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ABSTRACT 

 

The free bilirubin (Bf), the part of UnCnjugated Bilirubin (UCB) exceeding the 

binding capacity of serum albumin, causes encephalopathy in severely jaundiced neonates by 

crossing Blood Brain Interfaces (BBI) and damaging specific areas of the brain. Around 70% 

of children with kernicterus die within seven days, while the 30% survivors usually suffer 

irreversible sequels, including hearing loss, paralysis of upward gaze, mental retardation, and 

cerebral palsy with athetosis. Bilirubin encephalopathy is actually the leading cause of 

hospital readmission of newborns within the first month after birth.  

The endothelia of Micro Vessels (MV) at the blood brain barrier (BBB), and the 

epithelia of the choroid plexuses (CP) at the blood cerebrospinal fluid barrier (BCSFB), 

should therefore be viewed as dynamic sites of exchange controlling both influx into, and 

efflux out of the brain.  

Among efflux transporters, two "ATP Binding Cassette" (ABC) transport proteins, 

Mrp1 and Pgp have been shown to play important neuroprotective functions and appear to be 

actively involved in keeping extra cellular bilirubin concentration below toxic levels by 

limiting their entry from blood to brain, or else in controlling intracellular bilirubin levels in 

parenchyma cells. 

Although the role of these transporters is central in neuroprotection, their pattern of 

expression and cellular localization in the central nervous system (CNS), and in the two blood 

brain interfaces (BBI), remains still unsettled and no studies to the effect of 

hyperbilirubinemia on the transporters at the brain interfaces have been made before.  

We used the Srague-Dowley rat as physiological model, and the Gunn rat, as the well-

established model for the hyperbilirubinemia, to study the relative expression and localisation 

of the transporters at the BBI.  

By quantitative Western blot, we have discovered a mirroring expression of Mrp1 and 

Pgp in BBB and BCSFB; with the BBB characterized by Pgp and the BCSFB by Mrp1. 

In the adult rat, the relative protein expression of Mrp1 reaches the highest level in 4th 

Ventricle CP (4thV CP), and in LV CP (60%) and Pgp in isolated MV. In MV and in Cortex 

(Cx), the Mrp1 amount is about 4.3% and 5.2% of the 4thV CP, respectively, suggesting that 

Mrp1 may be present in others than endothelial cells, such as in astrocytes. Mrp1 localizes at 
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the basolateral side of the choroids epithelium and their expression does not change 

significantly from birth to adult life in both barriers. 

In the homozygous jj Gunn rats the total bilirubin in serum (TBS) is several time 

higher than in a normal rat, due to a genetic mutation in the Uridin di phospho Glucoronosyl 

Transferase 1A1 (UGT1A1) enzyme, preventing the conjugation and subsequent biliary 

clearance of bilirubin. 

In the jj hyperbilirubinemic Gunn rat a strong and early down regulation of Mrp1 was 

found in the CPs, respect the control (Jj rat). In both CPs the Mrp1 amount at P2 is similar 

between genotypes but in jj Gunn rats, the decrease is rapid and consistent reaching a value 

around 50% of the control genotype in the 4thV CP at P9 (P≤0.001 at P9, P17 and P60). The 

decrease is less marked in LV CP and is apparent from P17 (both P17 and P60, P≤0.05). The 

down regulation is not attended by a re-localisation of the transporter witch always stays 

located at the basolateral side of the epithelial cell forming the BCSFB. 

In the physiological situation, the Pgp relative expression in both CPs and in Cx is 

around 0.5% and 7% of MVs Pgp expression and all the brain Pgp is located at the apical side 

of endothelial cells forming MV, as confirmed by immunofluorescence. The transporters 

expression is weak a P9 and increase 4.6 fold with maturation. 

The hyperbilirubinemia enhance the Pgp expression in the BBB of hyperbilirubinemic 

rats at every post-natal age, but at P17 is 5 times less present than in adult.  

Taken together, these results suggest that, while the Mrp1 related protection seems to 

be fully functional during post natal development, and strongly impaired in the 

hyperbilirubinemic Gunn rat, the Pgp mediated neuroprotection may not be as efficient during 

early stages as in adult, and no significant adaptatives changes are present in the jj Gunn rats. 

We suggest that the down regulation of Mrp1 leads to the less efficient bilirubin out-

flow from CNS, and that the up-regulation of Pgp in BBB may be not sufficient to prevent the 

passage of bilirubin across the barrier.  

In addition, the hypolasia of cerebellum, marked at P9 (25% of weight loss) and 

reaching the 47% at P60, indicates that the hazardous period in bilirubin encephalopathy 

occur in the first days of life. 
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1.1 Bilirubin metabolism 

 

The bilirubin is the yellow pigment formed during the catabolism of heme containing 

compounds, responsible for discoloration of skin, sclerae, and mucous membranes in jaundice 

(Ostrow, 1987). 

The major part of haemoglobin degradation products derive from the haemolysis of 

senescent red blood cells (80%), but significant fractions are also derived from others heme 

containing enzymes such as cytochromes, catalases, peroxidase, tryptophane pyrrolase and 

muscle myoglobin (15-20%), and a minor part from the destruction of immature red blood 

cells in the bone marrow, process termed “ineffective erythropoiesis” (less than 3%) (Ostrow, 

1987; Gourley, 1997). 

 

In Fig 1 are summarized the principal steps in heme degradation. 

The first step in heme degradation is the oxidative excision of the alpha-carbon, with 

the opening of the terapyrrole ring of protoporhyrin IX by microsomal heme oxygenase 

enzyme, located primarily in the reticuloendothelial tissue and, to a lesser degree, in tissue 

macrophages and intestinal epithelium; to yield equimolar amounts of Fe3+, CO, and 

biliverdin (Ostrow, 1987; Gourley, 1997; Rubaltelli, 1993). 

Then, the cytosolic enzyme biliverdin reductase reduces the central carbon (C10) of 

the linear biliverdin IXa forming the bilirubin IXa (UnConjugared Bilirubin, UCB). The 

resulting bilirubin is formed by two planar dipyrrolic halves connected by an -HCH-bridge 

(Fig 2), folded at a 90° angle in a “ridge tile” or folded book structure. A trio of hydrogen 

bonds ties each -COOH group on each half with the two NH groups and the lactam oxygen of 

the opposite dipyrrolic half. In this rigid structure, all the polar groups (propionic acid side 

chains) limit interaction with water and make the molecule very nonpolar and lipophilic. The 

diacidic unconjugated molecule (H2B) is therefore virtually insoluble in water (minor 70 nM) 

and has remarkably high pKa values (8.1 and 8.4). At the physiological plasma pH of 7.4, 

approximately the 82% of UCB is in diacidic form (Ostrow et al., 1994). This lipophilicity 

renders necessary the presence of a carrier molecule to transport the bilirubin in the aqueous 

environment of the blood (Gourley, 1997; Ostrow, 1987). 
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Fig 1: Bilirubin Metabolism 
In spleen, the haemoglobin is converted to biliverdin by the heme-oxigenase enzyme, then in bilirubin (UCB) by

the biliverdin reductase enzymatic activity. Bounded to albumin in blood, the UCB  reach the liver where the

UGT1A1 bilirubin specific enzyme activity, conjugates it with one or two glucoronic acid. The glucoronidation

rends the Conjugated Bilirubin (CB) more soluble thus eliminable by the faeces in the intestine. 
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This function is accomplished by albumin that posses two sites for the binding of 

bilirubin. The affinity constant for the first site rang from the historical Ka of 6.8x107 M-1 

(Brodersen, 1980) to the revised 2.3x106 M-1 (Weisiger et al., 2001; Roca et al., 2006). The 

second binding site shows a lesser affinity (about 5x105 M-1) (Jacobsen, 1969).  

The bilirubin tightly bounded to serum albumin, that in plasma is the 99.9% of the 

total bilirubin, display a very limitate renal excretion and diffusion into tissues (Gourley, 

1997; Ostrow, 1987; Ahlfors, 2001; Weisiger et al., 2001; Ostrow et al., 2004a). 

The bilirubin-albumin complex reaches the liver where the bilirubin alone is taken up 

into the aqueous environment of the hepatocyte across the basolateral membrane by facilitated 

diffusion processes, whose mediating transporters have not be identified, and again bound to a 

carrier protein, the glutathione S-transferase (GST) or ligandin or Y protein (Jagt et al., 1982), 

preventing the refluxing back of bilirubin and its conjugates in the blood and promotes 

transfer of UCB to the smooth endoplasmic reticulum for conjugation. 

In the endoplasmic reticulum, the specific bilirubin glucuronosyltransferase 

(UGT1A1) catalyses the conjugation of bilirubin and the glucoronic acid. The ionisation of 

each –COOH group removes one hydrogen bond, allowing interaction of the -COO- group 

with water. The conjugation of each –COOH group with polar glucuronic acid groups breaks 

one H-bond and renders the conjugate water-soluble. This biotransformation is essential for 

the efficient biliary secretion of bilirubin and only traces of UCB (2%) appears in the bile 

(Ostrow, 1987). The conjugated bilirubin is excreted thought the hepatocyte canalicular 

membrane multispecific organic anion transporter MRP2/Mrp2 in the bile canaliculi and then 

they enter in the intestinal lumen (Ostrow, 1987; Gourley, 1997). 

In intestine, various carbon double bonds in bilirubin are hydrogenate and 

subsequently oxidized by intestinal flora, producing the urobilinoids that are mostly 

eliminated in the faeces. Alternatively the bilirubin conjugates can also be hydrolyzated back 

by bacterial or endogenous tissue β-glucoronidase. The UCB produced is rapidly adsorbed 

from the intestine, and via the blood, reach the liver. The reabsorbtion in the intestine is very 

limited, so that in the plasma, over 96% of bilirubin is unconjugated. 
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1.1b Total, direct and indirect bilirubin measure in blood 

 

The bilirubin species (UCB, CB) content in the blood could be measured by the diazo 

method. Basically the internal hydrogen bonding of UCB rends the molecule inaccessible to 

the diazo reagents (diazotized aromatic amines), able to split bilirubin into two dipyrroles, 

each coupled with the reagent to form red-purple compounds (Ostrow, 1987). 

In the CB, the hydrogen bonds are esterificated with highly hydrophilic glucuronic acid and 

opened, allowing the methylene bridge to react rapidly (“directly”) with diazo reagents (direct 

bilirubin). When molecules able to break the hydrogen bonding are added (e.g. methanol, 

ethanol, dimethyl sulfoxide, caffeine, urea), also the UCB could react giving a measure of the 

total serum bilirubin (TBS). The UCB concentration (indirect reacting) is derived by the 

difference between the TBS and the direct reacting bilirubin (Doumas et al., 1985b; Doumas 

et al., 1985a). 

 



INTRODUCTION 

 6

1.2 The Bf theory 

 

The total amount of bilirubin present in the blood is formed by the UnConjugated 

Bilirubin bonded to albumin (UCB-A), the conjugated bilirubin also bound to albumin (CB-

A), although with much lower affinity than UCB, and the unbounded-UCB, the free bilirubin 

(Bf), that is less than the 0,1% in physiological condition (Ostrow et al., 1994; Gourley, 

1997). 

The proportion of free UCB depends from the presence of albumin and its binding 

affinity constants, actually considered of 3.1 and 2.3x106 M-1, in adults and full-term 

newborns respectively, reflecting the change in binding affinity when the concentration of the 

albumin moves from about the 450 μM in newborn to the 600 μM in adults (Brito, 2006). If 

the amount of bilirubin does not exceed the albumin binding capacity (B/A ratio below the 

unit) the maximal amount of UCB that could be transported bonded to albumin, is 435 μM 

(25 mg/dL) (Brito et al., 2001) and the complex remains in the blood vessels (Diamond and 

Schmid, 1966). At UCB to HSA (Human Serum Albumin) molar ratio exceeding the unity, 

the amount of Bf rises (Brodersen, 1981), the TBS decreases and the bilirubin amount in 

tissue increases (Diamond and Schmid, 1966). 

Due to its remarkably high pKa values (8.1 and 8.4), the circulating Bf at the 

physiological plasma pH of 7.4 is mainly formed (84%) by the non ionised, protonated diadic 

molecule (Fig 2), able to cross cell membranes by passive diffusion and determine the cellular 

content of UCB (Ostrow et al., 1994; Zucker et al., 1999). This is showed by the enhanced 

extent of bilirubin toxic effects in red blood cells (RBC) and increased tissue content of 

bilirubin (Brito et al., 2001), in acidosis, when the UCB diacidic molecules amount is 

enhanced in the blood. 

This idea has been postulate for the first time in 89 by Odell (Odell, 1959), and 

sucefully popularized as the “free bilirubin theory” (Wennberg, 2000). In agreement with the 

“free bilirubin theory”, displacing drugs such as sulphonamides, butolone or ceftriaxone 

increase the passage of bilirubin from the blood to the tissues (Diamond and Schmid, 1966; 

Hanko et al., 2003; Aono et al., 1989) and are historically correlated to an increase of the 

Kernicterus incidence when administrates to newborn babies (Gourley, 1997; Diamond and 

Schmid, 1966).  
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By contrast the administration of albumin, also at high TBS, limit the entry of the 

pigment in the CNS (Diamond and Schmid, 1966) and, as partially, reverses the bilirubin 

triggered toxic effects on red blood cells and mitochondria, probably removing the UCB 

diacidic molecules attached to the outer leaflet of the cell membrane (Brito et al., 2001; 

Mustafa and King, 1970). 

In vivo, in the AJR (un Albuminemic Jaundiced Rat) rat, obtained breading the 

hyperbilirubinemic Gunn rat with an un-albuminemic rat, the total amount of bilirubin in 

Albumin-UnConjugated Bilirubin 
 
 
 
 
 

Albumin + UCB (Bf) 

pH

Kaff 

Fig 2: UnConjugated species of bilirubin in blood 
Proportion of  chemical species of the unconjugated bilirubin at different pH values derived from partition syudies
as described in (Ostrow et al., 1994), and structure of diacidic, monoanion and dianion bilirubin species representing
about the 80%, 16%, and less than 2%, respectively, of the UCB in solution at the blood physiological pH of 7.4.  
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brain is 1.2-2.7 time grater than in the control, and the animals die in 3 weeks, in respect to a 

TBS content of 25% of a Gunn rat (Takahashi et al., 1984). 

The TBS is actually considered a poor predictor of Kernicterus and the Bf, the part of 

bilirubin that really enter the brain, is now supposed to be the critical determinant in cellular 

uptake of bilirubin (Calligaris et al., 2007; Wennberg, 2000; Wennberg et al., 2006; Ostrow et 

al., 2003b; Ostrow et al., 2003a). 

Unfortunately, at date, no routine methods for measuring Bf in serum are available. 
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1.3 Adult and neonatal bilirubin metabolism: neonatal jaundice, BIND and kernicterus 

 

During the foetal development, the foetus is protected against bilirubin by the maternal 

placenta. After the birth, the bilirubin clearance is totally accomplished by the infants.  

In adult, the production of bilirubin is about of 3-4 mg/Kg die, and in full term newborns the 

value reaches the 6-8 mg/Kg (Gourley, 1997). This difference is principally due to: 

1) The minor red blood cell viability (Rubaltelli, 1993) (70-90 days vs. 120 days in adults) 

(Gourley, 1997; Ostrow, 1987).  

2) The immaturity of the hepatic bilirubin conjugation (Rubaltelli, 1993). The diglucuronide 

normally accounts for 80-85% of the bilirubin conjugates in the bile of adult humans, 

whereas the monoconjugate, easily re-converted in UCB, predominates in newborns. 

3) The absence of anaerobic intestinal flora in infants up to 2 months of age, that causes a 

decreased intestinal UCB degradation (Gourley, 1997; Ostrow, 1987). 

4) The consequent enhancement to the UCB reabsorption and enterohepatic recycling, 

causing higher serum levels of UCB (Vitek et al., 2000; Gourley, 1997; Ostrow, 1987). 

5) The less efficacy of neonatal serum in binding unconjugated bilirubin due to the lesser 

amount of albumin (Weisiger et al., 2001; Roca et al., 2006) 

6) The highest level of expression of hepatic heme oxygenase early after birth, leading to an 

increase of total serum bilirubin (Maroti et al., 2007; Drummond and Kappas, 1984). 

 

 

1.3a Neonatal jaundice 

The Immaturity of most steps of bilirubin metabolism causes a mild, temporary 

retention of UCB in approximately 60% of healthy term neonates (Ostrow, 1987); 

characterized by a serum UCB levels of less than 170 μM (10 mg/dL) (Ostrow et al., 1994) 

within the first days of life. This situation usually resolves spontaneously in the first week of 

life without sequelae (Ostrow et al., 2003a; Ostrow and Tiribelli, 2003). 

The existence of hyperbilirubinemia is clinically evidenced by the deposition of 

bilirubin and subsequent discoloration of tissues, phenomena named icterus (greek: ikteros) or 

“jaundice” (French: “jaune”=yellow) (Gourley, 1997). Low, nanomolar concentrations of 

UCB are not only not dangerous, but probably benefical by providing protection from 



INTRODUCTION 

 10

oxidative injuries, such as ischemia (Dore and Snyder, 1999), the risk of coronary athery 

diseases (Mayer, 2000) and cancer (Keshavan et al., 2004). 

The antioxidant ability of UCB arises from the redox consuming cycling mechanism 

that acts between the conversions of UCB in biliverdin. During this step the oxidant species 

are consumed and the bilirubin regenerated via biliverdin reductase. The pigments may play a 

role similar to the glutathione cycle in cytoplasm, acting against the lipophilic reactive oxygen 

species produced from the cellular membranes, wile the GSH-GSSG cycle plays against the 

cytosolic oxidative species (Tomaro and Batlle, 2002; Sedlak and Snyder, 2004). 

Remarkably, bilirubin concentrations as little as 10 nM are able to protect cell cultures 

from 10000 times higher concentrations of H2O2 (Baranano et al., 2002).  

Similarly, in Gilbert's syndrome, a very common chronic, mild, fluctuating unconjugated 

hyperbilirubinemia, due to a recessive insertional mutation in TATAA element upstream the 

UGT1A1 gene resulting in an reduced level of expression and enzymatic activity (Kadakol et 

al., 2000), the hyperbilirubinemia may protect against oxidant stress (Ostrow, 1987). Rigato 

in a retrospective study reported that low-mild hyperbilirubinemia is negatively related to the 

risk of different diseases, such as atherosclerotic disease, cancer, demyelinizatind 

neuropathies (Rigato et al., 2005). Additionally the in vivo neointimal hyperplasia induced by 

balloon-injury seems to be prevented by hyperbilirubinemia in Gunn rats (jj), due to the 

antiproliferative properties of the bilirubin pigment that is able to arrest the cell cycle and 

inhibits the p38 MAP Kinases (Ollinger et al., 2005).  

 

 

1.3b BIND (Bilirubin Induced Neurological Dysfunction) 

Moderate hyperbilirubinemia, (200-300 μM; 11.7 mg/dL) (Ostrow, 1987; Ostrow and 

Tiribelli, 2003) occurs in at least 16% of infants. The increased entry of UCB into the CNS 

may cause transitory effects such as hypotonia, lethargy, anorexia, poor suckling and 

abnormal brainstem evoked potentials (BSAEP), symptoms referred to the deposition of 

unbound UCB diacid in the central nervous system and development of bilirubin 

encephalopathy or BIND (Bilirubin Induced Neuronal Dysfunction), which is usually 

reversible (Ostrow, 1987). 

In these cases, the preferred treatment of neonatal jaundice is phototherapy, which 

converts UCB to photo isomers that can be excreted in bile and urine without conjugation or 
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parenteral administration of tin mesoporphyrin IX, a potent competitive inhibitor of heme 

oxygenase and thus of bilirubin synthesis. When severely jaundiced neonates respond 

insufficiently to the above therapies, they are treated by exchange transfusion to physically 

remove UCB from the circulation (Ostrow, 1987). 

 

 

1.3c kernicterus 

In about the 2% of infants (Gourley, 1997) at slightly higher or prolonged serum UCB 

levels (13-26 mg/dL; 220-440 μM) a severe hyperbilirubinemia  occurs (Soorani-Lunsing et 

al., 2001) and results in permanent neurological sequelae ranging from delay in motor 

development, impaired cognitive functions, auditory dysfunctions to more severe 

extrapiramidal motor, auditory and cognitive disorders, termed Kernicterus (Hansen, 1994b), 

or even death. 

Similarly, in the Crigler-Najjar Type I syndrome (CN I), a severe, rare, hereditary, 

recessive deficiencies, the non haemolytic hyper bilirubinemia is characterized by high levels 

of TBS, that appear in the first days of life (mean 16±5 mg/dL; 270 μM) (CRIGLER, Jr. and 

NAJJAR, 1952; Servedio et al., 2005) and increase with age by approximately 0.8 mg/dL per 

year (Strauss et al., 2006). The UCB binds on red blood cells (RBC) surface and tissue 

phospholipids and ultimately leads to accumulation in focal brain regions causing neural 

dysfunctions followed by cell death and permanent disability if the patients are untreated. CN 

patients remain vulnerable to brain injury throughout their life span (Chalasani et al., 1997).  

The goals in treat CN patients are to maintain the B/A ratio at ≤0.5 in neonates and 

≤0.7 in adults (Strauss et al., 2006) by prolonged and massive phototherapy, but the only way 

to cure Crigler-Najjar I subjects is a liver transplantation (Ostrow, 1987). The genetic lesions 

could be located in any of the five UGT1A1 gene exons, the only isoform involved in the 

UCB conjugation in humans (Strauss et al., 2006; Rubaltelli, 1993) and cause premature stop 

codon, that alter or delete amino acid residues. No detectable activity of UGT1A1 is presents.  

In the Crigler-Najjar type 2 syndromes, the mutation frequently consists in a single 

amino acid substitution with an autosomal dominant pattern of inheritance with variable 

penetrance and responds to stimulatory effect played by phenobarbital. The UGT1A1 activity 

is reduced but not abolished (Kadakol et al., 2000; Ostrow, 1987). Jaundice begins in late 

childhood, is less severe, and seldom causes brain damage (Rubaltelli, 1993). 
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The neurological signs of bilirubin encephalopathy and the following kermicterus are 

selective, preferentially affecting only certain areas of the brain and only certain cells within 

these regions. The classical pattern of discoloration/damage is symmetric, highly selective 

involves the basal ganglia, the pallidum, the subtalamic nucleus, the Horn of Ammon and the 

cerebellum (Hansen, 1994a; Rodriguez Garay and Scremin, 1971; Diamond and Schmid, 

1966). 
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1.4 Molecular basis of bilirubin toxicity 

 

In spite of decades of scientific investigation our understanding of the biology of the 

bilirubin encephalopathy dysfunction (BIND) is still incomplete (Ostrow et al., 2004b). This 

is due to the poor comparability of data obtained in different laboratory, under different 

condition in bilirubin/albumin ratio, B-A affinity constant applied in calculate the Bf, and 

medium composition (Ostrow et al., 2003b). This is even more complicate by the lack of a 

routine method to measure directly the Bf in blood. Additionally, several studies concerning 

the UCB toxicology have been performed at higher UCB than those seen in jaundiced 

neonates, rendering uncertain the relevance of the experimental finding, especially when dose 

dependent reasoning of UCB effects have been made (Ostrow et al., 2002). 

The first studies concerning the bilirubin toxicity indicated in the membrane the 

principal target. Myelin shows the highest concentration of bilirubin (Brodersen, 1981; 

Mustafa and King, 1970), possibly explaining the strong trophysm for brain (Nagaoka and 

Cowger, 1978). When cultured red blood cells (RGB) have been used as model for cellular 

membranes, severe B/A ratio dose dependent morphological changes, accelerated aging, 

release of membrane phospholipids, appearance of haemoglobin depleted vesicles and cell 

lysis were observed after UCB exposure. 

The bilirubin interaction with the outer leaflet of the bilayer induces alterations in the 

content of several classes of phospholipids, leads to lipid package and polarity, and renders 

the membrane more fluid and more permeable to water (Brito et al., 2001) at B/A ratio of 0.4 

and UCB concentration of 185 μM in vivo (Brito et al., 1996; Brito et al., 2002).  

In 30 days old Sprague-Dawley rat, the disturbance of the brain micro vessels 

membrane inhibits the glucose uptake, when the B/A ratio exceed the unit (Katoh-Semba and 

Kashiwamata, 1980). The decrease in metabolic rates of glucose after a bilirubin infusion on 

rats of 10 days stage, localizes with the auditory pathway, regions knows to preferentially 

accumulate bilirubin in kernicteus (Roger et al., 1995). Choen, by contrast, reports an 

increased glucose uptake and GLUT1 (Glucose receptor type 1) over expression on bovine 

aortic cultured endothelial cells, and suggest a role for the oxidative stress (Cohen et al., 

2006). 

The apoptosis seems to be the preferred way in bilirubin induced cell death. 
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Observations in human kernicteric neonates indicate in the apoptotic vs. the necrosis with a 

lack of inflammation the preferred way in bilirubin induce cell death (Ahdab-Barmada, 2000).  

The activation of both mithocondrial and extrinsic pathway has been reported. 

In mitochondria isolated from rat brain, the UCB induced permeabilysation is involved in 

cytochrome C release (Rodrigues et al., 2000), increasing of the Bax levels and translocation 

in the nucleus, degradation of PARP and activation of caspase 3, focusing on the 

mitochondrial pathway in nerve cell apoptosis (Rodrigues et al., 2002a; Grojean et al., 

2000b). Additionally, bilirubin may activate the TNFR1 (tumour necrosis factor receptor) and 

MAPKs (mitogen-activacted protein kinases), in the extrinsic apoptotic pathway (Fernandes 

et al., 2006; Lin et al., 2003). 

In vitro, cultured oligodendrocytes (Genc et al., 2003) and endothelial cells (Akin et 

al., 2002) display both necrosis and apoptosis (Seubert et al., 2002). These finding, are in 

contrast with the immunostimulant properties of UCB on cultured astrocytes and mycroglia, 

where the IL1β production and TNFα secretion, together with glutamate influx and cell death 

both by necrosis and apoptosis (Gordo et al., 2006), are induced by bilirubin. It has been 

suggested that the clinical observation of a UCB encephalopathy aggravation during sepsis 

may be corroborated by the in vitro results. 

Inside the cell, bilirubin may damage the respiratory chain uncoupling the oxidative 

phosphorylation, generates ROS witch leads to protein oxidation and lipid peroxidaion, 

enhancing the oxidation of GSH to GSSG and reducing the restore of GSSG. Additionally 

bilirubin leads to intracellular calcium overload and destruction of glutathione metabolism 

(Hansen, 1994c), pointing out on oxidative stress as a key player in UCB neuronal induced 

damage. 

Bilirubin is able to inhibits different kinases (cAMP, cGMP, Ca-calmodulin and Ca 

phospholipids dependent protein kinase A (Hansen et al., 1996) and probably binding to the 

lysine residues on the ATP binding domain, as suggested by the anty-inhibitory effect of 

polilysine but not poliglutamate or poliargynine (Hansen et al., 1997). In agreement with this 

theory, the inhibition of the synapsin I responsible, in the phosphorylated form, of the 

releasing of neurotransmitters, explains the inhibitory effect of bilirubin on auditory evoked 

responses (Hansen, 1994c). 

A role of glutamate in neuronal cell death has been postulated. In astrocytes culture 

the uptake of glutamate is reduced and its release induced (Fernandes et al., 2004). In neurons 
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the cell death seems to be related to the NMDA receptors, along the inhibition of PKC 

activity (Grojean et al., 2000a). In vivo, administration of glutamate increases and the 

glutamate receptor antagonist treatment reduce the entity of UCB induced injuries on Gunn 

rat pups (McDonald et al., 1998). The release of glutamate is not modified by LPS, suggesting 

the co-existence of different mechanisms in UCB nerve cell interaction, independents on the 

membrane perturbation (Fernandes et al., 2004). 

Additionally, bilirubin impairs DNA and protein synthesis (Yamada et al., 1977; 

Schiff et al., 1985) and traslocates Mrp1 from the perinuclear region to the plasma membrane 

and, simultaneously, up regulate both mRNA and protein expression on cultured primary 

mice astrocytes (Gennuso et al., 2004). 

In vivo, the selectivity for certain areas of the brain and, within these areas, for certain 

cell types, is a landmark of kernicterus. The classical pattern of discoloration/damage in the 

CNS is highly symmetric and highly selective, as revealed by brain slices of experimental 

animals, autoptical samples, the use of BAESP as sensitive indicator of BIND (Shapiro, 2002; 

Ahlfors and Shapiro, 2001) and finally, the in vivo magnetic resonance (Roger et al., 1996). 

The brain regions most involved are the basal ganglia, the globus pallidus, the subtalamic 

nucleus, the Horn of Ammon, the roof nuclei of the 4th ventricle, the cranial nerve nuclei of 

the tegmentum, particularly the oculomotor and dentate nuclei, and the cerebellum (Hansen, 

1994c; Rodriguez Garay and Scremin, 1971; Gourley, 1997; Diamond and Schmid, 1966; 

Conlee and Shapiro, 1997). As consequence, the affected areas display a decrease in neurons 

density and gliosys (Gourley, 1997).  

The reasons for this specificity are unknown, a cellular specific sensibility and/or the 

level of maturation of the cells, are the two most debated hypotheses for explain the bilirubin 

trophysm in the brain. 

A gradient in sensibility toward bilirubin between different cell types has been 

reported in vitro. The neuronal cell lines (Ngai et al., 2000; Nagaoka and Cowger, 1978; Silva 

et al., 2002; Rodrigues et al., 2002c) show the highest sensibility toward bilirubin, then the 

hepatocytes and, at least, the fibroblast. The addition of albumin is able to reduce the entity of 

damage but the patter of sensibility is not modified (Ngai et al., 2000; Nagaoka and Cowger, 

1978). In brain mitochondria the respiration is inhibited by both, low and high bilirubin 

concentrations. By contrast these concentration increase and inhibit, respectively the 
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respiration in liver and hearth mitochondria (Mustafa and King, 1970). In vivo, the Purkinje 

and the granular cells are more intensely stained than other cells (Hansen, 1994c). 

Another consideration obtained from in vitro investigations, claims at the concept of 

maturity of the cells in determining their sensibility toward bilirubin with the younger more 

sensible than the adult ones. The rat glial or neuronal cells exhibits a “age in culture” 

dependent sensitivity toward bilirubin (Falcao et al., 2006; Rodrigues et al., 2002c) as showed 

by the decrease in mitochondrial functions (Amit and Brenner, 1993). And in neonatal RBC 

the effects of UCB are exacerbated (Brito, 2006). Surprising, mitochondria swelling and 

cytocrome C efflux, are most present in mitochondria isolated from adult rather than younger 

rats (Rodrigues et al., 2002c). 
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1.5 The Gunn rat 

 

The in vivo knowledge on kernicterus derives almost totally from the investigation on 

Gunn rat (Fig 3) that is a natural model for bilirubin encephalopathy. In this animal model the 

genetic lesion closely parallel those in Crigler-Najjar syndrome type I (Chowdhury et al., 

1993) and the neuropathological lesions are similar to those in humans, with cell loss and 

gliosis most prominent in the auditory nuclei of the brainstem, the cerebellum, the 

hippocampus and the basal ganglia (Chowdhury et al., 1993). 

The Gunn rat (Gunn, 1938) is a mutant strain of Wistar rats that lack the uridin di 

phospho glucoronosyl transferase (UDPGT) activity toward bilirubin. In the homozygous jj 

animal, a life long hyperbilirubinemia in absence of heamolysis is present (Chowdhury et al., 

1991; Iyanagi et al., 1989). In the non jaundiced heterozygous Jj rats the activity of UDPGT is 

reduced and did not result in retention of bilirubin in the plasma (Schmid et al., 1958). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3: The Gunn rat. 
In this picture of Gunn rats at 17-day post-natal age (P17), the yellow
discoloration of the skin is clearly visible in the jj hyper-bilirubinemic animals,
while the heterozygous (Jj) animals appear white. 
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In rats, two family of UDPGT are present, the UGT1 and UGT2 families and The 

capacity of a tissue to glucoronydate and excrete a substrate depends on the UGT isoforms 

presence and level of expression (Shelby et al., 2003). The UGT2 family members are 

encoded from individual genes, each of them containing 6 exons and are responsible for the 

glucoronydation of steroids. Based on the sequence similarity, the UGT2 family is divided in 

two sub family  (Emi et al., 1995): the UGT2A, specific for the olfactory bulb (2A1), and the 

UGT 2B, formed by 6 members (2B1-2B6). The presence of a second family of UGT 

enzymes, explains why in Gunn rats the activity toward bilirubin is undetectable but activity 

toward several other substrates is normal (Chowdhury et al., 1991). 

The UGT1 locus spans plus than 120 Kb and forms a gene complex (Fig 4). 

Nine unique first exons encoding NH terminus of each isoform were located at the 5’. This 

region is followed by 4 common exons named II, III, IV and V, encoding the C-terminus of 

the protein. Based on their sequence, the first unique exons are divided in two groups: the 

Bilirubin cluster (B cluster) and the Phenol cluster (A cluster). The A cluster consists of four 

(A1-A4) isoform-specific exons, while the B cluster of 5 (B1-B5); A4 and B4 are pseudo 

genes. The major bilirubin glucoronydase activity is found in the B2-cluster (Emi et al., 1995; 

elAwady et al., 1990). All genes are arranged in the same transcriptional orientation and 

posses a distinct promoter the multiple first unique exons and a slicing site at the 3’. From the 

UGT1 complex, by alternative utilisation of multiple first exons in combination with the 

commonly used exons, different form of enzyme could be expressed in tissue-specific or drug 

responsive manner (Emi et al., 1995). 

In the Gunn rat, the deletion of a single base pairs in the UGT1, a GCT coding for the 

leucine 413, produce a stop codon that remove the 115C-terminal amino acids of the protein 

(approximately 13 KDa), responsible for the binding on the endoplasmic reticulum (ER), and 

generate a truncated form of the enzyme. The protein is unstable and rapidly degraded 

(elAwady et al., 1990; Chowdhury et al., 1991; Chowdhury et al., 1993; Iyanagi et al., 1989). 

In Gunn rat the mutation in the 4th common exons causes the simultaneous deficiencies of all 

UGT1 isoforms (Emi et al., 1995). 

 

 

 

 



INTRODUCTION 

 19

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The section above resumes the signs and symptoms of kernicterus obtained from 

experiments on Gunn rats or others strains of rats traded with displacing agents to enhance the 

bilirubinemia and mimic the kernicterus. The below section is organized in order to follow the 

timing in witch the effects of hyperbilirubunemia appears or have been described during the 

post-natal development of the animals from the birth indicated in Hs: hours, or in P: post-natal 

age in days. 

 

First unique exons      

285 530 

COOH NH2 T

NH2 

1 

CCT GGA AAT GAC TGC CG…… Normal UGT1A1
 
CCT GAA ATG ACT GCC G………Gunn Rat 

STOP 

    Common exons     
II III IV V

Fig 4: Schematic representation of the UGT1 gene organization in rat, and of the mutation presents in Gunn
rats. 
The UGT1 gene is composed by 9 first unique exons, coding for the N-ter of the enzyme. Each unique first exon
has a promoter, responsible of the different expression in different tissues. The first exon is spliced to the 4
common exons giving rise to form an isoform specific RNA, thus translated in a 55 KDa full-length protein. In
Gunn rat a guanosine on the 4th common exon is lost causing a frame shift. The resulting stop codon leads to a C-
terminal truncated - unstable enzyme synthesis.  



INTRODUCTION 

 20
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P8 

The yellow discoloration of brain is diffuse, then,  

The basal ganglia, cerebellar cortex, cerebellar nuclei, the eight nerve nuclei and 

the grey matter of the spinal cord were more stained (rat plus bilirubin displacer) 

(Schutta and Johnson, 1969). 

The earliest bilirubin abnormalities in the CNS of Gunn rats appear represented by 

neuronal intra-cytoplasmc membranous inclusions and mitochondrial changes (rat 

plus bilirubin displacer) (Schutta and Johnson, 1969). Some abnormalities in the 

Purkinje cell of the posterior lobules of the cerebellum (IX) of treated animals are 

present, but any weight difference between Jj and jj rats, treated or not, is 

observed (Jj and jj rat plus displacing agents. Animals scarified 24 H after 

treatment) (Conlee and Shapiro, 1997). If the animals are irradiated with a single 

dose (for 24H) of blue light at this age, the hypoplasia of cerebellum still develops 

(Keino et al., 1985). 

The blue light treatment during this period is able to partially protect from the 

hypoplasia the cerebellum development. But only the lobules I-V and VIII are 

completely normal (new Gunn rat strain on Sprague-Dawley background) (Keino 

et al., 1985). 

The tymidin-kynases activity is reduced (50% respect the Jj) and the activity is 

not restored by the photoinactivaction of UCB (Yamada et al., 1977). 

The blue light treatment during this period is able to completely protect from the 

bilirubin induced hypolasia the cerebellum development (new Gunn rat strain on 

Sprague-Dawley background) (Keino et al., 1985). 

The cerebellar hypoplasia in the AJR animals begins (new Gunn-un-albuminemic 

strain (AJR), obtained breading the Gunn rats with the un-albuminemic animals. 

The TBS corresponds to the 25% than in jj Gunn animals, with the total absence 

of albumin) (Takahashi et al., 1984). Conversely any difference in the cerebellum 

weight between Jj and jj rats is reported in Gunn rats. 

Until now the l’85% of Purkinje cells are normal, but in the posterior lobules of 

the cerebellum (IX) of treated animals the Purkinje cells show the presence of 

vacuoles (Jj and jj rat plus displacing agents. Animals scarified 24 H after 

treatment) (Conlee and Shapiro, 1997).  

In animals younger than 8 days of life, the hypotonia is the first sign of 
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P11-13 

 

 

P1-15 

 

 

P15-17 

 

 

hyperbilirubinemic brain damage (rat plus bilirubin displacer) (Schutta and 

Johnson, 1969). 

The specific inhibition of the tymidin kynase in the cerebellum (Takahashi et al., 

1984) and the DNA synthesis (H3-timidin incorporation) is decreased specifically 

in the Purkinje cells of the cerebellum in jj Gunn rats, but no similar damage is 

visible in liver or in different regions of the brain (Yamada et al., 1977). The 

expression of the GSH, responsible for the binding of UCB within the cell, is 

comparable between Jj and jj rats. No changes are detected in cerebral cortex, 

thalamus, and hypothalamus and in the midbrain (Gunn rats) (Johnson et al., 

1993). Until now the cerebellum volume growth and stops at P20. The cerebellar 

lobules more damaged are the IX and the X less (new Gunn rat strain on Sprague- 

Dawley background) (Keino et al., 1985). Ay this post-natal age, local UBC 

infusions induce a decrease in metabolic rates of glucose that localize with the 

regions knows to preferentially accumulate bilirubin in kernicteus (Roger et al., 

1995). 

A single dose of photo irradiation (24H) during the post-natal period ranging from 

P4 to P11, and especially the P7 day, is the more effective in preventing 

cerebellum hypoplasia (new Gunn rat strain on Sprague-Dawley background) 

(Keino et al., 1985). 

The irradiation with a single dose for 24H is not able to stop the hypoplasia of 

cerebellum (new Gunn rat strain on Sprague-Dawley background) (Keino et al., 

1985). The Purkinje cells appears suffering and start to death (Takagishi and 

Yamamura, 1989) . 

The percentual of abnormal Purkinje cells in the cerebellum is 54-71%. The main 

visible symptom is the ataxia that normally is transient and confined to the firs 3-4 

weeks of life (rats plus bilirubin displacer) (Schutta and Johnson, 1969). 

The blue light treatment is able to protect the cerebellum development from the 

hypoplasia (new Gunn rat strain on Sprague-Dawley background) (Keino et al., 

1985). 

In male sex all brain regions show a major content of bilirubin that in females 

corrispective, after bilirubin infusion. The content is highest in the cerebellum (19 

μg/g tissue), intermediate in the brainstem (11) and lowest in Cx (4.7) (Gunn rats 
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infused by H3-bilirybin and treated or not with displacing agents) (Cannon et al., 

2006). 

The intensity of the yellow staining of the brain diminishes until the 

disappearance (rat plus bilirubin displacer) (Schutta and Johnson, 1969). 

In saline treated jj rats, the Purkinje cells of the II and VI lobules of the 

cerebellum appear suffering. In jj rats, treated or not, the cerebellum growth is 

quite totally abolished. Between the same genotype, treated rats, shown an 

additional, but not significant, cerebellum weight loss (Jj and jj rat plus displacing 

agents. Animals scarified 24 H after treatment) (Conlee and Shapiro, 1997). The 

abnormalities in the uditive functions are evident and the Purkinje cells in the 

cerebellum, the hippocampus and the basal ganglia are the most affected in the 

brain, showing large mitochondria, inhibition of the phosphorilation (AJR rats) 

(Takahashi et al., 1984). In a strain of Gunn rats, the BSEP abnormalities are 

displayed only after administration of sulphonamides to animals (Shapiro, 2002). 

The Purkinje cells presents in the cerebellum appears normal but the Purkinje 

cells layer counts 3-5 cells (Takagishi and Yamamura, 1989). 

The expression of the GSH, responsible for the binding of UCB within the cell, is 

slightly enhanced in the Jj rats but high in the flocculus and in the lateral 

hemispheres of the cerebellum of the jj rats. No changes are detected in cerebral 

cortex, thalamus, and hypothalamus and in the midbrain (Johnson et al., 1993). 

The bilirubin content in the cerebellum is 1,2-2,7 times higher and the animals die 

until 3 weeks (AJR rats) (Takahashi et al., 1984). 

The number of abnormal Purkinje cells amount at the 60-80% (rats plus bilirubin 

displacer) (Schutta and Johnson, 1969). 

The counts of abnormal Purkinjie cells vary considerably, probably depending in 

read sorption of necrotic cells variability (rat plus bilirubin displacer) (Schutta and 

Johnson, 1969). 

The remnants Purkinjie are normal (Takagishi and Yamamura, 1989) and the 

cerebellum weight of both treated or not jj rats is the half part of the Jj rats. 

Between the same genotype, treated rats, shown an additional, but not significant, 

cerebellum weight loss (Jj and jj rat plus displacing agents. Animals scarified 24 

H after treatment) (Conlee and Shapiro, 1997). 
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P60 The expression of the GSH in the flocculus and in the lateral hemispheres of the 

cerebellum of the jj rats is increased respect P20. But any change is detected in 

cerebral cortex, thalamus, and hypothalamus and in the midbrain of Jj animals 

(Johnson et al., 1993). 
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1.6 The Blood Brain Interfaces (BBI) 

 

The blood brain interfaces (BBI) are the key determinant in the concentration of blood 

derived potentially toxic compounds (Banks et al., 1999). They are the fundamental structures 

in the transport, exchange and waste of molecules in a part of the body otherwise strongly 

isolated (Van Bree et al., 1992). The BBI are in number of tree; the Blood Brain Barrier 

(BBB) located at the level of endothelial cells forming the micro vessels (MV), the Blood 

CerebroSpinal Fluid Barrier (BCSFB) at the epithelial cells of the choroid plexuses and the 

second BCSFB, formed by the aracnoid membranes (Fig 5). The barrier phenotype derives 

from the presence of Tight Junctions (TJ), sealing cells together and avoiding the paracellular 

passage of molecules, the presence of metabolising phase I and II enzymes, and finally, the 

presence of transporters able to modulate and control the bio availability of the compounds in 

the CNS (phase III). The ependyme lining the ventricles and separating the CSF from the 

parenchyma is not considered a barrier due to the absence of TJ avoiding he paracellular 

passage of molecules.  

Two barriers are more studied in literature and are the subject of this thesis: the BBB 

and the BCSFB at the choroid plexuses.  

Because the work of this thesis has been done on rat animals as model, the description 

that follows is for the rat postnatal development. 
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(First BCSFB) 

Ependyma Arachnoid 
membrane 

(second BCSFB)

MicroVessels
(BBB)

Fig 5: Cartoon representation of the Blood Brain Interfaces (BBI) in Human and Rat brain. 
The brain interfaces are in number of four: the Blood Brain Barrier (BBB), located at the level of the
endothelial cells forming the MicroVessels (MV) inside the parenchyma, the Blood-CerebroSpinal
Fluid Barrier (First BCSFB),  formed by the choroidal epithelial cells of the 4th, 3rd and Lateral
Ventricles Choroid Plexuses (4thV CP; 3rdV Cp, LV CP),  the arachnoids membrane located between
the brain and the skull (Second BCSFB) and the ependyma, lining the ventricles. The latter is not
considered a barrier. 
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1.6a The Blood Brain Barrier (BBB) 

 

The BBB, located at the endothelia of micro vessels, is probably the best-studied 

barrier in brain. Paul Ehrlich in 1885 observed that water soluble dyes (aniline) injected into 

the peripheral circulation were rapidly taken up by all the organs except the brain and 

interpreted these findings as a lack of dye affinity of the nervous system. Lewandowski 

interpreted differently this finding, coining the term blood-brain barrier to describe the 

phenomenon. The generalized staining of the brain tissue when the trypan blue was 

administered in the CSF, and a lack of brain staining if administered intravenously finally 

demonstrated this concept. By the use of the electron microscopy, the blood brain barrier was 

localized at the endothelial cells and tight junctions were founded to be the anatomical 

responsible structure for barrier function (Brightman and Reese, 1969; Reese and Karnovsky, 

1967). In 1969, Saikotos et al. reported the isolation of brain capillaries (Siakotos and Rouser, 

1969). Betz et al. isolated brain capillary endothelial cells and successfully established an in 

vitro blood-brain barrier model system in 1980 (Betz and Goldstein, 1980b; Betz and 

Goldstein, 1980a). Since then, various in vivo, ex vivo and in vitro blood-brain barrier models 

have been used in basic research and industrial drug screening, mainly with the goal of 

improved drug delivery to the brain (Abbott and Bundgaard, 1992). 

The BBB is a dynamic conduit for the transport between blood and brain of nutrients, 

peptides, proteins, or immune cells that have access to specific transport systems localized 

within the capillary membranes. This barrier protects the brain from many exogenous toxins 

and sudden fluctuations in the levels of systemic substances (Jette et al., 1995a), such as 

neurotransmitters. 

 

 

1.6aI Development 

The micro vessels forming the blood brain barrier develop late in respect to the 

BCSFB.  

In the foetal period, cell division produces 94-97% of the cells of the adult brain 

(Caley and Maxwell, 1970) and at E11-13, the fenestrae in rat vasculature disappears (Stewart 

and Hayakawa, 1994; Bauer et al., 1993). 

 



INTRODUCTION 

 27

1) In the neonatal period ranging from P1 to P9, defined as “capillary sprouting period”, 

the capillaries are formed by single endothelial cell, thickened from 0.3 to 1.0 μm, and 

joined to it self. The pericytes are partially separated from the endothelial cells by a 

discontinuous layer of basal lamina that conversely, surrounds continuously the 

pericyte-endothelial complex. The arterioles appears fully developed and the post 

capillary venules follow the developmental profile already described for capillaries 

(Simionescu et al., 1988). The vascular profiles cont 80-90 units/mm2. During this 

period the major growth in size of the brain is accomplished, mainly due to the 

important increase of the cell volume, not in cell numbers of axons and dendrites. The 

density of the cells (no cells/mm2) falls from 3000 at birth to 800 at P9 (Caley and 

Maxwell, 1970; Stewart and Hayakawa, 1994; Stewart and Hayakawa, 1994). 

2) In the myelinization period (P10-20), the endothelium became progressively 

attenuated, the number of coated pits and vesicles increase remarkably. The TJ are 

well developed and the basal lamina, now mature, surround continuously the pericyte–

endothelial cell complex, as well as it is present between the pericyte and the 

endothelial cell (Simionescu et al., 1988). The rate of brain growth decrease markedly 

and at the end of this period, the dimensions of the brain approach those of the adult 

(Caley and Maxwell, 1970; Stewart and Hayakawa, 1987). 

3) From P20 to P90 (young-adult period) the structure, in terms of basal-lamina, 

pericytes and TJ is similar with those described or the previous stage, but the basal 

lamina that surround the pericyte-endothelial cell is now surrounded by a complete 

glial sheet, absent before myelinization (Simionescu et al., 1988). The astrocytic end-

feet processes develop rapidly, and synchronously the large extra cellular spaces 

disappear. The density of the parenchyma cells reach the 500 units /mm2 and the 

density of vessels increase strongly, reaching the 250-300 units/mm2 between P15 and 

21 (Caley and Maxwell, 1970; Stewart and Hayakawa, 1987). The combined effect of 

reduced cell density and increased vessel presence is summarized by the brain 

cells/blood vessels ratio that from the 40 fold at P1, reaches the 1.7 score at P21 

(Caley and Maxwell, 1970).  
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1.6aII Description  

With a diameter as small as 3-7 μm, the brain capillaries are the smallest vessels of the 

vascular system (Rodriguez-Baeza et al., 2003). In humans, the BBB is formed by about 100 

billion capillaries organized in a highly branched micro vascular network (Zlokovic and 

Apuzzo, 1998) that in an adult human brain reach the 600-650 km with a surface area of about 

20 m2, which makes the blood-brain barrier the third largest drug exchange surface area after 

intestine and lung (Pardridge, 2003). This high capillary density, where single capillaries are 

only about 40 μm apart from each other, ensures a distance short enough for small molecules 

to diffuse within 1 second (Rodriguez-Baeza et al., 2003) and allow every neuron is perfused 

by its own capillary to guarantee efficient nutrient supply.  

Despite the huge number of brain capillaries, they occupy only about 0.1% of the brain 

volume, or 1 ml in an adult human brain of 1200-1400 g (Pardridge, 2003).  
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Fig 6: The Blood Brain Barrier Unit. 
The BBB unit is composed by the endothelial cells forming the
microvessels, where the TJ are located, the surrounding basal-
lamina, the pericytes and the astrocytic end-feet processes. A thin
layer of basal-lamina surrounds the MV, passing between the
endothelial celll and the pericyte, and sourronding the latter.  
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The “blood barrier unit” is formed by the endothelial cells, the basement membrane, 

the perycites and the astrocytic processes contacting the vessels (Begley, 2004; Abbott et al., 

2006) (Fig 6). Brain capillary endothelial cells are long and spindle-shaped polarized cells, 

with an apical membrane facing the blood (luminal membrane) and a basolateral membrane 

facing the brain tissue (abluminal membrane) (Betz et al., 1980), separated by only about 300 

nm of cytoplasmic space (Pardridge, 2007; Pardridge, 2003). They are surrounded by the 

basement membrane, composed of collagens and proteins, providing external support for the 

endothelial cells (Goldstein and Betz, 1983). The cerebral endothelial cells show low 

pinocytotic activity and have no intercellular clefts. However, they contain a large number of 

mitochondria to meet the energy demand for active processes like metabolism and ATP-

driven efflux transport (Goldstein and Betz, 1983). 

 

 

1.6aIII Tight junctions (TJ) 

The structural basis of the blood-brain barrier is the presence of tight junctions sealing 

adjacent endothelial cells together, in contrast to the peripheral tissue capillaries that have 

interendothelial cleft passages (Deeken and Loscher, 2007; Sage, 1982). 

The TJ prevent the paracellular diffusion of solutes (Nag, 2003) which are not lipid 

soluble enough to dissolve into the cell membranes. Functional investigations support the idea 

that the tightness of the BBB is due to the composition of the TJ (Furuse et al., 2001), which 

include occludin, claudin 5 (Liebner et al., 2000; Lippoldt et al., 2000a) and 3 (Wolburg et al., 

2003) but not claudin 2, which appears to be associated with tight junction strands of lesser 

resistance (Wolburg et al., 2001; Lippoldt et al., 2000b). The TJ are also responsible for the 

polarization of the barrier membranes, affecting the localization of both membrane-bound 

enzymes and transporters. 

 

 

1.6aIV Metabolising enzymes 

Several drug-metabolising enzymes have been recorded in isolated brain capillaries, at 

higher levels than in the cortex (Betz et al., 1980; Ghersi-Egea et al., 1988), suggesting their 

implication as an enzymatic barrier between the blood and the brain (Ghersi-Egea et al., 

1995). Alkaline phosphatase, which hydrolyses phosphorylated metabolites, is present on the 
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endothelial cells (both luminal and abluminal) (Lawrenson et al., 1999). Cytochrome P450 is 

expressed in most cerebral micro vessels, in the astrocytic foot processes and pericytes (Volk 

et al., 1991). The conjugating enzyme UDP-glucuronsyltransferase is localized to rat brain 

capillaries (Ghersi-Egea et al., 1994) and the glutathione S-transferase has been detected in 

both cerebral capillaries and astrocytic foot processes (Bendayan, 2002). The γGT activity is 

strongly expressed in micro vessels, associate to the luminal membrane, and in CPs, but is 

absent in parenchyma and large vessels (Sanchez del Pino et al., 1995).  

 

 

1.6aV ATP Binding cassette transporters 

About the transporters, by different techniques based on the mRNA, protein and 

activity detection, Pgp has been reported in human and rat brain homogenates (both protein 

and Mdr1b mRNA), freshly isolated micro vessels (both protein and Mdr1a mRNA) 

(Thiebaut et al., 1989; Jette et al., 1995b; Regina et al., 1998; Sugiyama et al., 2003) and in 

cultured rat brain endothelial cells (both Mdr1a and 1b). A weak expression has been reported 

also in neonatal rat cultured astrocytes (both protein and Mdr1b mRNA) (Decleves et al., 

2000). Functional evidence of the role of Pgp in avoiding the passage of substrates has been 

obtained by the use of Pgp inhibitors (Kemper et al., 2004) (Miller et al., 2000) or by KO 

mice (Schinkel et al., 1996; Karssen et al., 2001; Uhr et al., 2002).  

The Pgp role in the BBB may be the control of the bio availability of several 

endogenous opioid peptides such as adrenorphin and endomorphin 1 and 2, as well as the 

neurokinin, Substance P (Oude Elferink and Zadina, 2001), additionally a role of Pgp in 

controlling the efflux of glutamate from the BBB was suggested by in vitro and in vivo 

inhibitory experiments (Liu and Liu, 2001). The Pgp seems avoid the brain influx of the 

antiepileptic drug phenytoin (Potschka and Loscher, 2001), confirming the role of this 

transporter up-regulation in BBB and astrocytes in resistant epilepsy (Rizzi et al., 2002; 

Tishler et al., 1995; Sisodiya et al., 1999; Sisodiya et al., 2001; Sisodiya et al., 2002). 

Despite its importance, the localisation of Pgp in the BBB is still controversial. Pgp is 

reported to be luminal, together with the GLUT-1 (glucose transporter) but not GFAP (glial 

fibrillary acidic protein), in membrane enriched fraction of MV (Beaulieu et al., 1997). The 

staining appears as a continuous endothelial like signal (Mercier et al., 2004) co localized 

with caveolin1 on the human MVs ex vivo (Virgintino et al., 2002). At the contrary, others 
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authors report the co-localization of Pgp with the GFAP, but not the GLUT1, by confocal 

microscopy (Pardridge et al., 1997), and suggest that the Pgp trasporter in human MVs could 

be expressed from the astrocytes end feet contacting the endothelial cell (Golden and 

Pardridge, 1999). Additionally, in the RBE4 cell culture, that maintain the morphological 

characteristics of a endothelial cell forming MV, Pgp is on the plasma membrane, 

plasmalemma vesicles, and nuclear envelope (Bendayan, 2002). 

Mrp1 is reported on isolated MV (both protein, mRNA and functional assay) 

(Sugiyama et al., 2003; Miller et al., 2000; Kusuhara et al., 1998). The discontinuous 

labelling, co-localized with glial fibrillary acidic protein (GFAP), suggests a preferential 

expression of Mrp1 by the astroglial component of the blood–brain barrier (Mercier et al., 

2004). The expression of Mrp1 is most present in cultured endothelia cells (Decleves et al., 

2000) than in isolated MV. Generally, Mrp1 is up-regulated in cell culture (Decleves et al., 

2000) in a time-dependent manner. In primary cultured endothelial cells co-cultured with 

astrocytes, the expression of Mrp1 mRNA is less important and the Mrp1 activity is low 

(Regina et al., 1998; Torok et al., 2003) indicating that the culture conditions may modulate 

drastically the ABCs transporters expression (Berezowski et al., 2004). Also the barrier 

properties, such as TJ and transporters expression, is clearly modulate (Abbott, 2002), 

rendering all data derived from cultured cells doubtful when applied to the in vivo situation. 

The mRNA of MRP4, MRP5 and MRP6 has been demonstrate in bovine primary 

endothelial cell cultures and in capillary-enriched fraction from bovine brain homogenates 

(Leggas et al., 2004; Nies et al., 2004; van Aubel et al., 2002). In mouse brain Mdr1 and 

Mrp5 have been localized on the luminal side, Mrp1 on the abluminal (basal) side, and Mrp2 

in between. Mrp3 and Mdr3 are undetectable (Soontornmalai et al., 2006) and MRP4 is at the 

apical pole of human brain endothelial cells (van Aubel et al., 2002; Leggas et al., 2004; Nies 

et al., 2004). The Mrp2 mRNA has not been detected nor isolated MV nor on cultured 

endothelial cells (Sugiyama et al., 2003; Zhang et al., 2000), but their protein expression and 

function in BBB have been revealed in rat (Potschka et al., 2003). Oatp2 is expressed at the 

rat blood-brain barrier (Gao et al., 2000), and is both apical and luminal on rat (Sugiyama et 

al., 2001). 
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1.6b The Blood Cerebro-Spinal Fluid Barrier (BCSFB) 

 

If the BBB is the better know brain barrier and our actual knowledge reassume more than 120 

years of investigations, the BCSF barrier has been less investigated. 

In 1922 the cerebral blood vessel compartment in which choroid plexus was semi 

permeable, facilitating the flow of substances from the blood into the CSF, was defined as the 

"Barriére hémato-encephalique" (hemato encephalic barrier), and in the 1963, was described 

the "sink effect" gradient favouring the passage of substances in extra cellular fluids from 

brain to CSF with the CSF constantly circulating and carrying substances away (DAVSON, 

1963).  

The development of choroid plexuses is precocious in foetal life, suggesting a major 

role in the nutrition of embryonic early brain. The CPs are involved in the control of the CNS 

extra cellular environment, participate to the brain development secreting morphogens, 

mitogens and tropic factors driving both the cerebral and cerebellar growth, and participate in 

the neuroprotection (Borlongan et al., 2004; Strazielle et al., 2005; Dziegielewska et al., 

2001). 

 

 

1.6bI Development 

The CPs develops early in all mammalian species, at the time when the brain is poorly 

vascularized. In the rat the 4thV CP appears at the E12, the lateral at the E13 and the 3rd at 

E16. The blood flow in both the lC and 4thV CP increase considerably between 3 and 4 weeks 

postnatal, reaching values 5 times higher than in the cerebral cortex at every post-natal age. 

For developmental stages have been identified for the choroid plexuses cells. 

1) In the first stage the epithelial cells are tall, pseudo stratified; they lack glycogen and 

have central nuclei.   

2) In the second stage they lower and columnar, with an apical nuclei and abundant 

glycogen.  

3) In the 3Th are cubical, the nuclei are in the apical side and the cells posses only 

moderate glycogen.  

4) Finally, at the stage 4, the epithelial cells are cubical, squamous without glycogen and 

the nuclei are central or basal.  
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The TJ in CPs probably develop as early as the epithelial cells differentiates, and are 

impermeable to HRP as early as E14 (Dziegielewska et al., 2001; Dziegielewska et al., 1980; 

Knott et al., 1997). So, the paradox of higher CSF protein concentration in early postnatal 

development respect than in adult life, has been resolved by the identification of regulated 

pathway for the transfer of molecules, rather than with a decrease in permeability due to the 

weakness of the barrier phenotype in the early age of life (Dziegielewska et al., 2001) 

(Johansson et al., 2006). 

 

 

1.6bII Description 

The blood cerebrospinal fluid barrier is located at the “cauliflower like” choriod 

plexuses (Fig7) within the for ventricles of the brain (one in each LV CP, one in the 3rdV CP 

and one in the 4thV CP) where they form the main interface between the blood and the CSF 

(blood-CSF barrier or BCSFB).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7: Structure of the Choroid Plexuses. 
In CPs the barrier is shifted on the specialized epithelial cells monolayer
forming the choroid plexuses. Here the TJ are locate and seals cells
together, surrounding a central stroma in witch the fenestrated vessels are
presents. The epithelial cells forming the adjacent ependyma, lining the
ventricle cavities does not posses barrier properties.  
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The CPs belong to the para-ventricular organs and are characterized by a conjunctive 

stroma containing large fenestrated capillaries that let pass the molecules from the blood to 

the single layer of choroidal epithelial cells. These cells display as increased surface area, due 

to the basolateral infoldings and apical microvilli (Keep and Jones, 1990). In rodents, this 

apical surface area is close to these developed by the BBB [26]. The macroscopical 

morphology of CPs differs (see Fig 9), the LV CP appear as a thin “velae” containing large 

fenestrated vessels and, in adult rat weight about 120 μg, wile the 4thV CP posses a more 

convolute structure and weight 80 μg in adult rat. Also if many authors point out to the CPs as 

a single entity, and most of the studies probably involve only the lateral CPs, recently 

biochemical differences between CPs from the different anatomical districts, have been 

described (Strazielle and Ghersi-Egea, 1999; PAPPENHEIMER et al., 1961). The CPs are in 

the perfect location for distributing molecules both locally and globally on the brain (Emerich 

et al., 2005). In fact they are located between two circulating fluid, posses a high surface area 

available for exchange, the highest blood flow among the brain structures (Al-Sarraf and 

Philip, 2003; Chodobski et al., 1995) and a more ‘leaky’ phenotype, that raise the exchange 

properties of the BCSFB and favour blood-to-CSF rate of influx (Strazielle and Ghersi-Egea, 

2005; Strazielle et al., 2005; Strazielle et al., 2004).  

 

 

1.6bIII Tight junctions 

Within CPs the barrier function is shifted from the vasculature to the apical side of the 

epithelial cells, where the tight junctions are located.  Differently from the BBB, the tight 

junctions at the choroid plexuses include occludins, claudin 2 and 1, but not 5 (Lippoldt et al., 

2000b; Wolburg et al., 2001). This difference maybe account for the more ‘leaky’ phenotype 

of this barrier, and for the resulting higher paracellular permeability (DAVSON, 1963) as 

demonstrated by the slowly diffusion into the CSF through the CPs of polar drugs, whereas 

their penetration across the BBB is almost completely prevented (Thomas and Segal, 1998). 
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1.6bIV Metabolising enzymes 

The CPs posses the higher expression of phase I and II drug metabolising enzymes , 

that renders this organ able to influence the central availability of toxic compounds (Strazielle 

and Ghersi-Egea, 2005) since the early development (Strazielle et al., 2004). The cytochrome 

P-450s (Pardridge et al., 1983), the NADPH–cytochrome P-450, UDP-glucuronosyl 

transferase (UGT), glutathione S-transferase (GST) (Strazielle et al., 2003) or 

sulfotransferase, together with antioxidant enzymes, in particular glutathione peroxidase, 

catalase, superoxide dismutase and glutathione reductase renders this organ the “liver of the 

brain” (Strazielle and Ghersi-Egea, 1999; Strazielle et al., 2004; Strazielle and Ghersi-Egea, 

2005). Additionally, CPs contains high concentration of glutathione and cysteine that may 

sequester toxic agents circulating in CSF, and together with the enzymes, provide a barrier 

protecting against free-radical oxidative species (Emerich et al., 2005). 

 

 

1.6bv ATP Binding cassette transporters. 

In CPs both Pgp and Mrp1 proteins have been identified in rat, mouse, and human. In 

this study, Pgp has been reported to be subapical, conferring an apical-to-basal transepithelial 

permeation barrier to drugs (Rao et al., 1999). But the presence of this transporter in the CP 

has been denied, at least at the level of the endothelium of the sinusoidal vessels (Cordon-

Cardo et al., 1989; Drion et al., 1996; Drion et al., 1996). 

In the choroidal cells Mrp1 is well expressed (Mercier et al., 2004) and  localize 

basolaterally, conferring an opposing basal-to-apical drug-permeation barrier (Rao et al., 

1999). The functional importance of Mrp1 in the choroidal tissue has been confirmed by the 

10-fold increase of etoposide levels in the  Mrp1/Mdr1a/Mdr1b triple-knockout (TKO) mice, 

respect to the Mdr1a/Mdr1b DKO (Wijnholds et al., 2000) 

The mRNA of several ABC transporters has been reported. Mrp4, and 5 seems to be 

well expressed (Loscher and Potschka, 2005), Oatp3, Oatp2 are present, whyle the remaining 

transporters (Mrp2, Mrp3, Oatp1, Oatp4, Oatp5, Oatp12, Mdr1a, Mdr1b, Mdr2) are expressed 

at very low levels (Choudhuri et al., 2003). About their localization, Mrp2 localize on 

endothelial cells, and Mrp3 was co-localized with zonula occludens-1 at tight junctions 

(Soontornmalai et al., 2006), Mrp4 is expressed baso-laterally (Leggas et al., 2004), indicating 

a role for this transporter in limiting organic anion influx from blood and in driving organic 
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anion efflux from the brain to blood (Dallas et al., 2003). The Oatp1 and Oatp2 (Breen et al., 

2004) are localized at the apical and basolateral domains, respectively, of the rat choroid 

plexus epithelium (Gao et al., 2000) were they transport opiod peptides. 

The best-known function of the CP is the secretion of most of the CSF, which 

comprises half part of the extra cellular fluid in the mammalian brain. This fluid, specific to 

the CNS, is mainly secreted by the choroid plexuses located in the lateral ventricles and flow 

into the ventricular cavities of the brain by a tightly regulated process. It flow s trough the 

ventricular system connections formed by the Foramen of Monroe (from lateral to third 

ventricle), the Sylvious aqueduct (from the caudal part of the cortex to the forth ventricle), 

from Foramen of Luschka (lateral to the 4thV) and the Magendie foramen (roof of the 4thV) to 

the Cisterna Magna. Then the CSF reaches the different subarachnoid spaces surrounding the 

whole brain, and finally goes out from the brain through the arachnoids villi into the venous 

system, and to some extent along the nerve roots into the lymphatic (Johansson et al., 2006). 

 

 

1.6c The parenchyma 

The ventricular CSF and the interstitial fluid of the parenchyma are separated by the 

ependyma that boards the cavities of the brain. The epithelial cells forming the ependyma are 

joined only by adherents junctions, which leave open the paracellular pathway, and are not 

able to confer barrier property. Thus the molecules could diffuse in both directions. The 

permanent circulation of the CSF drains the molecules by the parenchyma and, by the other 

side, the molecule able to cross the CPs barrier are quickly distributed by the permanent flow 

of this fluid in brain parenchyma across the leaky ependyma. 

If the metabolising enzymes are barely detectable in brain parenchyma, several 

transporters have been recognized and they may act as a second barrier, inside the tissue. Pgp 

has been demonstrated in microglia (Lee et al., 2001; Dallas et al., 2003), in tanycytes lining 

the 3rd ventricle (protein) (Mercier et al., 2004) and has been reported in parenchyma (mRNA, 

Mdr1b ). Mrp1 is present in human perilesional samples (mRNA) (Nies et al., 2004; 

Hirrlinger et al., 2002), cultured astrocytes, microglial, neurones, oligodendrocytes (mRNA) 

(Hirrlinger et al., 2002)and in tanycytes, astrocytes, in glia limitans and in the ependyma 

(protein) (Mercier et al., 2004). Mrp4 and Mrp5 (mRNA) have been detected in human 

perilesional samples (Nies et al., 2004; Hirrlinger et al., 2002), in astrocytes of the sub cortical 
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white matter (Nies et al., 2004), and in cultured astrocytes and microglia, whereas the Mrp4 

mRNA  was only marginal  present in cultures of neurones and oligodendrocytes (Hirrlinger 

et al., 2002). 

The Mrp3 mRNA has been detected in human perilesional samples (Hirrlinger et al., 

2002; Liebner et al., 2000; Nies et al., 2004) and as weakly expressed on cultures of neurones 

and oligodendrocytes (Hirrlinger et al., 2002). 

 

 

_ 
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1.7 The UCB transporters 
 

The UCB transporters so far recognized belong to the ATP Binding Cassette 

transporters (ABC) family. The family comprises a large membrane bound transporters 

interacting with a wide range of substrates. They have been discovered in the late 1970 in 

cells expressing a multidrug resistence phenotype, and so called MultiDrug Resistance and 

Multidrug Resistance Associted protein (MDR or MRP). They are formed by a combination 

of characteristic domains, including membrane spanning domains (TransMembrane Domain: 

TMD) and cytoplasmatic ATP binding domains (Nucleotide Binding Domain: NBD) (Cole 

and Deeley, 1998). A sequence present only in the ABC transporters and named ABC-

signature define the family of appurtenance. Despite the presence of numerous ABC family 

transporters in blood brain interfaces, we are interested in Pgp (ABCb1) and Mrp1 (ABCc1) 

because they have been involved in UCB transport. Both share the typical ABC transporters 

molecular architecture (Fig 8) and show a unidirectional transport of their substrate (Borst and 

Elferink, 2002).  
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Fig 8: Schematic representation of Mrp1 and Pgp structure. 
Mrp1 (upper) is formed by 1531 amino acids (aa) and posses two glycosilation sites (28 KDa),
for a total molecular weight of 190 KDa. Pgp (down) is formed by 1280 aa and posses two
glycosilation sites (30 KDa), for a total weight of 170 KDa. In humans Pgp is encoded only by
the MDR1 gene, that corresponds to the two rodents isoformes Mdr1a and Mdr1b.
Abbreviations: TMD: Ttrans Membrane Domain; NBD : Nucleotide Binding Domain . 
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1.7a Mrp1 (ABCc1) 

MRP1 (Mulridrug Resistance associated Protein 1 or ABCc1; capital if referred to 

humans, if not to animals) is the well-characterized transprter belongs to the ABC family. It 

was discovered in the 1992, in a lungs cell line that showed doxorubicin resistance in absence 

of MDR1 (Multi Drug Resistance) expression. MRP1/Mrp1 is ubiquously expressed on the 

body and localize basolaterally (Cole et al., 1992). Its strong expression at the barriers (CP, 

intestine, etc.) suggests a role in the body defence, by limiting the entry of exogenous, as well 

as, blood burned potentially toxic compounds (Schinkel and Jonker, 2003). Also if difference 

in substrate affinity between humans, rat and mice species have been reported, Mrp1 

transports conjugated compound, the oxidized form of GSH (GSSG) (Leslie et al., 

2001),shows a high affinity for the inflammatory mediator leukotriene C4 (LTC4) and 

probably plays a significant role in mediating immune responses (Haimeur et al., 2004). In 

both human and rat the full length, glycosilated protein has 190 KDa, and display an 

homology of around 93% (Gennuso et al., 2004). 

The idea indicating in Mrp1 a key player in bilirubin toxicology became mainly from 

our laboratory. The first evidence was done by transport studies performed on polarized 

human BeWo (trophoblastic cell line) cells. These cells show a high apical (maternal facing) 

expression of Mrp1 and a strong UCB release, characterized by a saturative kinetics and 

inhibited by MK571 Mrp1 specific inhibitor (Pascolo et al., 2001). The result has been 

subsequently confirmed in human placental trophoblast plasma membranes vesicles (Serrano 

et al., 2002). Additionally the mortality in MEF (mouse embryonic fibroblast) cells derived 

from Mrp1 KO mice was demonstrate to be higher if compared to MEF from Wild Type mice 

after bilirubin treatment (Calligaris et al., 2006). In 2004, Rigato proved the role of this 

transporter in the mediated transport of UCB using trasfected cells. The 3H-UCB transport in 

plasma membranes vesicles was 3-5 times higher in Mrp1 stably trasfected MDCKII cells, 

compared to Mrp2 tranfected and wild-type MDCK cells. The transport was increased by 

GSH and inhibited by the Mrp1 inhibitor MK571. The transport of LTC4, a high affinity 

substrate for Mrp1, was inhibited by UCB. The determined Km and Vmax for UCB Mrp1 

mediated transport were 10±3 nM (Bf) and 100±13 pmolxmin-1x (mg of protein), 

respectively (Rigato et al., 2004). 

The evidence that the sensibility toward UCB inversely correlated with the Mrp1 

expression, indicating a plausible role of the transporter in protecting neuronal cells, has been 
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obtained by Falcao (Falcao et al., 2007). In fact, the maximal Mrp1 expression was present in 

astrocytes at every time in culture respect the cultured neurons, with the latter more sensible 

to bilirubin. Similarly the astrocytes showed the strongest up-regulation with the time in 

culture, with the “younger” more sensible than the cells cultured for more days (Falcao et al., 

2007). Additionally, on cultured primary mice astrocytes, bilirubin reallocates Mrp1 from the 

perinuclear region to the plasma membrane and, simultaneously, up regulate both mRNA and 

protein expression (Gennuso et al., 2004). 

 

 

1.7 b Pgp (ABCb1; MDR1; Mdr1a/b) 

The Pgp is encodes in humans by the unique gene MDR1 in rodents the two Mdr1a 

and Mdr1b isoforms are present, sharing an 85% of homology inside the rat (Borst and 

Elferink, 2002); (Hooiveld et al., 2002). In both species, the full length and gliycosilate Pgp 

shows an apparent molecular weight of 170 KDa (Hooiveld et al., 2002). The substrate 

specificity is overlapped with these of Mrp1. 

Also if UCB is reported a week substrate for Pgp (Jette et al., 1995a) several evidence 

suggest its implication in the brain protection toward bilirubin. In vivo the UCB content in the 

Mdr1a/b KO mice is 2 fold higher than in the Wild Type mice 10 min after intravenous UCB 

infusion, without affecting the UCB clearance (Watchko et al., 2001; Watchko et al., 1998).  

Similarly in younger-adult rats (P32-36 days old), in witch the Pgp expression in brain seems 

to be similar to the adult level, the Pgp brain inflow is enhanced of the 24% by the Pgp 

inhibitor erythromycin, and of the 236% by the Pgp inhibitor and bilirubin-albumin displacing 

agent ceftriaxone (Hanko et al., 2003). 
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AIMS OF THE STUDY 

 
The brain is a peculiar organ in witch a fine homeostasis of the extra cellular fluid is 

required for the neural cells to fulfil their complex physiological functions. This homeostasis 

is achieved and controlled by several mechanisms, which primarily involve the specific 

features of blood brain barriers, the BBB and the BCSFB, in controlling the exchanges 

between the peripheral blood and the CNS.  

Among efflux transporters presents on the BBI, Mrp1 and Pgp appear to be actively 

involved in the control of the cerebral bioavailability of biologically active or toxic 

compounds such as bilirubin. 

Bilirubin in its unconjugated form (UCB) has been suggested to be a potent 

antioxidant at low concentration while it seems to be extremely dangerous at higher 

concentrations, causing encephalopathy in severely jaundiced neonates by damaging 

astrocytes and neurons. Around 70% of children with kernicterus die within seven days, while 

the 30% survivors usually suffer irreversible sequels, including hearing loss, paralysis of 

upward gaze, mental retardation, and cerebral palsy with athetosis. 

Despite the importance of Mrp1 and Pgp on BBI their pattern of expression and 

cellular localization remains still unsettled. Based on these considerations  

- the first aim of the thesis was clarify the relative protein expression of these 

transporters at the two major BBI protecting the brain from toxic insults (Ia), and to identify 

their post-natal developmental profile of expression and cellular localisation (Ib). 

Many efforts have been made to understand how bilirubin enters the brain. The actual 

data mainly concern the BBB, located at the endothelia of the MV, leading to the “free 

bilirubin theory”. At the contrary no data have been provided about the role of the CPs and no 

information is available on the contribute of the BCSFB in protecting the brain from the 

bilirubin since no data about the Mrp1 and Pgp expression on BBI during the bilirubin 

encephalopathy are available.  

- The second aim of the thesis was investigate a relation between the high level of 

blood bilirubin and Mrp1 and Pgp expression in brain barriers in vivo using the Gunn rat (II), 

a model for Kerniterus and Crigler-Najjar Type I syndrome.  
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1) Animals  

Two different strains of rats were used in this Thesis. In the first task, we used adult 

(60 days after the birth, P60), P9 and P2 Sprague-Dawley rats, that were purchased from 

Harlan, Gannat, France.  

In the second task we used adult (P60), P17, P9 and P2 SpdBlueGUNN:j-rats from our 

colony. The animals, originally purchased from Harlan Illinois in 2006, were kept in the 

animal facility of the Università degli Studi di Trieste.  

All the experimental procedures were performed in compliance with the guidelines of 

the European (86/609/EEC), French Ethical Committee (decree 87-848) and Italian (D.L. 

116/92) lows. 

 

 

2) Human samples 

Two human cortical samples and three choroids plexuses samples were obtained at 

autopsy from adult human within 24 hours after their death from accidents, according to the 

ethical guidelines approved by INSERM. They were procured by the Service de 

Neuropathologie, Hôpital Neurologique centralized via the Biological Resource Center 

NeuroBioTec Banques, Lyon, France. All samples were kept at 4°C in Krebs-Ringer buffer 

prior to processing or freezing. The choroidal nature of the samples was confirmed by 

conventional histology. 

 

 

3) Rat Tissue (Choroid Plexuses, Cortices and Cerebella) dissection  

The animals were anaesthetized by ethyl-ether and decapitated, their brains rapidly 

excised and placed at 4 °C in Krebs-Ringer buffer.  

Under stereomicroscope, the choroids plexuses (4thV and LV CP) were dissected from each 

anatomical district, pooled and rapidly frozen at -80 until use.  

Then the cortices were isolated, cleaned from all apparent meninges and pooled, forming the 

starting sample for the micro vessels isolation procedure. 

For Gunn rats, also the cerebella (CLL) were dissected under stereomicroscope, and placed at 

4 °C in Krebs-Ringer buffer for subsequent weight determination. The weigh of the dissected 

Cx and CLL were calculated in g/animal, as difference of the tube weigh prior and after the 
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tissue collection (pooled par age, and additionally par genotype and par gender for Gunn), 

divided for the number of animals forming the sample. 

 

  

4) Micro Vessels isolation procedure. 

The protocol we used for the micro vessels (MV) isolation was described by Ghersi-

Egea (Ghersi-Egea et al., 1994). This protocol consists in different mechanical 

homogenisation and separation of MV from contaminants steps, by dextran gradient and 

passage through mesh sieve at decreasing pore diameter. At every developmental stage, the 

meninges free cortices dissected from different animals were pooled to reach the amount of 

tissue needed for the protocol. The protocol for the isolation of MV from 9-days old animals 

(INSERM) and from 17-days old Gunn rats (CSF) was settled up by us by some modification 

of the protocol used for adult animals.  

 

4.a) Adult  

The pooled cortices were minced in Krebs-Ringer buffer (KR) and homogenized by 5 

strokes of A-type pestle in a Dounce-type glass-glass homogenizer. a) An aliquot of 

homogenate for gamma glutamine transferase (γGT) measurement was token, then the 

preparation was homogenized by 15 strokes of A pestle in 5 vol/g tissue of 1 % bovine serum 

albumin-supplemented Krebs-Ringer buffer (1%-AKR buffer) and the homogenate was 

filtered through a 500 µm-mesh sieve. b) The filtrate was diluted (1/1) with 1%-AKR buffer 

and homogenized again with 25 strokes of B-type pestle. The homogenate was centrifuged at 

1000 g for 10 minutes and the supernatant discarded. c) The pellet was suspended in Krebs-

Ringer buffer containing 17.5 % 70 KDa-dextran and centrifuged at 3000 g for 27 minutes in 

order to discard the myelin retained at the surface of the gradient, thus the resulting pellet was 

suspended in 1%-AKR buffer, filtered through 200 µm-mesh, then 74 µm-mesh sieves to 

discard larger vessels. d) The filtrate was centrifuged at 125 g for 15 min and the resulting 

pellet was suspended again and filtered on a 40 µm-mesh sieve. e) The micro vessel fraction 

retained on the sieve was recovered in 0.1 %-AKR buffer, centrifuged at 125 g and suspended 

in a small volume of the same buffer. All steps were carried at 4°C within 4 hours. The 

quality and purity of the final preparations was visually jugged by contrast phase microscopy. 
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The preparations were kept frozen at -80 °C until use for Western blot or enzymatic activity 

analysis.  

 

Human micro vessels were prepared using an identical procedure.  

 

4.b) Micro vessels isolation from 9- and 17-days old rats 

During the first week after the birth the network of cerebral micro vessels is still 

forming and a complete basal lamina is not present. The P9 age, signs the end of this 

sprouting period at the end of witch a basal lamina is present. Since a complete basal lamina 

is a pre-requisite for maintaining the capillary integrity during the isolation procedure, P9 

corresponds to the early post-natal age allowing to isolate micro vessels (Simionescu et al., 

1988; Caley and Maxwell, 1970). Similarly, at P17 the basal lamina is still arriving to the full 

maturation (Simionescu et al., 1988), and some adaptations on the protocol settled-up for 

adult MV isolation, are needed. Additional adaptations have been necessary for the transfer of 

the protocols at the CSF. The improved modifications on the “adult” protocol are reported 

above. 

 

P9: INSERM:    8 animals per age. Homogenization obtained by a single step of 5 B-type 

pestle strokes, followed by a filtration on 500 µm-mesh sieves. After 

centrifugation at 1000 g for 10 minutes, the procedure resumed directly at 

step (c). 

  CSF:     8 animals per age and gender. Homogenization obtained by a single step 

of 3 B-type pestle strokes, followed by a filtration on 500 µm-mesh sieves. 

After centrifugation at 1000 g for 10 minutes, the procedure resumed directly 

at step (c). 

P17: (only CSF) 6 animals per age, per gender. Homogenization obtained by a single step of 8 

B-type pestle strokes, followed by a filtration on 500 µm-mesh sieves. After 

centrifugation at 1000 g for 10 minutes, the procedure resumed directly at 

step (c) 
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5) Sample Homogenization and protein dosage 

Whole CPs and cortices (meninges-free) dissected from different animals were pooled 

and homogenized using a Dounce-type glass-glass homogenizer in homogenisation buffer 

(HB) supplemented with a cocktail of protease inhibitors. 

The total protein content in samples was measured by the Peterson method at the INSERM 

(5a) and by the BicinConininc Acid Kit (BCA) at the CSF (5b). In both the amount of total 

protein in the samples were calculate respect a standard curve done by serial dilution of the 

albumin solution. 

 

5a) Peterson method 

The method is based on the combined oxidation of the peptidic bounds in alkaline 

solution by the Cu ions (Biuret method), and the phospho-tungsten and phospho-molibden 

reduction by the Folin Ciocalteau reactive. In brief: a) The samples were diluted in H2O to the 

final volume of 100 μL. Similarly a standard curve was done by serial dilution of the 

reference sample (BSA, 1mg/mL). b) The reaction solution (1 mL) was added to the samples 

as well as to the standard solution, and the mix incubated 10 min at RT. c) 500 μL of Folin 

reactive were added and the reaction product formation (blue) detected at 750 nm. 

 

5b) BicinConinic Acid Kit (BCA) 

The procedure has been performed following the producer instructions (Sigma-Aldrich 

Procedure n° TPRO 562). Briefly: a) the samples were diluted in H2O and 100 μL of the 

Solutions and instrumentations used for the described procedure (1-4). 

Krebbs-Ringher Buffer (NaCl 135 mM; KCl 0.298 mM; CaCl2 2.2 mM; MgCl2 1.2 mM; 

NaHCO3 6 mM; Hepes 10 mM; Glucose (D) monohydrate 5 mM, pH 7.4)

500, 200, 74 μm-mesh sieves (Merk_Netwell, Corning Inc, Corning, NY); 74 μm-mesh 

sieves (BD Bioscience, Erembodegem, Belgium). 

Centrifuge: INSERM_ Heraeus multifuge 3 L_R, equipped with a Heraeus 75006441K rotor

 CSF_Beckmann Coulter Allegra 25R, equipped with a TS-5.1-500 rotor. 
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reaction mix (Bicinconinic acid : Cu = 50 : 1) were added. b) after 30 min at 37 °C, the 

reaction product (purple) was detected at 562 nm. 

 

 

 

6) Spettrophotometric Enzymatic procedures for γGT activity measure. 

The gamma glutamyl transferase (γGT) activity, a marker of micro vessel enrichment, 

was determined in tissue homogenates as well as in micro vessels preparations following the 

protocol described in Ghersi-Egea-94 (Ghersi-Egea et al., 1994). The γGT activity is highly 

specific and strongly expressed on micro vessels, but not by the parenchyma it self or by the 

larger vessels (Lawrenson et al., 1999). So, the Mv/Cx ratio in γGT activity allows judging 

the enrichment of the preparation. In presence of glycilglycine and L-γ-glutamyl-3-carboxy-4-

nitroanilide as a substrate, the L-gamma-glutamil-glycylycine and the 3-carboxy-para-

nitroanilin were formed. The reaction may be followed at 405 nm. For more details, see 

reference.  

 

 

7) Enzymohistochemistry detection of γGT on brain slices. 

The γGT activity was also revealed on brain sections by enzymohistochemistry, using 

a previously published procedure (Satoh et al., 2005) modified as follows :  

a) 10 μm-thick sections were collected from unfixed frozen brains and incubated in the 

reaction buffer for 20 min at room temperature. B) Then the slices were washed with NaCl 

0.85 % (saline), and c) incubated for 2 min in 0,2 M CuSO4. d) After wash with saline 

solution and water, e) they were counter-staining with haematoxylin. In both procedures, the 

Solutions and instrumentations used for the described procedure (5a-b). 

Homogenistaion Buffer: sucrose 0.25 M; KH2PO4 40.2 mM, K2HPO4 9.8 mM; EDTA 1 mM; 

DTT 0.1 mM; pH 7.4. 

Protease inhibitor cocktel (Complete, Roche Diagnostics, Basel, CH) 

Reaction solution: Na2CO3 21.6 mM; CuSO4 6.75 nM; potassium-sodium tartrate 22.5 nM; 

NaOH 0.9 M; SDS 1.125%. 

Folin reactive: (1/6 in H2O)  

BCA kit: Sigma (B9643 and C2284) 
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specificity of γGT activity was demonstrated using the specific inhibitor (0.5 and 1 mM in 

spetcrophotometric, and 0.1 and 2mM in brain slices, on P9 and adult samples respectively). 

 

 

 

8) SDS page and Western blot 

The qualitative assessments of the anti-ABC transporters (MW: 170-190 KDa) 

antibodies specificity was performed running the samples on 7% polyacrylamide gels 

prepared following the Laemly protocol. All samples were diluted in Laemly loading buffer. 

The quantification was performed by traditional chemiluminescence. To over-step the limits 

in the procedure due to the absence of a linear relationship between the densitometry signal 

on X-Ray film and the amount of protein of interest, we have developed the following 

quantification procedure. 

a) A 10% SDS-polyacrilamide gel to detect on the same membrane both the ABCs 

transporters signal and the actins signal was used. By this way we avoided errors in 

quantification due to different loading, different handling, different efficiency in transfer, etc.  

b) On every gel a serial dilution of the reference sample was loaded, and the concentrations of 

the first and second antibodies were chosen to obtain an efficiency curve as linear as possible 

(Fig 13 and Fig 27). c) The amount of the samples under analysis loaded on the gel, was 

evaluated to obtain a signal that may be contained in the linear part of the standard curve, 

avoiding errors in quantification when the signal approach the plating parts of the curve. d) To 

normalize the expression of ABCs transporters, we used the actins signal obtained on the 

same gel. e) The transfer procedure was settled up to obtain a 100% efficiency jugged by the 

Coomassie blue coloration (O/N) of the gel post transfer. Only the absence of any residual 

Solutions and instrumentations used for the described procedure (6 and 7). 

Reaction buffer in 6: TrisBase 120 mM; glycylglycine 120 mM; Triton X-100 500 μg/mL 

Substrate: L-γ-glutamyl-3-carboxy-4-nitroanilide 73 mM. 

Reaction buffer in 7: 0,57 mM γ-glutamyl-4-methoxy-naphtylamide, 3.3 mM 

glycylglycine, 93.0 mM NaCl, 0.52 mM Fast Blue BB Salt, 22 mM 

Tris-HCl, pH 7,6. 

CuSO4: 0,2 M 

Spectrophotometer: dual-beam Cary 100 spectrophotometer.  
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band was jugged as a good transfer for subsequent quantification. f) To avoid the passing 

trough the membrane of the lower proteins (actin 42KDa), the gel was cut before the transfer 

and the upper part, containing the high MW ABCs (170-190 KDa), was transferred for 2h; the 

lower part, containing the actin, for 1h. g) The transfer was controlled by Ponceau 

h) The membranes were saturated in a blocking solution 1 hr, and then incubated overnight at 

4°C with the first antibodies at the appropriate concentration in blocking solution. i) After 

three rinses, the membranes were incubated with the respective horseradish peroxidase 

conjugated secondary antibodies for 2 hr. l) rinsed tree times and developed using a 

chemiluminescence procedure, according to the manufacturer's protocol, and visualized on X-

ray films. 

Additional detection of very low signal (such as Pgp on CPs) was occasionally performed by 

a high sensibility developer system, Super Signal West Femto (Pierce, Rockford, IL_code 

34094). 

 

 

9) Western blot quantification procedure 

a) The optical density profiles were generated for each gel lane from the scans of X-

ray films, b) and the surface area of all the band of interest in the gel was measured in 

Arbitrary Units (AU) (ImageQuant software, GE Healthcare Europe GmbH, France).  c) A 

standard curve was generated (Fig 13 and Fig 27) plotting the AU respect the μg of protein 

loaded on the serial dilutions of the reference sample and the amount of the analysed protein 

was calculated by interpolation from the non linear regression analysis curve before generated 

(CurveExpert 1.3 software). d) The results were expressed as a percentage of the ABC protein 

present in the reference sample, normalized for the protein load. The latter values were 

controlled and adjusted using the actin signal revealed on the lower part of the same gel. 
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Solutions and instrumentations used for the described procedure (8-9). 

Running gel 10%: acrylamide 10%; bis-acylamide 0.3%; tris 0.375 M (pH 8.8); SDS 0.1%; 

APS 0.1%; TEMED 0.004%. 

Stacking gel: acrylamide 5%; bis-acylamide 0.15%; Tris 0.125 M (pH 6.8); SDS 0.1%; APS 

0.1%; TEMED 0.1%. 

Laemly loading buffer : Tris 62.5 mM;  glycine 8%; SDS 1%; BBF 0.2%;  0.1 M DTT; pH 6.8. 

Migration Buffer: 25 mM Tris base; 192 mM glycine;  0,1 % SDS  

Transfer buffer: 20% methanol in 25 mM Tris base; 192 mM glycine;  0,1 % SDS  

Destainer. 30% methanol, 10% acetic acid 

Coomassie blue solution and Ponceau solution for protein detection (Sigma, St Lois, MO, USA)

Chemiluminiescence detection kit: Millipore, Billerica, MA, USA 

X-Ray Films: Kodak Biomax Light (Kodak Rochester, NY, USA) 

  Anti-Mrp1 Ab 

(both 1 μg/ml) 

INSERM_ A23 (Alexis Biochemicals, Lausen, switzerland) 

         CSF_A23 produced in pour laboratory 

Anti-Pgp Ab 

(both 4.8 μg/ml) 

INSERM_ C219 (Calbiochem, Darmstadt, Germany) 

         CSF_C219 (Abcam, Cambridge, UK) 

Anti-Actins Ab Both INSERM and CSF_A2066  (Sigma, St Lois, MO, USA) 

(1.2-0.6 μg/ml at the INSERM and CSF, respectively) 

Anti-Rabbit and 

anti-Mouse 

HRP coonjugate    

Abs 

INSERM_both Jackson Immuno research (West Growe, PA, USA),  

                   Both 0.8 μg/mL 

        CSF_both Sigma, St Lois, MO, USA 

                 Anti-Rabbit: 0.3 μg/mL and anti-Mouse: 0.8 μg/mL 

Blotting  

Membrane 

INSERM_ Protran, 40 µm pores  

                   (Whatman Schleicher & Schuell, Dassel, Germany) 

        CSF_immunoblot PVDF membrane, 20 µm pores 

                  (Bio-Rad Laboratories, Hercules, CA, USA)  

Buffers used for 

incubations with 

the Abs 

INSERM_5% non fat milk; 0.1% Tween20 in 12 mM NaHPO2; 150 mM 

          NaCl; pH 7.4 

CSF_4% non fat milk; 0.1% Tween20 in 20 mM Tris base; 500 mM NaCl; 

           pH 7,5 
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10) Immunohistochemistry 

a) Rat brains dissected at either developmental stage were immediately snap-frozen, 

and 10 µm-thick slices were cryo-sectionned. b) Sections were fixed at room temperature and 

blocked for 1 hr at RT in blocking solution. c) Primary antibodies were added at the 

appropriate concentration of in blocking solution and incubated overnight at 4°C. d) After 

washing, the secondary anti-mouse or anti-rabbit antibodies were used in 0.3% Triton-

containing PBS for 2 hrs. e) the nuclei were stained with DAPI (0,1 µg/ml) in PBS for 10 min 

at room temperature, then mounted. 

Fluorescent immunoreactions were analysed by fluorescent microscopy using  

INSERM_an Axioplan II microscope Zeiss (Le Pecq, France), equipped with the Digital 

Camera F-View II and the software AnalySISauto, Olympus, Soft imaging system, 

Münster, Germany in France.  

        CSF_a Nikon Eclipse TS100, equipped with the Digital Camera Nikon ELWD 0.3 

(Nikon corporation, Kaganawa, Japan) 

 

Charlotte Schmitt, at the INSERM, did the double staining for the localization of Pgp and 

laminin on micro vessels. To detect the laminin 12.5 µg/ml of primary antibody was used, in 

addition to the mentionned C219 Ab. For laminin, the slices were pre-treated with 

hyaluronidase (4 U/ml, Sigma) at 37 °C, for 30 minutes before addition of the antibodies.  

 

 

Solutions and instrumentations used for the described procedure (10). 

Both INSERM and CSF 

Fix PFA 1% on PBS for 30’’ (Pgp) and PFA 4% on PBS for 10 min (Mrp1) at RT. 

Blocking  5% BSA, 5% NGS, 0.3% Triton in PBS 

First Ab Final concentration 6.025 µg/ml (C219) or 1 µg/ml (A23) (same antibodies  

than in Western blot) in Blocking solution 

Second Ab INSERM and CSF_ both anti Rabbit and anti Mouse Alexa Fuor 488  

                  (Moecular Probe), both 2 µg/ml 

Mounting INSERM_ Fluoroprep (Biomerieux, Marcy l'Etoile, France) 

         CSF_ Vectashield hardest mounting medium (Vector Laboratories) 
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11) Total RNA extraction 

The CPs from each anatomical district of both Jj and jj Gunn rats were directly 

collected in TriReagent (Sigma-Aldrich, Missouri, USA. T9424). The total RNA was 

extracted according to manufacture’s instructions, briefly: 

a) The samples were collected in 1 mL of tri-reagent b) and 200 μL of CHL were added, then 

the samples were c) shacked for 15’’and d) incubated for 3 minutes at RT.  e) The 

homogenates were centrifuged at 10500rpm for 15’ at 4°C. f) The RNA, contained in the 

upper aqueous phase was transferred in a cleaned tube and g) 500 μL of iospropanole were 

added. h) The tube was gently inverted then incubated 10’ at RT. i) after 15’ at 10500rpm at 

4°C centrifugation the l) pellet was washed with 1 mL of EtOH 75% and m) centrifuged again 

at 10000rpm for 5’ at 4°C. n) Finally the supernatant was discarded and the pellet suspended 

RNAse free water and stored at -80°C until analysis. The total RNA concentration and the 

purity were assed by spectrophotometric analysis in a Beckman DU640. For each sample the 

A260/A280 ratio comprised between 1.8 and 2.0 was considered as good RNA quality criteria. 

The integrity of RNA was assed on standard 1% agarose/formaldehyde gel.  

 

 

12) RNA retro transcription  

Total RNA (1µg) was reverse-transcribed using the iScriptTMcDNA Synthesis kit 

(Bio-Rad Laboratories, Hercules, CA, USA) according to manufacturer’s instructions. RT 

was performed in a Thermal Cycler (Gene Amp PCR System 2400, Perkin–Elmer, Boston, 

MA, USA) in agreement with the reaction protocol proposed by the manufacturer.  

 

 

13) Real Time PCR 

The Real Time quantitative PCR was performed in an i-Cycler IQ (Bio-Rad 

Laboratories, Hercules, CA, USA). 18S, β-actin and GAPDH were used as housekeeping 

genes.  

PCR amplification was carried out in 25 µL reaction volume containing 25 ng of cDNA, 1 x 

iQ SYBR Green Supermix (100 mM KCl; 40 mM Tris–HCl, pH 8.4; 0.4 mM each dNTP; 50 

U/ml iTaq DNA polymerase; 6 mM MgCl2; SYBR Green I; 20 nM fluorescein; and 

stabilizers) (Bio-Rad Laboratories, Hercules, CA, USA) and 250 nM gene specific sense and 
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anti-sense primers and 100 nM primers for 18S. Standard curves using a “calibrator” were 

prepared for each target and reference gene. In order to verify the specificity of the 

amplification, a melt-curve analysis was performed, immediately after the amplification 

protocol. Non-specific products of PCR were not found in any case. The relative 

quantification was made using the Genex pre-settled excel sheet (Bio-Rad Laboratories, 

Hercules, CA, USA), taking into account the efficiencies of individual genes. The results 

were normalized to the house keeping genes and the initial amount of the template of each 

sample was determined as relative expression versus one of the samples chosen as reference 

(Mrp1: 4thV CP Jj), which is considered the 1x sample.  
 

gene Primer sequence: forward Primer sequence: reverse Ampl. Length 

Mrp1 ATGGTGTCAGTGGTTTAGG TGTGGGAAGAAGAGTTGC 111 

Mdr1a GAGGGCGAGGTCAGTATC AATCATAGGCATTGGCTTCC 193 

Mdr1b ACGGAACAGCAGACAAGAAC CGAACACCAGCATCAGGAG 189 

Β-actin ATCGGCAATGAGCGGTTCC AGCACTGTGTTGGCATAGAGG 149 

18S TAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG 150 

GAPDH CCATCACCATCTTCCAGGAG CCTGCTTCACCACCTTCTTG 576 
 

The primer pairs used were synthesized by Sigma Genosys Ltd., (London Road, 

Pampisford, Cambridgeshire, CB2 4EF, UK) and were designed using the software Beacon 

Designer 4.0 (PREMIER Biosoft International, Palo Alto, CA, USA).  

 

 

14) Total Bilirubin in Serum (TBS) and albumin measure 

Before the sacrifice, blood samples were token from a jugular puncture of each animal 

used for the micro vessel preparation procedure. a) The blood collected in heparinized tubes, 

b) was centrifuged at RT at 2500 rpm for 20’ to pellet the corpusolate part of the blood. c) 

The supernatant was carefully collected, avoiding contamination by haemoglobin and 

immediately freeze at –20°C until use. The samples were protected by the direct light to avoid 

the bilirubin photo-degradation. The total serum bilirubin (TBS) and the total albumin content 

in blood were quantified by routine hospital Kits and machinery (Boehringer-Mannheim Kit 

1552414, Monza, Italy, based on the diazo-method, and Alb-Plus 11970909216 Roche-
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Hitachi, respectively (La Roche Ltd, Grenzacherstrasse, Switzerland)). The analysis were 

performed by the Dr. Alan Rasini, within the collaboration of the Laboratorio Analisi dell’ 

Ospedale Infantile Burlo Garofalo Trieste, director Prof. Parco.  

 

 

15) The calculated free bilirubin (cBf) in blood 

As a routine method to detect the free bilirubin in the blood still not exist, and the Bf 

seems to correlate better with BIND and kernicterus, we tried to calculate the amount of free 

bilirubin in the blood of our animals. To do that, we used the following formula and the 

published bilirubin-albumin in vivo affinity constants from Gunn rat pups.  

 

 

 

 

This equation assumes independent binding of UCB at the to two sites on albumin: k1 and k2 

are the binding constants for the first and second sites, respectively, with k1 given by the 

binding constant values defined above and k2 equal to k1/15 (Ostrow et al., 2003b; Doumas 

et al., 1985b; Doumas et al., 1985a; Ahlfors, 2001; Ahlfors and Shapiro, 2001). 

In formula: TBB=Total Bilirubin in Serum (TBS; μM); Bf=free biliubin (μM); A=total 

albumin in serum (μM); K1=affinity constant for the binding of bilirubin in the first site of the 

albumin (33.6 μM-1), and K2 the affinity for the second site (1/15 of K1). The final equation as 

been resolved by the Internet 3rd degree polynomial calculator 

(http://utenti.quipo.it/base5/numeri/equasolutore.htm). 

 

 

16) Statistical analysis 

All the statistical analysis were performed by Excel, performing a paired T.test.  

 

 

http://utenti.quipo.it/base5/numeri/equasolutore.htm
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RESULTS 

In the chapter the results are expressed following the tasks. 

 

I) The Sprague-Dawley rat: the physiological model. 

This first task of my thesis work is divided in two parts. In the first part, the relative 

protein expression of the Mrp1 and Pgp transporters at the two major blood-brain interfaces 

(BBI) has been quantified (Ia). In the second part, the Mrp1 and Pgp protein relative 

expression and cellular localisation in the Blood-CerebroSpinal Fluid Barrier (BCSFB) and in 

the Blood Brain Barrier (BBB), respectively, have been followed during the post-natal 

development of the rats (Ib). The work has been performed on the Sprague-Dawley rats, a 

classical laboratory animal, extensively used in research. I have done all the work here 

described at the U842 (ex U433) of the INSERM (Institute Nationale pour la Santé Et la 

Recherche Mèdicale) at the Faculté Laennec, during the 10-month stage during the DMM 

PhD, I have spent in France. 

 

Ia) Mrp1 and Pgp expression on adult brain barriers. 

The brains excised from anestitized Adult animals (60 days post natal aged, P60) were 

rapidly placed at 4°C in Krebbs Ringher buffer. The CPs from the LV and from the 4thV CP 

were collected and pooled maintaining the separation in anatomical districts in order to 

evaluate a possible difference between them. The micro vessels (MV) were isolated from 

brain cortices cleaned from all apparent meninges. During the isolation of the micro vessels, a 

sample of meninges free cortex was collected (Cx). In Fig 9, a typical preparation of the blood 

brain barrier isolated from adult rats is showed. The choroid plexuses from the lateral 

ventricles (A, left) are a thin, transparent structure containing the fenestrated blood vessels. In 

the CPs dissected from the 4th ventricle (A, right), the fenestrated vessels are contained in a 

more convolute, Y-like, structure that lines the ventricle and the overhanging cerebellum. 

The quality of the MV preparation was assessed visually by phase contrast microscopy 

(B). The preparation is formed prevalently by long, branched capillaries and micro vessels (5-

7 μm in diameter), as the elongated morphology of occasional red blood cells in the lumen of 

the micro vessels confirms. No cellular debris, tissue and meninges remnants, or larger 

vessels contaminants passed trough the sieves are presents. The samples were kept frozen at –

80 °C until use.  
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To judge the MV enrichment of the preparations, we performed the γGT test. The γGT 

enzymatic activity is strongly present in micro vessels and choroids plexuses, but not in larger 

vessels (both arterioles and venules), in any vessels of the pia madre or in parenchyma 

(Lawrenson et al., 1999). The γGT activity in the Cx samples (3.31±0.48 μmol.min-1.mg 

protein-1) collected during the micro vessels isolation procedure, and the final MV 

preparations (44.79±5.97 μmol.min-1.mg protein-1), was evaluated by spectrophotometer test 

as described by Lojda (Lojda, 1981), and expressed as mean ± S.D. of more than 4 

preparations (P ≤ 0.0007, paired T.test). The mean score we obtained for the MVs-Cx 

preparation used in this work was 13.53 (C).  

All together these data underline the quality of the adult preparations we prepared, also 

if the presence of end-feets astrocytic processes remnants, strongly attached to the endothelial 

membrane, couldn’t be excluded. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig 9: Characterization of  blood brain interfaces isolated from adult rat. 
Choroid plexuses dissected from the lateral and forth ventricle (LV CP and 4thV CP)  of adult 
rat,  scale bar 1 mm (A). Adult microvessels (MV) preparation (B). The sample is mainly 
formed by capillaries and microvessels, with a diameter of 6 μm, approximately. The 
enrichment of the final MV preparation was jugged by the γGT activity (C). The 13.5 fold in 
the MV/Cx  enzymatic activity,  is indicative of a good  final preparation.  
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To analyse the relative protein expression of Mrp1 and Pgp in the brain preparations, 

the samples were homogenised and the total protein amount determined. 

The whole homogenates of 4th ventricle, lateral ventricle choroid plexuses (4thV CP, LV CP), 

isolated micro vessels (MV) and cortices (Cx) preparations were used to evaluate the presence 

of Mrp1 and Pgp transporters by Western blot with the anti-Mrp1 A23 poliyclonal antibody 

(pAb) and the anti Pgp monoclonal antibody (mAb) C219, respectively. 

 

The specificity of the antibodies was first checked running the samples and the 

appropriate controls on 7% polyacrilamide gels (Fig 10, A and B, respectively). 

The A23 Ab (anti-Mrp1) has been developed by Fernetti in our laboratory (Fernetti et al., 

2001). This Ab, produced in rabbit, reacts with both human and rodent Mrp1, including rats, 

and recognises a C-terminal cytopasmatic epitope. The A23 Ab displays a high sensitivity for 

rat samples, recognizing a major band at the expected molecular weight of 190 KDa. 

Occasionally a faint band of about 60 KDa in MW was detected. This band likely corresponds 

to a Mrp1 cleavage product as suggested from Fernetti (Fernetti et al., 2001) and corroborate 

from the increasing intensity of the signal with freeze-thaw cycles (Fig 10, A). Additional 

demonstration of the specificity of the signal was obtained by the use of a different anti-Mrp1 

Ab, the Mrpr1. This Ab, prepared in rat, detected several additional bands, probably due to 

the specie-cross reactions (data not shown). 

The C219 Ab (anti-Pgp) was chosen because to date it is the only Ab guarante to react 

with rodent Pgp, and the most utilized in the literature, allowing a comparison of the results 

with those previously published. The C219 Ab recognises a repeated epitope, presents in the 

central part and in the C- terminal of the transporters (Georges et al., 1990; Trambas et al., 

2001), allowing an easily detection of all potential cleavage products, additionally to the full-

length protein. The Pgp transporter was recognized as a single detectable band at 170 KDa, as 

the expected molecular weigh. No apparent degradation occurred during the MV isolation 

procedure (Fig 10, B).  
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By qualitative analysis, the Mrp1 and Pgp expression in the rat brain samples showed 

a different pattern (Fig 11). Mrp1 was detected in all preparation investigated, albeit with 

apparent difference in the amount of the protein expression. 2.5 μg/well of both CPs total 

protein homogenate loaded on gels, produced a signal with an apparent intensity similar to 15 

μg/well of MV and Cx total protein lysate (A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 10: Typical A23 (α-Mrp1) and C219 (α-Pgp) 
antibodies signals. 
The anti-Mrp1 A23 antibody detects a major 190 KDa
band (choroidal tissue). Occasionally (such as shown
here) a faint 60 KDa band, corresponding to a cleavage
product of Mrp1, is also observed (A). The C219 (anti
Pgp) antibody,  detects a single and strong band of 170
KDa on microvessels preparation (B).  
4thV CP: Forth Ventricle Choroid Plexuses; MV:
MicroVessels. 
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Fig 11: Qualitative Western blot analysis of Mrp1 and Pgp expression in rat blood
brain interfaces.  
The Mrp1 signal using the A23 antibody (A) gives strong bands on each sample, but the
amount of total lysate loaded strongly differs (both CPs 2.5 �g/well, and MV and Cx, 15
μg/well). The Pgp signal with the C219 antibody (B) shows a strong band on MV and Cx
(2.5 and 30 μg/well, respectively), but no bands at the appropriate molecular weight could be
detected on CPs samples,  respect to  the high amount of protein loaded. 
LV CP : Lateral ventricle Choroid Plexuses; 4thV CP : Forth Venrticle Choroid Plexuses;
MV: MicroVessels; Cx: Cortex. 
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Seldom the A23 antibody detected a 120 KDa band in Cx and MV samples. Using the 

mouse Mrp1 KO and WT cortex homogenate, we demonstrate that this band is not a Mrp1 

cleavage product. In fact the 120 KDa band is well detected in all samples loaded, wile the 

Mrp1 190KDa specific signal is present in only in rat and WT mice, but disappears in the 

Mrp1 KO sample (Fig 12). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Pgp signal on 2.5 μg/well of MV, was apparently similar to the signal generated 

from 30 μg/well on cortex sample by conventional chemiluminescence. No signal was 

detected on CPs samples, despite the larger amount of proteins loaded (30 μg/well) (Fig 11, 

B). Only by the use of high sensitive chemiluminescent kits, higher amount of CPs 

homogenate loaded, and long exposure time, we were able to detect a faint band at 170 KDa. 

Surprising, on CPs samples, the western blot for Pgp shown ad additional band at 100KDa. 

This band on CPs was due to a specific cross-reactivity of the secondary antibodies, as 

demonstrated by exposing the membrane at the secondary antibody alone. At least 4 

secondary antibodies were tested (not shown). 

 

                          Mouse                       
                                         
Rat            WT          Mrp1-/-        KDa
 
                                                          190
 
                                                          150
 
 
                                                          116   
 
 
 
 
 

Fig 12: A23 staining for Mrp1 on rat
and WT and Mrp1-/- mouse Cx. 
Wile the Mrp1 specific band is present
only on rat and WT mouse, the A23 detect
a band of about 120 KDa in all samples.
The Western blot demonstrates that the 120
KDa band is not related to Mrp1. 
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While the qualitative differences between barriers on Mrp1 and Pgp expression was 

postulated in literature, our first goal was the quantification of the transporters expression in 

barriers and parenchyma.  

Between all samples analysed, the CPs and the MV displayed the maximal signal for 

Mrp1 and Pgp, respectively, and were chosen as reference sample. The quantification of the 

relative expression of the transporters on samples was performed by traditional 

chemiluminescence.  

To over-come the limit due to the no linear relationship between the densitometry 

signal on X-Ray film and the amount of protein of interest, we developed a quantification 

procedure based on standard curve (for details, see in Material and Methods). 

On every gel a serial dilution of the reference sample was loaded, and the concentration of the 

first and second antibodies were chosen to obtain an efficiency curve as linear as possible  

(Fig 13). To normalize the expression of ABCs transporters, we used the actin signal obtained 

on the same gel. After revealing by chemiluminescence, and densitometry signal collection, 

the relative expression of the targeted protein (Mrp1 and Pgp) was calculated as interpolation 

from a non-linear regression curve calculated on the standard sample (Fig 13), and normalized 

for the actin signal, processed in the same way. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

μg/well

Fig 13: Standard curve derived from the optical density profile analysis of the 
ref. sample serial dilution. 
For each Western blot the relative expression of Pgp and Mrp1 is established using
a standard curve generated from a reference sample (capillary for Pgp and 4thVCP
for Mrp1) from the same batch. The curve here reported is an example of the
typical non-linear regression curve obtained by Curve Expert analysis of the optical
density profile evaluation (ImageQ) of the signal. 
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The result of the Mrp1 and Pgp expression in adult animals are exposed in Fig 14 and 

Fig 15, respectively. All the results are representative as mean ± S.D. of 5 Western blot, 

performed on different batch of samples, each obtained by a pool of 4 animals. As shown in 

Fig 14, Mrp1is strongly expressed in the CPs with a surprising difference between the LV and 

4thV CP. The 4thV CP (Ref.Sample) shows the highest Mrp1 relative expression while in the 

LV CP the Mrp1 amount is of 60.21 ± 6.73 % in respect to the 4thV CP (statistically relevant 

P ≤ 0.01, paired T.test). In MV and Cx, Mrp1 is less present, respectively the 5.18 ± 1.87 and 

4.28 ± 1.69 % of the Mrp1 amount in the 4th V CP (both statistically different from the 4thV 

CP: Ref.Sample, P ≤ 0.001, paired T.test). This similar value between MV and Cx suggest 

that Mrp1 expression is not exclusive of the endothelial cells forming the MVs, but is 

expressed in others parenchyma cells, such as astrocytes. 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 14: Mrp1 relative expression  on adult rat. 
The results are expressed as mean ± S.D. of 5
western blots, performed on different batch of
samples. The relative amount of Mrp1 in samples is
expressed as % of the amount of Mrp1 in the Ref.
Sample (4thV CP, arrowed). Abbreviations:
Microvessels (MV) ; Cortices (Cx); Lateral Ventricle
Choroid Plexuses (LV CP)  and Forth Ventricle
Choroid Plexuses (4thV CP). P≤0.05 (*); P≤0.01
(**)and P≤0.001 (***); in paired T.Ttest. 
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By contrast, the relative expression of Pgp was highest in the micro vessels 

preparation (MV: Ref.Sample) (Fig 15). In the cortex, the amount of Pgp is of 6.84 ± 1.82 % 

of the MV (statistically different from the Ref.Sample, P ≤ 0.001, paired T.test) and in CPs 

the signal is quite not quantifiable, less than 0,5% of MVs. 

The higher score for the MV/Cx ratio in Pgp expression (14.62) compared to the γGT 

MV specific enzyme activity (13.53 ratio) (see Fig 10), indicates that the transportre is 

strongly if not exclusively expressed by the micro vessels.  
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Fig 15:Pgp relative expression on adult rat. 
The results are expressed as mean ± S.D. of 5 western blots
each performed on different batch of samples.   
The Pgp relative expression is calculated as % of the amount of
the Pgp in the reference sample (MV, arrowed). Abbreviations:
Microvessels (MV) ; Cortices (Cx); Lateral Ventricle Choroid
Plexuses (LV CP)  and Forth Ventricle Choroid Plexuses (4thV
CP). P≤0.05 (*); P≤0.01 (**) and P≤0.001 (***); in paired
T.Ttest. 
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Ib) Mrp1 and Pgp expression on rat brain barriers during the post-natal development 

The second goal focused on the Mrp1 and Pgp post-natal developmental expression at 

the BBI. Due to the minor dimensions, the samples were obtained pooling together the CPs 

(VL CP and 4thV CP separately) dissected from 8 and 6 animals at 2-days and 9-days post 

natal age, respectively, and subjected to the Mrp1 quantification as described before.  

The Mrp1 developmental profile on CPs is shown in Fig 16. The Mrp1 relative 

expression is higher in both CPs, with values similar to adult level since the earliest stage of 

post-natal development. In LV CP a decreasing trend from higher value at the birth to lower, 

adult levels seems to be present (P2: 114.9±29.16; P9: 98.11±42.84; P60: 60.21±6.73 % of 

the Ref.Sample: 4thVCP adult, arrowed), also if the high standard deviation, claims caution in 

the conclusions. In the 4thV CP, the relative expression is the 73.21±18.39 at P2 and 

132.82±32.53% at P9, of the Ref.Sample. No statistical differences were present between the 

tree developmental stages. 
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Fig 16: Mrp1 relative expression in the LV CP and the 4thV CP in the post-natal development of
the rat. 
Mrp1 expression in lateral (left) or 4th (right) ventricle CPs  from the P2, P9 and adult (P60) rats. The
results are expressed as percentage of the level in adult 4th ventricle CP (Ref.Sample, arrowed).  Data
are expressed as mean ± S.D: of 4 western blots, from different batches of animals.  
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While the dissection of CPs from brain could be performed at every age by the same 

procedure than in adults, a basal lamina is a pre-requisite for the maintaining of the capillary 

integrity during the isolation procedure. The micro vessels develop during the post natal 

period, and the end of the “sprouting period”  (P9-10) signs the early developmental stage in 

witch a mature basal lamina is present (Caley and Maxwell, 1970; Simionescu et al., 1988), 

and the first stage at witch MVs could be isolated with adequate purity and reproducibility. 

The procedure used to isolate the MVs from the younger animals (P9) that we settled up, was 

similar to the protocol used for adult animals (for details see M&M), except for the minor 

dimensions of the cortices, needing to pool together 8 animals. 

 

A typical preparation of MV isolated from P9 animals is shown in Fig 17. As 

compared to the adult preparation (P60), the younger micro vessels appear shorter and larger 

than in adults. Additionally, the preparation appears more heterogeneous, with few capillaries 

than in the adult, and more micro vessels, probably reflecting the heterogeneity in cell 

thickness and basal lamina development still observed at this early stage. No evident 

contaminations are present, indicating a good isolation procedure set-up. 

By the γGT activity test performed on P9 MV and Cx (B, left panel), a 7.8-fold 

enrichment was observed (MV: 9.84±2.65; Cx : 1.26±0.12; P≤0.004, paired T.test). As this 

was the first time that MV isolation procedure from a non-adult animal was performed, no 

published value was available as reference. The different scale bar (compare left and right 

panel in Fig 17 B) suggested a lower γGT activity in early postnatal stage when than in adult 

preparations (Rehman et al., 2004).  

To confirm this hypothesis we performed a γGT enzymatic activity directly on brain 

slices (Satoh et al., 2005) (C). A lower in situ γGT activity associated with capillaries in 9-

day-old rats was detected; wile in the adult the γGT staining was strongly present on smaller 

vessels and in CPs (compare left and right panel on C). (Satoh et al., 2005). Additionally, by 

the use of γGT inhibitor acevicine we confirmed the specificity of both spectrophotometer and 

enzymatic hystochementry test.  

We suggest that the Cx/Mv γGT activity ratio we measured may be considered a good 

enrichment parameter for judge the final micro vessels isolation preparations at P9. 
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For the relative quantification of Mrp1 and Pgp expression in post-natal developing 

isolated MVs (Fig 18), we used an identical procedure used in the adult samples. The 

reference sample, in this case, was the MV isolated from adult animals for both Mrp1 and Pgp 

transporters. The post-natal developmental profile of relative expression indicates that the 
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Fig 17: Caracterisation om Microvessels (MV) isolated from P9 rats. 
The phase contrast microscopy of microvessel isolated from P9 rats, shows a major heterogeneity in
this preparation, in which capillaries, microvessels and some larger vessel are present (A). The γGT
activity (B) is lower than in adult preparation. In the enzymo-histochemical detection of γGT (C), the
difference in activity between the two ages is corroborated, with a quite total absence of the staining
on the P9 slice (±), and several MV detected on the adult preparation (±). By contrast, the signal
associated with the CPs is strong in both preparations and was almost completely abolished by
addition of 100 µM and 2 mM acivicin, respectively . The large vessels of the brain do not posses a
detectable γGT activity.(*). Scale bar in A: 100 μm; in C: 200 µm.  
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Mrp1 amount on MV was slightly higher at P9 than on adult preparations (121.0±20.3% of 

the adult MV, Ref.Sample) (A).  It is important to underline that the reference sample 

reported in the Fig 18, for the analysis of Mrp1 expression on BBB during development, is the 

Mrp1 expression on adult MVs, not on adult 4thV CP, due to the high difference in Mrp1 

expression between these two samples. When the Mrp1 expression in MVs at P9 is compared 

to the Mrp1 expression on the CPs, the value is about below the 6% of the adult, confirming 

the highest Mrp1amount in CPs also during the post-nalal development. By contrast (B) there 

is a 4.6 fold increase in the Pgp relative expression between the isolated P9 micro vessels 

(21.95±6.76% of the adult MV, Ref.Sample) and adult MVs (statistically different from the 

Ref.Sample P ≤ 0.01, paired T.test). This clearly indicates that the Pgp expression develops 

post-natally, and in the early post-natal development its activity on brain micro vessels may 

be less important.  
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Fig 18: Mrp1 and Pgp relative expression on MV during the post-natal development. 
Mrp1 (A) and Pgp (B) protein levels in capillaries isolated from P9 and adult  rat. The result are expressed as mean
± S.D. of 3 Western blot, each from different batches of animals. The Mrp1 or Pgp relative expression in samples 
is expressed as % of the amount of the transporters in the adult preparations (Ref.Sample adult 4thV CP and MV, 
respectively; arrowed). Statistically different from adult, p<0.01 (paired t-test). The were obtained pooling 
toghether 8 and 4 animals at 9-days and 60-days old animals respectively  
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To normalize the results, and to control total protein amount loaded on the gels, the 

actin signal was used in both adult and developing samples. During the post-natal 

development, as indicated in the introducing chapter, the brain, the CPs and the vessels 

develop, and are subjected to changes in morphology and volume. The doubt that, during this 

development, the actin expression or the proportion of the actin in the total protein lysate 

could change at same time was clarified experimentally. Several Western blot performed 

confirmed the substantial stability of the actin signal during development, corroborating the 

use of this protein also for tithe post-natal developmental analysis. 
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The clear difference in of Mrp1 and Pgp localisation obtained by Western blot was 

confirmed by immunofluorescence analysis. The whole brains dissected at either 

developmental stage were immediately frozen until use. Brain slices from each post-natal 

developmental age were placed on the same glass, allowing processing simultaneously the 

samples. The immunofluorescence for detecting Mrp1 is showed in Fig 19. Mrp1 is strongly 

expressed in choroid plexuses of both ventricles (A-E). The transporter is located at the 

basolateral side of the epithelial cells forming the Blood-CSF-barrier throughout the post-

natal development (A-E), thus at the blood side, as better underlined by the opposite, apical 

ezryn signal (G). By these experimental conditions not additional staining on brain 

parenchyma or in MV have been detected (stars in A, C, D), probably due to the lower 

expression in these samples as revealed in western blot. But a Mrp1 staining has been 

detected on isolated-cytospinned micro vessels (Fig 19, R) The Mrp1 localisation at the baso-

lateral side of the CP epithelium suggests that the transporters is functionally mature to export 

molecules from the CSF (brain) to the blood since the early post natal age. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 19: Immunohistochemical detection of Mrp1 in rat brain.  
A,C,D : Mrp1 immunodetection reveals a strong signal associated with CPs (arrows) of all adult (A), 9-day-old
(C) and 2-day-old (D) animals. In the experimental conditions used, no signal was detected in the parenchyma
(stars). B,E: The magnifications of adult and newborn CPs, respectively, highlight the basolateral localization
of Mrp1, clearly visualised by comparison with the typical apical brush border labelling of ezrin, as shown in
2-day-old animal (G). Arrowhead in G: ependymal layer bordering the ventricle. F: negative control, run in
absence of primary antibody, is shown for a 2-day-old animals (arrow: choroid plexus). Nuclei are labelled
with Dapi. 
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At the contrary (Fig 20), the Pgp signal is associated with the micro vessels in all brain 

regions examined in both the adult (A) and P9 animals (B). In P2 animals (C), a staining for 

Pgp on micro vessels is also presents, suggesting that Pgp is expressed before the complete 

maturation basal lamina. No larger vessels (arterioles and venules) are stained. The signal on 

P9 and P2 slices (B and C, respectively) is less evident and the vessels seem to be present in 

minor density. This could be due to the minor expression of Pgp in vessels at the earliest post-

natal developmental stages, limiting the detection sensibility, or an effective minor density of 

MVs, still developing (Caley and Maxwell, 1970; Simionescu et al., 1988). 

The micro vessel structure, in witch the apical (blood facing) and basal side are highly 

closed (less than 1 μm separates the two membranes), rends less immediate the localisation of 

the Pgp transporter on BBB. The Pgp signal appears localized on luminal side of vessels (the 

blood side), as revealed from the position of the nucleus with respect to the C219 staining (D, 

F), in accord with its function in extruding molecules from the cell in the blood. This finding 

is corroborated by the comparison with the ferritin receptor signal (compare D, F with G and 

H). The ferritin receptor staining obtained by the Ox26 antibody, appears clearly at both side 

of MVs, as the classical localisation reported in literature (Li et al., 1999) (G, H).The final 

demonstration of the apical unique localisation of the Pgp staining was finally obtained by 

double staining by Charlotte Schmitt (panels L -Q). In the adult MVs, the endothelial cell is 

surrounded continuously by the basal lamina, closely contacting the basal side of the MV. In 

adult as well as in younger animals, the opposite staining for Pgp and laminin, together with 

the nuclei staining, reveals typical luminal localization for the transporter. 
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Fig 20: Pgp immunodetection ob brain slices and isolated MV. 
The Pgp signal is detectable in all P60 (A), P9 (B) and P2 (C) brain slices.  
From the early stages of the post-natal development to the adult life, the density 
of the Mv detected by the C219 antibody, seems increased (From C to D; P2, P9, 
P60). The Pgp appears localized at the luminal (blood facing) site of the endothelial  
cell, as showed by comparison with the nuclei staining (D, F: blue=Dapi, 
 green_Pgp) or the transferin receptor (G,H). the latter is well know to localize at  
both sides.  In the cartoon I, is represented a microvessel. The nuclei of the pericytes  
surrounding the MV, appear emerged and the basal lamina is present at both side.  
In L-P: double immunostainings of Pgp (red) and laminin (green) highlighting  
the luminal localization of Pgp in differentiated vessels of developing animals,  
similar to the capillary staining of adult animals (P).  The luminal staining is best seen when the luminal and abluminal
membranes are separated by a nucleus (arrowhead).  L, M, N: Pgp, Laminin, merge as typical staining of a capillary from
a P2 rat. Merge for Pgp (red) and Laminin (green) as a typical staining of a capillary from a 9-day old animal (P, Q) and 
P60 animals (O). Nuclei are labelled with Dapi. In R, the signal for Mrp1 is detectable on isolatted-Cytospinned MV from 
the adult rat. 
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Inside the CPs, a diffuse unspecific-like signal is also present (Fig 21). This signal is 

attributable to the secondary antibody, as expected from the similar observation in Western 

blot.  

Additional confirm of the absence of a relevant Pgp expression in CPs and of the 

unspecificity of the signal detected by immunofluorescence was obtained loading primary 

cultured epithelial cells, together with CPs homogenate and MV as positive control on 

Western blot. A Pgp signal was absent in both cultured CP epithelial cells and CPs, but only 

in CPs the unspecific band is still present.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The analyses of the ABCs transporters on human brain in physiological situation are, 

obviously, rare. During the collaboration between the U842-INSERM and the Service de 

Neuropathologie, Hôpital Neurologique centralized via the Biological Resource Center 

NeuroBioTec Banques, Lyon, France, we had the opportunity to analyse human choroid 

plexuses and isolate the MV from two-autoptical brain samples. The qualitative Western blot 

on human BBB and CPs samples (Fig 22), performed by Charlotte Smith, confirmed the 

mirroring expression of Pgp and Mrp1 in human blood brain barriers. In human samples, 

Mrp1 is higher in CPs and weakly expressed on MV (see the amount of protein homogenate 

loaded on western blot, A). The Pgp expression is strongest in MV and barely detectable in 

CPs (B). A difference in expression is displayed for the two samples, each coming from a 

different subject.  

Fig 21: Immunohistochemical detection of Pgp in rat Choroid Plexuses. 
A diffuse, un-specific signal on CPs was revealed by the anti-Pgp antibody C219 (left). As expected from 
Western blot results on total lysate CPs,  this signal is due to the secondary antibody alone (center). 
In the right panel, a specific Pgp reconducible signal is present only in the MV sample,  nor in a total lysate
obtained from choroidal epithelial cells primary culture (CPE) , nor in the total CP lysate (CP). In the latter (first
lane) the ≈ 100KDa cross-reactivity reconducible to the secondary antibody is shown. 
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Fig 22: Western blot analysis of Mrp1/MRP1 and Pgp expression in blood-brain interfaces 
isolated from human brains. 
Typical Mrp1/MRP1 signals detected by A23 (left) and Pgp signal detected by C219 (right) using 
whole homogenates of human CPs and isolated MV are shown. Note the differences in the amount 
of proteins loaded on each line. Rat preparations are run on the first track of each panel to allow for
comparison. Mrp1/MRP1 is detected as a major band in both types of choroidal tissue, and with a 
much lower intensity in the microvessel preparation. Pgp is detected as a single and strong band in
the human microvessel preparation, while only a faint band can be visualized at the same molecular
weight in both human choroidal preparations. 
CP: Choroid Plexuses, MV: MicroVessels ; 4thV CP : Forth Venrticle Choroid Plexuses ; LV CP : 
Lateral ventricle Choroid Plexuses 
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II) The Gunn rat: the bilirubin implications on Mrp1 and Pgp expression on rat BBI. 

 

The second task of my thesis work was performed at the Centro Studi Fegato. The 

main aims was to quantify and compare the Mrp1 and Pgp relative protein expression on 

blood brain interfaces in the well-established animal model for the hyperbilirubinemia and 

kernikterus: the Gunn rat. Different aspects of the pathology have been studied, but, despite 

the interest in how bilirubin could enter in the brain and the suggested role of Mrp1 and Pgp 

in limiting the influx, no data are available on the expression of these transporters on the 

blood brain barriers of the Gunn rats.  

 

Breading the homozygous jj male and heterozygous Jj female litters was produced.  To 

compare the genotypes, breading was synchronized to obtain a sufficient number of littermate 

pooled puppies for each genotype, gender and for post-natal age (P ± 1 day), the collected 

samples were analysed simultaneously.  

We choose different postnatal ages to analyse the transporters expression on the BBI, 

during the progression of the pathology. P2 (2 days after the birth) was selected as the earliest 

developmental stage after the birth that allows to distinguishing between rat genotypes. The 

bilirubin level in the blood of homozygous mutant jj rats needs 24-48 h to accumulate in 

tissue and produce a yellow discoloration of the animals (see Fig 3). Then, P9 was selected as 

the first post-natal stage in which we were able to isolate MV with the protocol settled up on 

Sprague-Dawley rats at the INSERM. The P17 postnatal stage was chosen as the 

developmental stage in which the total serum bilirubin (TBS) picks in the Gunn rat and 

corresponds to the developmental stage from witch most of the data contained in literature are 

described. Additionally, the P60 postnatal age animals to follow the effects of 

hyperbilirubinemia until the adult life were used.  

 

The Gunn rat originated by a spontaneous mutation of a Wistar colony in 1934 (Gunn, 

1938). Since the first half of the XX century, different natural strains of Gunn rats diffuse in 

the laboratory around the world, where the colonies were maintained by breading brothers and 

sisters. In addition news strains have been created by the transfer of the mutation in genetic 

background different from the Wistars (Sprague-Dawley, non albuminemic, etc.). 
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For these reasons the serum bilirubin levels differ significantly between different 

researches group working with Gunn rats (see in introduction) and for these reasons, our 

colony was first characterized by measuring the level of bilirubin in the serum of each 

sacrificed animal at every experimental post-natal stage. Additionally the serum albumin 

concentration during development was also measured. The TBS and albumin determination 

was performed by the Dr. Alan Rasini from the Laboratorio Analisi dell’ Ospedale Burlo 

Garofalo, in Trieste.  

In jj rats, the activity of the UGT1A1 is absent and the bilirubin in blood  (TBS: Total 

Bilirubin in Serum) rises due to the loss of conjugation and consequent lack in the 

elimination. The TBS, expressed in μmol/liter, in homozygous jj rats is several times higher 

than in Jj genotype during all the post-natal developmental period analysed, as shown by Fig 

23 and Table 1. At P2, the TBS is about of 230 μM and pick at the 250 μM at P9 in jj 

animals, values that were more than 3 times higher that on Jj littermates at the same post-natal 

ages. While the total bilirubin amount in serum decreases quickly to normal adult level in Jj 

rats (P17: 7.47 ± 3.34 μM; P60: 2.86±0.54 μM) due to the rapid maturation of the UGT1A1 

activity still present, the decrease in homozygous rats is very slow and the TBS never reached 

the Jj values, remaining around the 80 μM at P60. 
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Fig 23: Total Serum Bilirubin (TBS) and calculated free Bilirubin (cBf) 
The Total Bilirubin in Serum (TBS) on Gunn animalsis expressed in μM. In jellow  the TBS on homozygpus jj
hyperbilirubinemic rats, in black the heterozygous Jj animals. The calculated Free bilirubin (CBf) is expressed in
nM. In Red the homozygpus jj hyperbilirubinemic rats, in  gray the heterozygous Jj animals. The results
represents the mean ± S.D. of more than 16 animals for each age and genotype. 
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The concentration of albumin in serum is lower at the birth (P2: 150 μM) and 

increases during post-natal development (P60: 600 μM) (Fig 24). Between genotypes no 

differences are present. In our study, the bilirubin-albumin ratio is significantly higher than 

the unit at P2 and P9 post-natal age on jj rat (Table 1, in red). At the later developmental stage 

on jj rats, and during all the postnatal developmental period analysed in the Jj rats, the ratio is 

lower than the 0.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 TBS (μM) B/A ratio Calculated Bf  (nM) 

 jj Jj 

jj/Jj 
TBS 
ratio 

Mean Alb  
(μM) jj Jj jj Jj 

jj/Jj 
TBS 
ratio 

P2-3 235.04±13.09 63.99±3.89 3.67 142.12±30 1.47 0.51 503±0.28 0.17±0.01 29.42 

P9-10 249.03±5.07 81.12±2.02 3.07 172.44±5.49 1.47 0.46 255±0.052 0.17±0.004 14.54 
P17-
18 216.86±26.51 7.47±3.34 29.03 417.39±41.68 0.55 0.017 0.29±0.035 0.05±0.002 53.06 

P60 82.33±1.9 2.86±0.54 28.77 594.94±14.62 0.14 0.005 0.04±0.001 0.001±0.0003 32.13 
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Fig 24: comparison of the blood albumin content in Jj and jj Gunn rats during the post-natal
development. 
No differences in total serum albumin content (μM) are detected between the heterozygous (Jj) and
homozygous hyperbilirubinemic (jj) Gunn rats. Blood samples were collected before sacrifice. The
results represents the mean ± S.D. of more than 16 animals for each age and genotype (2, 9, 17 and
60 ± 1 days after the birth). 

Tab 1: Total Bilirubin, albumin, and calculated free bilirubin in the serum of the jj and Jj Gunn rats. 
The values and the ratio between jj and Jj TBS are shown (green). By the mean (jj plus Jj of the albumin content in
blood, the bilirubin/albumin (B/A) ratio was calculated for each post-natal age. In red, the ratio over the unit
showed by the P2 and P9 jj rats, are underlined (white). The free bilirubin in the blood was calculated from the two
above mentioned values (TBS and albumin) (yellow). 
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As discussed in the introduction, the free bilirubin, rather than the TBS, seems to 

better correlate with the kernicterus. No routine method to measure the Bf in blood is 

available. When the stechyometric bilirubin albumin ratio exceeds the unit, the free billirubin 

(Bf) increases and diffuses to tissue. By measuring the albumin content in the blood and the 

published albumin–bilirubin affinity constant for Gunn rats, we was able to calculate the free 

bilirubin in blood (cBf) (For reference and formula, see in Materials and Methods) 

As shown in Fig 23 and table 1, while the cBf in Jj rats is below the 17 nM during all 

the period analysed, in jj animals the cBf reaches the highest value of 500 nM at P2 (30 times 

more than in age-matched Jj rats), decreases to 250 nM at P9 (15 times more) and then, 

quickly drops to 30 nM at P17. In the jj and Jj adult animal the values are above the 4 and 0.1 

nM, respectively. Thus, concerning the cBf, since P17 the values in jj animals are similar to 

those in Jj animals at both P2 and P17 days after the birth, values not sufficient to develop any 

apparent dysfunction or damage in the Jj animals. 

 

 

In the Gunn rat, an evident effect of the high levels of bilirubin is the hypoplasia of the 

cerebellum in jj animals. We used this parameter to follow the progression of the pathology. 

The weigh of the cerebelli and cortex were calculated as the difference of the tube weigh prior 

and after the cerebella collection, divided for the number of animals forming the sample 

(g/animal). The samples were obtained pooling together the animals according to genotype, 

per age per tissue and per gender. The sex were analysed separately to detect a possible 

difference maybe explaining the higher incidence of kernicterus in males (Cannon et al., 

2006).  
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As shows Fig 25, the values, expressed as the means ± S.D., of more than 32 animals 

per each post-natal age analysed, reveal the absence of differences in Cx development 

between jj and Jj genotypes (A). No sex difference was observed (B). The transient mild-

hyperbuilirubinemia present in Jj rats at P9-10, is not sufficient to produce any macroscopical 

effect on CNS development of Gunn animals, when compared with Cx samples dissected 

from Wistar rats (not shown). 
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Fig 25: Post-natal development of the Coretx (Cx) weight on Jj and jj rats. 
In the upper panel (A) the development of the Cx weight of jj and Jj Gunns rats is compared, in the lower the
comparison has been made by separated gender (B). In both any difference is revealed. The dissected cortices have
been pooled (per age, per genotype, and per gender). The values are expressed as mean ± S.D. of  more than 32
animals for each age (A). Colours: Black Jj ;  Red jj; Blue: male; Pink: female. Continuous line: jj genotype;
sketched lines: Jj genotype. 
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By contrast, the hypoplasia of the cerebellum (Fig 26) is present since P9 in jj 

hyperbilirubinemic Gunn rats witch show a 25% weight loss (statistically relevant, P= 0.003 

on paired T.test) as compared to the non-hyperbilirubinemic heterozygous controls. The loss 

in weight increases by the days, reaching the 37 and 47% at P17 and P60 respectively (A) 

(statistically relevant ,both P< 0.001 on paired T.test). When the analysis was performed on 

gender pooled samples, no sex specific difference was detected (B). The dramatic hypoplasia  

occurring in the cerebelli is well shown by the image (C), representing the whole brains 

freshly dissected from a 17 days old Jj and jj Gunn rats. In the image, the yellow discoloration 

of the jj brain, still present, is appreciable.  
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Fig 26: Post-natal development  of
the cerebellum (CLL) weight on
Jj and jj rats. 
The upper panel shows the
development of CLL hypoplasia in
the jj animals (A). At P9-10 the jj
CLL weight is the 75% of the age-
matched Jj animals, then decrease at
the 63 and 53% at P17-18 and P60,
respectively. The difference in CLL
dimensions and brain discoloration
at P17, are visible in  C. No
differences are present when gender
pooled samples (age- and genotype
matched), are analysed (B). The
values are expressed as mean +/-
St.Dev. of  more than 32 animals for
each age and genotype. P≤0.05 (*);
P≤0.001 (**) and P≤0.0001 (***);
in T.Ttest. 
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One of the goals of the work performed on Gunn rats was to evaluate if bilirubin is 

able to modulate the Mrp1 and Pgp expression on Blood Brain Interfaces. 

 

Based on the indications obtained at the INSERM on Sprague-Dawley rats, the 

relative protein expression of Mrp1 was studied in the CPs, and Pgp in isolated MV.  

The CPs were dissected from all post-natal developmental age, and the MV were 

isolated from P9, P17 and adult (P60) animals.  

The protocol for the isolation of MV from P17 animals was settled up at the CSF, by 

modification of the protocol used for the P9 animals.  

 

To allow quantification we set up a reference curve by the use of the SHY5Y cell line 

in witch the Mrp1 and Pgp expression was first checked. The quantification procedure was 

performed as described in the first section. At the end the reference sample were 

mathematically changed from the SH to the 4thV CP P60 Jj (for Mrp1) and MV P60 Jj (for 

Pgp), to maintain the same way in the results exposition. The relative amount of the 

transporter in sample was expressed as means ± S.D. of 3-4 Western blot for each post-natal 

developmental age, performed on different samples each formed by several animals pooled 

together.  

 

In Fig 27 is showed a typical western blot for hMRP1/rMrp1 and actins, as example.  

The antibodies used recognize specifically bands of the expected molecular weight (190 KDa 

for Mrp1 and 42 KDa for actins) on both human and rat samples. No unspecific bands were 

detected. 
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Fig 27: Representative western blot for Mrp1 staining on Gunn CPs and  SHY5Y cells (Ref.Sample).  
The relative quantification of the transporters amount (Mrp1 or Pgp,  here Mrp1), has been performed running 
on the same gel a reference sample (SHY5Y) and both genotypes of the samples in analysis (A). Then the 
relative expression has been calculated from the non-linear regression curves obtained plotting the densitometry 
scanned values respect the total protein amount of the Ref:Sample loaded in the calibration serial dilution (B). 
The values have been normalized for the actins signal developed on the lower part of the same gel (A). The 
panel A, shows a typical staining for Mrp1 detected by the A23 antibody. On both Ref.Sample and CPs 
samples,  the antibody detect a defined, unique band. No un-specific bands, or degradation products are visible.
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The CPs obtained from Gunn rats dissection not revealed differences between the two 

genotypes at every post-natal age studied, by visual examination under stereomicroscope 

vision (data not shown).  

On LV CP at P2 the Mrp1 relative expression (Ref.sample 4V CP Jj P60) between 

genotypes is identical, then the Mrp1 amount in the homozygous hyperbilirubinemic animals 

decreases (Fig 28 left). The amount of the decrease between genotypes is around the 25%, 

33% and 30% of the age matched counterpart at P9, P17 and P60, respectively, reaching the 

statistical relevance from P17 (both P17 and P60, P≤0.02, paired T.test). In both genotypes no 

statistical developmental differences are detectable (left A). The analysis of gender specific 

samples, revealed an identical pattern of expression for Mrp1 between males and females (left 

B). 

 

In the 4thV CP (Fig 28 right) the reduction on the Mrp1 expression in 

hyperbilirubinemic rats is higher and is precocious. While the developmental Mrp1relative 

expression on Jj rats feebly increases reaching the adult level at P17, in jj the decrease is rapid 

and dramatic. Since P9 the Mrp1 amount in the jj rats is about the 50% of the age matched 

normobilirubinemic animals (statistically relevant, P≤ 0.01 on paired T.test) and stays around 

the 50% of the value observed in the Jj control also at P17 and P60 (statistically relevant, P≤ 

0.001 and 0.01, respectively) (Fig 28 right A). No gender differences were detected, as 

showed in Fig 28 right B. 

 

The comparison of the Mrp1 relative expression in the same genotype (compare Fig 

28 left and right), shows a significant difference between CPs from the 4th and the lateral 

ventricles in Jj animals at P60, when the LV CP Mrp1 amount is around the 70% of that 

measured in the 4thV CP (statistically relevant, P<0.05 on paired T.test).  

 

As discussed below, the relative amount of the transporters in samples has been made 

vs. the SHY5Y cells, and then mathematically changed in order to refer the values in a similar 

way with the Srague-Dawley report. By this way we shown a 7% of variability between the 

different 4thV CP batch dissected from the Jj P60 animals. 
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Fig 28: Mrp1 relative expression in the LV  and 4thV CP of the Jj and jj Gunn rats.  
The results are expressed as mean ± S.D. of more than 4 Western blot par age, from different samples (A). The
samples were obtained pooling  (par tissues, par age, par gender)  the CPs  dissected from 3, 4, 3 and 4 animals
for each post-natal age (P2, P9, P17 and P60 ± 1 day, respectively). The Mrp1 relative expression on samples
is expressed as % of the amount of Mrp1 in the Ref. Sample (P60, Jj, arrowed). In B, the results of gender
specific expression of Mrp1 are shown.  P≤0.05 (*); P≤0.01 (**); P≤0.001 (***) in paired T.Test. The per cent
represents the amount of Mrp1 in jj rats respect the age matched Jj genotype. 
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We investigated the down regulation of Mrp1 by Real-time PCR to understand the 

mechanisms involved in this event. The CPs from both LV and 4thV CP, and both genotypes, 

were dissected from P9 animals and homogenized in Tri-reagent. The relative expression 

(4thV CP Jj ref. Sample) of Mrp1, Mdr1a and 1b (together Pgp) mRNA was then analysed 

(Fig 29).  
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Fig 29: Treshold cycles in real-time PCR for the analysed mRNA (Mrp1, Mdr1a and
Mdr1b) and house keeping genes (Beta-actin, 18S and GAPDH in CPs. 
Analysis of the mRNA relative expression of the Mrp1 and Mdr1a/1b (togheter Pgp) genes in
the CPs of the P9 animals (female, each sample 4 animals). By the Ct, the highest abundance
of the Mrp1 mRNA in the CPs is pointed out. Both the Mdr1a and Mdr1b,  the two rodent
isoforms coding for the correspondent MDR1 in humans,  are weakly expressed. For the
quantification, tree house keeping genes have been employed, each corresponding to a
different functions in the cell. 
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The results show that while the Mrp1 protein expression in jj genotype is strongly 

down-regulate, the mRNA is not modified (Fig 30). Suggesting a post-transcriptional 

mechanism in the protein down regulation of Mrp1 expression. 
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Fig 30: Real time PCR analysis of the Mrp1 mRNA. 
 The mRNA relative expression of the Mrp1 shows no significant
differences between genotypes, indicating that the down-regulation of the
Mrp1 protein expression is post-trascriptional.  
For the quantification, the relative abundance of the Mrp1 mRNA, is
expressed as ratio of the Mrp1 mRNA calculated amount in the 4thV CP Jj
(=1,  reference sample, arrowed) Tree house keeping genes (beta-actin; 18S
and GAPDH), each corresponding to a different functions in the cell,  have
been employed to normalize the results. The results are expressed of mean
+/- standard deviation of 2 TR-q-PCR (on different samples). 
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Since we detected a low protein Pgp expression at the CPs of Sprague-Dawley rats, 

and the Mdr1a/b mRNA was detected by real time PCR in Gunn rats indicating the presence 

of this transporter, we evaluated the Pgp protein relative expression on Gunn CPs (Fig 31).  

 

The CPs are strongly involved on waste potentially toxic compounds from the CNS. 

The system plays in both direction, from the tissue to the blood, and via the CSF from the LV, 

to the 4thV CP and the cisterna magna, and finally out of the brain. In Gunn rats, the down-

regulation of Mrp1 on the baso-lateral side of the CPs, may be compensated by the up-

regulation of Pgp on the apical side of CPs, in order to waste bilirubin out of the CNS by CSF 

flow. 

 

As shown in Fig 31, the Pgp protein expression is barely detectable. At P2 and at P9 

post-natal ages, no signal has been detected despite the high amount of total CPs protein 

loaded (Fig 32). At P17 only a fain band is detectable and at P60, when Pgp shows the 

maximal amount in both jj and Jj CPs, the relative expression was below the 1% of the 

reference sample (MV P60 Jj). No differences between CPs or genotypes have been detected. 
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Fig. 32: Western blot for Pgp on Choroid Plexuses samples from jj and Jj Gunn rats. 
Despite the large amount of choroid plexuses total lysate loaded (30 μg/well), Pgp is barely
detectable. Conversely the in the MV (5 μg/well) the Pgp signal is strong, as well as is
present in the standard curve. 
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Fig 31: Pgp relative expression on Jj and jj Gunn rats Choroid Plexuses during the post-natal
development. 
The results are expressed as mean ±  S.D. of 2 Western blot from different samples. The relative expression of
Pgp in CPs is reported as % of the amount of Pgp in the Ref. Sample (MV P60, Jj). Albeit the high amount of CP
total protein loaded in Western blot, the Pgp amount in CPs is very low, and rests under the 1% of the Pgp
amount in the MVs (Ref.Sample: MV P60, Jj). Abbreviations: Non detectable (ND). 
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The localization of Mrp1 in Gunn rat brain slices was performed to study a possible 

re-allocation of the transporter in hyperbilirubinemic animals (Gennuso et al., 2004).  

Cryothome cutted slices from freshly isolated brain at the same post-natal age were 

used. On every slice, both genotypes were present, allowing a direct comparison of the Mrp1 

staining. A strong Mrp1 signal is detectable on CPs from both anatomical districts (LV and 

4thV CP) (Fig 33) and in both genotypes is localized at the baso-lateral side of the epithelial 

cells during all post-natal development. No differences between genotypes have been detected 

and any signal is present on parenchyma or in the negative control.   
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Fig 33: Immunofluorescence for Mrp1 on Gunn rat
brain slices during the post-natal development. 
The Mrp1 signal (green) is localized  at the baso-lateral
side (→, the blood face) of the choroid plexuses of both
Jj  (A, B, C and D) and jj (E, F, G, and H) genotypes at
every post-natal age examined (from P2 to P60, from
left to the right). In the parenchyma any signal is
revealed (*) (see in A, B, E, F, G), as well as no
background is detectable in the negative control
obtained omitting the first antibody (I). The Dapi
nuclear staining (blue) fails to reveals apoptotic figures
in the CPs. The image L, evidences the position of a LV
CP (‡)  respect to the ventricle, containing the cerebro-
spinal fluid (CSF) (§), the parenchyma (eht dna(
ependyma (arrowed) that lines the ventricle cavity,
separating the CNS tissue from the CSF. 
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BBB analysis. 

As mentioned below, the MVs have been isolated from Jj and jj Gunn rats by a 

protocol similar to the used at the INSERM, maintaining a good quality of the final 

preparation as shown in Fig 34. While the Pgp is the marker of MVs, the micro vessels 

preparations were used as reference sample for the relative quantification of this transporter. 

The results are expressed as means ± S.D. of the values derived from more than 3 Western 

blot from each age, performed with different samples, each formed pooling together par age 

and gender (8, 6 and 4 animals at P9, 17 and 60, respectively).  
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Fig 34: Adult MicroVessels freshly isolated from Jj and jj Gunn rats. 
In phase contrast microscope imaging of microvessels, the MV isolated from adult
Jj (A, B) and jj (C, D) are shown. The preparation are formed mainly by 
microvessels; in the panel A, same contamination is visible (↑). The jj preparation 
is less abundant, but any contamination is present (C). In B and D, magnification of 
the Jj and jj samples. the smaller diameter of the microvessels is appreciable due to
the elongated form took by the red blood cells inside the MV lumen. Scale bar 100 
μm in A, B; 25 μm in B, D. 
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The Pgp expression in jj animals at every postnatal age analysed is up regulated (Fig 

35). The up-regulation was already present at P9 when the amount of the transporter in jj rats 

is of 195.5% than in the age-matched Jj (statistically different from value obtained in age-

matched Jj rats; P < 0.001), reaching Pgp amount similar to these found in P17 aged Jj 

animals. At P17 and P60, the amount of Pgp in the Mv isolated from the hyperbilirubinemic 

animals is about of 130-140% respect the age matched Jj rats (at P60 statically different from 

value obtained in age-matched Jj rats; P < 0.05). 

The Pgp relative expression in both jj and Jj isolated MV increases about of 10 fold 

and 5 fold from P9 and P17 to P60, respectively. 
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Fig. 35: Pgp relative expression on Gunn rat MicroVessels. 
The results are expressed as  mean ± S.D. of 3 Western blot performed on
different batch of samples. The Pgp amount in the sample is expressed as
% of the Pgp amount in the Ref.Sample, MV P60, arrowed. The %
indicated in the figure represents the amount of Pgp in jj  rats respevt the Jj
age-matched animals. The samples were obtained pooling  (par tissues, par
age, par gender)  the MV isolated from 8, 6 and 4 animals for each post-
natal age (P9, P17 and P60 ±1 day, respectively).  P≤0.05 (*); P≤0.01 (**);
P≤0.001 (***)  in paired T.Test. 
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Similarly, the expression of Pgp detected on the whole cortices (Cx) is up-regulated at 

every post-natal age analysed. The Fig 36, shows a different pattern in the development as 

compared to MV, characterized by a low difference between the tree ages. This pattern is 

similar between the two genotypes. However, the amount of Pgp in whole Cx is low (see Fig 

37), confirming that Pgp is expressed exclusively in the endothelial cells forming the MVs.  
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Fig. 36: Pgp relative expression on Gunn
rat Cortex. 
The results are expressed as mean ± S.D. of 3
Western blot performed on different batch of
samples. The Pgp amount in the sample is
expressed as % of the Pgp amount in the MV
P60 Jj (Ref.Sample).  
The %  indicated in the figure represents the
amount of Pgp in jj rats respevt the Jj  age-
matched animals. The samples were obtained
pooling  (par tissues, par age, par gender)  the
MV isolated from 8, 6 and 4 animals for each
post-natal age (P9, P17 and P60 ±1 day,
respectively). P≤0.05 (*); P≤0.01 (**);
P≤0.001 (***)  in paired T.Test. 
Both P9 and P17: statistically different from
value obtained in age-matched control,
P≤0.01 in paired T.test. 
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Fig. 37: Typical western blot staining for Pgp on
Cx and MV of Jj and jj Gunn rats. 
The Pgp is strongest expressed in the MV of both
genotypes, and only a faint band could be detected
on the Cx, despite the difference in protein amount
loaded. Abbreviations: Cortex (Cx), MicroVessels
(MV), Heterozygous Gunn rats (Jj), homozygus
hyperbilirubinemic Gunn rats (jj). 
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On brain slices (Fig 38), the Pgp signal rests confined to the micro vessels. No signal 

was detectable in others brain structures or in negative control. About the localization of Pgp 

on micro vessels, the fragility of the tissues, especially in the jj genotype, and the 

impossibility to perfuse animals due to the antigen sensibility of the C219 Ab, ender difficult 

to define the Pgp localisation on MV, although the Pgp appears to be localized. 
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Fig 38: Immuno-hysochemistry for Pgp on Gunn rat brain slices. 
On both genotypes the Pgp staining is specific for the micro vessels. No signal was detected on parenchyma. 
 



DISCUSSION 
 

 92

I) SPD 

 
The blood–brain barrier and the blood–cerebrospinal-fluid barrier function together to 

isolate the brain from circulating drugs, toxins, and xenobiotics. Both present a large surface 

area for the exchanges, due to the extensive network developed by MVs, and the anatomical 

organization in numerous villi and apical microvillus-bearing membranes of the specialized 

epithelial cells (Keep and Jones, 1990) in BCSFB. 

The barrier phenotype derives from the presence of tight junctions (TJ) avoiding the 

paracellular diffusion of the molecules, and the presence of transporters located on both blood 

or CNS facing sides of the barriers, controlling the passage of the lipophylic molecules, that 

could cross the cellular membranes.  

Among those, the ATP-binding cassette transporters Pgp and Mrp1 appear to be key 

players in preventing access, or increasing elimination of numerous endo- and xenobiotics 

from brain (Schinkel and Jonker, 2003; Wijnholds et al., 2000). But there is a limited 

knowledge about their distribution and function of at the BBI. 

 

Ia) Mrp1 and Pgp relative expression on adult BBI 

By quantitative Western blot, we have demonstrated a “mirroring expression” of those 

transporters between the two brain barriers. The choroid plexuses are characterized by a 

strong presence of Mrp1 with a difference between the LV and the 4thV CP, the former being 

less expressed than the last, on the contrary the Pgp relative protein expression is virtually 

absent.   

By contrast Pgp is highly expressed in adult endothelial cells forming the MVs, where 

the expression of Mrp1 is 15-20 fold lower that in CPs.  

The immunofluorescence analysis on brain slices revealed that both ABC proteins are 

localized at the blood side: Mrp1 is localized baso-lateral in the CPs (BCSFB). Wile Pgp is 

apical on the micro vessels forming the BBB. This is the correct localization to avoid the 

entry, or increase the efflux from the brain, of the potentially toxic compounds. 

Previously Mrp1, has been detected in CP epithelium (Rao et al., 1999; Wijnholds et 

al., 2000) and also in cultured brain endothelial cells and neuronal cell lines. The Mrp1 

protein, mRNA and activity, in vitro, have been shown to be up regulated during culture 
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(Regina et al., 1998; Sugiyama et al., 2003; Miller et al., 2000). In rat freshly isolate MV, 

both Mrp1 mRNA and protein, were detected. 

The quantification of Mrp1 protein level and the immunohistochemical data presented 

in this thesis shows unambiguously that in the rat the CPs is the main site of blood-facing, 

Mrp1-dependent cellular efflux from the brain. Additionally, our results underline, for the 

first time, a difference in Mrp1 expression between CPs, which may suggest a different role 

for this organ on the two anatomical districts. Usually, the published data are referred to all 

CPs pooled together or, when not specified, to the LV CP alone. It is impossible to speculate 

about the meaning of the difference we have shown and additional studies are clearly needed. 

 

While Mrp1 seems not to be specifically expressed by endothelial cells forming the 

MVs but that other cells, such as astrocytes and oligodentrocytes, may express the transporter 

(Gennuso et al., 2004; Mercier et al., 2004). 

By contrast, Pgp seems to be expressed in manner almost exclusively on the 

endothelial cells, as suggested by the comparison of the MV/Cx ratio for Pgp expression and 

γGT test, and the specificity of the immunofluorescence signal for MVs in brain slices.  

While the Pgp expression on the capillaries forming the Pgp is well documented 

(Thiebaut et al., 1989; Jette et al., 1995a; Regina et al., 1998), its localization is controversial 

(Beaulieu et al., 1997; Mercier et al., 2004; Virgintino et al., 2002; Bendayan et al., 2002; 

Golden and Pardridge, 1999; Pardridge et al., 1997). The morphology of micro vessels, with 

the two leaflets closed, renders difficult to distinguish between the apical and basal 

localization. In our work, the double staining for Pgp and laminin indicates clearly an apical 

localization for Pgp. In humans and rat, the Pgp protein expression has been reported on CPs, 

localized by Immunohistochemisry at the apical side, facing the CSF (Rao et al., 1999). In our 

preparations, however, not quantifiable levels of Pgp were detected by Western blot, and any 

specific staining for Pgp was present in CPs, indicating that the major sites of Pgp-dependent 

brain efflux do not include this barrier, and may explain why clear functional evidence for 

Pgp activity at the BCSFB has not been produced. 

This specific pattern of Pgp and Mrp1 localization may be related to the characteristics 

of their respective substrates, metabolism and environment. Both transport proteins are multi 

specific. However, typical Pgp substrates are usually rather lipophilic (Leslie et al., 2005; 

Schinkel and Jonker, 2003) and the MV are surrounded by the lipid rich nature of brain 
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parenchyma which comprises oligodendrocyte-derived myelin sheathes, and neuronal and 

glial cellular membranes. So the main role of Pgp would be to prevent the otherwise likely 

accumulation of potentially deleterious lipid soluble toxins into the brain. 

Conversely, the choroidal epithelium is directly contacting the CSF, harbors high 

levels of Mrp1, and display the higher conjugating and detoxifying activity in the brain 

(Strazielle et al., 2004; Strazielle and Ghersi-Egea, 1999; Ghersi-Egea and Strazielle, 2001). 

Mrp1 at the blood side of the CPs, may limit the access of blood-borne amphiphilic 

compounds, eliminate the conjugates-metabolites, and control the central bioavailability of 

endogenous compounds, such as the leukotriene C4 inflammatory mediator, diffusing them 

out of the CNS. 

Data concerning the ABCs transporters on human brain in physiological situation are, 

obviously, rare (Nies et al., 2004). Our results on human BBB and CPs samples, suggest that 

the mirroring expression of Pgp and Mrp1 in blood brain interfaces observed in rat, may be 

true also for humans. Concerning the major variability in the expression Pgp expression on 

human CPs samples, we have to consider that the ABCs transporters are known as multi-drug 

resistance transporters involved in resistance against medical compounds. Medical treatments 

during the life or before death could modulate the expression.  

 

Ib) The Mrp1 and Pgp expression during the post-natal development of the rat 

With respect to the post-natal developmental profile, in our work the Pgp post-natal 

expression is referred at the isolated micro vessels.  The amount of Pgp increase 5 fold from 

the 9-day-old animals compared to the content found in capillaries from adult animals, and by 

immunofluorescence a evident signal is present still P2. These results are in agreement with 

previous data, obtained in whole brain of mice and rats (Matsuoka et al., 1999; Tsai et al., 

2002). The Pgp staining appears already associated with the luminal membrane, and the 

density of the stained MV seems to increase during all the post-natal development. This 

observation is corroborated by a study of Caley, that reported as the capillary density is lower 

in developing than in adult animals (Caley and Maxwell, 1970).  

All together these results suggests that the Pgp mediated protection at the BBB might 

not to be so efficient at the early post-natal stage than in adult life.  
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With respect to Mrp1, no evaluation of its developmental profile in brain has been 

reported so far. The Mrp1 amount in both CPs is high since the early post-natal age. Although 

the reproducibility of the data claims to caution, the decreasing trends, suggest a major role of 

CPs in the early-embryonic age rather than in adult brain. The results are not fully surprising. 

The CPs develops precociously (from E13 in rat), and are involved in the maintenance of the 

brain homeostasis and in driving the development of the CNS (Dziegielewska et al., 2001; 

Strazielle et al., 2005). Probably a fully functional activity of CPs is needed since the early 

stages of the life, and that could comprise also a precocious expression of the CPs associated 

machinery (Ghersi-Egea et al., 2006) and transporters. In developing brain, Mrp1 may 

participate in transporting some compound involved in the modulation of this structural 

development or helping in maintaining the brain homeostasis (redox state, energy) during 

these steps. As bilirubin is the physiological Mrp1 substrate with the highest affinity so far 

reported (Rigato et al., 2004), our data also raise the interesting hypothesis that this 

transporter in CP is involved in neuroprotection against excessive accumulation of bilirubin in 

the brain during physiological neonatal jaundice. 
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II) The Gunn rat: the bilirubin implications on the Mrp1 and Pgp expression at the BBI  

  

Historically the studies concerning the bilirubin entry into central nervous system have 

focused on the blood brain barrier, based on the theory (Diamond and Schmid, 1966; Aono et 

al., 1989; Hanko et al., 2003; Takahashi et al., 1984), that only the free unconjugated 

bilirubin, the part of UCB exceeding the binding capacity of the serum albumin, was able to 

cross the cell membranes (Brodersen, 1980; Ostrow et al., 1994; Zucker et al., 1999; Roca et 

al., 2006).  

Similarly the strong expression of Pgp at the BBB has been reported as the key factors 

in protecting from the bilirubin influx into the brain (Hanko et al., 2003; Watchko et al., 2001; 

Watchko et al., 1998).  

It was suggested that the high incidence of kericterus in infants, especially in pre-term 

newborns, was related to a lower efficiency in the Pgp mediated protection on blood brain 

barrier. 

Our results in Gunn rats show that the Pgp expression in MV of jj animals is up-

regulated at every post-natal age analysed, but the entity of this up regulation do not seems to 

be sufficient to confer protection until P17 when the amount of the transporter in both 

genotypes is about 5 times lower than in the adult animals. This post-natal developmental 

profile of Pgp expression is in agreement with that previously reported in normal rats 

(Matsuoka et al., 1999), and in mice (Tsai et al., 2002).  

According to the data, we suggest that the Pgp alone is not able to efficiently protect the CNS 

from the bilirubin flow, at least until the adult levels, reported to occurs around the 40 days in 

the rat (Matsuoka et al., 1999).  

This conclusion is in agreement with the observation that the UCB in the central 

nervous system is higher at P10 compared to the P21 (Roger et al., 1996). Interesting, in older 

animals (P32-36) traded with displacing agents and/or Pgp inhibitors before bilirubin 

infusion, the localization of the maximal H3-bilirubin concentration did not correlate with the 

typical brain areas damaged in kernicterus (Hanko et al., 2003), and  was not explained by a 

different tissue clearance ability (Hansen and Cashore, 1995).  

All these experiments have been done in Sprague-Dawley rats in witch the 

bilirubinemia was normal until the infusion of the pigment. Although, this is the best model to 

study the permeability properties of the brain interfaces, it does not take in account the 
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possible effects of a chronic exposition to high bilirubin levels on the blood brain barriers 

properties, as in the Gunn rat model.  

In fact, we have shown for the first time a strong down regulation of the Mrp1 protein 

expression in the blood cerebrospinal fluid barrier. Since P9 the amount of Mrp1 in the jj 

BCSFB drops, in the 4thV CP, to the about 50% than in the age matched Jj littermates. In the 

LV CP the decrease is less marked, but in any case the Mrp1 expressions in both jj CPs is 

strongly impaired.  

Also if the contributes of each barrier in limiting the brain inflow is difficult to asses, 

we assume that the down regulation of Mrp1 in CPs, strongly impairing the Mrp1 barrier 

mediated properties at the BSFB, is overlapped by the absence of Pgp mediated protection at 

the immature BBB, contributing in additive manner to the bilirubin entry in the brain. This 

might be responsible, at least in part, to the localization of the phenomena.  

A positive significant relationship between serum and cerebrospinal fluid bilirubin 

concentrations has been reported (Rodriguez Garay and Scremin, 1971). From the CSF, the 

bilirubin can easily diffuse into the tissue crossing the ependyma and accumulate in the peri-

ventricular regions. In fact, in kernicterus the more damaged brain regions are located in 

proximity of the ventricles, correlating with the exponential decrease in radiolabel bilirubin 

content respect to the distance from the ventricular surface in jj Gunn rats reported in H3-

bilirubin ventricular infusion experiments.  In the same experiment, the out-flow of the 

bilirubin from the CSF was founded significantly impaired in jj Gunn rats (Rodriguez Garay 

and Scremin, 1971), suggesting a difference in the outflow and accumulation property in 

Gunn animals respect others normal rat strains (Hanko et al., 2003). This may truly be 

explained by the Mrp1 strong down-regulation we founded. Conversely no reallocation of the 

transporter at the BCSF barrier was evidenced by immunoluorescence. 

 

As we reported, normally the Mrp1 protein amount is maximal in the 4thV CP (100%), 

respect the 70% in LV CP of Jj Gunn, and 60% of Sprague-Dawley animals. In jj rats the 

decrease of the Mrp1 amount in CPs is strongest in the 4thV CP (~50%) respect the LV CP 

(~30%). One possible explanation point out on the anatomy of the ventricular system. The 4th 

ventricle is at the end of the ventricular cavities and is possible that the bilirubin here 

accumulates prior to sort from the CNS, reaching their maximal amount and displaying the 

maximal effect.  
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By the same reasoning also the maximal bilirubin concentration founded in the 

cerebellum (Diamond and Schmid, 1966) of 18.9 μg bilirubin/gr tissue respect the 10.7 and 

3.0 μg/g tissue in the brainstem and cortex (Cannon et al., 2006) may be explained.  

In the experiments performed by Cannon, the total bilirubin content in the brain was 

higher on jj animals respect to the Jj counterparts, due to the different TBS (7.3 vs 0.15 

mg/dL; ratio 48.7). In the latter animals (Jj normo bilirubinemic animals) no difference in 

bilirubin concentrations between brain regions was founded, either in saline nor in displacing 

agents treated animals, differently from the jj genotype (Cannon et al., 2006). This claims to 

the concept of the “free bilirubin”, considered a better predictor parameter in bilirubin 

induced neurological dysfunction and kernicterus, respect the TBS (Ahlfors and Shapiro, 

2001; Ahlfors, 2001; Ostrow et al., 2003b; Calligaris et al., 2007).  

The maximal inflow of bilirubin is present in animals treated with displacing agents 

(Cannon et al., 2006), at every post-natal age examined, and this effect is greater than in 

animals treated with Pgp and/or Mrp1 inhibitors alone (Hanko et al., 2003). Roger argue that 

the different bilirubin-albumin (B/A) ratio may be one possible alternative explanation for the 

higher BBB bilirubin permeability on younger animals after the infusion of an identical 

amount of UCB at both P10 and P21 post-natal ages, corresponding to a B/A ratio about 15 

and 1.7, respectively (Roger et al., 1996). Experimental evidences do not support this 

hypothesis. 

Similarly in younger-adult rats (P32-36 days old), in witch the Pgp expression in brain 

seems to be similar to the adult level, the Pgp brain inflow is enhanced of the 24% by the Pgp 

inhibitor erythromycin, and of the 236% by the Pgp inhibitor and bilirubin-albumin displacing 

agent ceftriaxone (Hanko et al., 2003). 

In our study, the cBf in jj animals show the highest value of 500-250 nM till P9, then 

quickly drops to values 10 times lower (P17), reaching concentrations similar to the P2-9 old 

Jj rats (Fig 23). The latter, represents a bilirubin concentration not sufficient to cause any 

evident dysfunction in the Jj genotype thus we suggest in the 20-500 nM the range of the 

potentially toxic amount of free bilirubin in blood. It is supposable that in the CNS the 

amount of free bilirubin might be inferior, also if the impaired barrier properties and a 

possible reservoir effect have to be take in consideration.  

Maybe the purported neurotoxic threshold for Bf in vitro, until now reported in the 71-

770 nM (Ostrow et al., 2003b), might have to be revised in the lower values.  
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In fact, concentrations of 40 nM of Bf show effects on primary culture of astrocytes 

(Gennuso et al., 2004). Additionally, data recently produced in our laboratory indicate that 

cultured neurons display cytotoxicy from 10 nM of Bf. And Bf
 
of 20 nmol/L (1.2 μg/dL) in 

blood was hypothesized to be a risk threshold for bilirubin toxicity in term infants based on 

the highest Bf 
 
measured after titrating cord sera (Wennberg, unpublished data).  

The highest level of (calculated) free bilirubin is attended in the first week of life. 

During this period both the impaired growth of the cerebellum and the Mrp1 down-regulation 

on CPs take place, indicating in the first week of life the determinant period for BIND in rats. 

  As the expression of Mrp1, this is the first time, at the best of my knowledge that was 

reported as inhibited in jj rats. The mechanism involved in Mrp1 down regulation is still 

unknown. The mRNA analysis shows no differences between genotypes in both ventricles, 

suggesting a post-transcriptional mechanism. At the same time, Pgp expression on MV and 

Cx is enhanced. 

One possible hypothesis concerns the inflammatory properties of bilirubin.  

According with this observation, the pigment is able to trigger pro-inflammatory cytokine 

release from cultured microglia (Gordo et al., 2006) and astrocytes (Fernandes et al., 2006). 

While a short exposure the pro inflammatory cytokines triggers the down regulation of both 

function and protein expression of Pgp in MV (Hartz et al., 2006; Bauer et al., 2005), recent 

data suggest that a chronic exposure of brain capillaries to TNF-α increases both transport 

activity and the transporter protein expression (Bauer et al., 2007). But the inflammation in 

vivo has been denied (Ahdab-Barmada, 2000). 

In contrast to inflammation, cellular stress (such as reactive oxygen species), 

unambiguously up-regulates the Pgp transporter (Bauer et al., 2005; Samoto et al., 1994; Felix 

and Barrand, 2002). In agreement, both the expression and the Pgp activity have been 

founded increased in the oxidative stress situation triggered by the GSH depletion on micro 

vessels endothelial cells (Hong et al., 2006).  

Bilirubin seems able to induce the glutamate release from both cell type, microglia and 

astrocytes (Fernandes et al., 2004; Gordo et al., 2006; Silva et al., 1999), and causes an 

impairment of the redox state of the cell (Rodrigues et al., 2002b). In agreement, the 

glutamate treatment of cultured endothelial cells induces reactive oxygen species formation 

and up-regulation of Pgp by a NMDA receptor mediated mechanism (Zhu and Liu, 2004; 
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Bauer et al., 2007). But the bilirubin ability to cause glutamate neurotoxicity has been 

recently denied both in vitro and in vivo (Tiribelli and Ostrow, 2005).  

 

By contrast, no data are available for the Mrp1 on BBI. The unique reported down-

regulation of Mrp1 has been done by a COX2 specific inhibitor, colecoxib. But in this study, 

the effect is both at the mRNA and at the protein level (Kang et al., 2005). The cellular 

signalling pathway is unknown and the only common feature between bilirubin and 

colecoxib, seems to be the inhibition of p38 MAP Kinases (Ollinger et al., 2005). Unlikely, 

others authors reports an activating properties of bilirubin on p38 (Fernandes et al., 2006).  

In conclusion, the complexity of the molecular mechanisms and the paucity of the data 

concerning the specific pathway involved in bilirubin-induced neurotoxicity needs to be 

clarified and investigated.  

 

Finally, Garay pointed out the idea that UCB entry in the central nervous system from 

the blood may occurs through the ventricular system (Rodriguez Garay and Scremin, 1971). 

In line with this indication, and expanding the reasoning of all the compounds that could 

potentially enter in the CNS via the BCSFB, the protracted down-regulation of Mrp1 may 

assume important consequences, especially if what we have seen in rats takes place also in 

humans. We may hypotheses that in babies that have suffered BIND or in CN type I patients, 

the Mrp1 related protection at the BBI, remains at length reduced as well as the transport of 

physiological Mrp1 substrates may be altered (LC4, GSH- and gluthatyon conjugates, 

medical compounds, etc).  

 

 

 



CONCLUSIONS 
 

 101

Collectively, the data obtained from the two models studied during my thesis, have 

permitted to define: 

1) A mirroring pattern of expression for Mrp1 and Pgp transporters at the two principal 

blood brain interfaces in adult animals. With the BBB characterized by Pgp, and the 

BCSFB by Mrp1.  

2) This differential expression is not modified by the hyperbilirubinemia. 

3) Both transporters are localized at the blood side of the respective barriers. Mrp1 is baso-

lateral on choroid plexuses cells, and Pgp apical on MVs, and the localization is well 

defined all long the postnatal development. 

4) The hyperbilirubinemic condition does not modify the Mrp1 localization on BCSFB 

witch remains baso-lateral during all the post-natal development. Similarly, the Pgp 

apical localization on MVs doesn’t seems to be modified. But the technical troubles 

rend necessary additional data. 

5) The Pgp expression is exclusive of the endothelial cells forming the MVs, and is 

increased in jj Gunn rats. 

6) Conversely the Mrp1 transporter is present also in parenchyma cells (probably 

astrocytes and oligodendrocytes) with the higher expression on CPs, where a difference 

between the LV and the 4thV CP has been evidenced. 

7) We showed a different post-natal developmental profile of expression for the two 

transporters. Pgp increase from P9 to P60 on BBB, while Mrp1 is present early and at 

levels similar or slightly higher than in adults on BCSFB.  

8) The bilirubin toxic effect on Mrp1 expression in CPs during development leads to a 

marked and precocious decrease of the transporter expression and this down-regulation 

appears to be post-translational. The Pgp developmental profile of expression is not 

significantly modified, although the Pgp amount in jj animals is increased. 

 

All together these results indicate that the two barriers differs.  

A) The BBB is surrounded by the lipid rich environment of the parenchyma and develops 

post-natally, in agreement with the Pgp substrate preference for lipid compounds and the 

strong increase of expression from the early post-natal stage to the adult life. The Pgp 

mediated defence is not so efficient in the early post-natal age than in adult. 
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B) The CPs are located between two fluids, the blood and the CSF, they are important for the 

development of the brain since the embryonic period and posses the maximal phase II 

metabolic activity in brain. The Mrp1 mediated protection at the BCSFB is developed 

since the birth and may be involved in the transport of same compounds important in the 

development of the brain, or in the maintenance of its redox state, or in transporting 

conjugate metabolites (LC4, GSH end redox state balance; GS- sulpha- gluthatyon 

conjugates). 

C) During the hyperbilirubinemia the Pgp offered protection is not sufficiently modulate until 

P17, when the cBf is elevated and could cross the barriers accumulating in brain, and its 

accumulation may be facilitated by the simultaneously Mrp1 strong impairment. 

Additionally, this deficit hosts rests at length and may be have consequences in the Mrp1 

substrate transport ((LC4, GSH end redox state balance; GS- sulfo- gluthathyon 

conjugates). 
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