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In infants and in the Crigler-Najjar syndrome type I patients, severe 

hyperbilirubinemia due to high levels of unconjugated bilirubin (UCB) may cause 

Kernicterus, leading to an irreversible and selective brain damage. The Gunn rat 

is the animal model for the study of these pathologies. 

It has been suggested that different enzymes of the phase I (cytochrome P-450-

dependent mixed function oxygenases 1A1, 1A2, 2A3), phase II (glutathione-S-

transferases α2, α3, µ3, µ4, π) and phase III transporters (particularly, Mrp1) 

seems to be involved in UCB detoxification pathways. However, to date, their in 

vivo brain expression has been evidenced only at the blood-brain interfaces, 

while remains largely unexplored in brain parenchyma.  

Particularly for Mrp1, in vitro evidence reported a role of this transporter in 

protection of neural primary cultures from dissected cortex, by extruding 

bilirubin out of the cell. 

The aim of this study is establish the developmental profile of these genes in 

brain parenchyma, and assess their alteration in hyperbilirubinemic jj animals. 

Due to the high regional selectivity of UCB-induced neurotoxicity, cerebellum 

(Cll), striatum (St), hippocampus (Hip) and cerebral cortex (Cx) were chosen for 

this study. 

Our results regard the Mrp1 protein in cerebral cortex of normobilirubinemic (JJ) 

rats showed that its expression varied during the post-natal age, reaching the 

highest levels at 9 days after birth. No changes were found between JJ and Jj 

(having a temporary hyperbilirubinemia in the first week of life) rat for all ages 

analyzed. Similarly, no differences were detected among JJ/Jj and jj 

(hyperbilirubinemic) rats at P2, P17 and P60, while a significant increase (p < 

0.005) was evidenced in P9 jj rats as compared to age-matched JJ animals.  

Our Mrp1 mRNA analysis in four regions of P9 animals by Real Time-qPCR 

revealed the absence of differences among Cx, Cll, St and Hip of P9 

normobilirubinemic JJ rats. Moreover, no variations between jj and JJ control 

animals were detected. 

Regarding the Mrp1 protein expression in the same four regions by Western blot 

analysis, our results showed that the levels of this transporter in 
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normobilirubinemic JJ rats were lower in Cx, similar in Cll, St and Hip (p < 0.05 

vs Cx). Comparing genotypes, a reduction on Mrp1 in jj animals (compared to 

Mrp1 amount in the same region of JJ pups) was detected in Cll, St, but reached 

the statistical significance only in Hip (p < 0.05 vs Hip JJ). 

The analysis of CYPs gene expression in P9 Gunn rats indicate that CYP1A1, 1A2 

and 2A3 mRNA were differently expressed among Cx, Cll, St and Hip of JJ rat. 

Similarly a region-specific modulation of CYPs expression in jj Gunn rats 

(compared to JJ) was pointed-out. Surprisingly, UCB seems to generate a 

plateau effect on CYPs mRNA levels among brain regions of jj rats. 

In P60 JJ Gunn rats the CYPs expression is higher than in P9 animals, with the 

following pattern among regions: Cx > Cll=St > Hip. A down-regulation (p < 

0.05) in St of P60 jj compared to normal animals was observed.  

Analyzing the GSTs expression in P9 animals, higher variability in the GSTs 

expression among the four brain areas was evidenced. In hyperbilirubinemic (jj) 

rats (compared to JJ), statistically relevant down-regulations were detected for 

GSTα2 (in St;p < 0.05), GSTα3 (in Hip;p < 0.05), µ3 (in Cx;p < 0.01), µ4 (in 

Cx; p < 0.05) and π (in Cll: p < 0.05); while GSTµ4 was up-regulated in St (p < 

0.05). From P9 to P60, in JJ animals: GSTα3 expression increased (13-75-fold 

depending on the region); while GSTα2 (5-fold), µ3 (p < 0.05), µ4 (2-fold) and 

π (2-fold) mRNA amounts decreased. In P60 jj Gunn rats, compared to controls 

(JJ):a relevant up-regulation of GSTα3 was observed in Cll (p < 0.005) and Hip 

(p < 0.05), while GSTµ3 in jj was down-regulated (p < 0.05). 

The Mrp1 results obtained in the present in vivo study seems not to be in 

agreement with the in vitro data reported, to date. Thus, the Mrp1 expression is 

low in brain parenchyma and bilirubin affect (up-regulation) only marginally the 

protein amounts in cortex of P9 animals, while in other regions Mrp1 is not 

modulated, indicating a marginal role in vivo in bilirubin clearance.  

Similarly, while in liver GSTα2 and α3 act together as ligandin, this seems not 

happens in brain where the two subunit are expressed at very low levels (P9: α2 

77000- α3 1500 fold difference; P60: α2 112000-α3 2200 fold difference with 

respect to age matched livers). 
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For all genes under analysis, a very complex and variable pattern of expression 

among brain areas was evidenced. Consequently, no general rules concerning 

bilirubin-induced modulation could be drawn, as both up and down-regulation 

were observed. Additionally, in Cx of P9 jj animals, a translational control of 

Mrp1 might be hypothesized due to a significant increase in Mrp1 protein, 

without changes in mRNA level. 

Therefore, the genomic screening made in this work provides the first general 

overview on the mRNA developmental profiles of several CYPs and GSTs genes 

in brain parenchyma (specifically Cx, Cll, St and Hip) of normal rats, and of 

animals suffering from hyperbilirubinemia, underlying the necessity to find 

functional evidence to finally understand the role of these enzymes associated 

with the kernicterus and Crigler-Najjar type I syndrome pathologies. 
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1.1- BILIRUBIN 

1.1.1- FORMATION 

Bilirubin is the final product of the heme catabolism mainly in the 

reticuloendothelial compartment of the spleen. The principal sources of bilirubin 

are the breakdown of haemoglobin in senescent or hemolyzed red cells (80-

85%) and the degradation of myoglobin, cytochromes and other hemoproteins 

(15-20%) (75, 88, 90) (Fig. 1.1). 

The enzymatic heme degradation is mediated by microsomal heme oxygenase 1 

(HO-1) (76, 82, 112), which catalyzes the oxidative cleavage of the heme ring 

in presence of molecular oxygen and NADPH. This reaction produces a linear 

tetrapyrrole, biliverdin, carbon monoxide and iron (118). Then, biliverdin is 

reduced to bilirubin by biliverdin reductase (Fig. 1.1). 

 

 

 

Fig. 1.1: Bilirubin metabolism. Dennery et al., 2001. 
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1.1.2- METABOLISM 

In blood, UCB is tightly bound to albumin. However, the transfer of bilirubin 

from the plasma into the liver requires the dissociation of bilirubin from albumin. 

At the sinusoidal surface of the hepatocyte, only the bilirubin enters into the 

hepatocyte by facilitated diffusion, where is kept in solution by binding to 

cytosolic proteins. The principal proteins involved in UCB sequestration are the 

ligandins, which comprises two classes of glutathione-S-transferases (GSTα1 & 

α2) (42, 74). The binding to these enzymes, increases the net uptake of 

bilirubin by reducing efflux from the hepatocyte to the blood. In liver, UCB is 

conjugated with glucuronic acid to generate an excretable form (bilirubin 

diglucuronide or monoglucuronide). This reaction is catalyzed by a specific 

isoform of uridine diphosphoglucuronate glucuronosyltransferase (UGT) family, 

UGT1A1 which catalyzes the transfer of the glucuronic acid moiety from UDP-

glucuronic acid (UDPGA) to bilirubin. Finally, conjugated bilirubin is excreted 

across the bile canaliculus against a concentration gradient by an ATP-

dependent protein (ABCC2-MRP2) (55) in the intestinal lumen, and converted 

within the bowel to a series of urobilins (26, 64, 103) (Fig. 1.2). 

In pathological situations, any abnormalities of this metabolic pathway cause 

hyperbilirubinemia, and depending of the step in which that alteration is 

produced, different kinds of hyperbilirubinemia may be produced, each one with 

different pathological consequences. Particularly, the step 4 in Fig. 1.2 is 

considered the key point that determine the presence of unconjugated or 

conjugated hyperbilirubinemia, according if the block occurs before or after the 

point 4, respectively. In this work, we will focus our attention only in the 

pathological diseases associated with the unconjugated hyperbilirubinemia. 
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1.1.3- STRUCTURAL CARACTERISTICS  

Bilirubin presents three principal molecular structures: unbound unconjugated 

(UCB), albumin-bound unconjugated bilirubin and mono/di glucuronide 

conjugated bilirubin (CB), whose variable number of exposed reactive groups is 

the determinant factor in its further metabolism (64) (Fig. 1.3). 

UCB is a tetrapyrrole with two propionic groups. These groups form an 

intramolecularly hydrogen-bonded “ridge-tile” conformation converting this 

pigment into a lipohilic molecule, most frequently in the IXα isoform (6, 73). 

 

 

Fig. 1.2: Hepatic metabolism of bilirubin. (1) Bilirubin is transported bound to albumin. (2) 
Bilirubin is dissociated from albumin and enters hepatocytes by facilitated diffusion. (3) 
Binding to glutathione-S-transferases (GSTs). (4) Bilirubin is converted to mono- and 
diglucuronide by the action of UGT1A1. (5) Bilirubin glucuronides are actively transported 
into bile by ATP dependent pump ABCC2  (MRP2). Roy Chowdhury et al., 2001. 
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The “ridge-tile” conformation adopted by the UCB molecule, in which the 

interplanar angle between the dipyrrinone groups is about 100°, allowing each 

of the two propionic groups to make three hydrogen bonds with the opposite 

dipyrrinone ring system and preventing them from interacting with water, make 

this UCB-H2B essentially not hydro soluble (43, 61). 

 

Fig. 1.3: Bilirubin structures. Unconjugated or “free”, albumin-bound unconjugated and 
conjugated bilirubin (mono- and di-glucuronides). Kirk et al., 2008. 
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However, at physiological pH values in plasma (7.4), tissues (7.0), and bile (6.0 

to 8.0) a significant ionization of the -COOH groups of the natural IXα isomer 

occurs, generating in addition to the uncharged diacidic (H2B) form, the 

monoanionic (HB-) and the dianionic (B2-) species (89) (Fig. 1.4). The 

proportions of the free UCB species is determined from the pK'a values of the -

COOH groups on the two carboxymethyl (propionyl) side chains and the 

environmental pH (43). In blood the diacidic specie is the preponderant form of 

UCB (more than 80% respect to the others charged species, Fig. 1.4) being also 

the lesser soluble form in aqueous solutions (solubility<70 nM at 25°C, pH 7.4). 

 

1.2- FREE BILIRUBIN THEORY 

As a consequence of its poor solubility in aqueous solutions, in physiological 

situation, over 99.9% UCB is transported in the blood bound to albumin and less 

than 0.1% of the pigment remain unbound. This small unbound fraction of 

bilirubin is called “free bilirubin” (Bf) (2, 124). 

 

Fig. 1.4: Quantity of UCB  unbound species from pH 6 to pH 8. Hahm et al., 1992. 
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The bilirubin/albumin ratio is the determinant factor of the quantity of Bf. Thus, 

two possibilities need to be considered, depending if the bilirubin/albumin ratio 

is lower or higher than 1. In the first one, when the bilirubin/albumin ratio is 

lower than 1, UCB circulates in the blood almost bound to human serum albumin 

(HSA), being the 435 µM (25 mg/dL) the highest quantity of UCB transported 

bounded to HSA (10). While in the second one, if the bilirubin/albumin ratio is 

higher than 1, the albumin capacity for UCB binding is surpassed and the 

concentration of Bf quickly increases. Consequently, this form can passively 

diffuse across membranes (37, 130) conditioning the quantity of UCB that arrive 

into the tissues, which is the final responsible of UCB damage in the brain. This 

concept was first postulated in 1959 by Odell as the “Free Bilirubin Theory”. As a 

consequence of this theory, it was recommended the measurement of Bf level 

as a better indicator than the total bilirubin to the possible development of 

kernicterus. 

 

1.3- DISORDERS OF BILIRUBIN METABOLISM 

Unconjugated bilirubin has been involved in different metabolic abnormalities 

from neonatal jaundice, kernicterus to Crigler-Najjar syndromes (37, 38). 

Particularly, the term Bilirubin-Induced Neurological Dysfunction (BIND) is a 

score that has been proposed as a tool to objectify the neonatal neurological 

exam in infants with unconjugated hyperbilirubinemia (88). The BIND score has 

not yet been validated but it will refer to the subtle encephalopathy with 

permanent but no classical sequelae due to a less severe hyperbilirubinemia 

(109). 

1.3.1- NEONATAL JAUNDICE 

When the infant is developing along the pregnancy period, the adequate 

quantity of oxygen for the normal development needs a high haemoglobin 

concentration. The pigment is able to capture the oxygen from maternal blood 

to carry it on the fetal tissues. Once the oxygen is enough to completely fill the 

lungs, their requirement decreases drastically. 
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Specifically, the term neonatal jaundice has been referred to the physiological 

hyperbilirubinemia generated in normal newborns. This condition is principally 

caused by two factors: on one hand, a short red blood cells life in the full term 

newborn (97-110 days in neonates vs. 120-127 days in adults) (111, 121) 

which is responsible of a high bilirubin production and on the other hand, the 

immaturity of the liver that causes a diminished excretion of bilirubin, both 

parameters compared to normal adults (63). 

Almost two thirds of all neonates babies develop jaundice in the first 5 days of 

life due to elevated serum bilirubin levels (mainly as UCB) with concentrations 

varying between 10 mg/dL and above 15 mg/dL (16% and 5% of newborns, 

respectively) (62). 

Neonatal hyperbilirubinemia is innocuous in almost all cases, and serum bilirubin 

values spontaneously diminish at comparable levels to adults after the first 10 

days of birth (103). 

Nevertheless, if the bilirubin concentrations continues to rise after the first week 

of life, determining a risk of neurological consequences, the most current 

treatment is the phototherapy. Phototherapy decreases the unconjugated 

hyperbilirubinemia, reducing the risk for the newborns. Concerning this issue, 

there are different parameters that are considered as references allowing the 

better and effective use of this technique (5, 67, 83, 95). 

In addition, specific guidelines are proposed to identify infants at risk for severe 

hyperbilirubinemia that basically include: serum bilirubin concentrations 

(considering levels greater than 20 mg/dL as a high risk); identification of poor 

feeding and lethargy and demographic risk factors (57, 94, 95). 

More importantly, if severe hyperbilirubinemia is not properly managed, a 

permanent form of brain damage called kernicterus can occur (69). 
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1.3.2- KERNICTERUS 

In 1847, Hervieux was the first to report yellow staining of brain nuclei in a 

severely jaundiced baby (46). In 1875, Orth observed bilirubin pigment at 

autopsy in the brains of severely jaundiced infants (87). The term kernikterus 

(from the German kern, nucleus, and the Greek ikterus, jaundice), was first 

used in 1903 by Schmorl, who described similar yellow staining of brain nuclei in 

infants who died with severe neonatal jaundice.  

Sometimes it has been used indistinctly the terms kernicterus and acute 

bilirubin encephalopathy, however they represent different conditions. 

Therefore, the American Academy of Pediatrics Subcommittee on Neonatal 

Hyperbilirubinemia recommended that in infants the term acute bilirubin 

encephalopathy has to be used to describe the acute manifestations of bilirubin 

toxicity seen in the first weeks after birth, and that the term kernicterus has to 

be reserved only for the chronic and permanent clinical sequelae of bilirubin 

toxicity (95). 

The neuropathology of kernicterus refers to the chronic neurologic condition 

caused by the yellow staining of specific brain regions as a consequence of UCB 

deposition. In newborn infants and patients with Crigler Najjar syndrome type I, 

the zones of the brain involved in this pathology are basal ganglia (globus 

pallidus and subthalamic nucleus), various brainstem nuclei (especially the 

auditory-cochlear nucleus, inferior colliculus, oculomotor and vestibular), 

cerebellum (Purkinje cells) and hippocampus (CA2 sector) (4, 27, 45, 88, 95, 

122, 123, 125). 

In infants with kernicterus, it has been recognized a progression of three clinical 

phases during the neonatal period. In the first clinical phase the infant becomes 

lethargic, hypotonic and sucks poorly. In the second phase, the infant becomes 

hypertonic with retrocollis (backward arching of the neck) and opisthotonus 

(backward arching of the trunk) and frequently develops fever and high-pitched 

cry. In the third phase, usually after one week, hypertonia gradually becomes 

less pronounced and is replaced by hypotonia (120). In the final stage, also 

known as fourth phase, the classic tetrad of chronic irreversible bilirubin 

encephalopathy are athetoid cerebral palsy, deafness or hearing loss, 
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impairment of upward gaze, and enamel dysplasia of the primary teeth (18, 

108). 

As kernicterus is a preventable but no treatable pathology, the main focus is a 

preventive approach. For this reason, two important points regard this issue 

need to be considered: first one, raise awareness amongst medical doctors to 

seriously consider the possibility of jaundice as a risk factor for the newborns 

and consequently establish an obligatory schedule of newborns follow-up 

examinations and second one, provide an appropriate parents education 

regarding this pathology. These factors are very important, especially in the first 

48 h of discharge, when almost all cases may be identified. Therefore, primary 

care by pediatricians and parents can be reduce the readmission rates (77, 

110). 

 

1.3.3- GILBERT SYNDROME 

Gilbert syndrome is the mildest and harmless form of inherited unconjugated 

hyperbilirubinemia. On the basis of serum bilirubin levels (from normal to 5 

mg/dL), 3-10% of the general population are estimated to have this pathology 

(91). Hepatic UGT1A1 activity is reduced about 30% of normal conditions due to 

the presence of a variant TATAA element (which contains two extra nucleotides, 

TA) in the upstream promoter region of the gene UGT1A1 (8). Homozygosis for 

the variant promoter is required for Gilbert syndrome, but is not sufficient for 

the manifestation of hyperbilirubinemia, which is partly dependent on the level 

of bilirubin production (58). 

 

1.3.4- CRIGLER-NAJJAR SYNDROMES 

Crigler and Najjar described the first seven patients with severe forms of 

congenital non-haemolytic jaundice in 1952. Of these patients, six died in early 

childhood with kernicterus. Since their initial study, this lethal inherited disorder 

is called Crigler–Najjar (CN) syndrome (21). 
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Two types of CN syndrome are known: CN type I (CN-I) and CN type II (CN-II) 

characterized, respectively, by serum bilirubin levels of 20–50 mg/dL and 7–20 

mg/dL (103). 

Both severe forms of inherited unconjugated hyperbilirubinemia are very rare, 

affecting one in 1x106 newborns. The difference between CN-I and CN-II 

syndromes is based on the UGT1A1 activity and the response to phenobarbital 

administration. CN-I is the more severe type, characterized by the absence of 

UGT1A1, no response to phenobarbital treatment and consequently chronic non-

haemolytic unconjugated hyperbilirubinemia leading to the risk of bilirubin 

encephalopathy. While in CN-II patients the activity of UGT1A1 is decreased and 

a significant reduction of serum bilirubin level is obtained with phenobarbital 

administration, rendering this condition less fatal (37, 52). Patients with CN-I 

should be treated with exchange transfusions after birth and daily phototherapy, 

even so the liver transplantation is the only definitive therapy in order to 

prevent bilirubin encephalopathy (119). 

 

1.4- GUNN RAT 

Gunn rat is a mutant strain of Wistar rat discovered by C.H.Gunn in 1934 (41). 

In the homozygous (jj) Gunn rat, jaundice is inherited as an autosomal 

recessive feature caused by the inability to glucuronidate bilirubin as a result of 

the lack of UGT1A1 hepatic enzyme (68, 105). Consequently, these animals 

manifest an entire life of nonhemolitic unconjugated hyperbilirubinemia (53, 66) 

and the spontaneous development of kernicterus (128). 

The molecular basis of UGT1A1 deficiency in this strain is the deletion of single 

guanosine in the common region exon 4, which results in a frameshift, leading 

to a stop codon and consequently the loss of the terminal 150 aminoacids (15, 

54). 

The hyperbilirubinemic (jj) Gunn rat presents marked cerebellar hypoplasia, 

being the Purkinje cells especially affected (104, 106, 117). 
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The heterozygous (Jj) Gunn rat have reduced UGT1A1 activity and thence a 

temporary hyperbilirubinemia is developed in the first week, despite phenotypic 

manifestations of jaundice. However, all studies performed before of the Gunn 

rat normal homozygote (JJ) strain generation (Zarattini et al., FELASA, 2010-

accepted) used this Jj genotype as a control. 

Considering that the homozygous jj Gunn rat (Fig. 1.5) is the only animal model 

in which the kernicterus occurs spontaneously and also the fact that the genetic 

lesion which is present in these animals is closely correlated to those found in 

CN I patients (16), convert the Gunn rat in the best model for the kernicterus 

and CN I. 

 

1.5- THE RAT BRAIN 

1.5.1- NEUROANATOMY 

The brain is made of three main parts: the forebrain (or telencephalon), 

midbrain (or mesencephalon) and hindbrain (or metencephalon) (Fig. 1.6). Due 

to the complexity of the whole brain structure that define each region, we will 

only focus our attention on the anatomical and functional description of the 

areas considered as target for our study.  

 

Fig. 1.5: Gunn rat, the animal model for the unconjugated hyperbilirubinemia. 
JJ: normobilirubinemic, jj: hyperbilirubinemic Gunn rats. 



Chapter 1-Introduction 
 

19 
 

 

1.5.1.1- CEREBRAL CORTEX 

The rat cerebral cortex is part of the forebrain and can be subdivided into 

neocortex or isocortex and allocortex, which are separated by a transition zone. 

The allocortex is the phylogenetically oldest cortex; while the neocortex 

represent the phylogenetically youngest cortical region, which shows a 

homogenous lamination into six layers. The regional differences in laminar 

architecture are based on their connectivity and function as either motor or 

sensory regions (20, 93). 

The rat neurogenesis in this brain area occurs in the period between gestational 

day (GD) 14 and GD 21-22, and consequently this process is finished at the 

moment of birth (98). 

The principal cell types in cerebral cortex are astrocytes and neurons. 

Considering the distribution of these cells, 80% is represented by astrocytes, 

while the remaining 20% is formed by neurons (48). 

At present, no apparent damage due to UCB in this brain region has been 

reported, and for this reason it is considered as control for studies of damage or 

accumulation induced by UCB. 

Fig. 1.6: Sagital section of the rat brain. Paxinos, 2004. 



Chapter 1-Introduction 
 

20 
 

1.5.1.2- CEREBELLUM 

The cerebellum constitutes part of the hindbrain. Structurally, this zone consists 

of a large mass of white matter, the medulla, over which a greatly folded layer 

of grey matter, the cerebellar cortex is disposed. The cortex has a very complex 

structure, made up of many different kinds of neurons, but in common sections 

it appears to be composed of only three distinct layers. The outer or molecular 

layer is homogenous, with a few small cell nuclei. The inner, or granular layer, is 

composed of cell bodies closely packed together. The outermost row of cells in 

this layer is made up of very characteristic large, pyriform cells, the Purkinje 

cells, of which the axons pass straight down into the white matter, while the 

large, branched dendrites extend out through the molecular layer (20, 93). 

The main function of this region is the coordination or balance equilibrium (20, 

49, 93). 

The cerebellum presents a clear post-natal neurogenesis, in which that process 

initiates on GD 12 and continues beyond the 16-19 days after birth (P16-19) 

(98). 

In the cerebellum, neurons and astrocytes represent the 80% and 20%, 

respectively (48). 

The UCB-induced damage in this brain area was reported in different studies, in 

which a cerebellar hyploplasia was evidenced, being particularly affected the 

Purkinje cells (104, 106, 117). Moreover, the damage in this cell type seems to 

be increased with the post-natal development (from P7 to P23); while at post-

natal age 30, the most affected cells were dead and less affected cells can 

recover and reach the adult age (117). 

 

1.5.1.3- STRIATUM 

The striatum comprises the caudate, putamen and nucleus accumbens and is 

part of the forebrain together with others minor structures. 
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The neurogenesis process in the striatum has a temporal range comprised 

between GD 14 and P0-3, which determines that the neuronal cells formation is 

almost complete in the first days after birth (98). 

The neuronal composition in this brain region is represented by a neurons/ 

astrocytes ratio of 80:1, which results in about 98% of neurons and 2% of 

astrocytes (86). Particularly, the neurons population is mainly characterized by 

one neuron cell type, the medium spiny projection neuron (MSN), which 

constitutes more than 95%; while the remaining striatal neurons are 

interneurons. MSNs adopt its name from their morphologic aspect, with a cell 

body approximately 20-25 µM in diameter and radial 7-10 moderately branched 

dendrites with abundant spines.  

In addition, the striatum is unique between the brain structures in its complete 

lack of glutamatergic neurons. Instead, most of them cells are GABAergic (65). 

Importantly, the MSN cells contain glutamic acid descarboxilase, which is the 

enzyme responsible of the decarboxilation of glutamate to produce GABA 

neurotransmisor and CO2. Thus, glutamate which is the substrate of this enzyme 

is very important in regard our study, because it was demonstrated that UCB 

induced the extracellular accumulation of glutamate (113) as a result of reduced 

uptake or increased secretion (29, 31), which may produced the induction of N-

methyl-D-aspartate (NMDA) glutamate receptors and excitotoxicity (39, 78). 

 

1.5.1.4- HIPPOCAMPUS 

The hippocampus is another structure of the forebrain. In a general structural 

view, the hippocampal region includes two sets of cortical structures, the 

hippocampal and the parahippocampal formation. The main differences between 

both anatomical areas are the number of cortical layers. The first one, comprises 

three regions: the dentate gyrus; the hippocampus, which is subdivided into 

three fields (CA1, CA2 and CA3) and the subiculum. While the second one, 

contains two cortical areas (perirhinal and postrhinal cortex) (93).  



Chapter 1-Introduction 
 

22 
 

 

The hippocampus appears grossly as an elongated structure with its long axis 

extending in a C-shaped fashion (Fig. 1.7). 

The neurogenesis timing in the hippocampus is field-dependent. Thus, the fields 

CA1-CA3 possess a range of GD 15-GD 20; while for the dentate granule cells 

the period is comprised from GD 19 to beyond P16-19 (98). 

The quantity of neurons and astrocytes in hippocampus is represented by a 90% 

and 10%, respectively. 

All fields of the hippocampus present the same laminar organization, whose 

principal cellular layer is called the pyramidal cell layer. In this layer the 

principal neuronal cell type is the pyramidal cell, which have a basal and apical 

dendritic tree (93). The function of hippocampus includes the long-term 

potentiation (LTP) which is a long-lasting enhancement of synaptic transmission, 

to be considered a candidate learning and memory mechanism mediated in part 

by changes in spine number or structure (114). 

The link between hippocampus and UCB was evidenced by different works that 

demonstrated that UCB was able to produce an impairment of LTP in rat 

hippocampus (129) and also the induction of LTD, in this case via the 

stimulation of N-methyl-D-aspartate (NMDA) receptors (13). 

Fig. 1.7: Schematic representation of the rat brain showing the three-
dimensional organization of the hippocampus and related structures. Cheung 
and Cardinal, 2005. 
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1.6- BILIRUBIN NEUROTOXICITY 

The toxicity of bilirubin in the Central Nervous System has been studied years 

ago. At present, different works have been reported the principal alterations 

related with the hyperbilirubinemia mainly in in vitro models.  

Yamada et al (127) reported that bilirubin seriously affected the DNA and 

protein synthesis in cerebellum from hyperbilirubinemic jj rats as compared to 

heterozygous Jj littermates. 

In neurons from developing rat brain, it has evidenced that UCB was able to 

permeabilize mitochondrial membranes, leading to mitochondrial swelling and 

the release of cytochrome c into the cytosol (101, 102). Consequently, these 

events triggers the activation of caspase-3 and the translocation of bax, 

resulting in cell death by apoptosis via the mitochondrial pathway (100). 

Moreover, the ultrastructural changes in mitochondria have been demonstrated 

by Schutta (106) as one of the main features of UCB-induced damage in the 

Gunn rat, in with the damage induced by UCB is responsible of the final 

impairment of oxidative phosphorylation. 

In addition, others in vitro studies reported that an inflammatory process is 

activated by UCB, due to an increased expression of the pro-inflammatory 

cytokine tumor necrosis factor (TNF) α in glial cells that was higher than in 

neurons (30, 31). 

 

1.7- BRAIN NEUROPROTECTIVE MECHANISMS 

The whole brain is a highly regulated environment compartmentalized by 

different barriers (115), in which the parenchyma cells (neuroglia and 

astrocytes) exist and function in intimate interplay between them (3, 9, 14, 40, 

107). Each brain compartment possesses a specific and selective set of 

metabolic enzymes, receptor proteins, and secretory factors that serve to 

maintain the homeostatic environment that is necessary for normal function 

within that compartment (70). 
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Fig. 1.8: Topology of MRP1/ Mrp1 transporter. Deeley et al, 2006. 

Once across these initial barriers, foreign substance accumulation in the brain 

can be further restricted by different mechanisms. Particularly UCB 

detoxification pathways include enzymes of the phase I, II and III metabolism. 

Thus, specific subunits and phase I (cytochrome P-450-dependent mixed 

function oxygenases, CYPs) and phase II (glutathione-S-transferases, GSTs) 

enzymes have been demonstrated to be involve in bilirubin metabolism (35, 

70). Moreover, multidrug resistance protein 1 (MRP1/Mrp1) is one protein of the 

phase III metabolism, which actively UCB transport. 

 

1.7.1- MRP1/Mrp1 TRANSPORTER 

The multidrug resistance-associated protein 1 (gen symbol ABCC1/MRP1, 

human; ABCc1/Mrp1, rodents), is a member of the ATP-binding cassette (ABC) 

protein superfamily (7) that was originally discovered as a 190-kDa plasma 

membrane efflux transporter responsible for the multidrug resistance phenotype 

in a human small-cell lung carcinoma cell line (17). 

The structure of MRP1 protein consists of a core functional unit, formed by three 

polytrophic membrane spanning domains (MSDs: MSD1 and MSD2) each of 

which typically 

contains from four to 

six transmembrane 

(TM) helices and 

three nucleotide 

binding domains 

(NBDs: NBD0, NBD1 

and NBD2). These 

NBDs domains 

contain Walker A and 

B motifs, which are essential for ATP binding and hydrolysis. Moreover, they also 

contain the so-called “C” motif that is clearly involved in ATP hydrolysis function 

(25) (Fig. 1.8). 
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MRP1 is also characterized with respect to their substrate spectrum that 

comprises amphipilic anions such as glutathione (GSH) conjugates (i.e 

leukotriene LTC4), glucuronide and sulfate-conjugates and also certain cationic 

compounds as well as vincristine and etoposide but only by cotransport with 

glutathione (44, 71, 116). In addition this protein play an important role in the 

transport of both reduced and oxidized glutathione which are involved in the 

maintenance of cellular redox balance (51, 70, 72). 

Importantly, our laboratory demonstrated that UCB is a substrate with highest 

affinity for MRP1 (Kinetics, Km:10 nM and Vmax: 100 pmol.min-1.mg of protein) 

(99). 

Regarding their localization in the brain Mrp1 has be shown to be expressed at 

the Blood Brain Interfaces, particularly in choroid plexus at the Blood 

Cerebrospinal Fluid Barrier (33, 85, 126) and endothelial cells at the Blood Brain 

Barrier (84, 97). In addition, Mrp1 was also detected in ependyma (79). 

Moreover, the in vitro characterization of this transporter at the cellular 

membranes of astrocytes is well documented (23, 24, 50, 70, 79). 

 

1.7.1.1- MRP1/Mrp1 AND UCB-NEUROTOXICITY 

There are many evidences on the protective role of MRP1/Mrp1 from toxic 

accumulation of UCB. 

First all, it was demonstrated in human placental trophoblasts (BeWo cells) that 

this transporter participated in protection of the fetus from UCB toxicity (92). 

Because the fetus is a risk for accumulation of UCB, due to the absence of 

UGT1A1 enzyme and a lower ability of α-fetoprotein to bind UCB respect to the 

adult serum albumin (63), the role of MRP1 became very important. 

Cekic et al (12) reported an up-regulation of Mrp1 mRNA and protein in rat liver 

and spleen at increasing concentrations of UCB, suggesting a potential 

protection from its cellular toxicity. 

Later, the Mrp1 expression was demonstrated to be up-regulated by UCB in 

mouse cortical astrocytes, preventing the vulnerability of these cells, from non 
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toxic concentrations of Bf (40 nM). This study argued that the redistribution of 

the localization of Mrp1 from the Golgi to the plasma membrane in response to 

UCB exposure, might be responsible of the Mrp1 protective function (34). 

Moreover Calligaris et al.(11) evidenced the important role of Mrp1 against UCB 

accumulation. In this study, it was reported that mouse fibroblasts (MEF) cells 

from Mrp1 knockout mice presented a higher intracellular accumulation of Mrp1 

and consequently increased citotoxicity as compared to wild type mice. 

In addition, using primary cultures of neurons and astrocytes from cerebral 

cortex, it was demonstrated that Mrp1 was expressed in both cells types, and 

their expression (both protein and mRNA levels) was increased with cell 

maturation, protecting against UCB neurotoxic effects (28). 

Finally, silencing of MRP1 in human neuroblastoma SH-SY5Y cells produced an 

increased susceptibility to UCB toxicity closely correlated with the decrease of 

MRP1 protein and mRNA expression (19). 

In vivo study from our laboratory indicated that Mrp1 protein is down-regulated 

on the choroid plexus at the BCSFB in jj Gunn rat, suggesting that the brain 

could became more susceptible to the toxic effects of UCB (32). 

 

1.7.2- CYPs AND GSTs ENZYMES 

Cytochrome P-450-dependent mixed function oxygenases (CYPs) form a 

ubiquitous family of heme proteins involved in xenobiotic metabolism, 

biosynthesis of steroids, lipids, vitamins, and natural products. These 

monooxygenases catalyze a variety of reactions such as hydroxylations, 

epoxidations, N- or O-dealkylations, and oxidations that are mainly involved in 

activation or deactivation of both exogenous and endogenous compounds (81). 

Each CYP family member is designated by a number, each subfamily by a letter 

and each member of the subfamily by a second number (e.g., CYP1A1) (96). 

The activity of the CYPs enzymes (particularly CYP1, 2 and 3 family) has been 

induced by phenobarbital (PB). This compound is the prototype of a large group 

of xenobiotics-inducers, called PB-like inducers, that regulate gene transcription. 
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It seems that PB may activate multiple nuclear orphan receptors to induce 

various CYP genes (22). 

The glutathione-S-transferases (GSTs) basically catalyze nucleophilic attack by 

reduced glutathione (GSH) or no polar compounds that contain an electrophilic 

carbon, nitrogen or surphur atom. Three major families of proteins exhibit 

glutathione transferase activity. Two of these, the cytosolic and mitochondrial 

GSTs, comprise soluble enzymes that are only distantly related. While the third 

family includes microsomal GST and is referred to a membrane-associated 

proteins in eicosanoid and glutathione (MAPEG) metabolism (47). There are 

different GST classes being more common the alpha, mu and pi classes. GSTs 

enzymes are part of an integrated defense strategy, and their effectiveness 

depends on the combined actions of two biochemical reactions: the first one, the 

glutamate cysteine ligase and glutathione synthase reactions to supply GSH, 

and the second one, the actions of transporters to remove glutathione 

conjugates from the cell (47). 

Phase I (CYPs) and phase II (GSTs) enzymes are mainly involved in 

detoxification processes in the liver (70). While brain tissue has a lower capacity 

for detoxification metabolism, various enzymes are specifically present at the 

BBIs (36, 80, 81). 

 

1.7.2.1- CYPs-GSTs AND BILIRUBIN PATHWAYS 

Bilirubin metabolic pathways comprise oxidation by CYP1A1, CYP1A2 and 

CYP2A5 (1, 59). 

Kapitulnik et al (60) demonstrated in hyperbilirubinemic Gunn rat that the 

cytochrome P450 enzymes are involved in the oxidation of bilirubin. After 

induction of cytochrome P450, the levels of UCB in blood decreased, due to an 

accelerated bilirubin turnover and increased presence of polar bilirubin 

metabolites in the bile. Moreover, the same author (59) showed that both mRNA 

and protein levels of CYP1A1 and CYP1A2 are increased in the livers of 10 days 

old jj compared to Jj heterozygous Gunn rat. 
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The role of CYP2A5 enzyme in bilirubin oxidation was evidenced by Abu-Bakar et 

al.(1). This work showed that under stress conditions, the CYP2A5 was up-

regulated with the HO-1, and induced an increase on microsonal bilirubin 

degradation activity. 

Different subunits of GSTs enzymes has been characterized to participate in 

bilirubin metabolism. GSTα1, GSTα2 are the two subunits of ligandin, the main 

GST involved in hepatic UCB binding. This function is not related with their 

enzymatic activity, but contributes to protects the cells from Bf permitting a 

further conjugation and excretion in the bile (130). 

Johnson et al., (56) showed the expression pattern of different citosolic GSTs 

enzymes in diverse regions of cerebellar cortex in jj and Jj Gunn rats at 10, 20 

and 60 days after birth. The results of this work showed an increase on citosolic 

GST activity in jj (adults) respect to Jj Gunn rats. 

Moreover an increase in GSTα2, µ3, µ4, π enzymes were detected, suggesting 

that a higher expression of these enzymes in cerebellar cortex of 

hyperbilirubinemic Gunn rat may confer resistance against UCB (56). 
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AIMS OF THE STUDY 

Several evidences pointed out the important role of MRP1/Mrp1 in protecting 

neural cells against UCB-neurotoxicity. It remains unclear whether this 

transporter is also protective in in vivo models. 

Moreover, different phase I (CYPs) and II (GSTs) enzymes are involved in 

bilirubin metabolism. Little information is available about their brain specific 

expression in hyperbilirubinemic Gunn rats. 

The aim of this study is to investigate the effect of chronic unconjugated 

hyperbilirubinemia on the expression of different proteins, possibly involved in 

brain protection against UCB-induced neurotoxicity. Specifically, the effect of 

UCB on the Mrp1, CYPs and GSTs expression will be evaluate. The main goal of 

the present work is to elucidate the major players involved in UCB-neurotoxicity 

that could be explain the molecular basis of bilirubin encephalopathy. 
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2.1- ANIMALS 

Hyperbilirubinemic (jj), heterozygous (Jj) and homozygous (JJ) Gunn rats at 2, 

9, 17 and 60 days after birth (P2, P9, P17 and P60) were analyzed. Samples 

(protein/RNA) used in this study are described in Tables 1-3. 

All animals were obtained from the CSPA Animal Facility of the University of 

Trieste. Animal procedures were conducted according to the protocols approved 

by the European Community Directive (86-606-ECC) and the Italian Law (decree 

87-848) in order to prioritize the animal care under our experiments conditions. 

Rats from all post-natal ages were sacrificed after isoflurane anesthesia and 

subsequently their brains were excised. The brain regions of interest for our 

work (cerebral cortex, Cx; cerebellum, Cll; striatum, St and hippocampus, Hip) 

were dissected under stereomicroscope vision. Choroid tissues (with high Mrp1 

expression) and meninges (possible contaminants) were removed. All 

experimental steps were carried out in Krebs Ringer buffer at 4°C (135 mM 

NaCl; 4 mM KCl; 2.2 mM CaCl2; 1.2 mM MgCl2; 6 mM NaHCO3; 10 mM HEPES; 5 

mM glucose, pH 7.4). 

Particularly, for the Mrp1 mRNA and protein analysis in P9 JJ and jj animals, 

each brain area (Cx, Cll, St or Hip), was divided in two parts: one for mRNA and 

another one for Mrp1 protein studies in order to further establish a parallel 

between both parameters (Table 2). 
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Table 1: Animal samples collected for the Mrp1 protein analysis in cerebral 

cortex during development in JJ, Jj and jj Gunn rats. 

Age (days)/Genotype JJ Jj jj 

P2 15 15 15 

P9 15 15 15 

P17 15 15 15 

P60 9 15 15 

 

Table 2: Animal samples analyzed for the gene and protein analysis in 

different brain regions of P9 JJ and jj Gunn rats. 

Tissue/Genotype JJ jj 

Cx 12 15 

Cll 12 15 

St 12 15 

Hip 12 15 

 

Table 3: Animal Samples used for the mRNAs expression study in 

different brain regions of P60 JJ and jj Gunn rats. 

Tissue/Genotype JJ jj 

Cx 8 6 

Cll 8 6 

St 8 6 

Hip 8 6 
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2.2- RNA ISOLATION 

Total RNA was extracted from all samples using TRI REAGENTTM (Sigma, St. 

Louis, MO, USA) according to manufacturer’s instructions. All tissues were 

homogenized in 1 mL of TRI REAGENT utilizing a Dounce-type glass-glass 

homogenizer at 4°C.  

Total RNA concentration and the purity were spectrophotometrically measured in 

a Beckman Coulter DU730 spectrometer. The A260/A280 ratio was used as a 

criteria to determine the RNA purity, being accepted between 1.7 and 2.1 as a 

good RNA quality for each sample analyzed. For all samples, the integrity of RNA 

was assessed on 1 % agarose gel with formaldehyde (37%). Finally, each RNA 

sample obtained was resuspended in sterile water and stored at -80°C until use. 

 

2.3- RNA REVERSE TRANSCRIPTION and REAL-TIME RT-PCR 

Total RNA (1 µg) from tissues homogenates was used to perform the reverse 

transcription using the iScriptTM cDNA Synthesis Kit (Bio-Rad Laboratories, 

Hercules, CA, USA) in a thermal Cycler (Gene Amp PCR System 2400, Perkin-

Elmer, Boston, MA, USA) in agreement with the reactions protocol indicated by 

the manufacturer. 

Real time PCR was carried out in the iCycler IQ (Bio-Rad Laboratories, Hercules, 

CA, USA). The primer pairs used for each reaction were designed with the 

Beacon Designer 7.9 software (Premier Biosoft International, Palo Alto, USA) 

and were produced by Sigma-Aldrich (Genosys Ltd, London Road, 

Cambridgeshire, UK). Real Time PCR amplification was performed in 25 µL of 

reaction final volume containing 25 ng of cDNA, 1X iQ SYBR Green Supermix 

(100 mM KCl; 40 mM Tris-HCl, pH 8.4; 0.4 mM dNTPs; 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 of sense and antisense 

primers. Standard curves were generated by serial dilution of an abundant cDNA 

sample and a melting curve was made in order to analyze the specificity of the 



Chapter 2- Materials and Methods 

45 

 

amplification process and calculate the efficiency. The relative quantification was 

performed using the Pfaffl modification of the ΔΔCt equation (3, 5). The results 

were normalized to three housekeeping genes (actin; glyceraldehyde-3-

phosphate dehydrogenase, GAPDH and hypoxanthine phosphoribosyl transferase 

1, HPRT1) and the initial amount of the template of each sample was 

determined as relative expression versus the sample chosen as reference (for 

both post-natal ages, P9/P60: Cx JJ). Primers sequences of target and 

housekeeping genes are described in Table 4. 

 

Table 4: Primers sequences designed for the mRNA quantification (5’-3’ orientation). 

Gene Accession 

Number 

Forward primer Reverse primer Amplicon (bp) 

Mrp1 NM_022281 ATGGTGTCAGTGGTTTAGG TGTGGGAAGAAGAGTTGC 111 

CYP1A1 NM_012540.2 CAGGCGAGAAGGTGGATATGAC GGTCTGTGTTTCTGACTGAAGTTG 181 

CYP1A2 NM_012541.3 GTGGTGGAATCGGTGGCTAATGTC GGGCTGGGTTGGGCAGGTAG 175 

CYP2A5 NM_007812 ACACAGGCACCCCAGGACATC CCAGGCTCAACGGGACAAGAAAC 99 

GSTα2 NM_017013.4 TGCCAGCCTTCTGACCTC ATCTTCCTTGCTTCTTCGATTTG 144 

GSTα3 NM_031509,2 CTTCAGTTAATTCAGGCATCTATG TTCCTCATCAGTCATGTCTATATG 166 

GSTµ3 NM_020540.1 CATCCCGGAGAAGATGAAAA CAGGTCTTGGGAGAAAGCTG 233 

GSTµ4 NM_001024304.1 TACAAGGGTGGCTACTTGGG GCCTAGGCTGTAGAGGGCTT 191 

GSTπ FJ179407 TGTACTTCCCAGTTCGAGGG GGGTGAGGTCTCCATCTTCA 168 

Actin NM_031144.2 GGTGTGATGGTGGGTATG CAATGCCGTGTTCAATGG 103 

GAPDH NM_017008. CTCTCTGCTCCTCCCTGTTC CACCGACCTTCACCATCTTG 87 

HPRT1 NM_12583.2 AGACTGAAGAGCTACTGTAATGAC GGCTGTACTGCTTGACCAAG 163 

 

 

 

 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?cmd=Retrieve&db=nucleotide&list_uids=31542028&dopt=GenBank&term=&qty=1
http://www.ncbi.nlm.nih.gov/nuccore/158186712?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/147902914?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/nuccore/58331130?ordinalpos=1&itool=EntrezSystem2.PEntrez.Sequence.Sequence_ResultsPanel.Sequence_RVDocSum
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&val=31377487
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2.4- PROTEIN EXTRACTION 

Tissues were homogenized in homogenization buffer (0.25 M sucrose; 50 mM 

K2HPO4; 50 mM KH2PO4; 1 mM EDTA; 0.1 mM DTT; pH 7.4) at 4° C using a 

Dounce-type glass-glass homogenizer. Protein concentrations were measured by 

the Bicinconinic acid using bovine serum albumin as standard (Procedure N° 

TPRO- 562, Sigma, St Louis, MO, USA) (4). 

 

2.5- WESTERN BLOT ANALYSIS 

Protein homogenates from each tissue sample (10-15 µg) were solubilized in an 

appropriate volume of Laemmli buffer (5x: 4% SDS; 50 % glycerol; 2.75 M Tris-

Base; 0.02 % bromophenol blue, pH 6.8) containing 10 % β-mercaptoethanol, 

without boiling, and loaded onto a 10% SDS-polyacrylamide electrophoresis gel. 

Proteins were transferred electrophoretically to polyvinylidene fluoride (PVDF) 

membranes using a blotting system (Bio-Rad Laboratories, Hercules, CA, USA) 

at 100 V for 1 h (for actin) and 2 h (for Mrp1) and a transfer solution (1x: 25 

mM Tris-Base; 192 mM glycine; 0.1% SDS and 20% methanol). The 

membranes (20 µm pores, Whatman Schleicher & Schuell, Dassel, Germany) 

were blocked in 4% milk-TTBS blocking solution (0.2% Tween 20; 20 mM Tris 

and 500 mM NaCl, pH 7.5) for 1 h at room temperature. Subsequently, the 

membranes were incubated overnight at 4 °C with the following primary 

antibodies in blocking solution (anti-Actin A2066: 1.2 µg/mL, Sigma, St. Louis, 

MO, USA; anti-Mrp1 A23, 1 µg/mL, produced in our laboratory (1) and 

commercialized by Alexis Biochemicals, San Diego, CA, USA). After washing in 

blocking solution (3x 10 min), the membranes were incubated with peroxidase 

conjugated anti-rabbit secondary antibody (0.25 g/L, Dako, Glostrup, Denmark) 

in blocking solution for 1 h at room temperature. Latter, membranes were 

washed (blocking solution, 1x 5 min; TTBS 1x 5 min, TBS 1x 5 min) and the 

chemioluminescent horseradish substrate was added (ECL, Millipore Billerica, 

MA, USA). Signals were transferred to Kodak film and visualized using Kodak 1D 

image, and the intensities of proteins bands were quantified using a Scion 
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Image Program (Frederick, MD, USA). In each gel, a standard curve with a 

reference sample was performed, which allowed the further linear regression 

analysis (Curve Expert 1.3 software Starkville, MS, USA) in order to quantify the 

Mrp1 protein (Fig. 2.1, 2.2). Moreover, the actin signals correspond to each 

sample were used to normalize the quantity of protein loaded in each case, as 

previously described by Gazzin et al. 2008 (2). 

 

 

 

Fig. 2.1: Representative Western Blot showing the standard curve used for 
quantification (from left to right, in µg): 20, 10, 5, 2.5. and samples loaded: S1-
S5 (7µg). Upper panel: Mrp1 (190 KDa), lower panel: actin (42 KDa). 
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2.6- PLASMA BILIRUBIN DETERMINATION 

A heparinized sample of blood was obtained by jugular puncture from each 

anesthetized animal. After centrifugation (1500 g for 20 min at room 

temperature), plasma was collected under dim light to minimize bilirubin photo-

oxidation and immediately frozen at –20°C until use. The quantification of total 

bilirubin was performed at Burlo-Garofalo Hospital in Trieste, Italy. 

 

2.7- STATISTICAL ANALYSIS 

The statistical analysis was performed based on the quantity of animals (protein 

and RNA studies) described in Tables 1-3. In all cases, a mean ±SD was 

considered. 

For the protein analysis, statistical significance among genotypes (JJ, Jj and jj) 

was determined using Student’s “t” test, considering a P values <0.05 as 

 

Fig. 2.2: Representative linear regression obtained from a standard curve 
using Curve Expert 1.3 software. From this graph, the Mrp1 protein 
quantification of our samples was made. 
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significant. For the comparison among different post-natal ages, an one-way 

analysis of variance (ANOVA) with Turkey’s post hoc test was used (SigmaPlot 

11.0, Systat Software, San Jose, CA, USA). Values of P<0.05 were considered 

significant.  

For the mRNA analysis, Student’s “t” test was performed to compare the 

statistical differences in gene expression between genotypes from each 

postnatal age (P9, P60). 
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3.1- Mrp1 RESULTS 

In vitro, Mrp1 has been proved to protect neuronal cells from UCB toxicity, 

particularly primary cell cultures of neurons and astrocytes from cerebral cortex, 

and an UCB effect on the expression and localization of this transporter has 

been described (4, 6-8, 12). Moreover, in vitro it has been reported an 

increased Mrp1 expression with the maturation of neurons and astrocytes. 

 

In order to explore if the in vivo Mrp1 expression could be correlated with UCB-

induced damage, Mrp1 was evaluated in a chronic unconjugated 

hyperbilirubinemia model (Gunn rat). 

 

3.1.1- CEREBRAL CORTEX Mrp1 EXPRESSION DURING POST-

NATAL DEVELOPMENT 

In normobilirubinemic (JJ) Gunn rats, Mrp1 protein expression changed during 

the development. The lowest expression was detected at two days after birth, 

increasing more than 2 fold from P2 to P9 (p< 0.005), when the maximum level 

was reached. Furthermore, the expression was decreased until P60, which 

corresponds to the last post-natal age analyzed (p< 0.005, P60 respect to P9) 

(Fig. 3.1). 

Despite of the different total serum bilirubin amounts (Jj/JJ ratio: 9-P2; 13-P9; 

1.2-P17; 1-P60, Table 5) between normal (JJ) and heterozygous (Jj) Gunn rats, 

no differences on Mrp1 expression were detected, at every post-natal age 

studied (Fig. 3.1). 

 

In hyperbilirubinemic (jj) animals, Mrp1 protein expression was unaffected at 

P2, P17 and P60; while it was increased at P9 (p< 0.05 compared to JJ rats) 

(Fig. 3.1). 

 

Analyzing only the Mrp1 expression in jj Gunn rats, the UCB effect during the 

development also follow the same pattern of the JJ and Jj genotypes, showing 



Chapter 3- Results 

52 

 

the lowest value at P2 (p< 0.005 vs. P9), to further peak at P9 and then 

diminished at P60 (p< 0.005 vs. P9) (Fig. 3.1). 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1: Mrp1 protein expression in cerebral cortex during development in JJ, Jj and jj Gunn rats. 
Results are expressed as mean ± S.D from at least 3 independent samples. Samples composition is 
described in Materials and Methods. Reference sample was Cx JJ P9.  * * * P < 0.005 vs. Cx JJ P9;  # P < 
0.05 vs. Cx JJ P9; § P < 0.05,  §§§ P < 0.005 vs. Cx jj P9. 
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Table 5: Determination of total bilirubin (TSB) during development in JJ, Jj and jj Gunn rats. 

  TSB (µM)  

Age (days)/Genotype JJ Jj jj 

P2 7.3 ± 1.5 66.6 ± 23.4 234.5 ± 33 

P9 6.3 ± 1.0 82 .3 ± 21 247.8 ± 26 

P17 5.7 ± 1.5 6.9 ± 3.8 231.2 ± 57 

P60 3.2 ± 0.9 3.1 ± 1.0 82.1 ± 8.7 

 

3.1.2- Mrp1 PATTERN IN DIFFERENT BRAIN REGIONS 

Based on the absence of differences between normal (JJ) and heterozygous (Jj) 

animals, and on the observed UCB effect only at 9 days after birth, in the 

following experiments we focused our work only in normobilirubinemic 

homozygous (JJ) and hyperbilirubinemic homozygous mutant (jj) genotypes at 

this post-natal age. Different brain areas were considered. Cerebral cortex (Cx), 

cerebellum (Cll), striatum (St) and hippocampus (Hip) were chosen in reason of 

the specificity of UCB to affect particular brain regions in kernicterus, being Cll, 

St and Hip damaged by UCB (2, 3, 5, 13-15), while until now there have been 

no evidences reported of UCB-induced damage in Cx. 

 

3.1.2.1- Mrp1 PROTEIN EXPRESSION 

In normal (JJ) rats, Mrp1 protein expression in Cll, St (p< 0.05 vs JJ Cx) and Hip 

(p< 0.05 vs JJ Cx) was similarly higher than in Cx (Fig. 3.2). 

Comparing the two genotypes, a decrease in Mrp1 expression was detected in 

Cll, St and Hip (p< 0.05 vs JJ Hip) of hyperbilirubinemic (jj) rats, while the Mrp1 

protein amount was increased in Cx jj (p< 0.05 vs. JJ Cx) (Fig. 3.2). 
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3.1.2.2- Mrp1 mRNA EXPRESSION 

Since a modulator effect was observed, we next decided to investigate the 

mRNA expression. 

In all brain regions of P9 JJ animals, the Mrp1 mRNA levels were similar and no 

significant changes on Mrp1 gene expression in Cx, Cll, St and Hip of 

hyperbilirubinemic (jj) animals were observed as compared to normal (JJ) 

littermates (Fig. 3.3). 

Fig. 3.2: Mrp1 protein expression in Cx, Cll, St and Hip of JJ and jj P9 Gunn rats. Results are 
expressed as mean ± S.D from at least 3 independent samples. Samples composition is described in 
Materials and Methods. Reference sample was Cx JJ. * P < 0.05 vs. Cx JJ;  # P < 0.05 vs. Hip JJ. 
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3.2- CYPs-GSTs RESULTS 

The activity of specific subunits of CYPs enzymes (CYP1A1, 1A2) evidenced an 

increased activity in P10 jj Gunn rats. Moreover, previous studies demonstrated 

the capacity of CYP1A1, CYP1A2 and CYP2A5 to oxidize UCB (1, 10, 11). 

While for the GSTs enzymes, an increased activity and expression of the specific 

GSTα2, GSTα3, GSTµ3, GSTµ4, GSTπ subunits have been found in jj Gunn rats 

at P60. And even more importantly, these raised parameters were associated 

with the most resistant regions of the cerebellum to UCB-induced damage (9). 

Due to the absence of information regard their expression in Cx, Cll, St and Hip 

of jaundiced Gunn rats, the mRNA expression of different rat CYPs (particularly 

CYP1A1, CYP1A2 and CYP2A3) and rat GSTs (GSTα2, GSTα3, GSTµ3, GSTµ4 and 

GSTπ) were analyzed, utilizing the same samples used for the Mrp1 study. In 

addition to P9 animals, P60 rats were used in order to follow the expression of 

these genes during the development and also analyze gene patterns. 

Fig. 3.3: Mrp1 mRNA expression in Cx, Cll, St and Hip of JJ and jj P9 Gunn rats. Results are 
expressed as mean ± S.D from at least 3 independent samples. Samples were normalized to actin, 
GAPDH and HPRT1 used as housekeeping genes. Reference sample was Cx JJ. 
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3.2.1- CYPs ENZYMES 

 

3.2.1.1- CYP1A1 

In 9 days-old JJ (normal) animals, a differential expression of CYP1A1 was 

observed among the brain regions analyzed. Cx and Cll showed the highest 

values, while St (p< 0.05 vs. Cx) and Hip (p< 0.05 vs. Cx) displayed the lower 

levels of CYP1A1 mRNA (Fig. 3.4). 

Comparing genotypes at P9, UCB was able to differentially modulate the CYP1A1 

gene expression, that was down-regulated in Cx and Cll, and up-regulated in St 

and Hip. Although these effects were evident, the statistical relevance was 

reached only in St (p< 0.05 jj vs JJ St). 

Analyzing the CYP1A1 expression among the four brain regions in P9 

hyperbilirubinemic (jj) animals, a plateau effect was pointed out, with very 

similar mRNA levels. 

In 60 days-old (normal) JJ rats, CYP1A1 was high in Cx, middle in Cll (p< 0.05 

vs. Cx) and St and low in Hip (p< 0.005 vs. Cx), while the UCB effect was 

finished in all regions with the exception of St, that was down-regulated (p< 

0.05 jj vs JJ St). 

Interestingly, the level of CYP1A1 expression between the two post-natal ages 

was increased with the maturation in almost all regions of both genotypes, 

except the P60 jj St whose level was practically the same compared to P9 jj St. 
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Fig. 3.4: CYP1A1 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: 
hippocampus. Values are mean ± S.D of at least three samples. For each graph:  * p< 0.05 vs. 
Cx JJ; *** p< 0.005 vs. Cx JJ; § p< 0.05 vs. St JJ. 
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3.2.1.2- CYP1A2 

In P9 JJ rats, CYP1A2 mRNA expression shows the same pattern found for 

CYP1A1, with high levels in Cx and Cll and significantly lower in St (p< 0.05) 

and Hip (p< 0.01) as respect to Cx (Fig. 3.5). 

Similarly to CYP1A1, the modulator effect of UCB on CYP1A2 expression at P9 

was clearly differential depending on the tissues (down-regulation in Cx and Cll 

and up-regulation in St and Hip), but never reached statistical significance. 

In addition, the final levels of CYP1A2 mRNA, like CYP1A1, were similar in all 

regions of P9 jj Gunn rats. 

In older (P60) JJ rats, the CYP1A2 gene expression was higher in Cx, middle in 

Cll and St (p< 0.005 vs. JJ Cx), and lower in Hip (p< 0.005 vs. JJ Cx) (Fig. 3.5). 

Moreover the CYP1A2 expression in striatum of jj animals was significantly 

down-regulated (p< 0.05 vs. JJ St), reproducing the same condition founded for 

CYP1A1. 

The parallel between CYP1A1 and CYP1A2 behavior continue from P9 to P60 

showing: a clear increase on CYP1A2 mRNA levels in Cx, Cll and Hip; while the 

mRNA expression of these genes in P60 jj St was similar to those described at 

P9. 
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Fig. 3.5: CYP1A2 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: 
hippocampus. Values are mean ± S.D of at least three samples. For each graph:  * p< 0.05 vs. 
Cx JJ; *** p< 0.005 vs. Cx JJ; § p< 0.05 vs. St JJ 
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3.2.1.3- CYP2A3 

The mRNA expression for this member of the CYP family was strongly similar to 

CYP1A1 and CYP1A2 (Fig. 3.6). Particularly, we observed: 

1. the differential UCB modulator effect on CYP2A3 expression in P9 jj Cx 

(p< 0.05)/Cll (down-regulation) and jj St/Hip (up-regulation) compared 

to JJ animals,  

2. the absence of differences between jj and JJ animals in Cx, Cll and Hip at 

P60. 

3. the increased expression in other brain areas of both genotypes from P9 

to P60, and  

4. the arrest of CYP2A3 amounts in P60 jj striatum at comparable levels to 

P9 jj striatum. 

Moreover, no significant changes in CYP2A3 expression of 60 days-old jj and JJ 

rats underline again the fact that UCB was not able to modulate their mRNA 

expression at least in Cx, Cll and Hip. 
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Fig. 3.6: CYP2A3 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: 
hippocampus. Values are mean ± S.D of at least three samples. For each graph:  * p< 0.05 vs. 
Cx JJ; *** p< 0.005 vs. Cx JJ; § §§ p< 0.005 vs. St JJ. 
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3.2.2- GSTs ENZYMES 

 

3.2.2.1- GSTα2 

In 9 days-old JJ (normal) puppies, a variable expression of GSTα2 mRNA was 

detected. The levels of GSTα2 were (in decreasing order): St, Cx, Hip and Cll 

(p< 0.01 vs JJ Cx) (Fig. 3.7). 

In P9 hyperbilirubinemic animals, GSTα2 expression was unchanged in Cx, Cll 

and Hip (comparing jj vs JJ), while a significant (p< 0.05) down-regulation was 

observed in jj striatum as respect to JJ control animals. 

In 60 days-old JJ rats, the GSTα2 gene expression (St >Cx >Hip >Cll; the last 

one, p< 0.005 vs P60 JJ Cx) was similar to P9, but with lower differences among 

the brain regions as respect to the younger post-natal age. 

Comparing the GSTα2 levels between genotypes at P60, UCB was able to up-

regulate the gene expression only in Cll of jj rats respect to Cll dissected from 

age-matched JJ littermates, but without reach statistical relevance. While, 

similar values founded in striatum of P60 jj and JJ animals point out the diverse 

behavior of GSTα2 at P60 compared to the same region at P9. 

In addition, the level of GSTα2 expression between the two post-natal ages was 

decreased almost 5 folds at P60 in both genotypes for all regions analyzed. 
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Fig. 3.7: GSTα2 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: hippocampus. 
Values are mean ± S.D of at least three samples. For each graph:  ** p< 0.01 vs. Cx JJ; *** p< 0.005 
vs. Cx JJ; §  p< 0.05 vs. St JJ. 
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3.2.2.2- GSTα3 

The mRNA expression of GSTα3 (in rodent, the other subunit of ligandin 

together with GSTα2) in P9 JJ rats showed a higher value in Hip (p< 0.05 vs JJ 

Cx), intermediate in Cll and St and lower in Cx (Fig. 3.8). 

 

In P9 jj animals (compared to JJ), GSTα3 expression was down-regulated by 

UCB in all regions, but the differences observed were statistically relevant only 

in Hip (p< 0.05 jj vs JJ Hip). 

 

In P60 JJ rats, the mRNA profile of GSTα3 was changed respect to P9, in which 

the St evidenced the highest value and the Cll, the lowest one (p< 0.005 vs. JJ 

Cx). 

 

In addition, the comparison between genotypes at P60 evidenced a relevant up-

regulation of GSTα3 in Cll (p< 0.005 jj vs JJ Cll) and Hip (p< 0.01 jj vs JJ Hip), 

whereas no differences in Cx and St were found. Moreover, the expression of 

GSTα3 at P60 was very similar to the GSTα2 mRNA profile for the same post-

natal age. Particularly, the up-regulation observed in P60 Cll was reverted 

respect to the previous down-regulation founded at P9 in the same brain area. 

 

Furthermore, the differences between P60 and P9 are extremely relevant, 

varying from 20 to almost 80-fold increase, as respect to P9 animals. 

 

Although GSTα2 and GSTα3 are the two subunits of ligandin, we evidenced a 

diverse mRNA profile and behavior both in respect to the physiological 

expression (JJ) and also to the UCB response. 
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Fig. 3.8: GSTα3 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: 
hippocampus. Values are mean ± S.D of at least three samples. For each graph:  *** p< 0.005 vs. 
Cx JJ; ‡‡‡ p< 0.005 vs. Cll JJ ; §§ p< 0.01 vs. Hip JJ. 
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3.2.2.3- GSTµ3 

The GSTµ3 gene expression in jj and JJ Gunn rats at both ages was very low 

being no detectable in Cll JJ (Ct ≥34) (Fig. 3.9). 

In P9 JJ rats the GSTµ3 mRNA level was higher in Cx than in St and Hip. A 

down-regulation in jj Cx (p< 0.05 vs. JJ Cx), an up-regulation in Cll jj, and no 

variation in jj Hip and jj St (as compared to the same region of JJ genotype) 

were found. 

In P60 normobilirubinemic (JJ) animals, the GSTµ3 expression was slightly 

higher in Cx, intermediate in Cll and St, and lower in Hip (p< 0.05 vs. JJ Cx). 

A down-regulation of GSTµ3 mRNA was detected in jj Cx (p< 0.05 vs. JJ Cx), 

while this gene was up-regulated in Hip from jj rats. Moreover, UCB was able to 

exert a similar effect (down-regulation) in jj Cx at P60 as well as at P9. 

Comparing P60 and P9, GSTµ3 expression was decreased in the adult age in 

almost all tissues. However, the P60 JJ Cll was expressed at similar level to the 

same brain area of age-matched jj littermates. 
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Fig. 3.9: GSTµ3 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 and 
60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and HPRT1 
as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as reference 
between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: hippocampus. Values are 
mean ± S.D of at least three samples. For each graph:  * p< 0.05 vs. Cx JJ. ND: no detectable. 
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3.2.2.4- GSTµ4 

In P9 JJ rats the GSTµ4 mRNA levels were similarly higher in Cll, Hip and Cx 

than in St (p< 0.05 vs. JJ Cx) (Fig. 3.10). 

Furthermore, the mRNA amounts in jj Cx (down-regulation, p< 0.05 vs. JJ Cx) 

and jj St (up-regulation, p< 0.05 vs. JJ St) were modulated by UCB. Moreover, 

no difference in Cll and Hip was found. 

In P60 JJ animals, the GSTµ4 expression in St (p< 0.01 vs. JJ Cx) was higher 

than other brain regions. 

Moreover, UCB was able to induce a down-regulation of GSTµ4 only in St; while 

no effect in Cx, Cll and Hip was detected. 

In P60 animals, the expression of GSTµ4 was decreased respect to P9 in almost 

all regions, excepting the St JJ, whose expression remained invariable. 
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Fig. 3.10: GSTµ4 mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 and 
60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and HPRT1 
as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as reference 
between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: hippocampus. Values are 
mean ± S.D of at least three samples. For each graph:  * p< 0.05 vs. Cx JJ; ** p< 0.01 vs. Cx JJ; § p< 
0.05 vs. St JJ. 
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3.2.2.5 GSTπ 

The GSTπ mRNA expression in P9 JJ Gunn rats showed very similar levels 

among the different brain regions (Fig. 3.11). 

In P9 jj animals, a relevant down-regulation was found in Cll (p< 0.05 vs JJ Cll), 

while a trend toward up-regulation in St was observed, but did not reach 

statistical significance at this postnatal age. 

In all regions of P60 JJ animals a similar expression of GSTπ mRNA was 

observed. 

Moreover, no variation was detected between jj and JJ genotypes for all tissues 

analyzed. 

Comparing ages, the GSTπ levels decreased almost 2-fold at P60 respect to P9. 
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Fig. 3.11: GSTπ mRNA expression in JJ (normal) and jj (hyperbilirubinemic) Gunn rat at 9 
and 60 days-old (P9-P60). Bars represent fold of expression normalized to actin, GAPDH and 
HPRT1 as housekeeping genes. Line at value 1 in P60 graph represent the Cx JJ P9 chosen as 
reference between ages. Cx: cerebral cortex; Cll: cerebellum; St: striatum and Hip: 
hippocampus. Values are mean ± S.D of at least three samples. § p< 0.05 vs. St JJ P9. 
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4- Discussion 

Different studies have been reported that the unconjugated bilirubin (UCB) 

present two diverse functional behavior depending of its concentration in 

plasma, can be neuroprotective or neurotoxic (3, 11, 12, 22, 23). 

Because we focused our attention in the neurotoxic aspect of this pigment 

generated by their accumulation in the brain parenchyma, there has been 

proposed different molecular mechanisms possibly involved in preventing the 

UCB accumulation in the SNC, such as the export by membrane ABC 

transporters (15, 21), oxidation by CYPs enzymes (1, 19, 20) and conjugation or 

binding to GSTs enzymes (18). For this reason, we decided to evaluate the in 

vivo role of Mrp1, CYPs (1A1, 1A2, 2A3) and GSTs (α2, α3, µ3, µ4, π) in order to 

understand if their expression could be correlated with the UCB accumulation in 

specific brain regions of hyperbilirubinemic (jj) Gunn rats. 

 

4.1- Mrp1 and UCB 

Previous strong evidences have demonstrated the role of the Mrp1 transporter 

to protects the cells from UCB-induced damage or accumulation in different in 

vitro models (5, 8, 13, 14). However, the in vivo Mrp1 expression pattern has 

not yet been described. 

Our in vivo Mrp1 results demonstrate an increased expression of this protein in 

the P2-P9 period, supporting the in vitro data that also evidenced a raised 

expression of this transporter with the maturation in primary cultures of neurons 

and astrocytes from rat cerebral cortex (13), and also hypothesized that this 

event was happened in newborn babies. More interestingly, these post-natal 

ages (P2-P9) that correspond to the human pre-term age is considered the most 

dangerous period for the kernicterus disease, in which the potential protective 

function of Mrp1 could be involve. However, the in vitro models cannot be used 

as representative of older animals as our results showing a decrease from P9 to 

adult age. 

In addition, from the jj and JJ comparison, we observed an up-regulation of 

Mrp1 protein expression only at P9, which is in line with the up-regulation of this 
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transporter in mouse astrocytes from cerebral cortex (14) and more 

importantly, with a protective function against UCB toxicity reported by the 

same authors. 

The limited entity of this modulation seems not to be in agreement with a 

protective role against UCB accumulation as reported in vitro (5, 8, 13, 14), and 

would be not an adequate response to the high amounts of brain bilirubin 

present in hyperbilirubinemic animals. In fact, it has been evidenced that the 

tissue UCB content in brain of P9-P17 jj rats was almost 100 fold-increased 

compared to the same regions of JJ age-matched littermates (Gazzin et al., 

submitted), while the Mrp1 expression was quite similar, indicating that the 

relevant difference on TUCB content between both genotypes did not correlate 

with the poor modulation of Mrp1 we observed. 

When we decided to deeply analyze the Mrp1 protein expression comparing 

different brain regions, we found a difference between Cll=St=Hip and Cx, but in 

any case this variation represent about 50% in terms of protein levels. 

Considering that cerebellum (24, 28) striatum (4) and hippocampus (7, 31) 

have been described in the literature to be affected by UCB, while cerebral 

cortex has not, is hard to believe in the Mrp1 in vivo role in protecting against 

UCB accumulation. 

Moreover, Cannon et al.(6) showed that the UCB content was almost 5-fold 

higher in Cll than in Cx of jj Gunn rats (18.9 and 4.7 µg/g wet tissue, 

respectively) after sulphadimethoxine treatment. In our Laboratory we 

reproduced the same results using the same conditions and the Mrp1 expression 

analysis in that samples did not show relevant changes (unpublished data), 

which again reinforce the absence of correlation between the Mrp1 expression 

and UCB accumulation. 

Taken together, our results demonstrate that Mrp1 could not be considered as a 

determinant of the differential susceptibility to UCB in specific zones of brain 

parenchyma. 

Additional information from our work reported an absence of correlation 

between the Mrp1 mRNA and protein expression under chronic 
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hyperbilirubinemia in P9 rats. No modulation was observed at mRNA level, while 

the protein amounts were differentially affected: being up-regulated in Cx (Fig. 

3.1), and with a trend of down-regulation in the other regions (Fig. 3.2). 

Usually Mrp1 has been reported to be up-regulated by several stimuli (10, 26, 

27, 29) which is in agreement with our results obtained in cerebral cortex. By 

the other side it has been demonstrated that bilirubin was able to inhibit the 

protein synthesis in vitro (16, 17) which could be explain the Cll, St and Hip 

protein pattern. 

The differential Mrp1 regulation induced by UCB we found, point out the 

complexity of the Central Nervous System and prevent to consider this whole 

system as a unit. Possibly, the differential modulation we observed could be 

explained by specific cellular composition or signaling pathways present in the 

different brain areas we analyzed in front to the same stimuli (UCB). Our 

analysis in JJ animals is the most indicative example: here, identical mRNA 

levels among the four regions ,finally generate different protein amounts (Fig. 

3.2, 3.3). It is tented to propose that a post-transcriptional control could be 

responsible of this behavior, both in physiological (JJ) and pathological (jj) 

conditions. 

Our work describe for the first time the transporter expression in different 

specific brain regions. 

As has been reported by Decleves et al. (9) in vitro Mrp1 is present in higher 

levels in astrocytes rather than in neurons, and based on this evidence we 

expected to find diverse Mrp1 expression in different areas of the brain. Thus, 

among the regions we used, the Cx possess the higher percentage of astrocytes 

(80%) follow by Cll (20%), Hip (10%) and St (2%). However, our in vivo results 

do not confirm this evidence because Cx exhibit the lowest Mrp1 expression; 

while Cll, St and Hip display similar amounts of this transporter (Fig. 3.2). 

Supplementary information we obtained allow us to characterize the Gunn strain 

present in the Animal Facility since 2006 and that recently we improved with the 

generation of the homozygous normobilirubinemic JJ Gunn rat. 
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It is important to emphasize that we were able to assess a temporary 

hyperbilirubinemia during the first week of life in heterozygous (Jj) animals. For 

this reason, the availability of the normal homozygous (JJ) Gunn rat represent 

the golden standard to be used as control (Zarattini et al., 2010). 

Taken together, our results reinforce the fact that the in vivo and in vitro models 

could be not consider comparable for the analysis of one specific issue. 

 

4.2- CYPs and UCB 

Different studies previously reported that specific subunits of CYPs enzymes, 

particularly CYP1A1, 1A2 and 2A5 have increased expression in jj Gunn rats and 

mice (1, 19, 20). Importantly, it was demonstrated that inducers of CYP1A1 and 

CYP1A2 enzymes have involved in a decreased plasma UCB levels by production 

of polar UCB metabolites that can be excreted into bile (20). However, the 

absence of available information regard the expression of these enzymes in 

brain parenchyma, and more specifically in brain of hyperbilirubinemic (jj) Gunn 

rats, leave us the opportunity to consider the hypothesis of a possible 

correlation between their expression and specific brain UCB accumulation. 

Our in vivo mRNA studies of CYP1A1, 1A2 and 2A3 in P9 hyperbilirubinemic jj 

Gunn rats demonstrated that UCB differentially regulated their expression 

depending of the brain area considered (Fig.3.4, 3.5 and 3.6). Thus, UCB 

induced a down-regulation in Cx and Cll and up-regulation in St and Hip. 

Moreover, these raised CYP1A1 and CYP1A2 mRNA levels we found, were also in 

accordance with the up-regulation of the same genes in P10 jj livers observed 

by Kapitulnik et al.(19). 

Based on the literature that reported that Cll (24, 25, 28), St (4) and Hip (7, 31) 

are the main brain zones affected by bilirubin, whereas there are no evidences 

of UCB damage or accumulation in Cx, we expected to find a lower CYPs 

expression in UCB damaged regions compared to the Cx. However, our data 

highlight that the mRNA levels of the CYPs enzymes analyzed didn’t correlate 

with the brain regions affected by UCB. 
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Analyzing the link between the maturation and mRNA levels of the three genes 

under analysis, we saw that the gene expression was increased with the post-

natal age, being higher in all brain zones at P60 than in P9, in line with the data 

reported by Asaoka et al.(2), particularly for CYP1A2 in rat livers. 

Our study in P60 animals was performed due to the fact that at this post-natal 

age, the stimulus induced by UCB is almost finished, and consequently low 

concentration of free bilirubin is present on the tissues , which is also product of 

the elevated albumin concentration (30). 

In older jj animals, the CYP1A1, 1A2 and 2A3 expression was completely 

different (Fig.3.4, 3.5 and 3.6) respect to younger littermates. No difference in 

Cx, Cll and Hip was observed; while a relevant UCB modulation (down-

regulation) only in St was evidenced. If we focus our attention in the mRNA 

expression of these genes in St of P60 jj compared to P9 jj St, we evidence that 

the mRNA levels in both post-natal ages were almost similar, remarking that the 

UCB effect produced in the first days of life (P9) is already maintained in older 

animals (P60). 

Moreover, looking at the gene expression in normal JJ Gunn rats, at P9 as well 

as at P60, we reported a diverse mRNA levels among brain regions, pointing out 

the heterogeneity of the mammalian brain that prevent to consider the whole 

brain as a unique structure at the moment to perform any kind of scientific 

studies. 

Finally, all these results evidence the absence of correlation between the CYPs 

expression and UCB-damaged brain regions. 

 

4.3- GSTs and UCB 

As was reported by Johnson et al. (18), the activity of specific GSTs (GSTα2, µ3, 

µ4 and π) enzymes in adults hyperbilirubinemic Gunn rats was increased respect 

to age-matched (Jj) control littermates. More importantly, the raised expression 

of these subunits in different regions of cerebellar cortex of jj animals was 

associated with a high resistance against UCB. At present, there is no data 
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about the expression pattern of these enzymes in cerebral cortex, cerebellum, 

striatum and hippocampus of young (P9) and older (P60) hyperbilirubinemic 

Gunn rats. Moreover, the most important objective with regard to this issue at 

the beginning of this thesis was try to establish the link between the GSTs 

expression and UCB accumulation, in order to understand if that genes could be 

considered as a damage determinant of the regional UCB topography in brain 

parenchyma of sick jj animals. 

Our mRNA analysis of GSTs family (specifically GSTα2, α3, µ3, µ4 and π) in P9 

hyperbilirubinemic jj Gunn rats revealed that UCB was able to differentially 

modulates the expression of that genes depending of the brain region analyzed. 

According to the data reported by Johnson et al. (18) a higher expression of 

GSTs enzymes in hyperbilirubinemic animals was related with a major resistance 

against UCB. However, our results did not find the same correlation between the 

GSTs mRNA expression and diverse zones of brain parenchyma, more or less 

affected by bilirubin. 

Analyzing the expression of the five genes evaluated during the development 

(from P9 to P60), we observed a decreased mRNA expression in almost all 

genes excepting GSTα3, in which the levels were increased considerably with 

the maturation, reaching almost an 80-fold increase in P60 rats compared to 

younger P9 littermates. 

The UCB effect in older jj animals was very heterogeneous, depending on the 

target gene and also the specific brain area considered. Thus, if we compared 

together GSTα2 and GSTα3, due to the fact that these genes represent the two 

subunits of ligandin enzyme, we found that both expression pattern are very 

different: for GSTα2, UCB was able to modulate only the mRNA expression in Cll 

of jj rats, evidencing a trend of up-regulation; while for GSTα3, UCB induced a 

clear up-regulation in Cll and Hip of the same animals. Consequently, although 

the ligandin is formed by GSTα2 and α3 subunits, UCB affects in a differential 

manner each one. 

Analyzing the others GSTs genes (GSTµ4, π and µ3,) in P60 jj Gunn rats, we 

evidenced that UCB was not able to modulate the GSTµ4 and GSTπ mRNA 

expression in all brain zones, while an UCB-induced modulation in GSTµ3, 
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specifically in Cx and Hip was observed. Therefore, at least for GSTµ4 and GSTπ, 

all brain regions of P60 jj animals were able to recover it from the potential 

UCB-induced damage at P9. 

 

GENERAL CONCLUSIONS 

Considering the Mrp1 results, our in vivo study demonstrated a marginal role of 

Mrp1 in protecting against UCB and consequently could be not used as a 

explanation of differential susceptibility to UCB in specific zones of brain 

parenchyma. 

Moreover, regarding the CYPs and GSTs expression, the genomic screening 

made in this work provides the first general overview about the mRNA 

developmental profiles of specific CYPs and GSTs genes in brain parenchyma 

(specifically Cx, Cll, St and Hip) of normal rats, and more importantly of animals 

suffering from hyperbilirubinemia. 

Taken together, our results evidence the absence of correlation between Mrp1-

CYPs-GSTs expression and accumulation or damage induced by UCB. 

Nevertheless, we want to collect functional evidence about the role of at least 

CYPs-GSTs gene expression before taking the final conclusions. 
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