2% SDS, 10% glycerol, 100 mM DTT, 100 nM calyculin 

A (100 µl / 35-mm dish). Samples were subjected to SDS-PAGE and 

transferred to nitrocellulose by semidry electrotransfer. The membranes 

were then blocked for 2 h at RT in blocking solution [0.05 M tris buffered 

saline (TBS; pH 7.5) containing 5% BSA, 0.1% (v/v) Tween-20 and 0.1% 

(v/v) Triton X-100], and incubated with anti-phospho-eNOS (Ser1177) 

(1:1000; Cell Signaling Technology, Beverly, MA) overnight at 4ºC. 

Membranes were washed 3×10 min with TBS containing 0.1% BSA, 0.1% 

Tween-20 and 0.1% Triton X-100 before 1 h incubation with an ECL anti-

rabbit IgG HRP secondary antibody (1:5000; GE Healthcare Life Science, 
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Buckinghamshire, UK). After washing 3×10 min in PBS containing 0.1% 

Tween-20 and 0.1% Triton X-100, membranes were developed using the 

ECL reagents (Roche Diagnostics, Burguess Hill, UK) according to the 

manufacturer’s instructions and exposed to x-ray film. The blots were 

stripped and reprobed with an antibody against total eNOS (49G3) 

(1:1000; Cell Signaling Technology, Beverly, MA). Protein bands were 

evaluated by densitometric quantification using the ImageJ software.  

 

3.3.9. Transendothelial lymphocyte migration 

For migration assays, myelin basic protein (MBP)-specific rat T 

lymphocyte lines were used (established from Lewis rat lymph nodes). T-

cells were cultured overnight at 1.5×106/ml in RPMI-1640 supplemented 

with 10% FCS, 100 U/ml penicillin, 100 µg/ml streptomycin, 1 mM 

sodium pyruvate, 1 mM nonessential amino acids, 2 mM L-Glu, and 50 

µM β-mercaptoethanol in the presence of recombinant IL-2 (50 U/ml). 

Primary or GPNT BMVECs were grown to confluence in collagen I-

coated 96-well plates, and treated as indicated in figure legends. ECs were 

washed extensively and then, 2×105 T-cells were added and allowed to 

migrate for 1 to 4 h. After the incubation, the migration and adhesion rates 

were determined by time-lapse video microscopy as described previously 

by Adamson et al (1999). Briefly, the cell cultures were placed on the stage 

of a phase-contrast inverted microscope, housed in a temperature 

controlled (37ºC) and 5% CO2 gassed chamber, and recorded for 5 min 

using a camera linked to a time-lapse video recorder. Lymphocytes were 

identified and counted. Lymphocytes on the surface of the monolayer were 

identified by their highly refractive morphology (phase-bright) and 
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rounded or partially spread appearance, while cells that had migrated 

through the monolayer were phase-dark, higly attenuated, and moved 

slowly under de EC monolayer. Migration data was collected from multiple 

experiments, each representing a minimum of six wells.  

 

3.3.10. MTT reduction assay 

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay is a colorimetric assay that gives an indication of the cell viability. 

MTT is a yellow tetrazole that is reduced to purple formazan in living cells 

(Mosmann, 1983). Confluent GPNT ECs were treated with increasing 

concentrations of METH. After treatment, MTT (0.5 mg/ml) was added 

to each well. After 3 h of incubation (until the formation of crystals), 100 

µl of the solution composed of 50% dimethylformamide and 50 mg/ml 

sodium dodecyl sulfate was added. The cells were kept at 37ºC overnight 

until all crystals dissolved. Absorbance of each well was measured in a 

Safire microplate reader (Tecan, Reading, UK) at 570 nm (reference filter 

at 620 nm). 

 

3.3.11. Statistical analysis 

Statistics were performed using one-way ANOVA, followed by Dunnett’s 

or Bonferroni’s post-test, and Student’s t-test, as indicated in the figure 

legends. Data are presented as mean ± SEM, and the level of p<0.05 was 

accepted as statistically significant.  
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3.4. Results 

3.4.1. METH-induced increase in macromolecular flux across EC 

monolayers is mediated by eNOS 

To investigate cellular and molecular mechanisms underlying METH-

induced changes of the BBB we studied the response of BMVECs to 

METH in vitro. Unless stated otherwise, freshly prepared primary rat 

BMVEC (Perriere et al., 2007) were used. These cells retained many 

characteristics of the intact BBB such as the expression of continuous 

adherens and tight junctions (see Fig. 3.3), low permeability to 

macromolecules (0.113±0.016 ×10-3 cm/min for 4 kDa FITC-dextran, 

n=11), and high transendothelial electrical resistance (TEER = 345±30 

Ω.cm2). For this study, only BMVEC monolayers, which displayed a 

TEER of at least 200 Ω.cm2, were used. The blood concentrations of 

METH in drug abusers are in the low micromolar range, with a medium 

concentration of 1.25 µM (Melega et al., 2007). Based on this, 

macromolecular flux of fluorescent dextrans across primary BMVEC 

monolayers was measured in the absence or presence of 1 µM METH. 

Treatment with METH resulted in a 2.07±0.31 fold increase (p<0.01) of 4 

kDa FITC-dextran flux (Fig. 3.1A). Interestingly, this increase remained 

unchanged even when the flux of considerable larger tracers, 70 kDa 

RITC- and 250 kDa FITC-dextrans (2.29±0.39 and 2.11±0.12 fold 

increase, respectively; p<0.01), was assessed (Fig. 3.1B and C, respectively). 

The effect of METH on endothelial electrical barrier properties was also 

measured by impedance spectroscopy. Impedance (and consequently the 

TEER) of primary rat BMVEC monolayers was not altered by the 

exposure to 1 µM METH (Fig. 3.1D), whereas lysophosphatidic acid (10 
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µM LPA) produced a strong and transient opening of the ionic barrier (Fig. 

3.1D). Taken together, this suggested that junctional transport, which is 

size-selective and usually involves concomitant changes in TEER (Steed et 

al., 2010), was not affected by exposure to METH.  

 

 
 
Fig. 3.1. Methamphetamine (METH)-induced increase in barrier 
permeability in primary brain microvascular endothelial cells (BMVECs). 
(A-C) Macromolecular flux across primary BMVEC was assessed using (A) 4 kDa 
fluorescein isothiocyanate (FITC)-dextran, (B) 70 kDa rhodamine B isothiocyanate 
(RITC)-dextran or (C) 250 kDa FITC-dextran. Flux was determined before and 
after the addition of METH (1 µM). Where indicated the cells were pre-treated 
with L-NAME (1 mM, 1 h) (grey bars). (D) Transendothelial electrical resistance 
(TEER) of confluent BMVECs monolayers, grown on gold electrodes, was 
measured by impedance spectroscopy before and after the addition (arrowhead) of 
1 µM METH or 10 µM lysophosphatidic acid (LPA). All results shown are means 
± SEM of at least three independent experiments. Note that only positive SEM 
are shown. **p<0.01, Dunnett’s post test vs untreated cells (NT); #p<0.05, 
##p<0.01, Bonferroni’s post test vs METH. 
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Since eNOS activation is functionally linked to endothelial permeability 

(Fukumura et al., 2001; Schubert et al., 2002), we further investigated 

whether eNOS inhibition attenuated the effects of METH in BMVECs 

permeability. Pre-treatment of primary BMVEC with L-NAME (1 mM) 

completely inhibited the METH-induced increase of macromolecular flux 

to 4 kDa FITC- and 70 kDa RITC-dextrans (0.87±0.19 and 1.12±0.25 fold 

increase; Fig. 3.1A and B, grey columns, respectively). Activation of eNOS 

was also determined by measuring phosphorylation on S1177. Exposure of 

primary BMVECs to 1 µM METH induced eNOS S1177 phosphorylation 

(Fig. 3.2A). Levels of eNOS phosphorylation increased significantly within 

30 min of METH exposure (1.44±0.13 fold increase; p<0.05), plateaued 

after 1 h, and persisted for at least 2 h (1.69±0.09 and 1.63±0.15 fold 

increase, respectively; p<0.01). We observed a similar response to METH 

in the GPNT BMVEC cell line, indicating that the biochemical response to 

METH was preserved even after EC immortalisation (Fig. 3.2B). In GPNT 

ECs, the levels of eNOS phosphorylation increased significantly within 15 

min of METH exposure (1.51±0.15 fold increase; p<0.05), plateaued after 

30 min, and persisted for at least 1 h (1.72±0.22 and 1.75±0.07 fold 

increase, respectively; p<0.01). Taken together, these data indicated that 

eNOS activation and the consequent NO production was involved in 

METH-induced increase in permeability. 
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Fig. 3.2. Methamphetamine (METH) activates endothelial nitric oxide 
synthase (eNOS) in brain microvascular endothelial cells (BMVECs). (A) 
Primary BMVECs were either left untreated (NT) or treated with METH (1 µM) 
for the indicated times. Total protein extracts (ca. 50 µg) were analysed by 
immunoblotting with an anti-phospho (P)-S1177 eNOS antibody. The blot was 
subsequently stripped and probed for total eNOS. (B) As in A, except that GPNT 
BMVECs were used. Densitometric quantification (normalised means ± SEM) of 
three independent experiments is shown in the bottom panel. *p<0.05, **p<0.01 
(Dunnett’s post test vs NT). 
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3.4.2. Endothelial junction organisation in response to METH 

treatment 

We examined the effect of METH on the organisation of some of the 

major junction proteins in BMVEC by immunocytochemistry followed by 

confocal microscopy (Fig. 3.3). In unstimulated cells, staining of VE-

cadherin (VEC), occludin and zonula occludens-1 (ZO-1) was restricted to 

areas of cell-cell interaction and surrounded the entirety of each cell in 

uninterrupted fashion (Fig. 3.3A). Claudin-5 immunostaining was very 

similar but could also be detected on apical membranes. Treatment with 1 

µM METH for 2 or 6 h did not disrupt the continuity of any junction 

staining. For VEC and occludin, additional staining was observed in 

parajunctional areas (Fig. 3.3A and B). Diffuse parajunctional VEC 

staining, which in unstimulated cells was only seen in tricellular areas and 

which is thought to represent junctional flow (Kametani and Takeichi, 

2007), was frequently found along long stretches of bicellular junction 

areas in METH-treated cells. In the case of occludin, the METH-induced 

parajunctional staining was less diffuse but very punctate in appearance 

and primarily found in tricellular areas. At least in the case of METH-

induced parajunctional VEC accumulation, staining accumulated in an area 

clearly distinct of the intact junctional strand (as identified by claudin-5 

staining) (Fig. 3.3C). Collectively, our data indicated that METH did not 

induce global changes to interendothelial junctions but may have enhanced 

the flow/turnover of certain junctional proteins. 
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Fig. 3.3. Effect of methamphetamine (METH) on the organisation of the 
interendothelial junctions. (A-C) Primary brain microvascular endothelial cells 
(BMVECs) were either left untreated (NT) or treated with METH (1 µM) for 2 or 
6 h. Subsequently, cells were fixed and stained for vascular endothelial cadherin 
(VEC), claudin-5, occludin and zonula occludens (ZO)-1, and then analysed by 
confocal microscopy. Shown are representative projections of overlapping 0.35 
µm sections spanning the entire cell thickness. METH exposure did not disrupt 
the continuity of any junction staining. However, additional VEC and occludin 
staining was also observed at parajunctional areas in METH-treated cells (red 
arrowheads). Enlarged regions of the staining for VEC and occludin are shown in 
(B). (C) Shows apical and basal sections of BMVEC treated with METH for 6 h 
and stained for VEC and claudin-5. White arrowheads depict an uninterrupted 
interendothelial junction (as determined by the claudin-5 staining), which was also 
intact as judged by VEC staining. Additional diffuse VEC staining could be found 
in areas basal to the junction. Scale bars = 20 µm.  

 

3.4.3. METH promotes endocytosis in BMVECs 

METH-induced permeability in ECs was not paracellular, since 

permeability occurred without changes in TEER and without significant 

alterations in the structure of the junctions. Thus, we investigated whether 

the increased macromolecular flux was due to transcytosis. To test this, 

unidirectional, non-junctional HRP flux was measured. For this, BMVEC 

were allowed to take up apically presented HRP for 1 h in the absence or 

presence of METH. Then, all extracellular HRP was washed off before 

comparing basal HRP efflux rates. As shown in Fig. 3.4A, HRP efflux was 

increased 1.77±0.11 fold (p<0.001) in the BMVEC treated with 1 µM 

METH, which was a similar increase as seen for METH-induced 

continuous apical-to-basal dextran flux. HRP-treated cells were further 

analysed by electron microscopy (EM). DAB staining revealed the presence 

of HRP-containing vesicular structures in all cells (Fig. 3.4B). HRP was 

detected in large structures with a diameter of at least 150 nm 

(morphologically resembling lysosomes), and much smaller vesicles.  
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Fig. 3.4. Methamphetamine (METH) enhances transcytosis in brain 
microvascular endothelial cells (BMVECs). (A) Primary rat BMVECs were 
either left untreated (NT) or treated with METH (1 µM) for 1 h in the presence of 
horseradish peroxidase (HRP) on the apical side of cells. HRP was then removed 
and the rate of its transport to the basal side determined and compared. (B-D) 
Uptake of HRP by primary BMVECs visualised using transmission electron 
microscopy (EM). Cells were either [B(a)] left untreated  or [B(b and c)] treated 
with METH (1 µM) and incubated with HRP in the apical media for 1 h before 
fixing and processing for HRP visualisation (using DAB) and transmission EM. 
[B(c)] Additional pre-treatment with L-NAME (1 mM, 1 h) prevented METH-
induced accumulation of HRP-containing structures. Shown are representative 
images in which electron dense DAB reaction products revealed the presence of 
HRP-containing compartments. Scale bar = 250 nm. Densitometric quantification 
of the (C) area of DAB staining or (D) number of DAB-positive vesicles per 1000 
µm2 of cytoplasm, showing a significant increase with METH treatment. The 
results are expressed as mean ± SEM of at least three independent experiments. 
*p<0.05, **p<0.01, ***p<0.001 (Student’s t-test), significant when compared to 
NT.  
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METH treatment did not affect HRP uptake into the large vesicular 

structures but significantly increased HRP in small vesicles [Fig. 3.4B(b)]. 

In fact, the area of such DAB staining increased nearly 1.5-fold 

(14.63±0.49 µm2; p<0.01; Fig. 3.4C). This was at least in part due to a 

significantly higher number of DAB-positive vesicles (3972±299; p<0.05; 

Fig. 3.4D). Transcytosis in ECs occurs mainly via caveolae (Predescu et al., 

2007), and eNOS activation is also functionally linked to caveolae (Maniatis 

et al., 2006). In fact, L-NAME prevented the accumulation of HRP-

positive vesicles in response to METH [Fig. 3.4B(c)], which is in 

accordance with the previous permeability results (Fig. 3.1A and B, grey 

columns). In addition, transmission EM revealed numerous plasma 

membrane invaginations reminiscent of caveolae but not HRP-positive 

clathrin-coated vesicles (Fig. 3.5). Collectively, these data demonstrated 

that METH-induced permeability in BMVECs was mediated by fluid-

phase transcytosis, and that eNOS activation was involved in this process.  

 
Fig. 3.5. Plasmalemmal caveolar structures in primary brain microvascular 
endothelial cells (BMVECs). Primary rat BMVECs were fixed and processed 
for transmission EM. (a) Shown is a representative image [and a magnified section 
in (b)], which demonstrated the presence of caveolar structures (outlined in red) 
on the apical plasma membrane. Scale bars = 200 nm. 
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3.4.4. Enhanced lymphocyte transendothelial migration (TEM) 

following METH treatment is mediated by eNOS activation 

The BBB not only forms a formidable regulated barrier to blood borne 

molecules but also to immune and cancer cells (Weil et al., 2005; 

Greenwood et al., 2011). Thus, we analysed the effect of METH on 

lymphocyte TEM across primary BMVEC monolayers. Pre-treatment with 

1 µM METH for 30 min or 2 h resulted in a significant increase in the 

number of T-cells that migrated across primary ECs (184.30±4.79 and 

177.77±9.97% of control, respectively; p<0.01; Fig. 3.6A). Similarly, 

exposure of immortalised GPNT ECs to 1 µM METH for 30 min also 

enhanced TEM of T-cells (153.93±7.84% of control; p<0.01; Fig. 3.6B). 

Moreover, we concluded that eNOS activation is involved in lymphocyte 

TEM (Martinelli et al., 2009). In fact, pre-treatment of primary BMVEC 

with L-NAME also prevented enhanced lymphocyte TEM in response to 

METH (100.75±15.85% of control; Fig. 3.6A). This suggested that METH 

induced dysfunction of the endothelial barrier against cells and molecules 

alike, and eNOS activation was central to METH-induced barrier 

impairment. 
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Fig. 3.6. Methamphetamine (METH) enhances transendothelial 
lymphocyte migration. (A) Primary brain microvascular endothelial cells 
(BMVECs) were either left untreated (NT) or treated with METH (1 µM) for the 
indicated times. Cells were then washed before myelin basic protein (MBP)-
specific rat lymphocytes were added and allowed to adhere and migrate for 4 h. 
Pre-incubation with L-NAME (1 mM, 1 h) prevented the increase in migration 
induced by exposure to METH for 30 min. Shown are adhesion (white bars) and 
migration rates (black bars) as % of control cells (NT) (mean ± SEM of six 
replicates from at least three independent experiments). **p<0.01, Dunnett’s post 
test vs NT; ###p<0.001, Bonferroni’s post test vs METH 30 min. (B) As in A, 
except that lymphocytes were allowed to adhere and migrate across GPNT 
BMVECs for 1 h. **p<0.01, Student’s t-test vs NT. 
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3.4.5. Absence of effects following exposure to higher METH 

concentrations 

We also tested the effect of higher METH concentrations in our model 

systems. Importantly, the treatment with METH at concentrations of up to 

100 µM for 24 h did not affect GPNT ECs viability (Fig. 3.7).  

 

Fig. 3.7. Effect of methamphetamine (METH) on cell viability. GPNT 
endothelial cells (ECs) were either left untreated (NT) or treated with the indicated 
concentrations of METH during 24 h. The results are expressed as means ± SEM 
of four replicates from three independent experiments. 

 

Moreover, ECs were exposed to METH at concentrations varying between 

1 and 100 µM, and 1 h later, eNOS activation was measured. We observed 

that only exposure to METH at 1 µM led to eNOS activation (1.89±0.09 

fold increase; p<0.01; Fig. 3.8A). In view of the central role of eNOS in 

METH–induced barrier dysfunction, these results suggested that higher 

METH concentrations might not affect barrier properties of BBB ECs in 

vitro. Indeed, when permeability changes across primary BMVECs were 

assessed in response to 50 µM METH, we found no effect on 

macromolecular flux to 4 kDa FITC- and 70 kDa RITC-dextrans 
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(0.94±0.07 and 1.08±0.14 fold increase; Fig. 3.8B and C, respectively) or 

TEER (Fig. 3.8D). Furthermore, a higher concentration of METH (50 

µM) did not affect lymphocytes TEM either (104.44±8.79% of control; 

Fig. 3.8E). Collectively, these data suggest that, in our BBB in vitro models, 

METH concentrations higher than 1 µM do not affect eNOS activity, EC 

permeability or lymphocyte TEM.  
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Fig. 3.8. Effect of higher methamphetamine (METH) concentrations in 
brain microvascular endothelial cells (BMVECs). (A) Quantification of eNOS 
protein levels in GPNT BMVECs that were either left untreated (NT) or treated 
with METH during 1 h with the indicated METH concentrations. Above the bars, 
representative western blots for phospho(P)-eNOS (140 kDa) and total eNOS 
(140 kDa) are shown. **p<0.01, Dunnett´s post test vs NT. (B, C) Changes in flux 
of (B) 4 kDa FITC-dextran or (C) 70 kDa RITC-dextran across primary BMVECs 
in response to 50 µM METH. (D) Transendothelial electric resistance (TEER) was 
measured in monolayers of primary BMVECs in response to 50 µM METH. (E) 
GPNT ECs were either left untreated or treated with METH (50 µM, 30 min) 
before lymphocyte adhesion (white) and migration (black) was determined.  
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3.5. Discussion 

METH directly damages dopaminergic and serotonergic nerve terminals, 

but also induces BBB dysfunction, which is thought to contribute to its 

neurotoxicity (Silva et al., 2010). It is conceivable that BBB dysfunction is 

an indirect result of pathophysiological changes following METH 

administration, such as hyperthermia and seizures (Kiyatkin et al., 2007). In 

the present study and in agreement with a previous published work 

(Ramirez et al., 2009), we demonstrate that METH acts directly on 

cultured primary BMVEC to compromise their barrier properties. In 

addition, we provide mechanistic evidence that barrier breakdown was due 

to eNOS activation and enhanced transcytosis.  

For our study, we have used primary rat BMVEC as a system of high 

reproducibility and statistical robustness. We introduced modifications to 

standard isolation procedures, namely selection with puromycin (Perriere et 

al., 2007) and direct seeding at high density (extensive growth periods of 

BMVEC lead to loss of TJ proteins), to generate monocultures of high 

purity and unmatched barrier properties as assessed by TJ protein 

expression and TEER. Exposure of these cells to METH did not affect 

interendothelial junction integrity. Despite mild changes to the staining 

pattern of VEC and occludin, which suggested altered protein turnover, 

the lateral continuity of all assessed junction proteins remained unchanged 

following METH exposure. In agreement, changes in TEER, considered a 

robust readout for junction opening (Steed et al., 2010), were not observed 

in response to METH. Rather than enhanced paracellular permeability, we 

found clear evidence for enhanced transcytosis in response to METH. 

Dextrans of varying size and HRP were transported at equally enhanced 
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rate, suggesting that fluid-phase transcytosis was operational (Hawkins and 

Egleton, 2008). Accordingly, electron microscopy showed numerous 

plasma membrane invaginations similar to caveolae. This is in line with the 

notion that caveolae are the principal vesicular structure for transcytosis in 

ECs (Predescu et al., 2007; Simionescu et al., 2009). Significantly, METH 

also induces fluid-phase endocytosis in cultured neurons (Nara et al., 

2010), suggesting that this response may not be restricted to ECs. Non-

specific fluid-phase transcytosis is rarely observed in the healthy BBB 

endothelium (Abbott et al., 2010), but has been associated with 

hypertension, hypoxia and ischemia, although effector mechanisms are 

unknown (Cipolla et al., 2004; Kaur and Ling, 2008). Here we provide the 

first evidence that fluid-phase transcytosis across BMVEC can be directly 

enhanced by a small molecule, namely METH.  

BBB dysfunction often results in increased leukocyte TEM. Exposure to 

METH enhanced lymphocyte TEM, in agreement with reports using a low 

barrier BMVEC line and monocytes (Ramirez et al., 2009; Park et al., 

2012). Leukocyte TEM utilises both paracellular and transcellular pathways 

(Muller, 2011). Since the effective dose of METH left endothelial junctions 

intact and increased vesicular transport in primary BMVECs, it appears 

likely that transcellular TEM was enhanced. Vesiculo-vacuolar organelles 

(VVOs), which form channels for the passage of macromolecules and are 

responsible for enhanced permeability in the tumour vasculature, were 

initially suggested as possible endothelial structures that could mediate 

transcellular migration (Hordijk, 2006). Subsequently, Muller and co-

workers showed that the lateral border recycling compartment (LBRC), a 

membrane reticulum involved in membrane and junction protein 

trafficking in cell border areas of ECs, is implicated in regulating both 
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transcellular and paracellular TEM (Muller, 2011). As judged by 

transmission EM, METH typically induced HRP uptake into large groups 

of juxtapositional vesicular structures, which were restricted to a single area 

of the cell (as illustrated in Fig. 3.4B). Since images were derived from 70 

nm thick sections it was impossible to determine whether HRP was taken 

up into isolated vesicles or a reticulum similar or identical to the LBRC. 

Thus, METH may influence membrane availability and/or dynamics of the 

LBRC or the VVOs and thus diminish barrier properties to molecules and 

cells in BMVECs. 

Both METH-enhanced transcytosis and TEM were sensitive to pre-

treatment with the NOS inhibitor L-NAME. Since effective doses of 

METH also led to robust eNOS activation and iNOS could not be 

detected at any time during our experiments, we conclude that eNOS 

activation and consequent NO production are key factors of METH-

induced BBB breakdown. Activation of neuronal NOS and the production 

of NO and derivatives also occur in METH-stimulated neurons and have 

been implicated in associated dopaminergic neurotoxicity (Imam et al., 

2000), suggesting again that cellular METH targets may be similar in 

neurons and ECs. In the endothelium, eNOS is instrumental in regulating 

vascular permeability (Fukumura et al., 2001; Schubert et al., 2002). 

Activation of eNOS and NO production are also limiting factors of 

lymphocyte TEM across BMVEC (Martinelli et al., 2009). Thus, by 

activating eNOS, METH clearly modulated a central regulator of BMVEC 

barrier function. Most cytotoxicity associated with NO is due to 

peroxynitrite, the reaction product between NO and the superoxide anion 

(Pacher et al., 2007). Our study did not address whether barrier breakdown 

was merely due to NO or rather peroxynitrite. However, acute 
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microvascular permeability and lymphocyte TEM are mainly dependent on 

NO but not superoxide production (Martinelli et al., 2009; Duran et al., 

2010). Furthermore, we were unable to detect any cytotoxicity in BMVEC 

in response to METH, suggesting that oxidative stress and peroxynitrite 

production was not induced.  

Typical METH abuse leads to accumulation of the drug in blood plasma at 

sub or low micromolar concentrations (Cook et al., 1992; Harris et al., 

2003; Melega et al., 2007). In primary rat BMVEC, eNOS activation and 

subsequent barrier breakdown was only observed in response to METH at 

low micromolar concentrations, suggesting that the BBB is compromised 

under typical abuse conditions. Higher METH concentrations did not 

induce eNOS or molecular or cellular barrier dysfunction. This raises the 

possibility that several targets with different affinities for METH exist in 

ECs. Alternatively, higher concentrations of METH may induce rapid 

down regulation of the EC response and render it undetectable. Finally, 

higher METH concentration may also lead to the activation of another 

signalling pathway counteracting the primary response described in this 

report. Indeed, higher concentrations of METH lead to the generation of 

reactive oxygen species (Fleckenstein et al., 2007; Ramirez et al., 2009; Park 

et al., 2012), which may subsequently neutralise the bioavailable NO. 

Nevertheless, it is unclear whether research into the BMVEC response to 

higher METH concentration is justified since concentrations of METH 

higher than 30 µM are associated with lethality in humans (Takayasu et al., 

1995). 

In summary, our results suggest that METH-induced opening of the BBB 

involves eNOS/NO-mediated transcytosis. Apart from providing 

important mechanistic insight into METH-induced neurotoxicity, our work 
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also identifies a potentially novel strategy for drug delivery into the brain. 

METH has been suggested for such use before (Kast, 2009), but our 

finding of a link to non-specific fluid-phase transcytosis, which is usually 

absent at the BBB, increases the significance of potential use for this 

purpose. To fully assess the possibility of agonist-induced opening of the 

BBB, future work should focus on identifying the endothelial targets of 

METH and the structural determinants of METH that are important for 

BMVEC deregulation. Potentially, this could lead to the design of non-

psychostimulant METH derivatives that maintain the capacity to 

transiently open the BBB without associated toxicity to monoaminergic 

nerve terminals.  
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General Discussion 

METH causes several brain abnormalities (Thomas et al., 2004; Thomas 

and Kuhn, 2005a), but also induces BBB dysfunction, which is thought to 

contribute to its neurotoxicity (Silva et al., 2010). Since the molecular and 

cellular mechanisms underlying METH-induced BBB dysfunction remain 

to be clarified, we first aimed to investigate how METH induces its effects 

on BBB in an animal model of METH intoxication.  

In the present study, we started by characterising the time-course changes 

in the levels of METH and AMPH in the plasma, and particularly the 

levels that reached the brain in our animal model, since this has never been 

addressed before. METH is a lipophilic molecule and a weak base, with 

low molecular weight and low protein binding capacity, allowing an easy 

diffusion across plasma membranes and lipid layers (de la Torre et al., 

2004). Accordingly, we showed that, within 1 h, METH diffused to the 

circulation and rapidly reached the brain tissue by crossing the BBB. 

Furthermore, 4 h after the administration, the levels of METH and AMPH 

in plasma and brain were still significantly increased. 

Analysing the effect of METH on BBB permeability, we found that an 

acute high dose of METH increased BBB permeability at 24 h. This was a 

transitory effect since at 72 h post-METH administration no leakage of EB 

dye was detected. Interestingly, this effect was observed only in the 

hippocampus, among the three brain regions analysed (hippocampus, 

frontal cortex and striatum), but the reasons underlying the highest 

susceptibility of the hippocampus in our model remain to be further 

investigated. Nevertheless, an acute high dose of METH was shown to 

induce astrogliosis, microglial activation, alterations in the tumour necrosis 
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factor system, and neuronal dysfunction in the mice hippocampus 

(Gonçalves et al., 2010). Also, rats administered with an acute high dose of 

METH showed significant alterations in the hippocampal glutamatergic 

system (Simões et al., 2007). Thus, we hypothesise that these events can be 

responsible, at least in part, for the specific increase of BBB permeability in 

the hippocampus observed in the present study. In fact, 

neuroinflammation is characterised by microglial activation, astrogliosis, 

and production of pro-inflammatory cytokines, ROS, NO, among other 

events (Glass et al., 2010), which can lead to the disruption of the BBB (de 

Vries et al., 1996; Gloor et al., 1997; Pun et al., 2009; Thiel and Audus, 

2001). Additionally, glutamate and its receptors are also involved in BBB 

breakdown (Koenig et al., 1992; Mayhan and Didion, 1996; Sharp et al., 

2003; Westergren and Johansson, 1992). In human studies, cortical maps 

revealed severe grey-matter deficits in the cingulate, limbic, and paralimbic 

cortices of chronic METH abusers, and on average, these patients had 

7.8% smaller hippocampal volumes than control subjects, and significant 

white-matter hypertrophy (Thompson et. al., 2004), suggesting that chronic 

METH abuse causes a selective pattern of cerebral deterioration that leads 

to memory impairment. In the present study, we demonstrated that 

METH specifically impairs the BBB function in the hippocampus, making 

this brain region highly susceptible to injury, which may justify in part the 

cognitive deficits showed by METH abusers.  

TJ proteins confer the low paracellular permeability characteristic of the 

BBB, and alterations on the content of the TJs have been linked to the 

impairment of BBB function (Petty and Lo, 2002). Thus, in order to clarify 

the mechanisms underlying the observed increase in BBB permeability 

induced by METH, we investigated whether METH administration could 
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induce changes in TJ proteins. We detected a decrease in the protein levels 

of ZO-1, claudin-5 and occludin at 24 h post-METH administration, but 

only in the hippocampus, which was in accordance with the EB results. 

Moreover, at 1 h after METH injection neither EB extravasation nor 

decreases in the TJ protein levels were observed. This correlation suggests 

that the decrease in the content of TJ proteins might be the cause of the 

increased BBB permeability observed only in the hippocampus.  

MMPs can also contribute to the impairment of BBB by their ability to 

degrade the neurovascular matrix and also the TJ proteins. Thus, we 

hypothesised that MMP-9 could be a key player in mediating METH-

induced BBB disruption. We observed that METH increased the activity 

and immunoreactivity of MMP-9 in the hippocampus at 24 h after METH 

administration. This increase in the expression and activity of MMP-9 

correlated with the decrease in TJ protein levels and BBB disruption 

observed at the same time point. In fact, MMP-9 could lead to the 

degradation of ZO-1, claudin-5 and occludin in the hippocampus, being 

responsible for the opening of the BBB observed in this brain region. 

Moreover, we found that METH-induced increase in MMP-9 

immunoreactivity and EB leakage was prevented by pre-treatment with 

BB-94, a MMP inhibitor, which proves that the increase in MMP-9 

expression and activity contributes for the BBB disruption induced by 

METH. Based on this evidence, we suggest that the inhibition of MMP-9 

could be used as a target in order to prevent or minimise the BBB 

impairment caused by the consumption of high doses of METH.  

Besides animal studies, we also aimed to investigate how METH directly 

affects the BBB. For that, we studied the response of BMVECs to METH 

in vitro. METH concentrations in the blood plasma of drug abusers are 
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found at sub or low micromolar range. Thus, in this study, rat BMVECs 

were exposed to a METH concentration (1 µM) that is relevant in the 

context of METH abuse. We demonstrate that METH increased the 

macromolecular flux of dextrans of varying size across BMVEC 

monolayers. However, changes in TEER were not observed in response to 

METH. In agreement, despite mild changes in the staining pattern of VEC 

and occludin, which suggested altered protein turnover, the lateral 

continuity of VEC, occludin, claudin-5 and ZO-1 remained unchanged 

following METH exposure. This suggested that METH-induced 

permeability in ECs was not paracellular. In fact, we found that vesicular 

uptake of HRP by BMVEC was increased in response to METH. With 

these results, we provide the first evidence that fluid-phase transcytosis 

across BMVEC can be directly enhanced by METH.  

Moreover, BBB impairment is often associated with enhanced leukocyte 

infiltration. So, alterations to lymphocyte migration were also addressed, 

and we demonstrated that exposure to METH enhanced lymphocyte TEM 

across BMVECs. Since METH exposure left endothelial junctions intact 

and increased vesicular transport in primary BMVECs, it appears likely that 

transcellular TEM was enhanced. One possible explanation is that METH 

may influence membrane availability and/or dynamics of the LBRC and 

thus diminish barrier properties to cells. 

In the endothelium, eNOS plays an important role in the regulation of 

vascular permeability (Fukumura et al., 2001; Schubert et al., 2002). In 

addition, activation of eNOS and NO production are limiting factors of 

lymphocyte TEM across BMVEC (Martinelli et al., 2009). Thus, we 

investigated if eNOS could be a key player in mediating METH effects on 

BMVECs. We concluded that METH led to robust eNOS activation, and 
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that METH-enhanced macromolecular flux, transcytosis and TEM were 

prevented by the NOS inhibitor L-NAME. These results suggest that 

eNOS activation and consequent NO production are key factors of 

METH-induced BBB breakdown.  

In this study, we also demonstrate that high METH concentrations did not 

induce eNOS activation or molecular/cellular barrier dysfunction. One 

explanation for this finding is the possible existence of several targets with 

different affinities for METH in ECs. Alternatively, higher concentrations 

of METH may induce rapid down regulation of the EC response and 

render it undetectable. Another hypothesis is that such concentrations may 

lead to the activation of other signalling pathway(s) counteracting the 

primary response described in this report. In fact, higher concentrations of 

METH lead to the generation of reactive oxygen species (Fleckenstein et 

al., 2007; Ramirez et al., 2009; Park et al., 2012), which may subsequently 

neutralise the bioavailable NO. Here, we did not detect any cytotoxicity in 

BMVEC in response to METH, suggesting that oxidative stress and 

peroxynitrite production was not induced.  

The results obtained in vitro appear to contradict those found in animal 

studies. While in mice, METH administration led to alterations in the TJ 

proteins and increased paracellular permeability, in vitro, the exposure to 

METH appears to increase fluid-phase transcytosis in ECs without major 

alterations in TJ proteins. These can be explained, at least in part, by the 

different experimental models and rodent species used in both studies, as 

well as the different METH concentrations, since the effects of METH are 

dose/concentration-dependent. Moreover, in the animal model the 

alterations in the BBB were detected at 24 h post-METH injection, and the 

increased activity of MMP-9 (produced by neurons) seemed to be 
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implicated in those effects. In addition, at 24 h the concentration of 

METH in the plasma and brain was vestigial, thus, it is likely that BBB 

disruption results from the interaction/crosstalk between the components 

of the neurovascular unit with other neuronal cells that culminate in BBB 

breakdown. In vitro, increased fluid-phase transcytosis in EC monolayers 

was detected within 1 h of exposure to METH (1 µM), and these results 

demonstrate the direct effect of METH exclusively in ECs, with no 

influence from other neural cells, which does not happen in vivo. Besides, 

the transcytosis seems to be promoted by NO production by eNOS in the 

ECs. The effects of NO can vary depending on the expression, activity and 

localisation of NOS isoforms, as well as concentrations reached in the 

tissue and duration of NO exposure, and cellular sensitivity to NO 

(Fukumura et al., 2006). Also, METH increases the expression of both 

iNOS and nNOS in the mice brain (Deng and Cadet, 1999; Granado et al., 

2011; Wu et al., 2006). Thus, in vivo, it is plausible to suggest that METH 

might also induce NO production by induction of iNOS as well as by 

nNOS activation in other cell types, which can lead to a response and 

effect on BBB ECs. Taken this, it would be important to evaluate the 

possible occurrence of fluid-phase transcytosis and NO production in an 

animal model, using a lower dose of METH. 

In summary, the results presented in this study provide a better 

understanding of the mechanisms underlying METH-induced BBB 

dysfunction. Using an animal model of METH intoxication, we 

demonstrate that an acute high dose of METH induces a transient increase 

in the permeability of the hippocampal BBB. Moreover, our results suggest 

that the BBB breakdown is caused by the downregulation of the TJ 
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proteins, namely ZO-1, claudin-5 and occludin, which may be also 

correlated with the increase in MMP-9 activity and expression by 

hippocampal neurons. In addition, our in vitro studies suggest that METH 

is also able to increase BBB permeability by enhancing fluid-phase 

transcytosis and increases lymphocyte TEM. Both effects are suggested to 

be eNOS/NO-mediated.  

Apart from providing important mechanistic insight into METH-induced 

neurotoxicity, our work also identifies a potentially novel strategy for drug 

delivery into the brain in order to treat several CNS diseases, such as brain 

tumours (Kast, 2009; Kast and Focosi, 2010). METH has been suggested 

for such use before (Kast, 2009), but our finding of a link to non-specific 

fluid-phase transcytosis, which is rare at the BBB, associated with the 

transient effect on BBB opening, raises the potential use of METH for this 

purpose. Still, it is of high importance to fully characterise the effects of 

this drug in the BBB by identifying its endothelial targets as well as the 

structural determinants of METH that are involved in BMVEC 

deregulation. Potentially, this could lead to the design of non-

psychostimulant METH derivatives that maintain the capacity to 

transiently open the BBB without associated neurotoxicity. 
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Main Conclusions 

The main conclusions of the present dissertation are the following: 

 

1. METH increases the BBB permeability at 24 h after drug administration, 

and this is a transient effect since at 72 h there is no increase in the 

extravasation of EB dye. 

 

2. Comparing to frontal cortex and striatum, the hippocampus is the most 

susceptible brain region to METH, since the increase in BBB permeability 

was observed only in the hippocampus.  

 

3. METH decreased the content of TJ proteins only in the hippocampus at 

24 h after drug-injection, which correlates with the increase in the 

permeability detected only in this brain region and at this time-point.  

 

4. MMP-9 activity and immunoreactivity are increased in the hippocampus 

at 24 h post-METH administration, suggesting a contribution of MMP-9 

to the BBB disruption induced by METH.  

 

5. The increase in MMP-9 immunoreactivity and EB leakage triggered by 

METH was prevented by BB-94, a MMPs inhibitor, suggesting that a 

similar strategy could be used to prevent or attenuate the effects of METH 

consumption on BBB impairment. 
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6. Relatively low concentrations of METH increase the permeability of 

monolayers of brain microvascular endothelial cells by promoting fluid-

phased transcytosis. 

 

7. METH enhances T-lymphocyte transendothelial migration across brain 

microvascular endothelial cells. 

 

8. The METH-induced fluid-phased transcytosis on BMVECs and T-

lymphocyte TEM are mediated by the activation of eNOS. 
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Conclusões 

As principais conclusões da presente dissertação são as seguintes: 

 

1. A MET aumenta a permeabilidade da BHE às 24 h após a 

administração, e este efeito é transitório visto que às 72 h não se detectou 

um aumento no extravasamento do corante azul de Evans. 

 

2. Em comparação com o córtex frontal e o estriado, o hipocampo é a 

região cerebral mais susceptível à MET, uma vez que o aumento de 

permeabilidade da BHE foi detectado apenas no hipocampo. 

 

3. A administração de MET diminuiu os níveis das proteínas das junções 

oclusivas apenas no hipocampo e às 24 h, o que se correlaciona com o 

aumento da permeabilidade detectado apenas nesta região cerebral e a este 

tempo. 

 

4. A MET aumenta a actividade e a imunoreactividade da MMP-9 no 

hipocampo às 24 h após a sua administração, sugerindo uma contribuição 

da MMP-9 para a disfunção da BHE induzida pela MET. 

 

5. O aumento da imunoreactividade da MMP-9 e o extravasamento do 

corante azul de Evans induzido pela MET foi prevenido pelo composto 

BB-94, um inibidor das MMPs, sugerindo que a inibição da MMP-9 pode 

ser utilizada como uma estratégia para prevenir ou atenuar os efeitos 

resultantes do consumo de MET na função da BHE. 
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6. Concentrações relativamente baixas de MET induzem um aumento de 

permeabilidade em monocamadas de células endoteliais microvasculares 

cerebrais através da promoção de transcitose de fase-fluida.  

 

7. A MET aumenta a migração transendotelial de linfócitos-T através de 

monocamadas de células endoteliais microvasculares cerebrais. 

 

8. A transcitose de fase-fluida nas células endoteliais microvasculares 

cerebrais e a migração transendotelial de linfócitos-T induzidas pela MET 

são mediadas pela activação da eNOS. 
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